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The Sensitivity of The Measurement Of Pollution In The Troposphere (MOPITT)

Retrievals of Carbon Monoxide to the Lowermost Troposphere

Vijay Kanawade

ABSTRACT

In this thesis, the measurements of carbon monoxide (CO) obtained from an nadir
sounding Measurement Of Pollution In The troposphere (MOPITT) instrument are
used. Atmospheric CO is one of the most abundant and widely distributed air pol-
lutant and is a very important indirect greenhouse gas via its reaction with the OH
radical which in turn controls the oxidising capacity of the troposphere. In this the-
sis, the MOPITT Level 2 Version 3 (L2V3) retrieved CO data is primarily used and
compared with recently released (April 2009) Level 2 Version 4 (L2V4) retrieved CO
data to examine the potential of the MOPITT instrument to differentiate emission
features in the lowermost troposphere including mega-cities. This study develops a
novel robust methodology using day-night difference profile simulations to examine
the ability of the instrument to identify CO enhancements in the lowermost layer
of the atmosphere using ‘typical’ averaging kernels. More realistic CO profiles from
the TOMCAT model are then used to validate this methodology. The day-night
difference simulations are performed for the Indian subcontinent. It is shown that
for L2V3, the daytime and nighttime degrees of freedom for a signal (DOFS) exhibit
a bi-modal distribution for all selected Indian regions. The L2V3 simulation study
clearly demonstrates, for higher DOFS, that dayrgo-nightoo differences give a closer
differentiation of lowermost CO than other measures for MOPITT data, the first time
that this has been processed. For L.2V4, similar DOFS distributions are observed for
the Indian subcontinent. The L2V4 simulation study also demonstrates for the first
time that daygso-night,oo CO differences give a closer differentiation of lowermost CO
by taking account of L2V4 day and night a priori mixing ratios. Finally, the method-
ologies developed in chapter 3 and 4 are applied to identify spatially isolated signals
of lowermost CO for one year of data i.e. 2007. Features associated with nearly 100
cities are identified, the use of thresholds for higher DOFS retrievals and the use of
non-surface retrieval levels with less tie to a priori. The significant step forward being

consistent day-night differences for two different analyses (L2V3, L2V4).
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Chapter 1

Measuring Carbon Monoxide in

the Troposphere

1.1 Introduction
In ’Climate Change 2007, Solomon et al. [2007] highlighted that

"As a result of anthropogenic forcing from greenhouse gases, aerosols
and land surface changes, it is extremely likely that human activities
have exerted a substantial net warming influence on climate since
1750. It has been observed that discernible human influences extend

beyond average temperature to other aspects of climate”.

There is an increasing awareness in both the science and policy communities to the
climate change, predicted global warming [e.g., Houghton et al., 1992] due to changes
in the atmospheric abundance of direct greenhouse gases (e.g. carbon dioxide) and
indirect greenhouse gases (e.g. carbon monoxide) that alter the energy balance of
the climate system. For example, the radiative forcing for the tropospheric ozone
(O4) changes due to emissions of Oy forming chemicals (nitrous oxide (N,0); CO;
hydrocarbons) is of the order of 40.35 [+0.25 to 4+0.65] W.m~2 [IPCC, 2007]. The
major greenhouse gases and minor constituents with implications for climate change
include carbon dioxide (CO,), methane (CH,), and N,O and CO, sulphur dioxide
(SO,), chlorofluorocarbons (CFCs), and hydrocarbons respectively. Their concentra-

tions have been shown to increase sharply since the industrial revolution [Etheridge



et al., 1988; Gulluk et al., 1998]. These both have an effect on the chemistry of the
entire troposphere, directly impacting on the quality of the air we breathe, as well as
also playing a key role in the greenhouse effect [Wang et al., 1998|. Thus, improved
understanding of greenhouse gases and trace gases influences on the global scale is a
major aspect of tropospheric chemistry research with implications for climate studies
le.g., Mickley et al., 1999; Jacob et al., 1999; Wang et al., 1998].

This thesis focuses on the indirect greenhouse gas, CO which is mainly produced
from incomplete combustion. Considering air pollutant, CO is an important com-
ponent in urban and indoor air pollution because of its short-term harmful health
effects. Scientifically, atmospheric CO is important for several reasons: i) it plays
a vital role in the tropospheric chemical system via its effect on hydroxyl radical
(OH) concentration, ii) Via OH it largely influences the abundance of numerous
trace species including several greenhouse gases, iii) it is a very good tracer and indi-
cator of pollution, because the lifetime of CO allows major pollution source regions

and subsequent transport in the atmosphere to be identified.

1.2 The Importance of CO in the Troposphere

Atmospheric CO is an important in relation to tropospheric chemistry and climate.
Of equal significance is the fact that the study of CO and its budget greatly enables
us to fingerprint anthropogenic activities by providing a strong signal from fossil-fuel
use and biomass burning. Human perturbations on the earth system are directly
reflected in changes in atmospheric composition including CO concentration. CO
thus provides a way to evaluate our existing knowledge of the patterns of human
activities.

Atmospheric CO acts as a precursor to tropospheric Oy production [Crutzen,
1973], is a good tracer of long-range pollution transport [Jacob et al., 2003; Jaffe
et al., 2004] due to its relatively long lifetime of about 2 to 3 months, and plays an
important role in the tropospheric chemistry, through its reaction with OH [Logan
et al., 1981], accounting for about 75 % of the removal of OH. For example, the
1997 Indonesian fires alone have been estimated to have lowered global OH levels
by 6 % in late-1997, due to very large CO enhancements [Duncan et al., 2003].

Additionally, the increased tropospheric CO concentrations also hinders the removal



of other greenhouse gases and pollutants such as CH, and SO,, [Brasseur and Solomon,
1986] and in turn increases the global warming potential of these gases. CO has
recently been explicitly recognised as an important indirect greenhouse gas for the
first time at high level [IPCC, 2007]. Our ability to understand CO concentrations
and its effects on the Earth system depends on how well we understand global CO
sources and sinks, and their spatio-temporal distribution. Most of the significant
sources and sinks of CO have been identified, but there are large areas of uncertainty

in the global CO budget [IPCC, 2007].

1.2.1 CO Sources
1.2.1.1  Fossil Fuel and Biofuel Burning

CO is produced in large quantities by the incomplete combustion of carbonaceous
materials used as fuels such as coal, 0il, gasoline and wood. The transportation sector
(automobiles) accounts for the majority of the production of CO from combustion
of fossil fuel. The other large source is due to energy (e.g. boilers, ovens, industrial
engines, residential and cracking of crude oil). Wood and charcoal are also widely
used in developing countries for domestic use and cooking. Several studies have
focused on CO sources in Asia in general, and East Asia in particular (recent fast
growing and developing countries). The fossil fuel and biofuel burning CO source
is estimated to be 115 Tg CO/year in the most up-to-date inventory for this region
[e.g. Streets et al., 2003]. Recently, Kar et al. [2008] estimated that the total CO
emissions in India are 27 Tg CO for the period from May through December, with
fossil fuel combustion, biomass burning, and biofuel combustion accounting for 15 %,

22 % and 63 % of the total respectively.

1.2.1.2 Biomass Burning

Biomass burning is the burning of living and dead vegetation and is a significant global
source of gaseous and particulate matter emissions to the troposphere. Ninety percent
of all biomass burning events are thought to be human initiated. Human induced fires
are used for a variety of applications such as agricultural expansion, deforestation,
bush control, weed and residue burning, and harvesting practices. Lightning can

trigger mid and high latitude natural fires and in tropical regions, convective systems



can ignite the dry vegetation, mainly grassland and forest fires. Biomass burnings is
important mainly for two reasons: first for a large number of compounds, biomass
burning is one of the largest single sources in the troposphere, especially in the tropics;
secondly biomass burning emissions play an important role in the biogeochemical
cycles of carbon and nitrogen. Several studies have documented that biomass burning
is a large source of CO in the troposphere [e.g. Crutzen and Andreae, 1990; Levine,
1991, 1996], for example, the large increase in CO concentrations in the Northern
Hemisphere (NH) associated with anomalously large forest fires in 1998, 2002, and
2003.

1.2.1.3 Oxidation of Methane and Non-methane Hydrocarbons (NMHC)

In the troposphere, the oxidation of CH, by OH is one of the major natural chemical
sources of CO. In a high-NOx environment, oxidation of CH, leads rapidly to pro-
duction of CH,O without involving relatively long lived intermediates. The CH,O is
then likely to photolyse or to react with OH, leading to formation of CO. In contrast,
in a low-NOx environment, oxidation leads to the production of CH,O via CH;OO0H,
a relatively long lived intermediate. It can then photolyze or react with OH, produc-
ing CH,0, and CO. This can be generalised by the following photochemical reactions

Viz,
CH, + OH — CH; + H,O (1.1)

CH, + O, + M — CH,0, + M (1.2)

The CH;0, molecule (methylperoxy radical) is analogous to HO,. Its dominant

sinks in the atmosphere are reactions with HO, and NO:

CH,0, + HO, — CH,00H + O, (1.3)
CH,0, + NO — CH,0 + NO, (1.4)

Similarly to H,0,, methylhydroperoxide (CH;OOH) may either react with OH or

photolyze
CH,;O00H + OH — CH,0 + OH + H,O (1.5)
CH,O00H + OH — CH,;0, + H,0 (1.6)
CH;00H + hv — CH;0 4+ OH (1.7)

4



The methoxy radical CH;0 produced by (1.4) and (1.5) reacts rapidly with O,:
CH;0 + O, — CH,0 + HO, (1.8)

Formaldehyde produced by (1.5) and (1.8) may either react with OH or photolyze
(two photolysis branches):

CH,0 + OH — CHO + H,0 (1.9)
CH,O + hv(4+0,) — CHO + HO, (1.10)
CH,O + hv — CO + H, (1.11)

Reactions (1.9) and (1.10) produce the CHO radical, which reacts rapidly with O,
to yield CO:

CHO + 0, — CO + HO, (1.12)

Other non-methane hydrocarbons (NMHC), emitted by vegetation, react with OH
or Q4 are converted to oxygenated compounds and then partly to CO. It is likely that
the hydrocarbon chemistry is not trivial. A small but significant anthropogenic source
of CO comes also from non-biogenic hydrocarbons. These hydrocarbons are released
mostly in automobiles and use of organic solvents. Logan et al. [1981] estimated the
global source for CO is 4.5x108 tons C yr—! derived from combustion of fossil fuel
(15%) and oxidation of atmospheric CH, (25%), with the balance from burning from
vegetation and oxidation of hydrocarbons. Most recent chemical transport models

can provide detailed calculations on the fate of these hydrocarbons.

1.2.1.4 Oceans

A source of CO in the oceans has been suggested in early studies of the CO cycle
[e.g. Seiler and Junge, 1970]. The surface waters of the oceans are ubiquitously
supersaturated with CO relative to CO in the atmosphere resulting in a net flux
from oceans to the atmosphere. The photo-oxidation of dissolved organic matter
is an important mechanism in the production of CO in the oceans. The flux of
CO has been estimated using air-sea exchange flux equations, which are dependent
on gas transfer velocity (parameterised using wind speed/sea surface temperature
information) and latitudinal and seasonal dependent CO concentration in the surface
waters. The relative contribution of the ocean to the total source is rather negligible

and uncertain [Bates et al., 1995].



1.2.1.5 Plants

It has been suggested that there exist a net production of CO from plants, which is
linearly dependent on light intensity and proportional to leaf area but independent on
season [Bauer et al., 1974]. The mechanism of the production is not well understood.
The estimate remains uncertain and there is no firm evidence that it is a significant

source.

1.2.2 CO Sinks
1.2.2.1 Hydroxyl Radical (OH) Chemistry

A complete discussion of tropospheric chemistry involving OH radical, and the ref-
erences for the chemistry that follows, can be found in [Crutzen, 1973; Ehhalt et al.,
1994; Logan et al., 1981; Warneck, 1988; Wayne, 1991; Wofsy, 1976]. Here it is
noted that OH initiates the most important oxidation reactions in the troposphere.
It is important to understand the chemical role played by the OH radical to assess
CO abundances in the troposphere. In the troposphere, OH oxidises CO to form
hydroperoxy radicals (HO,) [Levy II, 1971];

CO + OH — H + CO, (1.13a)
H+ 0, + M — HO, + M (1.13b)

As shown by [Crutzen and Zimmermann, 1991], in a NOx-rich environment, reactions
following 1.13a and 1.13b produce ozone. Otherwise, reactions of ozone with HO,
radicals destroy ozone. Either reaction chain is a CO sink, producing CO,. The
fast reaction 1.13a does not depend on temperature [DeMore et al., 1994]; it leads
to a global-average CO lifetime of two months in the current atmosphere, and is the
most significant OH sink in the troposphere. It is, thus, generally accepted that the
reaction of CO with OH is the major sink for CO [Levy II, 1971].

1.2.2.2  Soil Uptake

Early studies of CO suggested that soil consumption of CO is a biological process
and the consumption rate is proportional to the organic carbon content of the soil.

There are large uncertainties on the types of microorganisms responsible for the CO



loss [Conrad and Seiler, 1985]. Soil uptake is not related to microorganisms but from
oxidation of organic compounds in the soil humus. This emission is temperature
dependent and mainly occurs in the tropics and desert soils. Field studies have
estimated that the global consumptions is about 100-300 Tg.year—! [King, 2000; King
and Crosby, 2002; Potter et al., 1996].

1.2.3 Global Budget of CO

Over the last decade, the knowledge of CO in the troposphere has been improved
significantly. However, due to its significantly strong spatial and temporal variability
and uneven distribution of individual sources, the estimates of the global CO budget
in the troposphere is still uncertain.

The sources of CO are usually categorised by underlying process by which they
are produced in the environment (see section 1.2.1). An up-to-date summary of the
recent estimates of global CO budget is given in Table 1.1, derived from inversion
techniques by using atmospheric models and datasets. In addition to these, several
other studies have also estimated global CO budget in the troposphere [e.g., Bates
et al., 1995; Crutzen and Zimmermann, 1991; Kanakidou et al., 1999]. It is most
likely that anthropogenic (human-made) activities are responsible for more than half
of the CO emissions while natural processes account for the remaining fractions.
The contribution of anthropogenic and natural emissions of CO have been subject
of debate for several decades. This is partly due to issues in delineating the nature
of anthropogenic origin (i.e. not all methane are produced from natural processes,
causes of biomass burning - could be human initiated or lightening flash, hydrocarbons
may be also produced from combustion, etc.). However due principally to the strong
spatial and temporal variability of CO sources, the estimation of the global total
CO budgets is the troposphere remains uncertain. Specific estimation studies are
required either ”bottom-up” from inventories or via inverse modelling. Either require

observation in one form or another.
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1.3 CO Observations in the Troposphere

A number of different techniques can be used to measure the complex spatial and
temporal variations in CO distribution. These include mainly ground based remote
measurements, in-situ air sampling, and remote sensing from space. Each has its
own strengths and weaknesses and is useful for looking at a particular aspect of the
CO distribution. It is likely that an integrated observing system which includes a
combination of some or all of these methods is required to give a more comprehensive

understanding.

1.3.1 Ground-based Measurements of CO

CO was first identified as a trace constituent in the atmosphere in the late 1940s by
measuring with fair accuracy its total column abundance using solar spectroscopy.
Extensive measurements of CO began however in early 1970s when, coincident with
new theoretical developments in tropospheric chemistry, gas chromatographic meth-
ods were developed to measure discrete samples of CO. These early studies showed
that CO mixing ratios varied with latitude and season and provided evidence of
anthropogenic signature in the atmosphere [Singer, 1970; Seiler and Junge, 1970;
Seiler, 1974]. And in conjunction with modeling activities and flux measurements,
the global CO cycle has been studied in more detail to enhance our understanding of
tropospheric CO burden and its variability.

Atmospheric CO concentrations are currently measured by a series of ground sta-
tions spread across the globe. Specifically, the Global Atmosphere Watch (GAW)
programme is a global network for monitoring the atmospheric environment. Cur-
rently, there are about 150 sites complemented by continuous flux tower, balloon,
aircraft, and ship observations (Fig. 1.1). CO concentrations are reported by WMO
World Data Centre for Greenhouse Gases (WDCGG) in WMO [March 2009] that is
run by the Atmospheric Environment Division in Japan Meteorological Agency. Mea-
surements can either be made continuously by infrared analyzers (sampled at a rate
of >1 min) or from air samples captured in flasks which are later analyzed in the lab-
oratory. From these observations it is possible to construct monthly mean time-series,
at each station accurate to within about >10 ppb [WMO, March 2009]. Unfortu-

nately, the uneven geographical spread of the networks hampers understanding of the



CO global distribution, as flux estimates can only really be made at continental and
ocean basin scales. Other ground based techniques for measuring the atmospheric
concentration of CO are available (e.g. [Clerbaux et al., 2008] and references there
in), but only on an intermittent and sparse basis and will not provide the dense

sampling needed to improve the knowledge of surface CO spatial distribution.
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Figure 1.1: The current WMO WDCGG global CO observation network [WMO,
March 2009].

Figure 1.2 shows average seasonal cycle in the CO concentrations for each 30°
latitudinal zone. The seasonal cycle of CO is mainly driven by variations in OH
abundance. Additional factors include emission and oxidation from CO sources and
large-scale transportation of CO, despite a relatively weak seasonality in emission
and oxidation compared with OH abundance. This seasonality and a short lifetime
of about a few months produce a sharp decrease in early summer followed by a rela-
tively slow increase in autumn. Biannual peaks evident in the southern low latitudes
may be attributed to the transportation of CO from the tropical to extratropical
SH [Bowman, 2006]. Novelli et al. [1998b] showed seasonal cycles that are strongly

affected by changes in emission from biomass burning in both hemispheres, using a
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Figure 1.2: Average seasonal cycles for each 30° latitudinal zone from which the
long-term trends were subtracted [WMO, March 2009].

model of two boxes representing the well-mixed northern layer and southern boundary
layer. According to model simulations of global CO distribution, seasonal variations
in regional distribution reflect the strength of regional sources, including biomass

burning [Bergamaschi et al., 2000; Holloway and Kasibhatla, 2000].
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Figure 1.3: Top panel: Variation of zonally averaged monthly mean CO mixing ratios,

middle panel: deseasonalised CO mixing ratios, and bottom panel: CO Growth rates
[WMO, March 2009].
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Fig. 1.3 shows variation of zonally averaged monthly mean CO mixing ratios,
deseasonalised CO mixing ratios, and CO growth rates. Zonally averaged CO con-
centrations are calculated for each 20° zone. CO concentrations exhibit a distinct
seasonal pattern (with highest levels observed in winter and lowest in summer). The
monthly mean CO concentrations show seasonal variations, with large amplitudes in
the NH and small amplitudes in the SH. The seasonal cycle is driven by industrial
emissions, biomass burning, large-scale transportation, greater production from hy-
drocarbons (including CH,), and variations in the OH radical, which acts as a sink.
Although annual variations in the atmospheric flow can influence CO [Allen et al.,
1996], a negative growth rate was seen in 1992 in all latitudes. Novelli et al. [1998b]
showed a obvious decline in CO from late 1991 through mid-1993, with a subse-
quent recovery from mid-1993 through mid-1994. The decline in CO concentrations
generally coincided with a decrease in the growth rate of CH,, most likely due to
variations in their common sinks. The enhanced stratospheric ozone depletion due
to increased volcanic aerosols following the eruption of Mt. Pinatubo in 1991 may
have increased OH radicals, which react with both CO and CH, [Dlugokencky et al.,
1996]. Increases in CO concentrations were observed from 1997 to 1998 in northern
mid latitudes and in southern low latitudes. These enhancements were attributed
to large biomass burnings around Indonesia in late 1997 and around Siberia in the
summer and autumn of 1998 [Novelli et al., 2003]. Duncan et al. [2003] estimated
CO emission of 133 Tg in 1997 from biomass burning in Indonesia and Malaysia,
nearly a quarter of their estimate of the global emission for biomass burning. The
CO concentrations returned to background values after 1999, but the growth rates in
the NH increased substantially again in 2002. The latter might also be attributed to
large biomass burning events. Large-scale boreal forest fires occurred in Siberia and
North America from 2002 to 2003. The CO emission from these boreal forest fires
was estimated to be 142 Tg [Simmonds et al., 2005].

In addition to strong seasonal variations, examination of time series of tropical CO
surface measurements [Langenfelds et al., 2002; Novelli et al., 2003] show significant
interannual variability that appears to be driven primarily by biomass burning. An
increase in the growth rate of both CO and CO, has been observed in those years in
which strong El Nino-Southern Oscillation (ENSO) warming events, such as 1997-98,

resulted in tropical drought conditions that increased fire frequency and intensity
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[Edwards et al., 2004]. The correlation between CO variability and variations in the
CO, growth rate may help to distinguish fire and biogenic sources of CO, [Palmer
et al., 2006].

The distribution of CO within the atmosphere is determined by short to long-range
transport processes, and by spatio-temporal variation of natural and anthropogenic
sources and sinks at the surface. For the NH, there are reports suggesting that CO
concentration increased from the early 1950s to mid-1980s at a rate of about 1 % yr—!
[Khalil and Rasmussen, 1988; Zander et al., 1989; Yurganov, 1993]. A negative trend
started in the late 1980s [Khalil and Rasmussen, 1994; Mahieu et al., 1997]. The
sharpest decrease occurred in 1992 [Novelli et al., 1994] and another small decrease
in 1995 [Novelli et al., 1998a]. These recent decreases in CO have been attributed to
decreased emissions, particularly from biomass burning, and an increased OH sink
due to the thinning of the stratospheric ozone layer [Khalil and Rasmussen, 1994;
Lowe et al., 1994; Novelli et al., 1994; Mahieu et al., 1997] by increased ultra-violet
radiation. For the SH, no trend is detected across these years at Cape Point, South
Africa and at Cape Grim, Tasmania [Fraser et al., 1986a, 1994; Brunke et al., 1990;
Scheel et al., 1990, 2001]. The different trend recorded here, compared to that of the
Northern Hemisphere, may reflect the high spatial variability of CO due to enormous
irregular biomass burning emissions.

In general, the high degree of interannual variability illustrates the need for con-
tinuous monitoring since observations over the months of a single year, or even the
climatological seasonal variation derived from many years of data, will not necessarily

be representative of the emissions of any given year.

1.3.2 Satellite Sensing of Tropospheric CO

Along with in situ measurements from aircraft and ground-based measurements, CO
can be potentially identified by satellite sensing techniques. Satellite measurements
provide the opportunity to achieve global distribution of CO on a daily basis over
long periods of time and are needed in conjunction with ground and airborne sensors
to give a complete picture of CO in the atmosphere. Currently CO is measured
by various satellite instruments in different wavelength ranges. Conceptually, the

near infrared (NIR) observations sense the attenuation (by CO molecules) of solar
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radiation reflected from the Earth’s surface, whereas the thermal infrared (TIR)
observations detect CO signatures in thermally emitted radiation from the Earth’s
surface and atmosphere. In principle, the NIR radiances provide information with
respect to the CO total column with very weak sensitivity to the vertical distribution
of CO, whereas the TIR radiances are sensitive to differences in CO concentrations
over broad layers in the troposphere [Deeter et al., 2009].

Ludwig et al. [1974] first suggested the possibility of remotely measuring CO
profiles in the troposphere from space-borne platform observations of thermal IR
emission or absorption. Success of the Measurement of Air Pollution from Satellite
(MAPS) on the second Space Transport System engineering test flight (STS-2) of
the shuttle on 12-14 November 1981 proved the feasibility of inferring CO profiles
from measurements by a nadir-viewing instrument. The instrument employed is a
gas filter radiometer operating in the 4.7 um region of the CO fundamental band
with a passband from 2080 to 2220 cm~!. At the surface the instantaneous field of
view is approximately 20 by 20 km. Successive MAPS experiment provided global
picture of tropospheric CO and further demonstrated the importance and feasibility
of CO measurements from space. Specifically, the first results from this flight were
reported by Reichle et al. [1986]. The instrument was flown again on the space shuttle
during October 1984, and these measurements were reported by Reichle et al. [1990].
Figure 1.4 shows CO mixing ratios observations were made by the MAPS experiment
during April 9-19 and September 11 to October 11, 1994 from the STS-2 shuttle
[Conrad et al., 1999]. In Fig. 1.4a the April CO mixing ratios was fairly uniform
with longitude with a distinct latitudinal gradient. The highest CO mixing ratios
were at the high northern latitudes with values of about 120 ppb and lowest to the
south of the equator with uniform values about 45 to 60 ppb in the southern latitudes.
The controlling process for this northern spring distribution is mainly an enhanced
lifetime of CO in the northern hemisphere (with low availability of hydroxyl radicals).
Figure 1.4b shows a remarkably different distribution. The CO mixing ratios at the
southern latitudes in October are highest due to extensive biomass burning in South
Africa and South America and significantly low CO mixing ratios compared to Spring
at the high northern latitudes as a result of the increased photochemical destruction
of CO in the summer and early fall.

However, the MAPS dataset was limited and only weighted total column CO and
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Figure 1.4: Near-global distribution of MAPS CO mixing ratios averaged over 5°
latitude x 5° longitude areas during (a) April 1994 and (b) October 1994 (Adapted
from Conrad et al. [1999]).

average mid-tropospheric CO mixing ratios were derived from the one-channel corre-
lation radiometer measurements and, therefore, could not provide tropospheric CO
profile information. In order to improve our understanding of vertical differentiation
of tropospheric CO and its impact on overall tropospheric chemistry, measurements
that are sensitive to different layers of the atmosphere are ideally needed. The Mea-
surement Of Pollution In The Troposphere (MOPITT) is a gas correlation radiometer
designed to meet this requirement [Drummond, 1992].

The possibility of using satellite-derived observations to monitor pollution sources
and transport are important because satellites can sample the whole planet and could
complement the in-situ ground stations network. Unlike NO,, which is a good tracer
of urban pollution due to its short lifetime [Wang et al., 2004], the medium lifetime of
CO makes it difficult to distinguish uneven distribution of sources using in-situ ground
based networks. It is worth noting that new space-borne missions are currently
being designed for air quality measurements in support of policy decisions. As a
result, satellite CO measurements are vital for carbon budget studies, and provide
insight into the reasons for the high interannual variability of the CO, growth rate
[Edwards et al., 2006] which has implications for climate studies. Table 1.2 lists some
of the current near and thermal infrared missions that have been deployed in space

to measure CO in the troposphere.



Table 1.2: Near and thermal-IR nadir sounding missions capable of measuring CO
in the troposphere.

Instrument Platform Launch  Measurement Window

MOPITT The EOS-TERRA Dec-1999 Nadir sounding
satellite (NASA) (2.3 and 4.7 um)

SCIAMACHY The European Space Mar-2002 Nadir sounding
Agency (ESA) ENVIronmental (0.24 to 2.38 pum)

SATellite (ENVISAT)
TES The EOS-AURA Jul-2004 Nadir sounding
satellite (NASA) (3.2-15.4 pm)
IASI The ESA’s METOP-A Aug-2007 Nadir sounding

(3.62-15.5 pum)

Measurements from satellite instrument can be made in downwards (nadir) direc-
tion or along a horizontal direction (limb). In this thesis, retrievals from thermal-IR
measurements of nadir emission are discussed. To do this, remotely sensed MOPITT
instrument on NASA’s EOS Terra satellite measurements are considered in this thesis
and are used to study CO concentrations in the troposphere.

The MOPITT instrument provides the first opportunity to routinely obtain reg-
ular global observations of the horizontal and vertical distribution of CO in the tro-
posphere. The MOPITT instrument was launched on December 18, 1999 abroad
NASA’s Terra satellite and continues to provide data to the scientific community
to the present time. The MOPITT CO data is now available for almost a decade of
observations and has been extensively used in scientific analyses. Signatures of indus-
trial activity, biomass burning and forest fires are readily discernable in the data and
significant variations of these over the last 10 years have been found. In addition, the
transport processes e.g. trans-continental or vertical transport have been extensively
studied. Lastly, the retrieved CO profile data is reported with an anticipated 10%
precision.

However, satellite remote sensor i.e. MOPITT data are still uncertain for several
reasons (e.g. vertical sensitivity, insufficient signal due to reflection from the ocean,

etc.). It is therefore of crucial importance to understand how satellite data can be used
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to identify and determine various natural and anthropogenic sources contributing to
the tropospheric CO distribution, and to enhance knowledge of vertical differentiation

of CO in the troposphere.

1.4 Summary and Objectives of Thesis

Atmospheric CO is a major tropospheric air pollutant, which is strongly influenced
by anthropogenic activities (e.g. fossil-fuel and biomass burning) and photochemical
processes (e.g. oxidation of CH,), affecting air quality from local to global scales. It is
an important compound in tropospheric chemistry both through its direct influence
on the oxidizing capacity of the troposphere and through its indirect role as a pre-
cursor to tropospheric ozone (O3) production. It hinders the removal of greenhouse
gases and pollutant such as CH, and SO, respectively.

The distribution of CO is complex due to uneven distribution of its sources and
sinks. Further, due to its lifetime of about 2 to 3 months, both short and long range
transport complicates its distribution. Several studies have shown that there are a
number of factors which need to be understood to characterise CO in the troposphere.
The principal factor in these is better monitoring of the CO emissions.

Space-borne measurements are crucial in conjunction with ground-based and air-
craft measurements to give a complete and accurate picture of CO in the atmosphere.
Satellite-borne instruments provide us with global coverage over a long period of time,
provided the measurements are of suitable precision. The MOPITT instrument has
provided the first opportunity to routinely obtain regular global observations of the
horizontal and vertical distribution of CO in the troposphere. The MOPITT remote

sensor data could be useful for climatic research over last decade.

The overall scientific objectives of this thesis are:

e to investigate whether MOPITT CO retrievals are able to differentiate emission

features in the lowermost atmosphere, including cities.
e to develop and apply a methodology for identifying likely CO enhancements in
the lowermost troposphere.
Primarily, this thesis will address the following questions:

18



. Are thermal-IR measurements sensitive to CO enhancements in the lowermost

troposphere?

. How do we examine the case for vertical differentiation of CO in the lowermost

troposphere using MOPITT retrieved CO data?

. Can we use information content diagnostics to evaluate CO vertical profile

better?

. Are there ’'typical’ CO averaging kernels which can be used to simulate CO

response to elevated mixing ratio?

. Can we systematically analyze MOPITT CO retrieved data over source emission

regions and infer the presence of strong source?

. Can we use MOPITT retrieved CO data to detect the CO signatures coming

from urban areas (i.e., mega-cities)?
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Chapter 2

The MOPITT Instrument

2.1 Introduction

This chapter describes the observational capabilities of the MOPITT IR satellite
sensor that exploit the long-wave earth and atmospheric radiation to monitor tropo-
spheric composition of CO (i.e. MOPITT). The MOPITT instrument was launched
onboard the NASA EOS Terra Satellite on December 18th, 1999. Terra is in a 705
km, Sun-synchronous orbit with a 10:30 a.m. equator crossing time. MOPITT is
a nadir sounding instrument, which makes measurements by scanning across the
satellite flight track to +/- 26.1 degrees from nadir in 13 seconds, with a sampling
frequency of 0.45 seconds. Each of these measurements is called a ’stare” and consists
of four 22 km by 22 km pixels. As a result the MOPITT instrument has a swath
width of approximately 600 km and thus achieves global coverage in approximately
3 days [Drummond, 1992]. The main scientific objective of the MOPITT experiment
is long-term measurement of global distribution of tropospheric CO and CH, (not
discussed in this thesis). These measurements are useful to enhance our knowledge of
tropospheric chemistry, particularly how it interacts with the surface/ocean/biomass
systems, transport processes, and the carbon cycle. A more complete description of
the MOPITT instrument can be found in the MOPITT mission description document
[Drummond, 1996]. This chapter reviews the current theory of the propagation of
radiation through the atmosphere (radiative transfer) and the MOPITT instrument
technique. The MOPITT operational retrieval algorithm, data validation and errors

is also been discussed briefly here.
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2.2 Observational Techniques

2.2.1 Thermal Infrared Techniques

The investigation of infrared radiation emitted by the earth-atmosphere system is
important for mainly two reasons: (1) investigation of the spectral content of the
emitted radiation can give information about the distribution of atmospheric tem-
perature and composition and (2) investigation of the spatial distribution of the
emitted radiation in certain spectral regions enables clouds or surface characteristics
to be mapped [Houghton et al., 1986].

The thermal-IR radiance I(\) reaching a satellite instrument is governed by both
the composition and temperature of the atmosphere directly beneath it. This can be

represented using the Schwarzschild equation:

10 =5BOT) o0+ [ BTy TORT)

2=0 <

dz 4+ RsIpown(atm)T(X, 00)

(2.1)
where €, is the surface emissivity, B(A, T}) is the Planck function, 7 is the atmospheric
transmission (equal to e~ ™, where 7, is the optical depth) and where p, T and \ indi-
cate the pressure, temperature (the subscript s denotes the surface temperature) and
wavelength respectively. The first term represents the contribution from the surface
whilst the second represents the atmospheric contribution. The third term is the
radiation emitted by the atmosphere towards the surface and reflected back towards
space. For the IR wavelengths, the last term is usually small and can be neglected.
The atmospheric component is equal to the integral, from the surface to the top of
the atmosphere (i.e. z = 00), of the Planck function weighted by the corresponding
derivative of the transmission for each individual height layer within the atmosphere.
The derivative of the transmission, otherwise known as the weighting function, deter-
mines how much each height layer, of thickness dz, contributes to the total radiance
leaving the top of the atmosphere. Through careful selection of different wavelengths,
it is possible to choose ”channels” which are sensitive to different altitude regions (i.e.
where the weighting function peaks). Since the transmission depends on the concen-
trations of the absorbing gases present, if the temperature profile and the profiles

of other interfering trace gases (e.g. ozone or water vapour) are known accurately,
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a modelled radiance can be calculated and the difference to the measurement then
attributed to the corresponding local target gas concentration e.g. CO.

Most molecules that play an important role in environmental problems have a
spectral signature in the thermal-IR, although the information is easier to extract for
those combining high atmospheric variability with large infrared absorption. In this
regard, water vapour, ozone, and carbon monoxide are the more suitable molecules
to be monitored using IR techniques. The advantage of using the thermal-IR is that
measurements can be performed both day and night and additionally over the oceans
where the use of NIR measurements, unless in a sun-glint viewing geometry, are
questionable because of low albedo. Studies by Deeter et al. [2003] (e.g. MOPITT),
Rinsland et al. [2006] (e.g. Tropospheric Emission Spectrometer, TES), Clerbaux
et al. [2009] (e.g. Infrared Atmospheric Sounding Interferometer, IASI), and Wang
et al. [1999] have all utilised thermal-IR spectra for the retrieval of atmospheric
CO. Nevertheless, in this thesis, the thermal-IR MOPITT instrument retrieved CO
data are used to examine better vertical differentiation of CO in the troposphere by
quantitative analysis of retrieval information content and latter to enhance knowledge

of CO in the troposphere.

2.3 The Radiative Transfer Equation

Understanding how radiation influences atmospheric properties requires a quantita-
tive description of radiative transfer, which is complicated by its three dimensional
nature and its dependence on wavelength and directionality. This is mostly due to
the fact that scattered light can propagate in any direction and can undergo fur-
ther scattering and absorption processes. Radiative transfer studies the propagation
of radiation through a medium and its interactions with the surrounding environ-
ment. The propagation of radiation in a planetary atmosphere is affected by the
distribution of atomic and molecular species. Any molecules that actively participate
in the propagation of radiation impart their own signature onto the radiation field
and subsequent analysis permits retrieval of the molecular species. In addition, the
atmospheric state parameters of temperature and pressure play a significant role in
atmospheric radiative transfer.

Consequently, remote sensing observations are only possible due to the transfer
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of radiation through the atmosphere to the instrument. The energy of radiation
propagating through the atmosphere will be modified by emission, absorption, and
scattering. These effects are described by emission coefficients (those which increase
the energy) and extinction coefficients (those which decrease the energy in the ra-
diation field by either scattering or absorption) in which absorption is the physical
process by which photons are removed from the radiation field. If an atmospheric
layer has a number density of molecules, n, and each of these molecules presents an
effective cross sectional area, o;,, to the ray of light propagating through the medium,
then the probability of a photon being absorbed by one of these molecules along the

differential path, ds, is given as,

—= = —no,ds (2.2)

where the absorption cross section o) is referred to an individual particle and has
dimension of area. This equation is known as the Beer-Lambert Law, which states
that the variation of the intensity of the incident beam (radiation) as it passes through
a sample is proportional to the concentration of that sample and its thickness (path

length). The absorption coefficient then becomes:

lﬁa)\ = POax = N0OG\ (2.3)

Thermal emission is the physical process by which new photons are added to a
radiation field. The thermal emission of a gas in thermal equilibrium is given by the

Planck function,

2hcc?

exp% -1

B(v,T) = (2.4)

where h is Planck’s constant, ¢ is the speed of light, v is the wavenumber, T is the
temperature of the source and k represents the Boltzmann constant.

The principle of detailed balance states that for a gas in thermal equilibrium,
the emission and absorption will be equal at all wavenumbers. This provides the
mechanism to calculate the thermal emission of a gas under thermal equilibrium [Reif,
1965]. Assuming that the atmospheric layer is in local thermodynamic equilibrium

(LTE) at a given temperature, then
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25)

With Eq. 2.5, the fractional energy emitted along an incremental distance ds can be

expressed as the Beer-Lambert law):

dly

—_ = dG/\ = dCL)\ = pO'aAdS (26)
B

Then at a given temperature, T, we have

dI = poayJrds | (2.7)

where,

Jy = B\(T) (2.8)

Eq. 2.8 holds under LTE condition of Kirchoft’s law. Otherwise, the contribution to
the source function from emission is more complex.
Extinction and emission coefficients must combine to give a change in radiance.

Hence, the equation of transfer may be written as:

drl,
kypds

=L+ J, (2.9)

Which is the radiative transfer equation in general form. In the absence of scattering,

Eq. 2.9 reduces to

= —I,+ B\(T) (2.10)

kypds

This equation is called Schwarzschild’s equation. The first term in the right hand side
of Eq. 2.10 denotes the reduction of radiant intensity due to absorption, whereas the
second term represents the increase of the radiant intensity arising from blackbody
emission of the material.

To apply the radiative transfer Eq. 2.10 to remote sensing problems firstly con-
sider the optical path of radiation from source to the instrument (Fig. 2.1). The
optical depth 7, of a medium is a dimensionless quantity related to the absorption
coefficient (or opacity) that gives a measure of how much radiation is attenuated as
it passes through it along a geometrical path, between two points S and S; (Fig. 2.1)
and is defined by:
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Figure 2.1: Configuration of the optical path and thickness

™ (51,5) = /:1 Fapds (2.11)
Eq. 2.10 becomes
_% — —1,(S) + BAIT(S) (2.12)

As Eq. 2.12 is a linear first-order differential equation with constant coefficients,

upon multiplying by a factor e ™19 and integrating the thickness ds from O to
S1, we get,
S S1
— / d{1,(S)e 591 = / B\ [T(9)] e ™59 dry(Sy, S) (2.13)
0 0
Consequently,
St
L(Sy) = I,(0)e ™ 51:0) 4 / By [T(S)] e 509k pds (2.14)
2)

The first term in Eq. 2.14 represents the absorption attenuation of the radiant
intensity by the medium. The second term represents the emission contribution from
the medium along the path from O to S;. If the temperature and density of the
medium, and the associated absorption coefficient along the path of the beam are

known, Eq. 2.14 can be integrated numerically to yield the intensity at the point
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S1. Thus, the radiance leaving the earth-atmosphere system sensed by a satellite
borne radiometer is the sum of radiation emissions from the earth-surface and each
atmospheric level that are transmitted to the top of the atmosphere. Eq. 2.14
can be applied then to IR radiative transfer and to remote sounding of atmospheric

temperature profiles and composition, in particular for CO, for orbiting satellite.

2.3.1 Nadir Infrared Sounding

As previously stated, measurement from satellite instrument can be made in down-
wards (nadir) direction or along a horizontal direction (limb). The atmospheric vol-
ume directly beneath the instrument is observed in nadir measurement mode. This
observational mode have been applied successfully by other space-based instruments
(e.g. SCTAMACHY, Bovensmann et al. [1999]).

In this thesis, thermal-IR measurements of nadir emission (MOPITT instrument)
are discussed. In nadir (vertical) viewing, the altitude viewed depends partly on the
spectral region used. Emission comes from a layer of the atmosphere at an altitude
which depends on the absorption coefficient and the absorbed concentration. Spec-
tral regions in which the atmospheric absorption is high provide measurements from
high up in the atmosphere, spectral regions in which the absorption is low provide
measurement of emission from low in the atmosphere or the surface [Houghton et al.,
1986; Stephens, 1994]. The advantage of nadir viewing is that high spatial resolu-
tion can be achieved, but a disadvantage is poor vertical resolution. In particular,
MOPITT is a nadir sounding instrument (Fig. 2.2), which provides a horizontal
resolution of 22 km, but introduces a number of challenges, such as the need for
accurately characterizing the surface contribution to the signal.

In order to retrieve any vertical information on trace gas concentrations the tem-
peratures of the vertical layers to be retrieved must be different enough to provide
distinct features in the radiation field. The atmospheric temperature profile is there-
fore important in determining the achievable vertical resolution of a nadir viewing
instrument, and as such, the vertical resolution will be low over locations where the

atmospheric temperature profile is quite flat such as high latitudes during the winter.
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Figure 2.2: MOPITT instrument scanning the atmosphere in nadir modes (Image:
NASA).

2.4 The MOPITT Concept

In this section of the thesis, a brief overview of the MOPITT instrument technique
and retrieval theory used to infer CO concentrations from upwelling radiation from
the atmosphere are given.

Figure 2.3 shows the MOPITT increment layout, calibration photo, Terra space-
craft showing onboard instruments including MOPITT and the MOPITT instrument
scan pattern. The MOPITT instrument makes CO measurements in two spectral
regions, thermal-IR emission at 4.7 pum and reflected solar radiation at 2.3 pum. A
schematic of the relative thermal and solar signals is shown in Fig. 2.4. This thesis
work will concentrate on the thermal-IR channels as the calibration of the solar
channels has only very recently been characterised [Deeter et al., 2009]. The first
retrieval results of CO are exclusively reported using NIR radiances in the 2.3 um
CO overtone band observed by MOPITT instrument. The original concept behind
the design of the MOPITT instrument was to fully exploit the complementary nature
of thermal-IR and NIR radiances to maximise vertical resolution, especially in the

lower troposphere.
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Figure 2.3: Showing (a) the MOPITT instrument layout, (b) calibration photo, (c)
Terra space-craft showing onboard instruments including MOPITT, and (d) the MO-
PITT instrument scan pattern [Drummond, 1992].

2.4.1 The MOPITT Technique

Now that we have described some basic radiative transfer, we turn to how this trans-
mitted and emitted atmospheric radiation is used by MOPITT to determine the
atmospheric concentration of CO (target gas). The basic systems used are known
as correlation radiometers. The MOPITT instrument technique has been described
in publications and documents by Drummond [1992, 1993, 1996]. The key to the
technique is to direct the atmospheric radiation through a gas-cell filled with the
target species, CO in this case, and another identical gas-cell which is empty. The
spectroscopic signature in the atmospheric signal is aligned with the absorption fea-
tures of the target species in the filled gas-cell while no spectral alignment occurs in
the empty cell. The difference between the signal emerging from each cell permits
the spectroscopic signature of the target gas originally present in the atmospheric
radiation to be determined. This is known as gas correlation radiometry. Inversion

schemes can then be applied to derive concentrations of CO in the atmosphere.
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Figure 2.4: Schematic diagram of the spectral bands used for MOPITT instrument
[Drummond, 1992].

2.4.2 Gas Correlation Radiometry

Since all gases in the atmosphere are emitting/absorbing simultaneously, it is es-
sential that the effect of the gas of interest can be separated out from the overall
signal. Furthermore, since the information about the vertical distribution of the gas
is contained within the shape of an individual absorption/emission line, it is nec-
essary to be able to resolve the line shape, which generally requires high spectral
resolution. High spectral resolution leads to low signal to noise, which means low
instrument sensitivity. Therefore, high sensitivity and high spectral resolution re-
quirements for tropospheric trace species remote sensing are difficult to implement
with conventional dispersing instruments. Correlation spectroscopy, a non-dispersing
spectroscopy technique, offers the opportunity for high spectral resolution as well as
high signal to noise [Wang et al., 1999]. The fundamental technique of correlation
radiometry is illustrated in Fig. 2.5.

The principle of gas correlation spectroscopy is that of spectral selection of radi-
ation emission or absorption by a gas using a sample of the same gas as the filter.
In the absence of Doppler shifts, the spectral lines of a gas must align perfectly
with themselves and the spectral alignment of the system will be perfect without
the need for sensitive dispersive elements. The cell contains a sample of the target
gas. Monochromatic radiation entering from the left (in Fig. 2.5) is filtered by the

gas cell transmission function. The corresponding output as a function of spectral

29



Input
Radiance Detector

co e >\
III
d

T Lock-in Amplifier
Modulation
Method l
Output
Signal

Figure 2.5: A basic gas correlation radiometry

frequency is shown in Fig. 2.6 for two different amounts of gas in the absorption
cell. By cycling the amounts of gas in the absorption cell between the two states,
the detector will be alternately looking through two different filters, resulting in two
different signals. The difference of the two signals will be identical to the output of
a system in which the gas cell and its modulator are replaced by an optical filter,
with an effective difference transmission (EDT) curve in Fig. 2.6b. The EDT curve
is the difference between the system transmission at low cell pressure [Ty, in Fig.
2.6a] and the system transmission at high cell pressure [Ty, in Fig. 2.6al. Figure
2.6¢ illustrates the advantage of gas correlation in discriminating against interference
spectral lines that are not correlated with the target gas spectral lines. The spectral
line in the middle of the input radiance, which is not correlated with the lines of
the gas in the cell, corresponds to the minimum in the EDT transmission. Hence
the difference response (dashed line) is very small. Note that the average response
is actually reduced at the spectral lines of the target gas and continues to include
the contaminating spectral line. Therefore the difference response provides the most
selective signal for the target gas whilst the average response also has some sensitivity
to the target gas.

MOPITT makes use of two methods to modulate the transmittance in the gas
cell. The first is by varying the cell pressure through the use of pressure-modulated
cells (PMCs) that have been described in detail by Taylor [1983]. The second is
by varying the amount of gas in the cell through length-modulated cells (LMCs)
[Drummond, 1989]. Two PMRs with different mean pressures and four LMRs are
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Figure 2.6: Operation of a correlation spectrometer in spectral space. Panel (a)
shows low cell pressure (74;) and high cell pressure (7uy) curves. The filter profile is
illustrated by the EDT curve in (b), which is the difference of the system transmission
at low cell pressure and at high cell pressure. Panel (¢) shows the advantage of gas
correlation in discriminating against interference spectral lines [Drummond, 1992].

used in MOPITT. Separating the 2.3 um and 4.7 um channels with dichroic beam
splitters results in eight separate spectral channels.

Table 2.1 shows how the MOPITT instrument makes use of two PMCs and four
LMCs to form eight spectral channels, six are designed to be used for CO retrievals
and two for CH,. The LMR channels contain cells with higher pressure to optimise
instrument sensitivity to the lower and middle troposphere, and the PMR channels
contain cells with lower pressure to optimise instrument sensitivity to the upper
troposphere. Each channel produces an average signal (A), which is the average of
the instrument signals corresponding to the two states of the modulating cell and a
difference signal (D), which is the difference of the instrument signals corresponding
to the two states of the modulating cell. For the LMC channels, the two states are
defined by the two alternate cell path lengths of 2 and 10 mm. For the PMC channels,
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Table 2.1: Characteristics of MOPITT CO and CH, channels. The nominal PMC
and LMC cell pressure, temperature, and length are listed [Wang et al., 1999].

Channel Primary Modulator Cell Cell Cell Centre
no. purpose type pressure temperature length wavenumber®

(mb) (K) (mm) em™!
1 CO LMC1 200 300 2-10 2166 (52)
2 CO LMC1 200 300 2-10 4285 (40)
3 CO PMC1 50-100 300 10 2166 (52)
4 CH, LMC2 800 300 2-10 4430 (140)
5 CO LMC3 800 300 2-10 2166 (52)
6 CO LMC3 800 300 2-10 4285 (40)
7 CO PMC2 25-50 300 10 2166 (52)
8 CH, LMC4 800 300 2-10 4430 (140)

* Numbers in parenthesis are band filters full width at half maximum (FWHM).

the two states are defined by the alternate high and low cell pressures. Theoretical
and experimental studies indicate that a PMC cell can be represented accurately by a
two pressure system [May et al., 1988; Roscoe and Wells, 1989; Berman et al., 1993].
Radiative transfer calculations indicate that the difference signals are more sensitive
to atmospheric CO (and CH,) changes, and the average signals for MOPITT are

more sensitive to earth surface and cloud characteristics.

2.4.3 Retrieval Theory

Many standard retrieval techniques can be applied to the retrieval of atmospheric
trace gases and temperature profiles from measurements with gas correlation instru-
ments. One of the widely used methods is the maximum likelihood method [Rodgers,
2000]. The general concepts underlying the MOPITT CO retrieval algorithm have
been discussed in detail previously by Pan et al. [1998]. An explanation of the ter-

minology and definitions is given in this section.

2.4.3.1 The State and Measurement Vectors

The quantities to be retrieved can be represented by a state vector, z, with n elements,
T1, T, e , T, and the quantities actually measured in order to retrieve z can be

represented by the measurement vector y, with m elements, yi, 1o, ...... ,Ym- The
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aim of the retrieval is to gain as much information about x given y. Measurements
are made to a finite accuracy, the associated random error of the measurements, or

measurement noise, is denoted by the vector e.

2.4.3.2 The Forward Model

The relationship between the state vector and the measurement vector are related
to a forward model, F(z), which attempts to approximate the atmospheric physics
involved.

The equation relating the true atmospheric state and the measured radiances can

be written as,

y = F(z,b) + N. (2.15)

where y is the measurement vector (i.e., the observed MOPITT radiances), « is the
state vector (i.e., all the desired retrieved variables), b represents all other forward
model parameters (i.e., all parameters needed to calculate the MOPITT radiances
not explicitly included in the state vector), F'(x,b) represents the forward radiative
transfer model [Edwards et al., 1999], and N, is the radiance error vector. The goal
of the retrieval algorithm is to estimate the true state vector x from the measured

radiances y and the associated measurement errors.

2.4.3.3 The Weighting Function Matrix

To account for the general non-linearity of the problem and to avoid interferences
between strong absorbers, simplified assumptions are made to reduce the problem to
a linear one, providing that F'(x) is linear within the bounds of the retrieval. This

can be achieved by linearising Eq. 2.15 about some reference state x0,

OF (x
y— F(z) = a;>($—$o)+€:f((l’—$o)+6 (2.16)
which defines the mxn weighting function matrix K. where the partial derivative
81;?) denotes the sensitivity of the forward model (i.e. the change in radiance) to a

change in the state vector.
In principle, the sensitivity of MOPITT retrieved CO profiles to the actual ver-

tical distribution of CO depends on the characteristics of the weighting functions
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(see section 2.4.4). Weighting function calculations are a critical component of the
MOPITT optimal estimation retrieval algorithm [Deeter et al., 2003] and generally
depend on the same quantities as the radiances: profiles of CO, temperature, and
water vapor, surface temperature and emissivity, and solar and satellite zenith angles

[Edwards et al., 1999].

2.4.4 MOPITT L2V3 Operational Retrievals

Following a cloud-detection stage [Warner et al., 2001}, an optimal estimation-based
retrieval algorithm [Pan et al., 1998; Deeter et al., 2003] employing a fast radiative
transfer model is used to invert the calibrated satellite radiances to determine the
tropospheric CO concentrations [Deeter et al., 2004]. MOPITT is an eight-channel
gas correlation radiometer; each channel generates an average (A) signal and a dif-
ference (D) signal as described in section 2.4.2. The thermal channel A-signals are
sensitive primarily to emission from the surface, which depends on both the sur-
face skin temperature and emissivity. The D-signals are sensitive to both thermal
emission/reflection and solar reflection (daytime) from the surface and target gas
absorption and emission for different vertical levels. The radiances used for the re-
trievals include the A-signal for channel 7, and the D-signals for channels 1, 3, and
7. The channel 5D-signal was excluded because of an apparent radiance bias which
greatly degraded the retrievals. A-signal radiances for channels 1, 3, and 5 were ex-
cluded because of the high redundancy of the information contained in these signals
with the information contained in the 7A-signal. The solar CO channels 2 and 6 were
excluded from the retrievals because of low observed signal-to-noise ratios. Figure
2.7 shows weighting functions for the different cell pressures of the 6 CO channels.
In the following section of thesis, details are given about MOPITT forward mod-

elling, retrieval algorithm formulation and operational retrieval information content.

2.4.4.1 Forward Modelling

Forward modeling of the MOPITT channel radiances must combine accuracy and
precision while providing for variations in target and contaminating gases, temper-
ature, viewing geometry and surface properties. At the same time, there must be a

forward model suitable for processing at high computational speed. To achieve this,
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Figure 2.7: Shows weighting functions for the different cell pressures of the 6 CO
channels used in operational retrievals [Deeter et al., 2003].

a set of radiation models have been developed. An expanded, though simplified, dis-
cussion can be found in Francis et al. [1999] and a detailed discussion of the MOPITT
forward models is presented in Edwards et al. [1999].

The MOPITT line-by-line (LBL) calculations, described by Pan et al. [1995], were
performed using the general purpose line-by-line transmittance and radiance model
GENLN2 [Edwards, 1999]. The fast forward model developed for the MOPITT op-
erational retrieval is called MOPFAS [Edwards et al., 1999]. The aim of this model
is to solve the radiative transfer equation after having first performed the spectral
integration off-line. It reproduces MOPITT channel signals taking into account their
dependence on temperature, mixing ratios of target and contaminating gases, and
satellite and solar zenith angles. A regression scheme is applied to establish a cor-
respondence between channel-integrated transmittances and atmospheric profiles so
that when given a profile MOPFAS is able to quickly infer a corresponding transmit-
tance. The regression coefficients are pre-computed using a least squares fit over a
representative atmospheric ensemble. Typically, a MOPFAS calculation is about 10°
times faster than GENLN2 LBL calculations. This is fast enough for MOPFAS to be

used in operational retrievals.
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2.4.4.2 Retrieval Algorithm Formulation

In atmospheric remote sensing, the common problem of inverting a set of measured
radiances to determine aspects of the atmospheric state (temperature profile, trace
gas mixing ratio profiles, etc.) is often ill-conditioned, meaning that no unique solu-
tion exists without added constraints. Thus, additional information of some type is
usually required to constrain the retrieval to fall within physically reasonable limits.
The CO retrieval algorithm used for MOPITT exploits a nonlinear optimal estima-
tion algorithm [Rodgers, 2000; Pan et al., 1998] and a fast radiative transfer model
[Edwards et al., 1999] to invert the measured A and D-signals to determine the tro-
pospheric CO concentrations. More precisely, the CO retrieval algorithm used for
MOPITT exploits the maximum a posteriori ("MAP”) solution which is a specific
type of optimal estimation technique [Rodgers, 2000]. The general strategy of such
techniques is to seek the solution most statistically consistent with both the measured
radiances and the typical observed patterns of CO vertical profiles as represented by
the a priori information. The methodology for generating the a priori (i.e., both the
a priori mean profile and the a priori covariance matrix) is described in detail in sec-
tion 2.4.4.3. For the thermal band signals the average and difference signals for each
channel are included directly in the measurement vector. The thermal band signals
are not only dependent on the CO profile being measured but also the atmospheric
temperature and water vapour profiles, and the surface temperature and longwave
emissivity. Therefore, good values for all these parameters must be obtained in order
to produce accurate retrievals [Deeter et al., 2003]. For each MOPITT observation
(i.e., a single "pixel”), the retrieval algorithm requires profiles of both temperature
and water vapour. These profiles are spatially and temporally interpolated from Na-
tional Centers for Environmental Prediction (NCEP) operational analysis products.
Values for the surface temperature and emissivity are retrieved simultaneously with
the CO profile from information contained in the thermal band signals.

The most general measurement and state vectors for a given pixel can be written,

respectively, as
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where y is the measurement vector, S, and Sp represent the average and difference
signals respectively for each thermal channel, x represents the state vector which
contains the surface emissivity, the surface temperature Tis. and ¢; which represents
the CO mixing ratio at the i’® pressure level of the predefined retrieval grid. The
seven levels in the L2V3 operational retrieval grid include the surface, 850, 700,
500, 350, 250, and 150 hPa. A Newtonian iterative form of MAP solution is found
which combines the state vector, determined solely from the measurements, and the
a priori state vector, inversely weighted by their respective covariances. If the error
terms are neglected, the MOPITT retrieved CO profile & can be expressed as a linear
combination of the true profile x; and an a priori profile, x,, through the matrix

relation [Rodgers, 2000].

i~ A+ (1 — A, (2.18)

where [ is the identity matrix and A is the averaging kernel matrix. The averaging
kernels indicate the sensitivity of the retrieval to the atmospheric state % and provide
the relative weighting between the true and a priori profile. The ideal situation would
be one where A equals I then from Eq. 2.18 we see that © =~ x; and the retrieved
profile reflects the true profile, generally though this is not the case and changes in
the true profile result in finite changes to all elements of the retrieved profile. Thus,
the averaging kernel gives some indication of the vertical resolution and sensitivity of

the retrieval and the influence of the a priori. Averaging kernels are calculated from
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the a priori covariance matrix (C,) and the retrieval error covariance matrix (Cj;),

determined for each retrieval:

A=1-CCt (2.19)

The retrieval covariance matrix is calculated using the a priori covariance matrix, the

weighting function (K), and the radiance error matrix (C.):

Cy=(C '+ K'CoPR) ™ (2.20)

The square roots of the diagonal elements of the retrieval error covariance matrix
provide the retrieval errors for each profile retrieval. Expanding Eq. 2.19 and Eq.

2.20, the averaging kernel may be expressed as:

A=I1—-(C'+K'C'K) ot (2.21)

Thus, the averaging kernel is directly related to the weighting function which describes
the sensitivity of the measurement to the vertical distribution of the species of interest
in the atmosphere.

The MOPITT L2V3 Product consists of retrieved values and estimated uncertain-
ties of the CO profile, CO total column, surface temperature, and surface emissivity.

For the CO profile, the retrieval error covariance matrix is also provided.

2.4.4.3 MOPITT V3 A Priori

In principle, the a priori represents the expected statistical behavior (both in terms of
the mean state and variability) of the state vector. For CO, seasonal and geographic
patterns are well documented [Hauglustaine et al., 1998]. Therefore it might be
reasonable to incorporate some degree of spatial and/or temporal dependence into
the a priori. In MOPITT L2V3 operational processing, however, a fixed 'global’ a
priori for all CO retrievals has been chosen. This profile and its uncertainties can be
seen in Fig. 2.8. A fixed a priori was chosen with mainly three motivations. First,
use of a spatially-varying a priori would produce corresponding spatial features in the
retrieved profiles which would not be associated with any information in the actual
satellite observed radiances. Secondly, as the a priori becomes more specific (either

spatially or temporally), the a priori variances and covariances would be expected to
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decrease and in the retrieval scheme used would reduce the relative weight given to
the measured radiances. Lastly, for practical reasons, use of a fixed a priori covariance

matrix simplifies averaging kernel calculations (see section 2.4.4.4).
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Figure 2.8: MOPITT L2V3 a priori profile.

The a priori, consisting of both the covariance matrix C, and the mean state vec-
tor x,, describes the statistical behavior of the CO profile, surface temperature, and
emissivity. In the L2V3 product, the MOPITT a priori is generated from a master set
of 525 in situ profiles measured by aircraft during eight atmospheric chemistry field
campaigns (TROPOZ-II, Boissard et al. [1996]; STRATOZ-III, Gerhardt et al. [1989];
TRACE-A, Fishman et al. [1996]; PEMWEST-A, Newell et al. [1996]; PEMWEST-B,
Talbot et al. [1997]; PEMTROP-A, Hoell et al. [1999]; ABLE-3A, Harriss et al. [1992]
and ABLE-3B, Harriss et al. [1994]) and at two fixed sites (Carr, Colorado, Bakwin
et al. [1994] and Cape Grim, Australia, Pak et al. [1996]). Typically, these in situ
profiles extend from the surface to approximately 400 hPa (the aircraft maximum
flight altitude). The profiles are then extended to cover the higher MOPITT levels
with monthly climatological data from the chemistry transport Model of Ozone And
Related Tracers (MOZART) [Hauglustaine et al., 1998]. The a priori value of the sur-
face temperature is interpolated from National Centre for Environmental Prediction

(NCEP) reanalysis at each pixel. The longwave surface emissivity is obtained from a
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surface emissivity database [Wilber et al., 1999] coupled to a geographical database
of surface types [Belward and Loveland, 1996].

2.4.4.4 Standard Averaging Kernels

Averaging kernels indicate the sensitivity of the retrieval to the true observed profiles
and exhibit significant variability, e.g., due to variation of the atmospheric tempera-
ture profile, surface temperature and emissivity. The more detailed analysis of L2V 3
retrieval averaging kernels has been performed in chapter 3 to examine the case for

better vertical structure of CO in the troposphere and to study lower tropospheric

sensitivity.
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Figure 2.9: Mean averaging kernels obtained by averaging all daytime and nighttime
averaging kernels separately on May 01, 2006 (a) in the box defined by 20°N, 30°N,
10°E, and 25°E (over Libyan desert) and (b) in the box defined by 15°S, 30°S, 5°W,
and 20°W (over South Atlantic).

Figure 2.9 shows example averaging kernels for MOPITT retrievals conducted at
day and night over the (a) Libya desert and (b) South Atlantic Ocean. Ideal averaging
kernels would have a peak of one at the required pressure level (i.e., altitude) and are
zero at all other levels, and good averaging kernels have elements that sum to one.
It has to be noted that MOPITT operational L2V3 kernels are far from ideal and

the averaging kernels for each level in the retrieved profile do not necessarily peak
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at the corresponding pressure level of the true profile. Sensitivity is generally higher
to CO in the middle and upper troposphere than in the lower troposphere; this is
a consequence of the relatively weak thermal contrast between the surface and the
lower troposphere (see section 3.3.1) and the physics of thermal-emission radiative
transfer [Deeter et al., 2004]. It can be seen from Fig. 2.9 that the kernels are not
sharply defined, and that averaging kernels for adjacent levels in the retrieved profile
are often quite similar. For example, the strong similarity of the averaging kernels for
the 850 hPa and 700 hPa levels indicates a high correlation for the retrieved values
at these levels. On the other hand, a comparison of the 850 and 250 hPa averaging
kernels reveals sharply contrasting vertical sensitivity. The 850 hPa averaging kernel
peaks near 700 hPa whereas the 250 hPa averaging kernel peaks near 150 hPa. Thus,
although the averaging kernels shown in Fig. 2.9b are not sharply defined, MOPITT
retrievals should at least provide sufficient information to discriminate between mid-
and upper-tropospheric CO.

Moreover, as documented by [Deeter et al., 2003], the general shapes of the MO-
PITT averaging kernels depend on the geophysical regime. The averaging kernels
shown in Fig. 2.9b are typical for tropical oceanic scenes. The sharpest (i.e., best-
separated) averaging kernels are observed in daytime scenes over land (Fig. 2.9a);
these scenes provide the strongest thermal contrast between the surface and atmo-
sphere. At the opposite extreme, the averaging kernels in polar regions and in night-
time mid-latitude winter scenes over land typically exhibit highly correlated averaging
kernels at all levels and therefore much less profile shape information [Deeter et al.,
2004]. The more detailed averaging kernels analysis for MOPITT operational L2V3

product is carried out in the chapter 3.

2.4.4.5 Degrees Of Freedom for a Signal (DOFS)

When experimental error is not present there are p independent pieces of information
that can in principle be determined from the measurement, but with error, these p
values will now be uncertain to some extent (a phenomenon called ill-conditioning’).
A useful parameter calculated from the information about the measurement and the
a priori data is the degrees of freedom for a signal (DOFS), which describes the
number of independent pieces of information available in the retrieved vertical profile

[Rodgers, 2000]. For the MOPITT MAP-retrieved profiles, DOFS is the sum of the
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eigenvalues of A, which is also the trace of A. In the context of the eigenvalues and
eigenvectors of A, DOFS represents the number of orthogonal components in the
retrieved profile which are retrieved with no contribution from the a priori profile
[Rodgers, 2000; Pan et al., 1998]. In simple words, DOF'S is a measure of the number
of components of the retrieved CO profiles that are not constrained by the a pri-
ori. Like the averaging kernel matrix, DOFS values exhibit significant geographical
variability and diurnal differences (especially over land) are strongly related to the

surface temperature and emissivity [Ho et al., 2002b].
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Figure 2.10: Degrees Of Freedom for Signal for September, 2006 for (a) Daytime and
(b) Nighttime observations.

Figure 2.10 shows gridded MOPITT L2V3 monthly mean DOF'S values for Septem-
ber, 2006 . Values were calculated on a 1.0 by 1.0 degree grid after calculating the
mean daytime and nighttime averaging kernels within each grid cell. DOF'S values for
daytime and nighttime observations are shown separately. White spaces in Fig. 2.10
correspond to regions of persistent cloudiness; since cloud-contaminated MOPITT ob-
servations are discarded for L2V3 operational product. Daytime DOFS values tend
to be higher than nighttime values because (i) higher daytime surface temperatures
(especially over land) tend to improve the thermal contrast between the surface and
atmosphere, and (ii) solar radiation at 4.7 um contributes a non-negligible component
to the daytime observed radiances and therefore affects the radiance weighting func-
tions. Latitudinally, values are highest near the Equator and decrease poleward. The

highest values are observed during daytime scenes over deserts (which, as mentioned
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above, are also where the averaging kernels are sharpest and/or higher thermal con-
trast). The smallest values occur in the polar regions and in mid-latitude nighttime

scenes over land.

2.4.4.6 Percent A Priori CO Mixing Ratio

In the MOPITT L2V3 operational product, the variables ” Percent a priori CO mixing
ratio” and ”retrieval bottom Percent a priori CO mixing ratio” give the fraction of
information in each retrieval that came from the a priori profile. In order to select
measurement that contain useful information about the CO content, Deeter et al.
[2003] suggested use of the "percent a priori” to filter the MOPITT L2V3 data. This
diagnostic is calculated (in percentage) as the ratio of the uncertainty of retrieved
CO mixing ratio to the a priori variance of CO mixing ratio at same level. As this
ratio tends towards zero, the retrieval is essentially perfect, and has low weighting
from a priori. As this ratio tends towards unity, however, the implication is that
the retrieval has not provided useful information. In other words, large percentages
indicate that the retrievals were less constrained by the observations. Only those
profiles having ”percent a priori” less than 50% in the retrievals at retrieval pressure
levels suggested to consider to ensure that the results minimally influenced by the

assumed a priori profile.

MOPITTv3/Terra 350hPa Percent Apriori CO Mixing Ratio — September 2006
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Figure 2.11: Percent a priori CO mixing ratio gridded on 1.0 deg. at 350 hPa for
September, 2006 for (a) Daytime and (b) Nighttime observations.
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Figure 2.11 show MOPITT L2V3 percent a priori CO mixing ratio global distribu-
tion at 350 hPa for (a) daytime and (b) nighttime observations. It is clearly evident
that percent a priori has, although less significant, latitudinal variation showing a
priori contribution to the retrieved CO is less at equator and increases towards poles.
In this only those profiles that have percentage a priori less than 50% in the re-
trievals which are considered. Later, we have shown that DOFS and percent a priori
CO mixing ratios are linearly correlated, in particular percent a priori CO mixing
ratio retrieved at 350 hPa retrieval has best linear fit with DOF'S (e.g. refer to 3.10).
We, thus, define percent a priori CO mixing ratio threshold value to ensure that the
profiles are not highly contaminated by retrieval artifacts. More details are discussed

in Chapter 3.

2.5 MOPITT Level 2 Version 3 (L2V3) Product
Validation

In this section, MOPITT retrieved LL2V3 CO data, from thermal IR channel, valida-
tion for Phase I and Phase II has been discussed. The near-IR channels are not used
in this version of the retrievals due to low observed signal-to-noise ratio.

The MOPITT instrument has been making global measurements of the CO dis-
tribution in the troposphere from March 2000 and continue to operate well at the
present time (more than 9 years). While instrument parameters and calibration fac-
tors remain stable, validation of these products is critical to understanding their value
for further scientific analyses. In May 2001, one of the two instrument coolers failed,
after which only four of the eight channels were operational, requiring a change to the
retrieval algorithm [Deeter et al., 2003]. The data before and after the cooler failure
are therefore fundamentally different and have been termed Phase I, covering March
2000 to May 2001, and Phase II, starting from August 2001 to present. For the first
year of measurements, the retrievals use the D signals from channels 1, 3, and 7 and
the A signal from channel 7. After the cooler failure, channel 7 was reconfigured
to improve the signal-to-noise ratio (see Deeter et al. [2004] for more details). This
new configuration, using channels 5A, 5D, and 7D, results in the retrievals having a

vertical resolution very similar to those of Phase I, despite the use of different signals
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in the retrievals. Due to these changes in the instrument and the retrievals, Phase
I and Phase II data are validated separately by Emmons et al. [2004]. In general,
observations from the MOPITT spacecraft remote sensor form the basis of retrievals
of tropospheric CO which have been validated by comparison with in situ aircraft
measurements obtained through a regular program as well as through special field
campaigns [Deeter et al., 2004; Emmons et al., 2004, 2007, 2009].

For Phase I data validation, the MOPITT CO retrievals have been compared with
the in situ CO measurements (after applying the averaging kernels) at the five Climate
Monitoring and Diagnostics Laboratory (CMDL, now called Earth System Research
Laboratory (ESRL)) sites for each retrieval level and column. These sites include
Hawaii, Rarotonga, Poker Flats, Harvard Forest, and Carr. The measurements as
part of the MOPITT Validation Experiment (MOVE, Paul Novelli, CMDL) and the
Southern African Regional Science Initiative (SAFARI-2000, Paul Novelli, CMDL)
were made coincident with MOPITT overpasses. Furthermore, many aircraft mea-
surements during several campaigns were also made coincident with MOPITT over-
passes and comparison between the MOPITT retrieved and the in situ measured
CO profile has been done. These campaigns were (i) Tropospheric Ozone Produc-
tion about the Spring Equinox (TOPSE) campaign, organised by NCAR, during
February-May 2000 (M. Coffey, NCAR); (ii) Biomass Burning and Lightning Exper-
iment (BIBLE-C) campaign, organised by the Earth Observation Research Center
of National Space Development Agency of Japan, during November-December 2000
(Y. Kondo, Uni. of Tokyo); (iii) CO, Budget and Rectification Airborne study (CO-
BRA) organised by the University of North Dakota during August 2000. For all
these validation campaign for Phase I, in general, a very good correlation between
the MOPITT CO retrievals and in situ CO measurements was seen.

Similar validation comparisons have been made for the Phase Il data, covering
August 2001 through December 2002, using the five standard CMDL stations. The
bias averaged over all of the sites for each retrieval level for Phase I and Phase II
are given in Table 2.2. The bias is shown both as the absolute difference in mixing
ratio and as percent. For Phase I data, in the lower troposphere MOPITT is high by
4-5 ppb (or 6-8%) whereas the bias is somewhat less in the upper troposphere. The

column retrievals have an average bias of about 5%. The variability in the retrievals
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attributed to uncertainties in the retrievals of surface temperature and surface emis-
sivity [Emmons et al., 2004]. Whereas, for Phase II validation, the average bias less
than +1 ppb (-3% to 2%) at all altitudes. In general, these results are consistent
with the radiance biases found in the Level 1 validation results reported by Deeter
et al. [2004].

Table 2.2: Absolute and percentage biases (mean and standard deviation) for each
retrieval level and column, Averaged over all comparisons [Emmons et al., 2004].

Level Absolute Bias® Percentage Bias || Absolute Bias® Percentage Bias
Phase 1 Phase 11

Surface 5.7+£20.6 8.14+21.5 0.7+£24.6 1.5+21.2
850 hPa 4.1+£18.8 8.1+£22.2 -0.6+20.9 -2.4+420.5
700 hPa 4.2414.5 6.5+16.1 0.9416.1 -0.24+16.3
500 hPa 2.7+£9.8 3.84+10.1 0.5+9.6 0.9+10.4
350 hPa 1.7+£11.9 2.6+12.3 0.7£8.9 1.6+10.1
250 hPa 0.7£11.5 1.7+13.0 0.6+7.8 1.6+9.9

150 hPa -0.84+10.5 -0.2+15.8 -0.84+6.8 -0.24+10.8
Column 0.74+1.9 4.9410.8 -0.242.2 -0.5+12.1

@ Measured in ppbv for profiles and 10'" molecules.cm™2 for columns.

Later, Emmons et al. [2007] reported CO measurements made as part of three air-
craft experiments during the summer of 2004 over North America for the validation
of the CO retrievals from the MOPITT instrument. These campaigns were NASA’s
Intercontinental Chemical Transport Experiment (INTEX-A), designed to be coin-
cident with MOPITT overpasses, as well as the COBRA-2004 and MOZAIC (Mea-
surement of OZone, water vapor, carbon monoxide and nitrogen oxides by Airbus
In-service airCraft) experiments. Vertical profiles measured during these campaign
provided valuable MOPITT validation results. From these comparison studies it is
shown that the MOPITT CO retrievals are biased slightly high for North America
locations, while the mean bias differs between the different aircraft experiments (e.g.,
7.0 ppbv for MOZAIC to 18.4 ppb for COBRA at 700 hPa). This is likely due to the
fact that the during INTEX-A campaign profiles were made as spirals and designed
to be within one hour of the MOPITT overpass, resulting in a higher probability

46



that MOPITT were sampling the same air masses at all altitudes. Since the COBRA
and MOZAIC-ICARTT aircraft measurements were not designed to be coordinated
with MOPITT overpasses, and the vertical sampling was spread out over longer dis-
tances. On average, these results are consistent with the validation results presented
by Emmons et al. [2004] and are generally within the design criteria of 10% accuracy.
Moreover, these results indicate the likehood of MOPITT CO retrievals for model
evaluation and quantitative studies of the CO distributions.

Emmons et al. [2009] reported very recent and major validation results by com-
paring MOPITT CO retrievals to aircraft in situ measurements as part of routine
sampling performed by National Oceanic and Atmospheric Administration (NOAA)
at several sites, intensive field campaigns, and sampling from commercial aircraft. In
particular, this work uses observations made as part of the NASA INTEX-B and Na-
tional Science Foundation (NSF) Megacity Impact on Regional and Global Environ-
ment (MIRAGE) field campaigns during March-May 2006 to validate the MOPITT
CO retrievals, along with routine samples from 2001 through 2006 from NOAA and
the MOZAIC measurements. The details of aircraft measurements used for the MO-
PITT validation and the techniques used for measurements are described in Emmons

et al. [2009]. The location of the measured profiles used for validation are shown in
Fig. 2.12.

NOAA & Campaigns

=
= gﬁ %1 e ___Fﬁ%%ﬁ;}} T
‘Ci ® HAA ;“‘\wus {"‘J\\ -~ o Gt
- RTA P = :
" + 2 PFA
*U* + HFM \%\r'_"bedﬁ
e CAR 2 Eneiea
g h;-<-§( o VAA ‘13""'\_L
- L 7™ + COBRA2004 - -
77T X INTEXA - . /¢
R & INTEXB-C130
&ﬂ O INTEXB-DC8 r;J r/fw
i\ T .
~ e ——— .
| e -—!_‘—"’n";.,¥7_,-rf"ﬁ <

Figure 2.12: Left panel shows NOAA routine sampling sites and field campaigns and
right panel shows individual profile locations and regional groupings (Adapted from
Emmons et al. [2009]).

Figure 2.13 show the biases in the 700 hPa and column retrievals for the site and

regional groupings for each year. In general, retrieval bias has a variety of potential
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Figure 2.13: Right panel: Bias between MOPITT and aircraft in situ measurements
for the 700 hPa retrieval for each year, sorted by NOAA site, Field Campaign or
MOZAIC geographical region. Each symbol and error bar indicates the mean and
standard deviation of the biases for each site or region; Left panel: Same as right
panel, for the column retrieval (Adapted from Emmons et al. [2009]).

sources. Biases might be identified with either instrument modeling, radiative trans-
fer modeling, biases in ancillary datasets (e.g., meteorological data) or the retrieval
algorithm. Emmons et al. [2009] identified two particular sources of bias in the L2V3
product. One type of bias is associated with the assumption of Gaussian VMR vari-
ability rather than log-normal VMR variability. As shown by Deeter et al. [2007], the
assumption of Gaussian VMR variability in the retrieval algorithm is inconsistent
with in-situ datasets and leads to positive retrieval bias in especially clean condi-
tions. Hence, the Version 4 (V4) retrievals, which were released in early April 2009,
a state vector based on log(VMR) and are therefore not be subject to this effect.
A second source of potential retrieval bias in the L2V3 product occurs only in par-
ticularly polluted conditions. Retrieved profiles with CO total column values larger
than the maximum value in the forward model training set (approximately 4x10'®
molecules.cm™2) are rejected by the retrieval algorithm because of the inability of
the forward model used in L2V3 to handle such profiles. Moreover, in the MOPITT
L2V3 product, the Forward Model and retrieval processing do not account for time
dependent instrument cell parameters. Hence, the changing state of the instrument

could lead to a time-dependent retrieval bias, or drift.
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Finally, from [Emmons et al., 2009] study, it is shown that the MOPITT opera-
tional L2V3 retrievals show a significant bias in 2006 (~20% for column retrievals).
Additionally, comparison of the MOPITT retrievals to the long-term records of the
NOAA/GMD aircraft sampling and the MOZAIC program on commercial aircraft
have revealed that the positive bias in MOPITT CO retrievals has been increasing in
time. The cause of these biases in the L2V3 product were not entirely understood,
but attempts were made to reduce the bias in the MOPITT L2V4 operational CO
retrievals. Preliminary studies indicate that the L2V4 retrievals will have less of a
drift in the bias, due in part to the use of log(VMR)-based algorithms. In addition,
the Forward Model in L2V4 has account for the fact that the modulation cell pressure
has dropped over the mission [Emmons et al., 2009]. The silent features of MOPITT

V4 operational product has been documented in chapter 4.

2.6 Summary of Chapter 2

In this thesis, CO data retrieved from the MOPITT instrument, onboard the Terra
Satellite, launched in December 1999, has been used to examine CO profile infor-
mation. MOPITT is a nadir viewing IR instrument which uses a combination of
pressure and length modulated radiometers to provide total columns and mixing ra-
tios of CO on 7 nominal retrieval levels (for L2V3) and 10 equivalent retrieval levels
(for L2V4) starting from the surface to 100 hPa [Deeter et al., 2003; Deeter, 2009] to
quantify CO in the troposphere. Note that this chapter gives a brief overview on the
MOPITT L2V3 operational retrieval algorithm and data validation. The MOPITT
L2V4 retrieval algorithm details are not discussed in this chapter. It is worth noting
that, in this thesis, L2V3 retrieved CO data is primarily used and compared with
recently released in April 2009 L2V4 retrieved CO data. A brief overview on L2V4
retrieval characteristics is given in Chapter 4.

MOPITT retrievals have limited vertical resolution but can generally distinguish
between the lower and upper troposphere, and are intrinsically linked to the retrievals
averaging kernels for each measured CO profile. The retrieval averaging kernels ex-
hibit strong spatial and temporal variability and typically MOPITT is only able to
obtain two pieces of independent vertical information from each measurement which

strongly depend on surface and atmospheric properties.
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Recent study by Emmons et al. [2009] show that there is increase in positive bias
with time throughout the troposphere in MOPITT L2V3 retrieved CO data. The
L2V4 data overcome some of the main reasons for positive biases in L2V3 CO data.
In this thesis most work originally performed with L2V3 retrieved data and emphasis
is mainly placed on identifying systematic biases in L2V3 CO data by adapting robust
methodology of day/night difference in the retrieved profile. A similar approach is
also applied to L2V4 retrieved data. The L2V4 has significant differences to L2V3
data and therefore, in this thesis, we also performed comparison between MOPITT
retrieved L2V3 and L.2V4 data to examine the case of vertical differentiation of CO

in the troposphere.
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Chapter 3

Sensitivity of MOPITT
Observations of Tropospheric CO

3.1 Introduction

Aside from temperature, water vapour and ozone, the usual perception is that there
is little sensitivity to the surface (boundary layer) in IR measurements and further
that IR data may also effectively providing a vertical column with very limited ver-
tical resolution in many cases. However, as the averaging kernels for CO suggest
(refer to section 2.4.4.4), this is not strictly true and one can generally distinguish
between the lower and upper troposphere using MOPITT CO data. The sensitivity
of MOPITT observations to CO concentrations in the lower troposphere varies widely
as the result of variability in e.g thermal contrast conditions. Profoundly, MOPITT
exhibits different vertical resolution and sensitivity between daytime and nighttime
measurements, in particular, over land. Specifically, the nighttime measurements
are sensitive to the mid-upper troposphere whereas the daytime measurements have
higher sensitivity to the lower troposphere, especially where there is a strong temper-
ature gradient between the surface and lower atmosphere and a large amount of CO
near the surface. Therefore, for this thesis, daytime and nighttime MOPITT data
have been treated separately and emphasis is placed on identifying systematic com-
ponents of the day-night difference variations in the retrieved MOPITT CO profile.
The separate treatment of day and night has been pointed out previously [Deeter

et al., 2003, 2004; Heald et al., 2004; Kar et al., 2008]. However, Richards, N. A. D.
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[2004] was only the first to address the issue of day-night difference and so far this
quantity has not been exploited to understand vertical differentiation of CO in the
troposphere using MOPITT retrieved CO data. In the succeeding sections, method-
ology and a case study to examine vertical differentiation of CO and specifically lower

atmosphere sensitivity is presented.

3.2 The Methodology

As pointed out in chapter 2, MOPITT averaging kernels (AK) are useful to provide
information on the vertical sensitivity of the MOPITT measurements and apparently
shows quite large variability, in particular in the upper troposphere. The AK’s de-
pend on number of parameters, including the CO profile, the temperature profile,
the surface temperature, the a priori covariance matrix, and the measurement-error
covariance matrix. The a priori covariance matrix is the same for all V3 retrievals, so
this would not explain any AK variability. The variability of the surface temperature
or the CO profile produces the AK variability. Another possibility is the uncertain-
ties for the Level 1 radiances which vary from pixel to pixel. Since the averaged AK
for given scene may not be realistic, in this thesis the variability of the AK’s are
examined and a ‘typical’ AK selected for given set of atmospheric conditions, the
degrees of freedom for a signal has been calculated, these two parameters essentially
characterise the ability of the instrument to make CO profile measurements under
different atmospheric and surface conditions. Using selected DOFS peak values and
a ‘typical” AK, one is then able to infer if it is possible for the MOPITT instrument
to detect plumes or layers of enhanced CO, which have a limited vertical extent, by
applying selected ‘typical’ averaging kernels to known profiles to simulate the effect
of using MOPITT instrument to measure enhanced layers or profiles. Simulation of
this kind were performed using selected ‘typical’ averaging kernel, over Bihar region,
for daytime and nighttime measurements separately and day-night differences has

been examined to detect, in particular, lower tropospheric elevated concentrations.
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3.3 Understanding MOPITT Sensitivity to Tro-
pospheric CO

The sensitivity of the MOPITT retrievals to CO in the lower troposphere can be
assessed by examining MOPITT averaging kernels. However, Deeter et al. [2007] re-
cently pointed out that interpretation of the vertical sensitivity of MOPITT retrievals
have been influenced by the nonuniform thickness of the layers of the retrieval grid.
They found that after normalizing for these grid effects, the averaging kernels indicate
useful sensitivity to CO in the lower troposphere, particularly over daytime tropical
regions with sparse vegetation [Deeter et al., 2007]. Specifically, the grid-normalised
surface averaging kernels show nearly uniform sensitivity to layers from the surface
to 500 hPa, in contrast to the standard averaging kernel, which apparently shows far
higher sensitivity to 700 hPa level as compared to the surface (Fig. 3.1a). Moreover,
the grid-normalised averaging kernel for 850 hpa also shows enhanced sensitivity to

the near-surface atmosphere as compared to the standard averaging kernel.

24N-27N, 75E-B8ZE, May, 2004
T T T

1000

(a) Normalised AK profiles (b) Surface value of Nor-
malised 850 hPa AK

Figure 3.1: (a) MOPITT L2V3 mean standard (dashed lines) and grid-normalised
averaging kernels (solid lines) for May 2004 over 24 to 27°N and 75 to 85°E;
(b)Distribution of the surface value of MOPITT grid-normalised averaging kernel
at 850 hPa for May 2004.(Adapted from Kar et al. [2008]).

Figure 3.1(b) shows the distribution of surface values of the grid-normalised 850
hPa averaging kernels, over Indian region, for May 2004. This quantity indicates the
sensitivity of the retrieved amount at the 850 hPa level to perturbations of the ab-
sorber amount of the surface layer in the true profile [Deeter et al., 2007]. Significant

sensitivity to the 0-3 km altitude layer pollution can be seen over most parts of the
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India region with highest sensitivity over the deserts of Rajasthan (Thar Desert) in
the west. Furthermore, a pronounced minimum sensitivity over the far north-eastern
states (90 — 96°F) could be due to the presence of significant forested areas in this
region [Kar et al., 2008]. [Deeter et al., 2007] found similar low sensitivity over the
Congo and Amazon basins and attributed this to evaporation and evapotranspiration
processes and possibly due to low thermal contrasts. The white areas indicate missing
data for cloud contaminated pixels which are removed from the retrieval algorithm.
The following section describes role of thermal contrast in IR measurements in more

detail.

3.3.1 The Role of Thermal Contrast

For space instruments (e.g. MOPITT) using the thermal IR spectral range to sound
the atmosphere, thermal contrast is a critical parameter for observing the planetary
boundary layer (PBL), where all the pollution events occurs, which strongly depends
on location, temperature, type of the surface and time of the day. Thermal con-
trast can be considered as the difference (in radiance) induced by the temperature
difference between the surface temperature (Tgx;,) and a reference temperature in
the boundary layer (Tig,,). The earth surface heats up/cools down faster than the
atmosphere and therefore, the diurnal variation of the surface is larger, and hence

thermal contrast more pronounced during day than night.

3.3.1.1 Thermal Contrast Over India

In this section, the climatological variability of thermal contrast over India is exam-
ined, in order to evaluate where and when thermal IR sounders should be sensitive
to the boundary layer. The surface skin temperature (Tg;,) and temperature at 10
m (Tyo,,) as provided by the European Centre for Medium-Range Weather Forecast
(ECMWF) fields on regular 1.125°x1.125° grid data are used to calculate thermal
contrast. According to the World Meteorological Organization (WMO), the year 2007
is the second warmest on record, after 1998. The global mean surface temperatures
for 2007 was estimated at 0.41°C above the 1961-1990 annual average of 14.00°C'
[WMO, 2003]. Hence 2007 may well be favourable for observations of CO in the

lower atmosphere. For this study, the months of May and December are chosen as a
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representative months for summer and winter seasons respectively.

666 1333 2000 2666 3333 4000
Boundary Layer Height (m)

(a) Thermal Contrast (b) Boundary Layer Height

Figure 3.2: (a) Monthly averaged thermal contrast derived from ECMWF tempera-
ture fields, over India, at 06 UTC and 18 UTC, for May 2007 (left) and December
2007 (right); (b) same as (a) except for PBL height.

Figure 3.2(a) shows monthly averaged thermal contrast (Tsi,-T10m) for May 2007
(left) and December 2007 (right), over India, at 06 UTC (11:30 am local time) and 18
UTC (11:30 pm local time). Note that the Terra satellite is in sun-synchronous orbit
with 10:30 am equator crossing local time, when daily cloud cover is typically at a
minimum over land. These plots demonstrate high spatial and temporal variability of
the thermal contrast. Maxima are observed during daytime (at noon local time) for
May over land and are of the order of 5-10 K. The thermal contrast is comparatively
lower during nighttime over India.

Figure 3.2(b) represents the variation of the boundary layer height over India for
the same time period (May and December 2007). A fairly good correlation between
the thermal contrast and the boundary layer height is observed in daytime except for
central part of India. The highest thermal contrasts are associated with the elevated
boundary layer height, with some delay in time. The boundary layer height variations

also become more significant in May above land during daytime (at noon local time).
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Figure 3.3(a, b) shows monthly mean spatial distribution of the thermal contrast
over Indian subcontinent at 06 UTC (11:30 am local time) and 18 UTC (11:30 pm
local time). The noon time thermal contrast is observed of the order of 10 K
over Delhi region whereas 6-8 K for Bihar, Mumbai and Coimbatore regions during
summer months. The thermal contrast at summer mid-nighttime found to be between
0 and -5 K, with lowest over Bihar and Delhi regions. The thermal contrast is fairly
similar over water surface at 06 UTC and 18 UTC as expected. Figure 3.3(c, d)
shows the temporal evolution of the thermal contrast for Bihar, Delhi, Mumbai and
Coimbatore regions for local noon and mid-nighttime. The annual thermal contrast
average is typically 4-6 K in daytime. The MOPITT measurements, therefore, likely
to have better sensitivity to the CO in the lowermost layer during summer months in
daytime when there is highest thermal contrast between the lower atmosphere and

underlying surface.

3.3.2 MOPITT L2V3 Diagnostics Analysis
3.3.2.1 Retrieved CO Errors

For CO vertical profiles, estimates for CO errors are available in the error field (2nd
element) of the MOPITT L2V3 CO product. The uncertainties in MOPITT retrieved
CO profiles depend on the smoothing error, model parameter error, forward model
error, and error due to instrument noise [Rodgers, 2000]. These uncertainties are
represented by the square root of the diagonal elements of the retrieval covariance
matrix. The major error is due to smoothing error [Deeter et al., 2003]. In addition,
the MOPITT retrievals of CO are likely to be degraded by mainly two distinct sources
of retrieval error. First, the accuracy of the operational radiative transfer model for
MOPITT might be lower in conditions marked by extremely high CO loading than in
more typical situations. Second, the radiative effects of aerosols, which are neglected
in the operational retrieval algorithm, can potentially mask the spectral signature
of CO in the upwelling radiation [Deeter et al., 2007]. In both cases, systematic
differences between the calibrated radiances and model calculated radiances can lead
to biases in the MOPITT CO product.

Figure 3.4 (a) and (b) show MOPITT L2V3 retrieved 850 hPa 0.5 degree gridded
day CO mixing ratio errors, over India, for May 2007 and December 2007 respectively.
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Figure 3.4: (a) MOPITT L2V3 850 hPa retrieved 0.5 degree gridded daytime CO
mixing ratio errors, over India, for May 2007; (b) same as (a) except for December
2007; (c) Histogram of daytime CO mixing ratio errors, over Bihar box (shown by
rectangle), for May 2007; (d) same as (c) except for December 2007.

It is clearly evident that the retrieved errors are substantially increased over Indian
region during December as compared to May, due to low thermal contrast conditions
in winter time (3.2a). Figure 3.4 (c) and (d) shows a histogram plot of day retrieved
CO errors for selected case study region (Bihar). The retrieved errors at all pressure
levels are less than 40 ppb except at surface level. The detailed analysis by Deeter
et al. [2003] shows that at 500 hPa, the retrieval uncertainties are approximately 20
% in the tropics and at the mid-latitudes, and 30-40 % at high latitudes.

3.3.2.2 Percent Apriori CO Mixing Ratios

It should be noted that, in the L2V3 product, no filters are applied with regard
to information content. In polar regions, for example, MOPITT CO retrievals are
weighted by the a priori profile much more heavily than in other regions, and there-
fore contain less information. Similarly, nighttime MOPITT retrievals often contain
less information than daytime retrievals (especially over land). To use accurate infor-

mation content, the L2V3 product include a diagnostic ("Percent A priori CO mixing
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ratio’), which describes the uncertainty of the retrieved CO (at each level in the

profile) as a percentage of the a priori variability.
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Figure 3.5: (a) MOPITT L2V3 850 hPa retrieved 0.5 degree gridded daytime Percent
a priori CO mixing ratio, over India, for May 2007; (b) same as (a) except for Decem-
ber 2007; (c) Histogram for 850 hPa retrieved daytime Percent a priori CO mixing
ratio, over Bihar box, for May 2007; (d) same as (c) except for December 2007.

Figure 3.5 (a) and (b) shows MOPITT 850 hPa retrieved 0.5 degree gridded
daytime percent a priori CO mixing ratio, over India, for May and December 2007
respectively. In general, percent a priori CO mixing ratios are less than 40% over land
except over Himalayan cold surfaces. The white gaps indicate the cloud contaminated
pixels which are removed from retrieval algorithm. It is clearly evident that the
MOPITT CO retrievals are weighted by the a priori profile information more heavily
in December than in May. Figure 3.5 (¢) and (d) shows a histogram plot for percent a
priori CO mixing ratios, over the Bihar box, for May and December 2007 respectively.
The dash dotted line indicates that the retrieved CO profiles are filtered for percent
a priori CO mixing ratio values greater than 50 %. Figure 3.6 and 3.7 shows a scatter
plot of MOPITT instrument retrieved errors against percent a priori CO mixing ratios
at each retrieval level, over Bihar box, for summer (May) and winter (December)

month respectively. It is obvious that there is a strong correlation between percent a
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priori CO mixing ratio and retrieved CO errors as expected from optimal estimation.
it can also been seen that the correlation is approximately linear. For both seasons, it
can be seen that errors in the retrieval increases with increase of a priori contribution
to the true profile. It is important to use percent a priori CO mixing ratio diagnostic

to filter out profiles containing less information.
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Figure 3.6: MOPITT L2V3 retrieved errors versus percent a priori CO mixing ratio,
over Bihar box, for May 2007.
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Figure 3.7: Same as Fig. 3.6 except for December 2007.
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3.3.2.3 Averaging Kernels

The retrieval averaging kernel (A) [Rodgers, 2000] is fundamental to understanding
the physical significance of the retrieved MOPITT CO profile. In the ideal case, A
would equal to identity matrix (I), and any perturbation to the true state vector
would produce identical changes in the retrieved state vector. Generally, however,
changes to any particular element of the true atmosphere result in finite changes to
all elements of the retrieved state vector. Analysis of the retrieval averaging kernels
permits analysis of the vertical resolution and sensitivity of the retrieved profiles and
the degree to which the a priori influences the retrieval.

As stated in chapter 2, the MOPITT averaging kernels exhibit considerable vari-
ability both geographically and temporally. Deeter et al. [2003], illustrated the varia-
tion of the averaging kernel for the MOPITT operational CO retrievals between day
and night for the Pacific Ocean, Canada, and Western Australia. Figure 3.8 (a) and
(b) shows all MOPITT L2V3 averaging kernel profiles as a function of DOFS, over
Bihar box, for May and December 2007 respectively. The case study region chosen
is one where MOPITT retrievals show significantly high DOFS values during the
day as a result of greatest thermal contrast during the day (Fig. 3.2a) and likely
elevated boundary layer CO concentrations. The averaging kernel variability in the
upper troposphere during May and December is similar suggesting that it is not likely
produced by changes in atmospheric or surface properties. The uncertainties for the
Level 1 radiances, which vary from pixel to pixel, possibly produced variability in the
averaging kernels [Deeter et al., 2003]. It is clearly evident that the averaging kernels
in the lower layer for greatest DOFS values are weighted much more to the lower
layer whereas upper layer averaging kernels for greatest DOFS values are weighted

more to the upper layers of the atmosphere.
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Furthermore, the averaging kernel profiles can be grouped for similar values of
DOFS, e.g. for 850 hPa averaging kernels in May 2007, the averaging kernel profiles
can be grouped for DOFS values greater than 1.6 and DOFS values ranging from 1.0
to 1.6. This grouping is not necessarily similar for other regions and times of the
year. Interestingly, few surface averaging kernel profiles for high DOFS values with
enhanced sensitivity to the surface can be identified. The filtering by DOFS values
range eliminates unexpected variability in the set of averaging kernels and it is useful
to select ‘typical’ representative averaging kernel for given atmospheric and surface

properties for the time of year.

3.3.2.4 Degrees of Freedom for a Signal

Degrees of freedom for a signal describes the number of independent pieces of infor-
mation available in the retrieved vertical profile [Rodgers, 2000]. For the retrieved
profiles with DOFS less than 1.0, the a priori profile dominates at most retrieval lev-
els. As DOFS increases, retrievals are less constrained by the a priori, and relatively
sensitive to the true CO profile.

Figure 3.9 (a) and (b) shows MOPITT 0.5 degree gridded daytime degrees of free-
dom for a signal, over India, for May and December 2007 respectively. The magnitude
of the DOFS is significantly lower over Indian region during winter month compared
to summer month due to low thermal contrast during winter (Fig. 3.2a). The white
patches indicate regions of no data where cloud contamination are removed from
retrieval algorithm or possibly pixel contaminated by dense fog. Figure 3.9 (c¢) and
(d) shows histograms for DOFS values, over Bihar box, for May and December 2007
respectively. The dash dotted lines show selected DOF'S peak values which have been
used to select ‘typical” averaging kernels for MOPITT L2V3 simulation. For Bihar
region, the MOPITT L2V3 retrieved daytime and nighttime DOFS histograms show
two distinct distributions hereafter referred as Lower DOFS Distribution (LDD) and
Higher DOFS Distribution (HDD) and the corresponding peaks of the distribution
are referred to as LDD,c.; and HDD,.,, respectively. In general, daytime measure-
ments have greatest DOFS values than nighttime measurements. It is also evident
that DOFS have strong spatial and temporal variability, mostly depending upon the

thermal contrast between the lower atmosphere and underlying surface. The lower
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DOFS values in winter than summer month suggesting reduced sensitivity of MO-
PITT measurements to tropospheric column, in particular to the boundary layer,

during the winter month.
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Figure 3.9: (a) MOPITT L2V3 0.5 degree gridded daytime DOFS, over India, for
May 2007; (b) same as (a) except for December 2007; (c¢) Histogram for daytime and
nighttime DOFS, over Bihar box, for May 2007; (d) same as (c) except for December
2007.

Figure 3.10 shows correlation between MOPITT retrieved DOFS and percent a
priori CO mixing ratio. As stated earlier, percent a priori CO mixing ratio is a
useful parameter to understand the uncertainty of the retrieved CO (at each retrieval
level) as a percentage of a priori variability. The strong correlation between DOFS
and percent a priori CO mixing ratio suggests one can use percent a priori rather
than DOFS which for L2V3 has to be calculated since AK’s are not provided in
L2V3 product and it is time consuming process. As documented earlier, in general
so far, only those profiles having percent a priori less than 50% in the retrievals are

considered. However, one can see varying correlation between DOFS and percent a

64



priori CO mixing ratios retrieved on each corresponding retrieval level. It is clearly
evident that DOFS are linearly correlated with percent a priori CO mixing ratio
retrieved at 350 hPa retrieval. We, thus, define a percent a priori CO mixing ratio
"threshold value’ which is indicative of high DOFS and can be used to define the
HDD distribution. A more detailed calculation for the threshold value is discussed in
chapter 5. It has to be noted that the correlation reduced significantly, over Bihar,

during winter month although the shapes are similar at 350 hPa.
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Figure 3.10: (a) MOPITT L2V3 DOFS versus percent a priori CO mixing ratio at 7
retrieval levels, over Bihar region, for May 2007; (b) Same as (a) except for December

2007.
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3.3.3 Selection Criteria for a ‘Typical’ Averaging Kernel

As shown in the previous section, generally, the DOFS histogram has two distinct
peaks for daytime and nighttime measurements. It is shown, in this section, that
selecting a ‘typical’ averaging kernel for chosen DOFS distributions helps, in turn, to

examine maximum available information content for MOPITT retrieved CO profile
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Figure 3.11: (a) MOPITT L2V3 Selected daytime ‘typical’ AK profile, over Bihar
box, for May 2007; (b) Same as (a) except for December 2007; (c) Selected night-

time ‘typical’ AK profile, over Bihar box, for May 2007; (d) Same as (c) except for
December 2007.

Figure 3.11 shows selected averaging kernel for DOFS peak values in fig. 3.9 (c

and d) for daytime and nighttime measurements. For example, the averaging kernel
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identified as surface shows how changes to the true CO mixing ratio at any levels
in the true atmosphere would theoretically contribute to a change in the retrieved
value at the surface. Averaging kernels for each level in the retrieved profile do not
necessarily peak at the corresponding pressure level of the true profile. Thus, for the
selected averaging kernel profile, the surface-level AK is in fact mainly sensitive to CO
between surface and 500 hPa, rather than at the surface level. Averaging kernels for
successively higher (lower pressure) retrieved levels do, systematically shift towards
higher levels. Thus the averaging kernel for 250 hPa indicates highest sensitivity
between 150 and 350 hPa. The averaging kernels, clearly, are rather broad and exhibit
a significant degree of overlap. Mathematically, this indicates that the retrieval at
the seven levels that form the retrieval grid for this specific selected case are not
generally independent. This is possibly due to the fact that the number of levels in
the retrieved profile exceeds the number of CO-sensitive signals used in the retrievals
[Deeter et al., 2003]. In general, the averaging kernels for the surface and 850 hPa
retrieved levels are finite and non-zero, although small, with respect to changes in
CO near the surface for daytime measurements Fig. (3.11). At night, the averaging
kernels for the lower levels are shifted upwards in the vertical and become more or
less similar in shape to the upper level kernels for the nighttime measurements. There
is very little or no sensitivity to surface CO. It should be noted that the nighttime
DOFS are close to 1.0, suggesting that the nighttime averaging kernels are close to
having only a partial column content. In fact, the averaging kernels for the lower
retrieval levels (surface, 850 hPa, and 700 hPa) at night are more sensitive to upper
tropospheric CO than the averaging kernels for the higher retrievals levels (150, 250
and 350 hPa) during daytime. For example, the surface averaging kernel at night
shows great sensitivity to upper tropospheric CO than 350 hPa averaging kernel at
night. The strong differences suggest that comparisons of day and night retrievals
for the same geographical location could provide vertical discrimination of persistent

features in CO in the troposphere.
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3.4 Examination of Day-Night Differences in M O-
PITT L2V3 CO Data

Since the MOPITT data exhibit different vertical resolution and sensitivity between
daytime and nighttime measurements, in particular over land, the difference in sen-
sitivity between daytime and nighttime data indicates that when subtracting the
nighttime measurements from the daytime one, the output should show more sensi-
tivity to the lower troposphere. This is because the averaging kernels for the lower
retrieval levels exhibit a considerable variation in sensitivity during daytime especially
over locations which have large diurnal surface temperature changes. The shifting of
the lower averaging kernels away from the surface during the nighttime may hold the
key to examining vertical differentiation of CO in the troposphere. This hypothesis

is now examined further.

3.4.1 Day-Night Difference CO Maps

This chapter focuses on Indian region. The high population density and recently
accelerated industrial activity imply strong sources of CO in this region. Several
studies over Indian subcontinents have been carried out in recent years with emphasis
on the distribution and evolution of CO and other gas species in the lower troposphere
le.g., Kar et al., 2008; Roy et al., 2008]. In addition, few aerosol studies over India have
also been carried out in recent years with emphasis on the Indo Gangetic (IG) basin
le.g., Singh et al., 2004; Jethva et al., 2005; Tripathi et al., 2006; Nair et al., 2007]. The
lower-tropospheric and total column MOPITT retrievals along with measurements
of tropospheric NO,, from the SCTAMACHY instrument have been used to mark out
possible enhanced surface sources of CO concentrations.

In this section, the spatial structure in the distribution of CO in lower tropospheric
MOPITT retrieval level has been studied by examining day-night differences. The
MOPITT retrieved CO total column and day-night column differences have also been
examined to assess their consistency with our a prior knowledge of the CO sources
together with SCIAMACHY NO, total column density. Because, in contrast to CO,
NO, is a short-lived species and its distribution is more indicative of local surface

pollution sources [Richter et al., 2005]. Moreover, SCIAMACHY measurements are
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sensitive to NO, in the boundary layer and can clearly localise emissions to individual
cities [Buchwitz et al., 2007]. It is shown here that the lower tropospheric MOPITT

retrievals do indeed capture some of the surface source information over this region.
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Figure 3.12: (a) SCIAMACHY 0.5 degree gridded NO, total column, over India, for
May 2007; (b) Same as (a) except for December 2007.

Figure 3.12 shows the tropospheric columns of NO, retrieved from SCIAMACHY
during (a) May 2007 and (b) December 2007 respectively. Figure 3.13 shows MOPITT
CO mixing ratios retrieved at 850 hPa level for (a, d) daytime measurements, (b, e)
nighttime measurements, and (c, f) day-night differences in the month of May and
December respectively. In the month of May and December, relatively enhanced CO
retrievals at 850 hpa can be seen along the IG basin. Although emissions are at a
much lower level in December as compared to the month of May. Note that there are
no MOPITT L2V3 data over much of the IG basin for December except over eastern
states of IG basin. This has been observed in the MOPITT data consistently for
all years for the months of November-January. The reason for this is not completely
understood but could be related to the intense haze and foggy conditions that develop
each winter over this area [Tripathi et al., 2006; Gautam et al., 2007] that might be
affecting the CO retrievals, although thick fog layers should also affect NO, retrievals.
In December, enhanced CO retrievals at 850 hPa can be seen not only over IG basin
but also other part of India. This could be, in part, trapped CO pollution in the
shallow boundary layer, near surface winds over this area in winter prevent venting

of the boundary layer pollution to higher altitudes.
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The elevated surface CO concentrations over key source regions such as the Indo
Gangetic basin, Mumbai city, Southern tip of India (Coimbatore) can be seen in
day-night differences (Fig. 3.13(c,f)). The greatest lower level CO concentrations
over Bay of Bengal likely to be transported from eastern part of India. During the
month of December the wind pattern is usually westerly-south westerly over eastern
Indian and West Bengal region. These westerly-south westerly winds can help in
transporting the pollutants within boundary layer from the areas where emissions
are higher toward the remote locations. The study by Beig and Ali [2006] have
shown that there is a steep gradient in the tracer concentrations over the IG basin as
compared to other parts of India. Interestingly, signatures of enhanced CO (or large
positive day-night differences) and NO, are matching quite well. Note the strong
thick plume of CO located North-east of Mumbai and Pune to that of the isolated
NO, plume over Mumbai city. It should be noted that the individual plumes from
cities cannot be distinguished clearly in this color scale. There are also similar but
somewhat extended plumes of CO around other cities like Delhi and Lahore. We
do not expect one to one correspondence with NO, because of differences in the
sources and their lifetimes [Buchwitz et al., 2007]. However, it is reasonably clear
that both daytime retrievals and day-night differences show features which could be
related to enhancements of CO in the lowermost layer of the atmosphere. Figure 3.14
shows the tropospheric columns of CO retrieved from MOPITT during (a,b,c) May
2007 and (d,e,f) December 2007. Similar to lower tropospheric MOPITT retrieval
level day-night difference CO mixing ratio, we find considerable utility to day-night
difference columns. Our day-night difference means providing thus more confidence

in demonstrating lowermost atmospheric enhancements.
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Figure 3.15: Correlation results, over India, in the month of (a-c) May and (d-f)
December.

The correlation results are shown in Fig. 3.15 to improve our knowledge of CO
in the lowermost layer of the troposphere. A very good correlation between the re-
trieved CO at 850 hPa and daygsp-nightgso differences can be seen, suggesting that
this differences likely to provide useful information on CO in the lowermost atmo-
sphere. Similarly a very good correlation between daygsp-nightssg and day-night CO
column difference suggesting considerable utility to day-night difference columns in
this region.

For India, our analysis thus confirms the pollution detected over the extremes of
the IG basin [e.g., Kar et al., 2008]. We also find reasonably extensive CO pollution
loading in the west coast and Southern tip of India. Small enhancements in NO,
are also observed in these regions supporting this analysis. Nonetheless, it is reason-
ably clear that both daytime retrievals and day-night differences show features which
could be related to enhancements of CO in the lowermost layer of the atmosphere.

Therefore, in the following section, four boxes are selected for more robust testing.
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3.4.2 L2V3 Profile Simulation - A Case Study of Bihar

The robust methodology developed here is based on a initial study by Richards,
N. A. D. [2004]. It involves simulations of day-night differences through test of
isolated layer enhancements in CO profiles. Kar et al. [2008] showed that MOPITT
daytime CO at 850 hPa can capture the so-called ”Bihar pollution pool” in December
which is similar to earlier observation of high aerosol optical depths over the eastern
states of Bihar and west Bengal in winter from the data obtained by the MISR
instrument onboard Terra satellite [Di Girolamo et al., 2004]. These features were
also simulated by GEOS-Chem model which supported the MOPITT results [Kar
et al., 2008]. Other studies [e.g., Roy et al., 2008; Ghude et al., 2008] have also found
high CO concentrations over IG basin as compared to other parts of India. The
strong subsidence and light winds over this region in winter accumulates and limit
CO pollution close to the source locations. Hence, the analysis here concentrate first
on the Bihar region shown by rectangular box in Fig. 3.12 over the eastern state,
Bihar, in the latitude range from 24.0°N to 26.4°N and longitude range from 84.0°E
to 88.2°K.

3.4.2.1 Mean L2V3 CO Profile

For Bihar region, there exist two sets of LDD and HDD for range of DOF'S values in
the month of May and December of 2007. In section 3.3.2.4, it was shown that there
exist an LDD and HDD distribution for each of daytime and nighttime conditions.
In this section, mean daytime and mean nighttime profiles have been calculated for
each distribution and the results are shown in Fig. 3.16 for May and December. The
differences between day and night mean profiles, we also shown four combinations are
produced since there are two sets of distribution for daytime/nighttime conditions.
The daytime retrieved mean profile has fairly similar features in CO for both the
LDD and HDD in the month of May, whereas the nighttime retrieved CO profile
for HDD has significant enhancements in the lower layer and upper layer of the
troposphere. Whereas, in the month of December, the nighttime CO profile has
greatest enhancements throughout the troposphere for HDD as compared to LDD.
The daytime CO profile at HDD also has little enhancements in the lower layer.
The day-night difference CO profiles for combination of selected LDD and HDD can
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Figure 3.16: (a) MOPITT L2V3 retrieved mean daytime and nighttime CO profiles,
over Bihar box, for May 2007; (b) Mean day-night difference CO profile, over Bihar
box, for combination of LDD and HDD; (c) Same as (a) except for December 2007;
(d) Same as (c) except for December 2007.

be, generally, separated into two sets of combinations (Fig. 3.16(b) and (d)). The
combination of daytime and nighttime HDD does indeed show highest positive day-
night differences in the lower layer. For the month of May, day(HDD)-ngt(LDD)
and day(HDD)-ngt(HDD) have larger positive differences peaking at surface level,
whereas in December a slightly lower enhancements seen, with a peak at 850 hPa

pressure level. Separating retrieved CO profiles for combination of LDD and HDD
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and utilizing different sets of combination gives some confidence that enhancement in

the retrieved day-night CO profiles are present despite averaging kernel variability.

3.4.2.2 L2V3 Simulation

The MOPITT CO averaging kernels vary considerable, particularly from day to night
and one can generally distinguish between the lower and upper troposphere. For this
analysis, a selected ‘typical’ averaging kernel is chosen to be the best representative
kernel for given surface and atmospheric properties. In this section, we examine the
ability of the MOPITT instrument to make CO profile measurements using selected
‘typical’ averaging kernel for chosen case study region (i.e. Bihar) and later per-
formed for other Indian regions. A standard analysis is developed here for simulating
MOPITT CO profile to better understand MOPITT sensitivity to the lower tropo-
sphere. First, the MOPITT L2V3 a priori CO profile is taken as the sample profile
for this analysis. An enhancement of 200 % was then applied to this profile in a layer
stretching from surface (1100 hPa) to 920 hPa. This layer was then moved succes-
sively upwards through the profile in 7 steps to form 7 test profiles each with CO
enhancements peaking at a particular MOPITT retrieval pressure level. The selected
‘typical” averaging kernel of interest was then applied to each of these profiles using
the method described in chapter 2, section 2.4.4.1. These simulations were performed
for selected ‘typical” averaging kernel at LDD,qr and HDD,,, for the month of May
and December. Note that the simulation results performed for HDD,, are presented
and discussed here for the month of May and December.

For every MOPITT L2V3 retrieved CO profile, the Level 2 product also includes
the corresponding CO total column. This quantity represents the integrated retrieved
CO profile from the surface to the top of the atmosphere, and is expressed in units
of molecules.cm™2. However, in this analysis, we have calculated total column values
for given CO profile. In order to calculate the total column, layers must be defined
corresponding to each of the retrieved levels. Using number density at given tem-
perature and pressure, the total column value can be calculated easily using simple
linear equation. Mathematically, the CO total column C (a scalar) and retrieved
profile x4, (a vector) are related by the pressure difference (Ap) through the linear

relation
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C = (Tpto x 107%) - (p, x 107%) - ABS(Ap x 10°) (3.1)

Where p,, is the number density at given temperature and pressure, Ap is the dif-
ference in the pressure levels in km and ABS means absolute. The temperature and
pressure profiles are used from ECMWF fields to calculate number density. There is,
however, a persistent bias because of the implicit assumption that the CO volume
mixing ratio at the highest retrieved level (150 hPa) extends up to the top of the
atmosphere [Deeter et al., 2003]. Within the actual retrieval algorithm, the shape of
the assumed CO profile at these levels is based on output from a chemistry model
and decreases monotonically with increasing altitude. Thus, the ’effective’ Ap value
for this layer is substantially less than 200 hPa. Moreover, Deeter et al. [2003] found
that the total column bias for L2V3 retrievals can be virtually eliminated by setting
Ap to 159 hPa. It should be noted that this empirical correction is specific to L2V3
retrievals. Nevertheless, the relation for C (Eq. 3.1) produces total column values
which agree with values in the Level 2 product within several percent and this level

of accuracy should be quite considerable.

78



“(ore0s
rejuoziioy toddn uo umoys) sergoid YNA O SUIPuUOdsoliod I0J SoT[eA UWN[0D [RI0) PIJR[NO[LD MOYS SO[SURLI) PAI wg@m@sﬁ
‘weAd ‘yoe[q ‘ues1d o, o[goxd () JySiu pejenuuis, pue ‘sygord ()) Aep pojemuus, ‘ogord ) uoud e ‘ogord () peqinirad
‘ogoxd () opdures paIepISUOD 91} S9JRIIPUI SUI] Pal PUR ‘DN[q ‘UeAd ‘Yor[q ‘UedI3 oY ], “L00g Ioqueoa(] 10 1deoxa (') se aureg
(9) 200z LBy 10§ ‘reyrg toso ‘Y 103 sogoid O ewyySu pue owrykep pojernuns, ¢A7T LLIJOW (B) :A1°¢ omSig

Toquiade( (q) Ao ()
. (qdd) 00 . (qdd) 02
_wo'ssjow _ Qlx uwnjo) 0D BN peyonwis v _wo'sejow | Ol uwno) 0D BN peioinwis v
FTworssjow Sorx uwnio) 09 Aog pajonwig v 00S 00¥ 00E 00Z 0L O Zwossjow EoLx uwnje) 09 Aog pajojnwig v 005 0¥ 00E 00Z 0Ol O
. E - 0001 . E -{ooot
(3114014 Paqunyag) ,_wd'sajow ¢ OLx uwno) 0 ¥ [ A\ R (311404g PaquniIag) ,_WO'SBlOW  OLX uwNo) 0) ¥ [ 1000
bu) Siyoig YAA PeIOINWIS *——x [ ] Buy Sj1401g YWA PaI0INWI r 1
Op) 8|130Jd YA PIIOINWIS, ¥—* | d Op) 91304d YNA PIIDINWIS, ¥—x | J
(yusweouoyulz %002) 311J0id YNA dldwosx—— [ 1 (yusweduoyulz %002) 211J0id YWA dldwosx—— [ 1
L0¥096°0= ,Hoozw bu 0ZZYse'L = .,..oozw bu v
0ZGSv I=(""AdaH)Aop 001 8¥0S9" =" ddH)Aop ody OGL : 0oL
(add) 0o oy 0§ 0T 0L 00 (qdd) 09 0y 0f 0Z 0L 00
00S 00¥ 00¢ 00C 00L O 00S 00¥ 00¢ 00Z 00L O 00S 00¥ 00¢ 00C Q0L O 00S 00¥ 00¢ 00C 00L O 00S 00¥ 00¢ 00C 0OL O 00S 00¥ 00¢ 00C 00L O
w,zz,::;;zzé:/ézzmooo_ T /mooo— " T o T ——— - [———n——wn9°ese w:z;zz,ézz:K:zéz,zmooo—
[ ] [ ] [ ] - [ ] [ ] [ ] .
H 1 H 1 b 1 2 b 1 H : H 1 4
wy a vw 3
vv ES vw ES
L ] L d L j & t 1 s 1 t ‘ <
0dy 0G¢C 0dy 06¢ 0dy 06¢Z 0dY 0G¢
it bl ol il ol 001 001 sl i 004wl 001 ullu] 001
oy 0¢ 0¢ 01 oc 0l 00 oy 0¢ 0C 0L 00 oy 0¢ 0¢ 01 00 oy 0¢ Anam.vNOO ol 00 oy 0¢ 0¢ 01 00
00S 00¥ 00¢ 00Z 00l 00S 00¥ 00¢ 00C Q0L O 00S 00¥ 00¢ 00C Q0L O 00S OO¥ 00¢ 00Z Q0L O 00S 00¥ 00f 00Z Q0L O
r—————- ooos [T TETFRTII™ 0o, e G PO P T P
i H ] — i 1 i
D D 20044Nn D ) 20041n
9.0 stk 001 LS 058 iinded 001 L B 001 o0 ttiidid 001 L SH058 i 001 S sk 001
oy 0¢ 0Z 0L 00 Ov 0 0C 0L 00 Ov O0f 0T 0L 00 oy o0f 0Z Ol 00 Ov 0§ 0Z 0L 00 0¥ O0f 0Z 0L 00

(£00z22Q) Joyig 404 }NSdY UOIDINWIS $ALIIJON/VYYIL (£00ZAoW) Joyig oy NSy uonoINWIS CAL]IJON/VYY3L

79



Figure 3.17 (a, b) shows the simulation results for MOPITT L2V3 a priori profile
considered as a sample profile and then applying selected ‘typical’ averaging kernel
to the perturbed sample profile for the month of May and December respectively.
The coloured triangles indicates the calculated total column values for each corre-
sponding CO profile shown by individual coloured lines. Over Bihar region, a 200%
enhancement in the surface level CO has similar significant enhancement for lower
3 retrieval pressure levels for the daytime measurements during May and December
(Fig. 3.17b, top left panel). An enhancement of 200% between 775 hPa and 650 hPa
which covers the 700 hPa MOPITT retrieval pressure level shows an enhancement
at all retrieval levels with greatest effect evident in the lowest 3 retrieval levels. The
enhancements during daytime and nighttime are similar except at surface retrieval
level in the month of May whereas enhancements are further reduced for lowest 3
retrieval levels in the month of December. This is because the averaging kernel at
700 hPa likely to have equal sensitivity between day and night in the month of May,
which is not the case in the month of December.

This suggesting that the MOPITT L2V3 measurements has greatest sensitivity
at 700 hPa retrieval level and little sensitivity to the lower 2 retrieval levels during
daytime measurements whereas MOPITT has no significant sensitivity to the lower
2 retrieval levels during nighttime measurements, which further most dependant on
the surface and atmospheric properties (e.g. thermal contrast and CO profile). The
effect of an enhancement at 500 hPa on the retrieved profile is likely to produce
equally enhanced (or higher nighttime) CO profile throughout the troposphere as
the averaging kernels for all retrieval levels have at least some sensitivity to this
level. A 200% enhancement between 200 hPa and 300 hPa, which covers the 250
hPa MOPITT retrieval level shows an enhancement in the mid-upper troposphere
retrieval level during daytime, where enhancements are greatest for mid-upper tro-
pospheric retrieval levels. This is because the averaging kernel for the lower level
have negative values above this altitude, indicating that increasing the CO in the
upper troposphere will lead to a decrease in the retrieved concentration in the lower
troposphere. In contrast, nighttime profiles show much less sensitivity to surface and
850 hpa perturbations. Indeed the biggest effects on the surface retrieval level arises
from perturbations applied to the upper troposphere. For this region, thus, the MO-

PITT instrument is likely to have greatest sensitivity to the 700 hPa retrieval pressure
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level and one can possibly differentiated between upper and lower tropospheric CO

enhancements, with varying sensitivity between day and night measurements.

Simulated Day/Night Diff. CO profiles for Bihar (May2007) Simulated Day/Night Diff. CO profiles for Bihar (Dec2007)
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Figure 3.18: MOPITT L2V3 ‘simulated’” day-night difference CO profiles for LDD s
and HDD,., over Bihar, for May 2007; (b) Same as (a) except for December 2007.
The diamond solid and dash-dotted lines indicates day and night CO ratio (850/350)
term respectively. The ratio scale shown as top x-axis. The dark grey coloured lines
represents daygso-night-go CO difference profiles for LDD,¢qr, and HDD,eor. Note that
the key result is depicted in Fig. 3.19.

Figure 3.18 (a, b) illustrates MOPITT L2V3 ‘simulated” day-night difference CO
profiles, over Bihar region, in the month of May and December respectively. All levels
are shown. The key result is depicted in Fig. 3.19 for 850 hPa and 700 hPa (a, b).
The objective in this analysis is to look at (a) positive day-night differences and (b)

layer rather than smaller day-night values.
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From Fig. 3.19, it is clearly seen that MOPITT indeed has greatest sensitivity to
the 700 hPa retrieval level in this region, demonstrating 700 hPa day-night positive
CO differences weighted to lower 2 retrieval levels in the month of May and 3 retrieval
levels in the month of December. The 850 hPa day-night CO differences, however,
are greatest at the surface but the positive CO differences are weighted to lower 5
retrieval levels. The additional diagnostic daygso-ngtzoo CO difference has largest
positive CO differences at 850 hPa retrieval level, however, the CO differences are
weighted to lower 3 retrieval levels in the month of May and 5 retrieval levels in
the month of December. In addition, the ratio of the CO at 850 hPa to 350 hPa
(850/350) used as an index for surface (lower layer) enhancements, which indeed
contain shape information for MOPITT retrieved CO profile, CO ratio peaking at
lower retrieval levels. The day CO ratio has a value close to 2 in the lower troposphere
while night CO has a value close to 2 in the middle-upper troposphere, suggesting
that CO ratio is useful term to differentiate CO in the layers. It should also be noted
that [Deeter et al., 2004] reveal that the information content of MOPITT retrievals
is objectively quantified through the calculation of the DOFS, which indicates the
number of independent pieces of information in the retrieved profile. This means that
DOFS values larger than 1 (indicating some amount of profile shape information)
are common in tropical and mid-latitudes scenes. However, our analysis for this
region show that selecting ‘typical” averaging kernel for HDD,.,; value by examining
DOFS distribution, it is possible to gain maximum possible shape information of
the retrieved CO profile. Nevertheless, we have also shown earlier that one can use
threshold percent a priori CO mixing ratio value at 350 hPa to select retrieved data
rather than DOFS, which has to be calculated and it is time consuming process.

Figure 3.20 shows MOPITT L2V3 calculated total column values for sample CO
profile with 200% enhancements at each MOPITT retrieval pressure level forming
7 perturbed profiles. The total column values are calculated using Eq. 3.1. The a
priori CO profile and sample CO profile have same total column value in all cases.
It can clearly be seen that day-night columns differences have positive values for
lower 3 retrieval pressure levels. Similar features can be seen in the month of De-
cember. These findings are consistent with our earlier results and thus, the robust

methodology adopted here is more convincing.
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Figure 3.20: MOPITT L2V3 calculated total column values for i) a priori CO profile
(cyan), ii) 7 individual sample profiles (green), iii) 7 individual perturbed sample
profile (black), and iv) 7 individual simulated day (blue) and night (red) CO profiles,
over Bihar, for May 2007; (b) Same as (a) except for December 2007. Note that
these are not considered as profiles. For proper understanding the total column
values plotted at corresponding perturbed retrieval level (layer) for each CO vmr
profile.
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Figure 3.21: MOPITT L2V3 calculated total column tests for day and night simulated
profiles in the month of (a) May and (b) December. Note that these are not considered
as profiles and are in arbitrary unit.
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We performed similar more tests for improved understanding (e.g. refer to Fig.
3.21). The day and night quantities indeed illustrate a persistent profile shape infor-
mation available in the retrieved CO profile and their differences tend to give positive
total column value for the enhancements in the lower layer of the troposphere. The
positive differences for lower 2 retrieval levels in the month of May and for lower 3

retrieval level in the month of December.

3.4.2.3 TOMCAT Model CO Profile Simulation

The robust methodology described in the section 3.2 is partly adopted here. Early
simulation results provide some level of confidence in our methodology. It is, there-
fore, possible to apply the knowledge obtained from examining MOPITT day-night
difference simulation using MOPITT data alone to the examination of TOMCAT
CO profile for selected L2V3 ‘typical’ averaging kernels. This section gives a brief
overview on TOMCAT model, followed by discussion of simulation results.

The TOMCAT model was first described and used by Chipperfield et al. [1993]
for studies of the polar stratosphere. It is, further, developed for tropospheric chem-
istry studies by the inclusion, for example, of convection [Stockwell and Chipperfield,
1999], wet and dry deposition [Giannakopoulos et al., 1999], lightning [Stockwell
and Chipperfield, 1999], detailed gas-phase chemistry [Law et al., 1998], and tropo-
spheric chemistry scheme [Arnold et al., 2005]. The TOMCAT /SLIMCAT [Chipper-
field, 2006] is a three-dimensional (3D) off-line chemical transport model, which uses
winds and temperature from meteorological analyses (e.g. from the UK Met Office or
ECMWTF) to specify the atmospheric transport and temperatures and calculates the
abundances of chemical species (e.g. CO) in the troposphere and stratosphere. The
TOMCAT model has been used to constrain CO emissions from regional to global
scale [e.g., Hamilton et al., 2008; Shindell et al., 2006].

Figure 3.22 shows selected TOMCAT model CO profiles, over Bihar region, in
the month of May and December of 2004. The profiles were taken on the 7th of May
2004 and 19th of December 2004, located at 26.51°N latitude and 75.93°E longitude,
and 23.72°N latitude and 78.74°E longitude respectively. These CO profiles are used
as a sample profile for MOPITT L2V3 simulation. Note that no enhancements are
applied to these profiles, in practice therefore we will have only one modeled test

profile instead of 7 test profiles as in the case of MOPITT L2V3 a priori CO profile
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TOMCAT Profile Bihar 2004
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Figure 3.22: Selected TOMCAT model CO profiles, over Bihar box, for May 2004
(blue) and December 2004 (red).

simulation. The selected ‘typical’ averaging kernel of interest was then applied to
these profiles. The exercise is performed for HDD,,; for the month of May and
December are presented and discussed here.

Figure 3.23(a) show simulated CO profiles using MOPITT L2V3 selected ‘typi-
cal” averaging kernel separately for daytime and nighttime observations, over Bihar
region, in the month of May. The simulation has been performed for daytime and
nighttime HDD,,, values. The CO total column concentrations are calculated using
methodology described in section 3.4.2.2. Figure 3.24 illustrates calculated day-night
difference CO profiles. It is obvious that these results are similar to our earlier find-

ings (refer to Fig. 3.19).
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TERRA/MOPITTv3 Simulation Result for Bihar (May2007)
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Figure 3.23: ‘Simulated’ daytime and nighttime CO profiles for TOMCAT model
selected base CO profile, over Bihar, for May (top panel) and December (bottom
panel) 2007.
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Figure 3.24: (a) MOPITT L2V3 ‘simulated’ day-night difference CO profile for
HDD,eqx, over Bihar for TOMCAT, for May 2007; (b) Same as (a) except for De-
cember 2007.
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3.4.3 L2V3 Profile Simulation - A Case Study of Delhi

The Delhi box is selected as a second case study region to simulate MOPITT L2V3
day-night differences and further perform MOPITT L2V3 simulation in conjunction
with TOMCAT model selected CO profile in this region. The region is shown by a
rectangular box in Fig. 3.12 over Delhi, in the latitude range from 28.0°N to 30.0°N
and longitude range from 75.5°E to 78.5°E.

3.4.3.1 Mean L2V3 CO Profile

For Delhi region, MOPITT L2V3 retrieved daytime and nighttime DOFS histogram
has two distinct distribution (refer to Appendix-I Fig. 7.1). The retrieved mean
daytime and nighttime CO profiles and corresponding day-night difference CO profiles
for combination of LDD and HDD in the month of May and December 2007 are shown
in Fig. 3.25. From Fig. 3.25(a) it is obvious that the mean daytime and nighttime
CO profiles, in general, have similar features in CO for both LDD and HDD, except
showing significant enhancements in the lowermost layer and upper troposphere for
HDD. The day-night CO difference profiles for combination of LDD and HDD can
be separated into two sets of combinations similar to that of observed for Bihar
region earlier, suggesting utility of day(HDD)-ngt(LDD) and day(HDD)-ngt(HDD)
in differentiating CO into layers. In the month of December, the retrieved mean
nighttime CO profile for HDD show large enhancements at lower 3 retrieval levels
but the LDD show negative differences. The two sets of LDD and HDD combinations
can be grouped. However, the two sets has reduced day-night CO differences for
lowermost 3 retrieval levels, suggesting reduced sensitivity in the month of December

as compared to the month of May in this region.
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Figure 3.25: (a) MOPITT L2V3 retrieved mean daytime and nighttime CO profiles,
over Delhi box, for May 2007; (b) Mean day-night difference CO profile, over Delhi
box, for combination of LDD and HDD; (c) Same as (a) except for December 2007;
(d) Same as (b) except for December 2007.

3.4.3.2 L2V3 Simulation

Similar to Bihar region, we examine day-night differences using L2V3 a priori profile
simulation and selected ‘typical’ averaging kernels over Delhi box in the month of
May and December 2007. The methodology discussed earlier in section 3.2 and
3.4.2.2 used to simulate day and night profiles and total column values. Note that

the simulation results performed for HDD,..; are presented and discussed here for
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the months of May and December.
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Figure 3.26: (a) MOPITT L2V3 Selected daytime ‘typical’ AK profile, over Delhi
box, for May 2007; (b) Selected nighttime ‘typical’ AK profile, over Delhi box, for

May 2007; (c) Same as (a) except for December 2007; (d) Same as (b) except for
December 2007.

Figure 3.26 show selected ‘typical” averaging kernels for LDD,c. and HDD,qp
values for daytime and nighttime measurements. These ‘typical’ averaging kernels
have very little differences compared to selected ‘typical’ averaging kernels for Bihar
region in the month of May and December. It is, because, the surface and atmospheric
properties are likely to be same in these regions with having similar thermal contrast

and boundary layer height (refer to Fig. 3.2).
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Figure 3.27 shows simulation results for MOPITT L2V3 a priori profile considered
as a sample profile and then applying selected ‘typical’” averaging kernels, over Delhi
box, to the perturbed profile for the month of May and December. It should be
first noted that the ‘simulated’ daytime and nighttime CO profiles in this region are
comparable to that ‘simulated’ daytime and nighttime CO profiles in Bihar region
(refer to Fig. 3.17) with less significant differences as expected. Because, selected
‘typical” averaging kernels have more or less similar features in these regions. Similarly
the calculated total column values for ‘simulated” daytime and nighttime CO profiles
are fairly matching. However, the MOPITT sensitivity over this region likely to
slightly reduced for the nighttime measurements as compared to Bihar region. For
example, an enhancement of 200% between 775 hPa and 650 hPa which covers the
700 hPa MOPITT retrieval pressure level shows an enhancement at all retrieval levels
with greatest effect evident in the lowest 3 retrieval levels. The enhancements during
daytime and nighttime are similar except at lower two retrieval levels in this region
whereas the enhancements during daytime and nighttime are similar except surface
retrieval levels in Bihar region (refer to Fig. 3.17) in the month of May and December.

Figure 3.28 (a, b) illustrates MOPITT 1L2V3 ‘simulated’ day-night difference CO
profiles, over Delhi region, in the month of May and December respectively. The
key result is depicted in Fig. 3.29 (a, b). First, it is most obvious that the key
result from Fig. 3.29 in this region has similar features as compared to that of key
result from Fig. 3.19 for Bihar region, demonstrating 700 hPa day-night positive
CO differences weighted to lowermost layer of the troposphere. It is, thus, providing
supporting evidence to MOPITT greatest sensitivity to the 700 hPa retrieval level
for both regions. Although, the MOPITT sensitivity likely to vary considerable
between these two regions. For example, 700 hPa day-night positive CO differences
weighted to lower 3 retrieval levels in the month of May and 4 retrieval levels in the
month of December in this region whereas 700 hOa day-night positive CO differences
weighted to lower 2 retrieval levels in the month of May and 3 retrieval levels in the
month of December for Bihar region (refer to Fig. 3.19). This means that MOPITT
shows greatest sensitivity to the lowermost layer (approx. 0- 2.5 km) over Bihar
region whereas the MOPITT has little reduced sensitivity over Delhi region showing
positive day-night differences for approximately 0-4 km layer. Similar differences for

these two regions can be observed for daygso-ngtzoo diagnostic. It has also to be noted
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Figure 3.28: MOPITT L2V3 ‘simulated’ day-night difference CO profiles for LDD,q1
and HDD,q, over Delhi, for May 2007; (b) Same as (a) except for December 2007.
The diamond solid and dash-dotted lines indicates day and night CO ratio (850/350)
term respectively. The ratio scale shown as top x-axis. The dark grey coloured lines
represents daygso-night-go CO difference profiles for LDD,¢q1, and HDD,,¢,r,. Note that
the key result is depicted in Fig. 3.29.

that the day CO ratio peaks in the lowermost layer and night CO ratio peak in the
middle troposphere as of Bihar region, suggesting utility to differentiating CO into
the layers.
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Figure 3.30: (a)MOPITT L2V3 calculated total column values for May 2007; i) a
priori CO profile (cyan), ii) 7 individual sample profiles (green), iii) 7 individual
perturbed sample profile (black), and iv) 7 individual simulated day (blue) and night
(red) CO profiles, over Delhi, for May 2007; (b) Same as (a) except for December
2007. Note that these are not considered as profiles. For proper understanding the
total column values plotted at corresponding perturbed retrieval level (layer) for each
CO vmr profile.

Figure 3.30 gives MOPITT L2V3 calculated total column values using Eq. 3.1
for each profile used in MOPITT L2V3 simulation and ‘simulated’ CO profiles. It
is apparent that the total column values calculated for this region are very much
comparable to the total column values for Bihar region. It can be seen that the
daytime calculated CO total column values are higher than the perturbed profile
calculated column values for lower-middle troposphere except for surface retrieval
level whereas the nighttime calculated values are much higher than the perturbed
profile column values for middle-upper troposphere. Similar features can be seen for
Bihar region (refer to Fig. 3.20). This is strongly suggesting that MOPITT is able
to differentiate CO in the troposphere into two broad layers.

Figure 3.31 illustrate a similar test performed for Bihar region and it is indeed in
agreement as well. These tests likely to enhance our ability to understand differenti-
ation of CO into vertical layers for MOPITT retrieved CO data. In the next section
we performed MOPITT L2V3 simulation in conjunction with TOMCAT model CO
profile.
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Figure 3.31: MOPITT L2V3 calculated total column tests for day and night simulated
profiles in the month of (a) May and (b) December.

3.4.3.3 TOMCAT Model CO Profile Simulation

Similar MOPITT L2V3 simulations for the TOMCAT model CO profile has been
performed in this region as in case of Bihar region to improve our knowledge about
CO in the troposphere over India subcontinent region and to test our methodology.
A profile over Delhi box was selected to represent a case where our analysis suggests
the location of a CO source region in the month of May and December. The profiles
were taken on the Hth of May 2004 and 12th of December 2004, located at 28.51°N
latitude and 77.56°E longitude.

Figure 3.32 shows selected TOMCAT CO profiles, over the Delhi box, used as a
sample profile for MOPITT L2V3 simulation. Similar simulations were performed
as in the case of the Bihar region (refer to Section 3.4.2.3). Simulation results are
presented in Fig. 3.33 for May and December of 2007. The ‘simulated’ daytime
and nighttime CO profiles have similar features in this region as in case of Bihar
region. The ‘simulated’ daytime CO profile has slightly less enhancements in the
lowermost troposphere. The reason is that the chosen TOMCAT CO profile indeed
has less enhancements in the boundary layer as compared to the CO profiles over
Bihar region. Moreover, in the month of May, CO profile is quite flat within the
planetary boundary layer. Simulated CO total column values are quite comparable.

Figure 3.34 illustrates the ‘simulated’ day-night difference CO profile for chosen
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TOMCAT Profile Delhi 2004
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Figure 3.32: Selected TOMCAT model CO profiles, over Delhi box, for May 2004
(blue) and December 2004 (red) for the given latitude and longitude co-ordinate.

TOMCAT CO profile over Delhi box in the month of May and December. It is
apparent that the results are quite similar to our earlier findings, suggesting that the
MOPITT sensitivity to the CO in the lowermost layer is likely to be dependent on
the amount of CO in the boundary layer together with thermal contrast condition
and boundary layer height.

For the Delhi region, our analysis confirms the extensive CO pollution over this
region, enhancements in NO,, also observed in this region supporting this analysis. A
robust methodology used in this examination further provide evidence to MOPITT
sensitivity to near surface CO concentrations in this region and thus we believe that

MOPITT has significant sensitivity to the CO in the boundary layer in this region.
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TERRA/MOPITTv3 Simulation Result for Delhi (May2007)
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TERRA/MOPITTv3 Simulation Result for Delhi (Dec2007)
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Figure 3.33: (a)‘Simulated’” daytime and nighttime CO profiles for TOMCAT model
selected base CO profile, over Delhi, for May (top panel) 2007; (b) Same as (a) except
for December (bottom panel) 2007.

3.4.4 L2V3 Profile Simulation - A Case Study of Mumbai

We now apply our knowledge to simulate day-night differences over western part of
India i.e. Mumbai region. The region is shown by rectangular box in Fig. 3.12 over
Mumbai, in the latitude range from 17.8°N to 20.8°N and longitude range from 72.5°E
to 74.5°E. Similar analysis test performed as in case of Bihar and Delhi region and the
simulation results discussed here to further examine ability of MOPITT instrument

to make observations of CO.

3.4.4.1 Mean L2V3 CO Profile

For Mumbai region, MOPITT L2V3 retrieved daytime and nighttime DOFS his-
togram has two distinct distributions (refer to Appendix-I Fig. 7.1) as observed for
Bihar and Delhi regions. The mean averaged CO profiles for both daytime and night-
time measurements for LDD and HDD in the month of May and December of 2007

are shown in Fig. 3.35. Persistent features in CO over this region similar to earlier
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Simulated Day/Night Diff. CO profiles for Delhi (May2007) Simulated Day/Night Diff. CO profiles for Delhi (Dec2007)
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Figure 3.34: (a) MOPITT L2V3 ‘simulated’ day-night difference CO profile for
HDD,cqr, over Delhi, for May 2007; (b) Same as (a) except for December 2007.

findings can be seen in the month of December. However, in the month of May, the
sets of combination of LDD and HDD can not be separated clearly in particular in
the lowermost layer of the troposphere. This could be because the DOF'S distribution

does not have sharp peaks and tend to cover a wide range of DOFS values.
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Day & Night Mean CO Profiles May2007 Day/Night Diff CO Profiles May2007
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Figure 3.35: (a) MOPITT L2V3 retrieved mean daytime and nighttime CO profiles,
over Mumbai box, for May 2007; (b) Mean day-night difference CO profile, over
Mumbai box, for combination of LDD and HDD; (c) Same as (a) except for December
2007; (d) Same as (b) except for December 2007.

3.4.4.2 L2V3 Simulation

For Mumbai region, similar MOPITT L2V3 simulations are performed using L2V3
a priori profile and selected ‘typical’ averaging kernels over Mumbai region in the
month of May and December 2007. Figure 3.36 shows selected ‘typical’ averaging
kernels over Mumbai region in the month of May and December.

Figure 3.37 show simulation results obtained by applying selected ‘typical’ aver-
aging kernels, in this region, to the perturbed sample profile at each retrieval pressure
level. Over Mumbai region, a 200 % enhancement at surface retrieval level has sig-

nificant enhancement for lower 3 retrieval levels in ‘simulated’ daytime CO profile
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TERRA/MOPITTv3 Daytime Selected AK Profiles May2007 TERRA/MOPITTv3 Daytime Selected AK Profiles Dec2007
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Figure 3.36: (a) MOPITT L2V3 Selected daytime ‘typical’” AK profile, over Mumbai
box, for May 2007; (b) Same as (a) except for December 2007; (c) Selected nighttime
‘typical’ AK profile, over Mumbai box, for May 2007; (d) Same as (c) except for
December 2007.

whereas there are almost no enhancement in ‘simulated’” nighttime CO profile. This
is analogous to earlier findings for Bihar (Fig. 3.17) and Delhi region (Fig. 3.27)

with less significant differences in ‘simulated’ CO profiles as expected.
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In contrast to Bihar and Delhi region, an enhancement of 200% between 775 hPa
and 650 hPa which covers the 700 hPa MOPITT retrieval pressure level shows en-
hancements during daytime and nighttime which are similar in this region except
that at the enhancements during nighttime in the month of December are at lower
3 retrieval levels. This can be seen by looking at calculated total column value for
nighttime ‘simulated’ CO profile in the month of May 2007. Secondly, an enhance-
ment of 200% between 200 hPa and top of the atmosphere, which covers the 150
hpa MOPITT L2V3 retrieval level shows significant enhancements in the daytime
‘simulated’” CO profile in the middle-upper troposphere in the month of December,
which is not the case for Bihar and Delhi region during this time of year. In general,
simulation results in this region are fairly similar to earlier findings and thus building

up confidence in our simulation methodology.

Simulated Day/Night Diff. CO profiles for Mumbai (May2007) Simulated Day/Night Diff. CO profiles for Mumbai (Dec2007)
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Figure 3.38: MOPITT L2V3 ‘simulated’ day-night difference CO profiles for LDD ¢z
and HDD,.., over Mumbai, for May 2007; (b) Same as (a) except for December
2007. The diamond symbol solid and dash-dotted lines indicates day and night CO
ratio (850/350) term respectively. The ratio indicated by top x-axis. The dark
grey coloured lines represents daysso-nightop CO difference profiles for LDD,¢qr and
HDD,eqr- Note that the key result is depicted in Fig. 3.39.

Figure 3.38 (a, b) illustrates MOPITT L2V3 ‘simulated’ day-night difference CO
profiles, over Mumbai region, in the month of May and December respectively. The

key result is depicted in Fig. 3.39 (a, b).
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It is clearly obvious from Fig. 3.39 that MOPITT has superior sensitivity to
the 700 hpa retrieval pressure level in this region similar to Bihar and Delhi region
from Indian subcontinent. The result demonstrating 700 hPa day-night positive CO
differences weighted to lower 2 retrieval levels in the month of May and to lower
4 retrieval levels in the month of December. It should be noted that MOPITT
sensitivity to the lower layer in the month May for 3 regions discussed so far has
similar features and equal sensitivity whereas there are significant differences in the
MOPITT sensitivity to the lower layer during December month for these regions. It
is not possible to explain what causing for this variability but it could be possibly due
to varying surface and atmospheric properties and further Delhi and Bihar regions are
affected by dense foggy and haze condition during winter months (November-January)
whereas Mumbai region is not likely affected by dense fog and haze. Moreover, in
the month of May, the CO ratio and daygso-ngtroo differences have sharp peak in the

lower layer in this region as compared to broad peak for Bihar and Delhi region.
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Figure 3.40: MOPITT L2V3 calculated total column values for i) a priori CO profile
(cyan), ii) 7 individual sample profiles (green), iii) 7 individual perturbed sample
profile (black), and iv) 7 individual simulated day (blue) and night (red) CO profiles,
over Mumbai, for May 2007; (b) Same as (a) except for December 2007. Note that
these are not considered as profiles. For proper understanding the total column values

plotted at corresponding perturbed retrieval level (layer) for corresponding perturbed
or simulated profile.

Figure 3.40 shows calculated total column values for corresponding each CO profile
in the month of May and December. Similar, slightly reduced, values obtained in
the month of December. In general, these results are consistent with the earlier
findings. Additional total column tests also show moreorless similar results (Fig.
3.41), particularly showing that MOPITT has great sensitivity to the CO in the

boundary layer during both winter and summer depending mostly on thermal contrast

conditions and boundary layer height.
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Figure 3.41: MOPITT L2V3 calculated total column tests for day and night simulated
profiles in the month of (a) May and (b) December.

3.4.4.3 TOMCAT Model CO Profile Simulation

In this section, MOPITT L2V3 simulation for chosen TOMCAT model CO profile,
in this region, has been performed similar to earlier case studies to support our
methodology and precise understanding about CO in the troposphere. A profile
over Mumbai box was selected to represent a case where our analysis suggesting the
location of elevated CO source region in the month of May and December. The

profiles were taken on the 3rd of May 2004 and 22nd of December 2004, located at
18.09°N latitude and 73.93°E longitude.

TOMCAT Profile Mumbai 2004

100 rMoy—> Lat} 18.0984°N Long:73.9374°E
Dec—> Lat} 18.0984°N Long:73.9374°E

Pressure (hPa)

1000t

50 100 150 200 250
CO (ppbv)

Figure 3.42: Selected TOMCAT model CO profiles, over Mumbai box, for May 2004
(blue) and December 2004 (red) for the given latitude and longitude co-ordinate.
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Figure 3.42 show selected TOMCAT model CO profiles, over Mumbai region, in
the month of May and December for given latitude and longitudes shown on plot.
These profiles are used as a sample profile with no enhancement applied to it for
MOPITT L2V3 simulation. The selected ‘typical’ averaging kernels, in this region,
are then applied to these profiles to simulate daytime and nighttime CO profiles
and examine day-night CO differences for HDD,,. This will be more realistic case
study simulation as compared to a priori simulation to correctly assess the MOPITT
sensitivity to the lowermost layer of the troposphere, in particulary in this region.

TERRA/MOPITTy3 Simulation Result for Mumbai (May2007)
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TERRA/MOPITTv3 Simulation Result for Mumbai (Dec2007)
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Figure 3.43: (a)‘Simulated’ daytime and nighttime CO profiles for TOMCAT model
selected base CO profile, over Mumbai, for May 2007; (b) Same as (a) except for
December 2007.

The simulation results are illustrated in Fig. 3.43 for the month of May and
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December 2007. It is obvious that daytime ‘simulated” CO profile has significant
enhancement for lower 4 retrieval pressure levels in the month of May compared to
nighttime ‘simulated” CO profile and there are almost similar enhancements in both
the daytime and nighttime ‘simulated” CO profiles in the month of December. This,
in turn, possibly suggesting that enormous amount of CO in the lowermost layer and
a layer above it offers indistinguishable sensitivity to the tropospheric column for
the MOPITT daytime and nighttime observations. These result does indeed provide
useful profile shape information in the MOPITT retrieved CO profile.

Figure 3.44 illustrates ‘simulated’ day-night difference CO profile for assumed
TOMCAT model CO profile in this simulation. It is obvious that these results are
similar to earlier findings except for the month of December. It is clearly evident that
day-night differences are positive, though not significant compared to May month, for
the lowermost layer and upper troposphere, depicting apparent vertical differentiation
of CO in the troposphere and usefulness of this methodology to better resolve CO
into layers. This strongly leads to conclusion that MOPITT indeed has greatest
sensitivity, plausibly, to enhanced layers of CO.
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Figure 3.44: (a) MOPITT L2V3 ‘simulated’ day-night difference CO profile for
HDD,eqk, over Mumbai, for May 2007; (b) Same as (a) except for December 2007.
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3.4.5 L2V3 Profile Simulation - A Case Study of Coimbatore

As pointed earlier, we find more extensive CO pollution loading in the Southern tip
of India (i.e. Coimbatore), small enhancements in NO, are observed in this region
supporting our day-night difference analysis. To develop superior understanding in
our day-night difference analysis and robust methodology to examine MOPITT sen-
sitivity to CO in the layers, in particular for Indian region, we perform simulation
for this region as well. Coimbatore region spans in the latitude range from 10.5°N to

13.0°N and longitude range from 76.0°E to 78.5°E.

3.4.5.1 Mean L2V3 CO Profile

For Coimbatore region, MOPITT L2V3 retrieved daytime and nighttime DOFS his-
togram has two distinct distributions (refer to Appendix-I Fig. 7.1). Note that for the
nighttime data, DOFS distribution has two close sharp peaks which are not clearly
visible in this style plot. The retrieved mean daytime and nighttime mean CO pro-
files, over Coimbatore region, for May and December months are shown in Fig. 3.45.
The retrieved mean CO profiles for LDD and HDD have similar features as observed
for case study region (i.e. Bihar) in the month of May. It should be noted that the
daygpp-ngtypp and dayypp-ngtrpp sets have less enhancements in the lowermost

layer except at surface compared to other two sets of LDD and HDD combination.
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Figure 3.45: (a) MOPITT L2V3 retrieved mean daytime and nighttime CO profiles,
over Coimbatore box, for May 2007; (b) Mean day-night difference CO profile, over
Coimbatore box, for combination of LDD and HDD; (c¢) Same as (a) except for
December 2007; (d) Same as (b) except for December 2007.

3.4.5.2 L2V3 Simulation

The MOPITT L2V3 CO ‘typical’ averaging kernels selected for in this region are
shown in Fig. 3.46. First, the MOPITT L2V3 a priori CO profile taken as sample
profile and then an enhancement of 200% was applied at each retrieval pressure
level to simulate daytime and nighttime CO profiles using selected ‘typical’ averaging

kernels.
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Figure 3.46: (a) MOPITT L2V3 Selected daytime ‘typical’ AK profile, over Coim-
batore box, for May 2007; (b) Same as (a) except for December 2007; (c) Selected

nighttime ‘typical’” AK profile, over Coimbatore box, for May 2007; (d) Same as (c)
except for December 2007.

The simulation results are shown in Fig. 3.47. The coloured triangles indicates
the calculated total column values for each CO profile used in this simulation and
also for ‘simulated’ daytime and nighttime CO profiles. The simulation results are
very similar to as observed in Bihar region as expected. For this region, the MOPITT
is able to make observations with greatest sensitivity at 700 hPa retrieval level and
one can possibly differentiate CO into layers. From this analysis and earlier findings,

we believe that our simulation methodology works well for Indian region.
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Simulated Day/Night Diff. CO profiles for Coimbatore (May2007) Simulated Day/Night Diff. CO profiles for Coimbatore (Dec2007)
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Figure 3.48: MOPITT L2V3 ‘simulated’ day-night difference CO profiles for LDD,q1
and HDD,, over Coimbatore, for May 2007; (b) Same as (a) except for December
2007. The diamond symbol solid and dash-dotted lines indicates day and night CO
ratio (850/350) term respectively. The ratio indicated by top x-axis. The dark
grey coloured lines represents daysso-night7op CO difference profiles for LDD,cq; and
HDD,eqr- Note that the key result is depicted in Fig. 3.49.

Figure 3.48 (a, b) illustrates MOPITT L2V3 ‘simulated’ day-night difference CO
profiles, over Coimbatore region, in the month of May and December 2007 respec-
tively. The key result is depicted in Fig. 3.49

From Fig. 3.49, it is clearly evident that MOPITT has enhanced sensitivity to 700
hPa retrieval pressure level in this region as observed for case study region earlier (i.e.
Bihar). The ‘simulated’ features in daytime and nighttime CO profiles in this region
are very much similar to the case study region except that the CO ratio has sharp
peak at 700 hPa retrieval level. It should be noted that the daytime and nighttime
HDD,eqr value in this region is slightly larger compared to the other Indian regions.
One can, therefore, expect more sensitivity for MOPITT to CO observation in this

region, which has good thermal contrast and high boundary layer height.
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Pressure [hPa]

Figure 3.50: MOPITT L2V3 calculated total column values for i) a priori CO profile
(cyan), ii) 7 individual sample profiles (green), iii) 7 individual perturbed sample
profile (black), and iv) 7 individual simulated day (blue) and night (red) CO profiles,
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Figure 3.51: MOPITT L2V3 calculated total column tests for day and night simulated
profiles in the month of (a) May and (b) December. Note that these are not considered
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Figure 3.50 and 3.51 illustrates total column tests performed in this region for

May and December of 2007. These findings are very much consistent with our earlier
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results for other Indian regions with less significant differences.
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3.4.5.3 TOMCAT Model CO Profile Simulation

For Coimbatore region, we have performed similar MOPITT L2V3 simulations for
chosen TOMCAT model CO profile in this region as in case of other Indian regions.
So far, our methodology seems to be working very well and it is expected to work
other parts of world. A profile over Coimbatore region was selected to represent a
case where our analysis suggesting the location of a CO source region in the month
of May and December. The profiles were taken on the 10th of May 2004 and 21st of
December 2004, located at 12.55°N latitude and 77.74°E longitude and at 11.26°N
latitude and 76.93°E longitude.

TOMCAT Profile Coimbatore 2004

100 May—> “at:\12.5578°N Long:77.7499°E 1
Dec—> L&:T11.2671°N Long:76.9374°E

Pressure (hPa)

1000t

50 100 150 200 250
CO (ppbv)
Figure 3.52: Show selected TOMCAT model CO profiles, over Coimbatore box, for

May 2004 (blue) and December 2004 (red) for the given latitude and longitude co-
ordinate.

Figure 3.52 show selected TOMCAT model CO profiles, over Coimbatore region,
in the month of May and December of 2004. These profiles have then used as a
sample profile with no enhancements applied to it to simulate daytime and nighttime
CO profiles using selected ‘typical” averaging kernels in this region for the month of
May and December respectively. The simulations are performed for LDD,.,; and
HDD,eqr, and presented here only for HDD,.q;. The simulation results are shown in
Fig. 3.53.

As expected, these findings are consistent with our earlier analysis. These re-
sults does indeed convincing and provide useful profile shape information content

in the MOPITT retrieved CO profile. Figure 3.54 illustrates ‘simulated’ day-night
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TERRA/MOPITTv3 Simulation Result for Coimbatore (May2007)
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TERRA/MOPITTv3 Simulation Result for Coimbatore (Dec2007)
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Figure 3.53: ((a)MOPITT L2V3 ‘Simulated’ daytime and nighttime CO profiles for
TOMCAT model selected base CO profile, over Coimbatore, for May 2007; (b) Same
as (a) except for December 2007.

difference CO profile in this region. It is again obvious that this results is consistent
with preceding findings. In general, our findings for Indian region strongly suggests
that the MOPITT has greatest sensitivity to CO in the boundary layer having large
boundary layer height in this region.
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Simulated Day/Night Diff. CO profiles for Coimbatore (May2007) Simulated Day/Night Diff. CO profiles for Coimbatore (Dec2007)
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Figure 3.54: (a) MOPITT L2V3 ‘simulated’ day-night difference CO profile for
HDD,cqr, over Coimbatore, for May 2007; (b) Same as (a) except for December
2007.

We now have proficiency in our methodology to asses MOPITT sensitivity to
the lower troposphere, particularly for Indian region. In fact, this methodology is
adopted in chapter 4 to perform comparison between MOPITT L2V3 and L2V4 data
for selected Indian regions together with several other regions across the world. Our
prior analysis and simulation studies have shown that day-night difference could give
a more sensitive indicator to the monthly averaged component of lower atmosphere
enhancements. Further, our simulation studies have shown that 700 hPa day-night
difference is clearly superior, for chosen boxes over Indian region, to daygso-ngtroo
and (850/350) CO ratio in demonstrating lowermost tropospheric enhancements. It
would be interesting to look at spatial structure of CO distribution at 700 hPa re-
trieval pressure level together with day-night differences at this level. The results are

presented and discussed in the following section.
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3.5 CO Over Indian Subcontinent

Here, we show that the daytime and nighttime MOPITT retrieved CO data at 700
hPa retrieval level can provide foremost information on surface sources of atmospheric
CO over the Indian subcontinent. From our simulation studies, we find that MO-
PITT has great sensitivity to 700 hPa level, as one can demonstrated by looking
at ‘simulated’ day-night differences. Our selected ‘typical’” averaging kernels indeed
indicate that the MOPITT retrievals are sensitive to CO in the lowermost layer of
the troposphere. Furthermore, these simulation results are consistent for all chosen
boxes over Indian region, demonstrating that the MOPITT L2V3 retrievals do have
sensitivity to the CO in the boundary layer. Similarly, we also find considerable
utility to additional diagnostics used e.g. CO ratio, total column calculation and
‘simulated’ day-night column differences. The CO ratio quantity is the ratio of re-
trieved CO at 850 hPa to 350 hPa retrieval level. Using this knowledge, we believe
that MOPITT retrievals day-night CO differences at 700 hPa retrieval could provide

truthful information on surface sources of CO, in particularly for Indian region.

3.5.1 Spatial Distribution of CO

It is shown in this section that the MOPITT retrievals day-night CO differences at 700
hPa retrieval level do indeed capture widespread surface source information on CO.
Figure 3.55 (a, b, ¢) shows the daytime and nighttime distribution of MOPITT CO
mixing ratios at 700 hPa as well as the resultant day-night differences over India for
May respectively. The data drop outs in the CO distribution over the southern India
are due to clouds contaminated pixel which are not considered in the L2V3 retrieval
algorithm. Despite these data drop outs, strong spatial gradients can been seen in
the CO distribution. In particular, there are several areas of localised enhancements
in the daytime 700 hPa CO map which are in fair agreement with the daytime 850
hPa CO map (refer to 3.13(a)). It should be noted day-night difference 700 hPa CO
indeed confirming likely surface sources of CO in this region, which can be related to
large point sources e.g. megacity or industrial sectors. Figure 3.55 (d, e, f) shows the
daytime and nighttime distribution of MOPITT CO mixing ratios at 700 hPa and
the resultant day-night differences over India for December respectively. The data

drop outs in the CO distribution over Indo-Gangetic basin the southern India are
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due to the intense haze and foggy conditions that develop each winter over this area
[Tripathi et al., 2006; Gautam et al., 2007] that might be affecting the CO retrievals.
Regardless of low thermal contrast conditions during winter months, using MOPITT
retrievals 700 hPa day-night difference map, it is still possible to mark out localised
enhancements over Indian region which can not be possible using daytime data alone.
Our analysis, thus, strongly suggests utility to 700 hPa day-night differences to mark
out surface sources of atmospheric CO.

Recent studies by Deeter et al. [2004] and Kar et al. [2004] have used ratio of
CO mixing ratio at 350 and 850 hPa levels (i.e. 350/850) as an useful index for
convection. Whereas, the reverse ratio of CO mixing ratio at 850 and 350 hPa
levels (i.e. 850/350) is likely to provide useful information about CO in the lower
tropospheric layer (0-3 km). This ratio indeed sharpen features captured by 850 hPa
day-night difference CO and day-night CO columns data. Additional diagnostic such
as the difference between day 850 hPa and night 700 hpa (i.e. daygso-nightzoo) CO
mixing ratios could be used and one can see that it is indeed convincing to mark
out strong elevated near surface CO concentrations in Fig. 3.56. As demonstrated
from MOPITT retrieved averaging kernels, the MOPITT measurements has no or
very little sensitivity to 850 hPa during nighttime measurements and it is mostly
dependent thermal contrast between the lower atmosphere and underlying surface.
Whereas, the MOPITT has great sensitivity at 700 hPa retrieval level for nighttime
measurements, thus daygsg-night;op would probably offer best picture of persistent
CO in the planetary boundary layer. Our daygso-nightzqg is likely to be superior in

this region to 850/350 ratio in demonstrating lowermost CO enhancements.
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Figure 3.56: (a) MOPITT 1L2V3 0.5 degree gridded daytime CO ratio
(850hPa/350hPa), over India, for May 2007; (b) MOPITT L2V3 0.5 degree grid-
ded daygso-night7oo CO mixing ratio differences, over India, for May 2007; (c¢) Same
as (a) except for December 2007; (d) Same as (b) except for December 2007.

From Fig. 3.57(a) and 3.2(a), it can be clearly seen that the regions of high ther-
mal contrast are associated with higher daytime surface value of 700 hPa averaging
kernels except for Delhi region where daytime surface value of 700 hPa averaging ker-
nel value is slightly lower. On the other hand, the surface value of 700 hPa averaging
kernel is small in nighttime, except for Bihar region where the averaging kernel val-
ues are higher although the thermal contrast and boundary layer height remain low.
This indicates that the concentration of CO must be rather high or that retrievals
are anomalous. Similar association of the thermal contrast with surface value of 850

hPa averaging kernel can be seen (refer to Fig. 3.57(e)).
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Figure 3.58: (a) and (b) show correlation plots between the thermal contrast and
surface value of 700 hPa averaging kernels in May 2007 for 06 UTC and 18 UTC
respectively; (c) and (d) show correlation plots between the boundary layer height
and surface value of 700 hPa averaging kernels in May 2007 for 06 UTC and 18 UTC
respectively. Note TC refer to thermal contrast and BLHt refer to boundary layer
height.

Figure 3.58 shows scatter plot for the thermal contrast and boundary layer height
with surface value of 700 hPa averaging kernels in May 2007. It clearly shows the
superior correlation of daytime surface value of 700 hPa averaging kernel with thermal
contrast than the boundary layer height. Since the surface value of 700 hPa and 850
hPa averaging kernels show similar variations, one can expect same correlation of

surface value of 850 hPa averaging kernel with thermal contrast in daytime.

3.5.2 Correlation Results

Here, we perform correlation between the daytime and nighttime MOPITT L2V3

retrievals together with day-night differences in CO mixing ratios and total column
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amounts. Figure 3.59 and 3.60 show correlation results, over Indian subcontinent,
for May and December respectively. It has to be noted that the correlation results
are significantly better in respect to earlier results. For example, the correlation
between 850 hPa daytime CO data and 850 hPa day-night difference CO data has
correlation coefficient 0.67 (refer to Fig. 3.15) whereas the correlation between 700
hPa daytime CO data and 700 hPa day-night difference CO data has correlation
coefficient of 0.85. Similarly, for total column data, one can see utility to day-night
CO total column differences. These results indeed present evidence that MOPITT
retrievals have utility to day-night difference analysis in this region, providing useful

information on surface emissions of CO.
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Figure 3.59: Correlation results, over India, in the month of May 2007.

MOPITT L2V3 data is retrieved on 7 vertical pressure levels although these are
highly correlated. Thus, one can expect a good correlation between the retrieved CO
on individual retrieval levels. However, for example 850 hPa and 350 hPa levels are
selected to calculate CO ratio(850/350) because their averaging kernels are usually

distinctly different, as observed in Fig. 3.11, and because their ratio provides a simple
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index for the overall shape of the retrieved profile. Likewise, the term daygso-ngtzoo
CO difference is probably the best utility to understand MOPITT sensitivity to the
lower troposphere including planetary boundary layer. Figure 3.61 shows correlation

between the daygso-ngtrgo differences and CO ratio term for May and December.
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Figure 3.60: Correlation results, over India, in the month of Dec 2007.
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Figure 3.61: Correlation results, over India, in the month of May 2007.
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For India, our analysis thus confirms the pollution detected over the extremes
of the IG basin [e.g., Kar et al., 2008]. We also find reasonably extensive CO pol-
lution loading in the west coast and Southern tip of India, small enhancements in
NO, are also observed in these regions supporting this analysis. In general, MOPITT
retrievals are nominally most sensitive to the mid and upper troposphere although
our data analysis and simulation studies indeed confirms that the sensitivity to the
lower troposphere is also present in the MOPITT retrievals. Our robust methodology
works well for Indian region and provides useful information about CO in the low-
ermost layer of the troposphere in this region. To develop foremost understanding,
we further use our methodology to perform MOPITT L2V4 simulations and compare
with MOPITT L2V3 simulations for Indian subcontinent.

3.6 Evaluation of a Robust Methodology

In this thesis, a robust methodology is developed to detect places where MOPITT
would have largest sensitivity to the lowermost layer, and hence could detect ele-
vated boundary layer CO pollution (e.g. urban centres or megacities). However, this
methodology could be, in part, in error as it involves numerous parameters, such
as CO concentration, surface-atmosphere thermal contrast, atmospheric temperature
and surface emissivity and the relationship between them. The possible error sources

in day-night difference are illustrated below,

e The estimated random error for the MOPITT L2V3 retrieval is about 10% stan-
dard deviation, with regional biases of a few parts per billion (ppb) [Emmons
et al., 2004]. The random error on daytime retrievals in a monthly grid box
will decrease because of averaging a large no of profiles. There will also be an
increased uncertainty on the daytime value related to changing CO in this time
in the vertical profile above the city (or region of interest) due to transport of
CO from elsewhere which is further dependent on the magnitude and direction
of wind. The same effects can be observed for the nighttime. Thus, by sub-
tracting nighttime data from the daytime one possibly eliminate a considerable
amount of random error part on day-night quantity and also the mean trans-
port component. There will however be a residual error due to variations in

sampling of transport between daytime and nighttime monthly averages.
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e Improving the accuracy of MOPITT simulations will require better character-
ization of systematic errors in the observations. Although there is evidence of
some systematic errors in the MOPITT retrievals [Emmons et al., 2009], there
is not much discussion for systematic error in literature. The low sensitivity of
the MOPITT instrument to the lowermost layer of the atmosphere combined
with the presence of systematic errors in the retrievals could produce error in

the day-night difference.

e There is also a sampling error potentially due to the number of days for which
CO is sampled at the location in a month. This is difficult to estimate because
it depends on the sampling times and the variability of CO in the lower atmo-
sphere. Because of the variable nature of the transport and sampling terms,
there are highly dependent on the location and so a generalised total error

cannot be computed.

e The robust methodology developed here illustrates a way to select ‘typical” av-
eraging kernel for given set of atmospheric and surface properties rather than
averaging of the averaging kernels. An attempt to examine whether selecting
‘typical’ averaging kernel produces error in day-night difference has been un-
dertaken. A simulation methodology discussed earlier in this thesis is used to
simulate day-night difference profiles using L.2V3 a priori profile and mean aver-
aging kernel profile (mean calculated by averaging all averaging kernel profiles
without filtering for DOFS) and compared with simulations performed using
‘typical” averaging kernel as shown in Fig. 3.62. For example, from Fig. 3.62(c),
the simulated day-night differences using mean averaging kernel are +80 ppbv
whereas the simulated day-night differences using ‘typical’ averaging kernel are
+70 ppvb. This means that using mean averaging kernel possibly increases
surface (lowermost layer) sensitivity but also increases the upper troposphere
sensitivity and further would have more error on this quantity due to upper tro-
pospheric errors due to changing CO over time. For the Indian subcontinent,
the estimated error on this quantity could be about 10-20 % (one standard de-
viation). Note that this error is estimated as average of two simulated day-night

differences.
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3.7 Summary of Chapter 3

The MOPITT sensitivity to CO in the lowermost layer of the troposphere varies
widely as the result of variability in thermal contrast conditions and boundary layer
height and in particular from day to night. This effect is clearly evident in the
MOPITT retrieval averaging kernels. The thermal contrast condition plays a key role
in determining whether or not MOPITT has sensitivity to the lower troposphere, and
this parameter can vary greatly with location, time of the day and season of the year.
Our analysis challenge the common conception that satellite instruments based on
thermal-infrared observations are generally insensitive to the near-surface troposphere
depends strongly on thermal contrast conditions.

A robust methodology developed to ‘simulate’ day-night difference CO profiles
to better constrain CO in the lowermost layer of the troposphere. Simulations were
performed using MOPITT L2V3 selected ‘typical” averaging kernels to examine the
ability of the instrument to identify CO enhancements with limited vertical extent.
The simulation methodology works well for Indian subcontinent region, providing
evidence that MOPITT instrument indeed is able to resolve CO into layer and one
can obtain measurements of vertical structure of CO. For selected boxes over Indian
subcontinent, it is shown that MOPITT retrievals have significant sensitivity to CO
in the lowermost layer of the atmosphere. MOPITT retrieved averaging kernels have
large variability, particularly in the upper troposphere over a given region which has
fairly uniform underlying surface properties (land vs ocean, surface temperature) and
atmospheric properties (CO, temperature profile). Over land, daytime thermal con-
trast conditions appear to often produce significant sensitivity to lower tropospheric
CO. In particular over the Indian subcontinent, the ‘simulated” day-night CO differ-
ences can effectively delineate the strong surface source regions in summer as well as
in winter.

MOPITT L2V3 retrieval averaging kernels vary considerably, particularly from
day to night and over land. Further, the DOFS analysis shows greater sensitivity
to lower atmosphere in daytime that of nighttime observations as expected, with
greater DOFS in daytime. It is clearly evident that DOFS is well correlated to
upper-troposphere (i.e. 350 hPa) percent a priori CO mixing ratios as expected. The

percent a priori CO mixing ratio is a useful parameter to understand uncertainty of
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the retrieved CO (at each retrieval level) as a percentage of a priori variability. The
strong correlation between DOFS and percent a priori CO mixing ratio suggests one
can use percent a priori instead DOFS which has to be calculated for each retrieved
profile in L2V3 and it is time consuming process. The daytime and nighttime DOFS
exhibits a bi-modal DOFS for all selected Indian regions. A similar distribution can
be seen in thermal contrast.

It is also shown that day-night could give a more sensitive indicator to the monthly
averaged component of lower atmosphere enhancements, at the price of a loss of data
and assumptions on variations of CO on monthly timescales. This finding is consistent
with [Richards, N. A. D., 2004] thesis. An analysis demonstrate for the first time
that 700 hPa day-night differences gives a closer differentiation of lowermost CO
than other measures for MOPITT data. It can further shown that 700 hPa day-
night difference is clearly superior to (850/350) CO ratio in demonstrating lowermost
atmosphere enhancement. Similarly for columns, a considerable utility to day-night
columns difference which further provide confidence in adopted robust methodology.
For Indian subcontinent, this analysis confirms the pollution pools at the extremes
of the Indo-Gangetic basin (”Bihar Pollution Pool” reported by [Kar et al., 2008]).
A more extensive CO pollution loading in the west coast and southern tip of India
are also observed. Small enhancements in NO, are also observed in these regions
supporting this analysis.

It should be noted that since MOPITT instrument takes about 3 days to give
global coverage, daytime and nighttime measurements over a particular location may
be separated by a period of days. It is therefore possible to apply our methodology

on a monthly mean basis from local (e.g. megacity) to global scale.
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Chapter 4

MOPITT CO Profile Information
Content: Comparison Between

L2V3 and L2V4 Retrievals

4.1 Introduction

It has been emphasised already that L2V3 data have been the main MOPITT prod-
uct analysed in this thesis but that L2V4 data were released recently in April 2009.
Nonetheless it is useful to consider L.2V4 data in relation to L2V3 data and in par-
ticular w. r. t. the findings in chapter 3. Hence in this chapter, MOPITT L2V4
simulations and TOMCAT profiles are studied in a manner similar to chapter 3.
Significant aspects are the different pressure grid for the state vector, the varying a
priori and explicit averaging kernel in the data file.

In this chapter, we first perform MOPITT L2V4 simulations using L.2V4 a priori
CO mixing ratio profile as a sample profile by applying perturbation at each retrieval
level. Similarly, TOMCAT model CO profile simulations have been also carried out
here. Then, we compare MOPITT L2V4 simulation to our earlier MOPITT L2V3
simulations in order to better constrain vertical structure and persistent features of
CO in the troposphere. It should be noted that there are significant differences in
between these two MOPITT retrieved datasets. The MOPITT L2V4 operational
product has been released recently in early April, 2009 and it benefit from significant

advances in radiative transfer modeling, state vector representation, and a priori
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statistics. The features and appropriate analysis methods used in L.2V4 product to
retrieve CO from MOPITT thermal IR radiances discussed in detail by Deeter [2009].
Section 4.2.1 of this chapter demonstrates a quick review of L2V3 product and silent

features of L2V4 product.

4.2 MOPITT Level 2 Products

For each MOPITT observation, the Level 2 data file includes (i) primary MOPITT
CO products (including both a volume mixing ratio (VMR) profile and a correspond-
ing CO total column value), (ii) retrieved surface temperature and emissivity, a priori
information (which is constant for L2V3 and can vary geographically and temporally
for L2V4), and a variety of different diagnostics (e.g. 'DOFS’ for L2V4, 'Retrieval
averaging kernel’ for L2V4, "Percent a priori CO mixing ratio’ for L2V3).

4.2.1 Review of L2V3 Product

The MOPITT L2V3 product was described in chapter 2. The main characteristics

of this product includes:

e Retrievals algorithm based on nonlinear optimal estimation principles [Rodgers,
2000] to combine measurements with statistical background information a priori

profile).

e Retrievals expressed as profiles of CO VMR values on fixed 7-level pressure grid

and corresponding total column value.

e Retrievals based on the same and constant global CO VMR a priori profile and

covariance matrix.

e Retrievals based on subset of MOPITT thermal-IR radiances, though Deeter
et al. [2009] recently reported the first retrieval results of CO exclusively using
NIR radiances in the 2.3 um CO overtone band observed by MOPITT.

e Operational radiative transfer model (MOPFAS) based on pre-launch estimates
and laboratory measurements of instrument parameters and training set mainly

composed of low-to-moderate CO concentrations.
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4.2.2 Features of L2V4 Product

The retrieval algorithm for L2V4 product incorporates a variety of features to enhance
its scientific value, however, it should be treated carefully. Because CO variability in
the L2V4 product is modelled in terms of a log-normal distribution, in contrast to
the L2V3 product [Deeter et al., 2007], random errors in the VMR retrievals due to
instrument noise will also follow a log-normal distribution. The retrieval algorithm
used to generate the L2V4 product benefits from significant advances in radiative
transfer modelling, state vector representation, and a priori statistics, however, ra-
diance basis set, ancillary data and cloud detection algorithm are unchanged from
their L2V3 counterparts. The significant changes in the L2V4 product with respect
to both scientific content and diagnostics are detailed in [Deeter, 2009] and some of

them includes;

e For L2V4 product, both the PMC and LMC models have been updated for con-
sistency with the actual cell pressure (P) and temperature (T) values observed
during the mission. Specifically, for Phase II observations, the LMC P and T
time-means are calculated over 2006 as it represents the approximate midpoint

of the Phase II period.

e The L2V4 state vector represent the CO profiles as a set of log(VMR) values
whereas the L2V3 state vector represented the CO vertical profile as a set of
VMR values.

e The L2V4 state vector expresses the CO profile on a ten-level pressure grid
(surface level followed by nine uniformly-spaced levels from 900 to 100 hPa)

instead of the seven-level grid used for L2V3.

e The L2V4 product for both Phase I and Phase II are respectively based on the
same radiance sets employed for the L2V3 product; these L.2V4 products have

been validated separately.

e The a priori profile vary geographically and temporally. In contrast, the L2V4

a priori covariance matrix describes variability of log(VMR).

e Unlike L2V3, however, L2V4 surface emissivity a priori values are based on

an analysis of gridded MOPITT radiances and corresponding MODIS surface
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temperature [Ho et al., 2005]. The assumed surface emissivity a priori variance

for L2V4 is 0.0025, corresponding to an uncertainty of 0.05.

e For L2V4 processing, the updated algorithm for water vapour is applied to
the entire record of MOPITT observations. This new scheme exploits the

NCEP/NCAR Reanalysis long-term monthly-mean water vapour product.

e The MOPFAS training set has been expanded in order to permit retrievals in-
volving especially high CO values, which are not considered for L2V 3 retrievals.
Specifically, the original training set composed of 58 profiles used in L2V3 has
been expanded to 116 atmospheres. The added atmospheres were formed by

scaling all of the original training set profiles by a factor of two.

e In general, retrieval convergence in the L2V4 product is higher than in the
L2V3 product. For L2V3, failed retrievals commonly followed one of two paths,
characterised by regions of exceptionally low and high CO values. In L2V4,
these convergence problems are substantially reduced through (i) the use of
log(VMR) in the retrieval sate vector, which prevent negative VMR values,
and (ii) an expanded training set for MOPFAS, allowing retrievals with higher
values than in L2V3 (up to a factor of two).

e The cloud detection module ("MOPCLD”) for L2V4 is unchanged from L2V3.

e In L2V4, corresponding to each ten level retrieved profile, a ten-by-ten retrieval
averaging kernel is provided with the product. Note that L2V4 averaging kernel
describes the sensitivity of retrieved log(VMR) to actual log(VMR), and are
thus not exactly equivalent to L2V3 VMR-based averaging kernels.

e In L2V4 product, new diagnostics e.g. ”Degrees of Freedom for Signal”, ” Water

Vapour Climatology Content”, and ”Retrieval Iterations” are provided.

e MOPITT L2V4 CO retrievals should first be converted to log(VMR) values,
when one intends to perform comparison between retrieval profile and in-situ

measured.

Figure 4.1 show the difference in MOPITT L2V3 and L2V4 retrieved daily num-
ber of profiles on global scale for the year 2007. It is obvious that the number of
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Figure 4.1: Difference in the MOPITT L2V3 and L2V4 retrieved number of profiles
on global scale for the year 2007.

profiles retrieved for L2V4 are higher of the order of 3 than L2V3 retrieved profiles.
This is because, in the L2V3 retrieval product, some MOPITT retrievals failed sys-
tematically. Subsequent analysis by Deeter [2009] demonstrated that such retrievals
were sometimes failing because they fell outside the bounds of the original MOPFAS
training set which is prohibited. Application of MOPFAS to profiles with VMRs out-
side of the envelope defined by the training set profiles produces unreliable radiances
and is therefore prohibited within MOPFAS. Retrieval simulations and limited case
studies both indicate that this approach yields reliable retrievals of high CO profiles
without degrading retrieval quality for low and moderate CO concentrations [Deeter,

2009)].

4.3 L2V4 Product Diagnostics

4.3.1 L2V4 A Priori CO

In L2V4, both the CO profile and the surface emissitivity were added. For CO results
from the global chemical transport model MOZART-4 (Model of Ozone And Related
Chemical Tracers, version 4) were used to create a monthly mean climatology for use
as the a priori. MOZART-4 simulates 100 chemical species with relatively detailed
hydrocarbon chemistry [Apel et al., 2009]. The simulation used for this climatology
was for 1997-2004, with a horizontal resolution of T42 (2.8 x 2.8 deg) and 28 vertical
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levels, driven by meteorology from NCEP/NCAR reanalyses. The anthropogenic
emissions were constant over the simulation, but biomass burning emissions were
based on satellite fire counts for each month from the Global Fire Emissions Database
(GFED-v2) [Van der Werf et al., 2006]. The climatology was created by making
monthly means over the 8 years of simulation, retaining the horizontal resolution
and interpolating in the vertical to the MOPITT Forward Model 35 levels. For
each retrieval, the climatology for the same month as the observation is spatially
interpolated to the location of the observation. Thus, L2V4 a priori profiles vary
geographically and temporally for each retrieval.

In the L2V3 retrieval algorithm, where the retrieval state vector represented CO
in terms of VMR, the CO a priori covariance matrix quantified VMR variability.
In contrast, the L2V4 a priori covariance matrix describes variability of log(VMR).

Thus, because

d(In(VMR))) = d(VMR)/VMR (4.1)

log(VMR) variances and covariances describe fractional VMR variability rather than

absolute VMR variability.

Daytime Apriori CO (Septem

B
3

20 50 80 110 140 170 200
priori CO Rotio (ppbv) (T NN

Daytime Apriori CO (September 2006) Nightti A CO (Septemb

Figure 4.2: (a) MOPITT L2V4 retrieved 800 hPa 0.5 deg. gridded a priori CO mixing
ratios during daytime and nighttime for September 2006; (b) Same as (a) except for
300 hPa level.
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Figure 4.2 shows the spatial distribution of 800 hPa and 300 hpa a priori CO
mixing ratios constrained by the MOPITT L2V4 retrievals. As shown by [Deeter
et al., 2007], analysis of in-situ datasets for geographically diverse locations demon-
strates that fractional VMR variability is more consistent (i.e., varies less from site
to site) than absolute VMR variability. It is also clearly evident from Fig. 4.2 that
the regions which are typically unpolluted (on average) exhibit small a priori CO
VMR values than CO source regions which exhibit large mean a priori CO VMR
values. Thus, although log(VMR) variability statistics are not well established for all
geographic regions and seasons, the results of [Deeter et al., 2007] support the use of
a single ’global” a priori covariance matrix for L2V4 CO retrievals, which are based
on a log(VMR) state vector.

From Fig. 4.3 (b), it is clear that L2V4 retrieved a priori CO VMR profiles, over
IG basin, have larger values in lower tropospheric levels compared to L2V3 where CO
in the atmosphere is likely to be enhanced. However, L2V4 retrieved global mean a
priori CO VMR profile is very much comparable to L2V3 single global a priori profile.
These differences are attributed to failed L2V3 retrievals for exceptionally low and
high CO values. Hence the observation of enhanced CO in L.2V4 data and differences
between L2V3 and L2V4 CO retrievals has to be interpreted carefully.
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MOPITT V3 & V4 a priori CO profiles — Global (01 May 2006)
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MOPITT V3 & V4 a priori CO profiles — IG Basin (01 May 2006)
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Figure 4.3: MOPITT L2V4 a priori CO mixing ratio profiles as a function of DOFS,

for global case (left panel), and IG basin (right panel) on 01 May 2006.
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4.3.2 L2V4 Retrieval Averaging Kernels

Figure 4.4 shows example averaging kernels for MOPITT L2V4 retrievals conducted
at day and night over the (a) Libya desert and (b) South Atlantic Ocean. It is obvious
that MOPITT operational L.2V4 kernels are similar to L2V 3 and the averaging kernels
for each level in the retrieved profile do not necessarily peak at the corresponding
pressure level of the true profile. It can be seen that MOPITT L2V4 retrievals
are generally more sensitive to CO in the middle and upper troposphere over water
surfaces than in the lower troposphere (Fig. 4.4b); this is a consequence of the
relatively weak thermal contrast over water surface. It can also be seen that the
kernels for individual levels in the retrieved profile are often more similar between
day and night than was the case for L2V3. Nonetheless day retrievals over land
have higher sensitivities apparent at the surface level than was the case for L2V3.
For example, the strong similarity of the averaging kernels for 800 hPa and 600 hPa

levels indicate a high correlation for the retrieved values at these levels.

Libya Desert — 01/05/2006 South Atlantic — 01/05/2006
' Doytime ' ' ' Doytime ' '
N Surface m—l Surface
100t TR 800 npa] 1007 » 800 nPo
| £88 hBs | o bA3 hES
2
188 s 168 s
.\‘
"
1000 b 24H s 41000t Z
-0.1 0.0 0. 0.2 0.3 -0.1 0.0 0.1 0.2 0.3
Averaging Kernel Averaging Kernel

Figure 4.4: MOPITT L2V4 mean averaging kernels obtained by averaging all daytime
and nighttime averaging kernels separately on 01 May 2006. (a) in the box defined
by 20°N, 30°N, 10°E, and 25°F (over Libyan desert) and (b) in the box defined by
15°8, 30°S, 5°W, and 20°W (over South Atlantic).

142



It should be noted that L2V4 averaging kernels describe the sensitivity of re-
trieved log(VMR) to actual log(VMR), and are thus not exactly equivalent to L2V3
VMR-based averaging kernels. It is also important to note that employing a retrieval
grid with uniform grid spacing (in pressure) substantially simplifies the physical in-
terpretation of the retrieval averaging kernels, whereas L.2V3 averaging kernel was

based on non-uniform grids.

4.3.3 L2V4 Degrees Of Freedom for a Signal

Figure 4.5 shows 1.0 deg. gridded MOPITT L2V4 retrieved DOFS map separately
for daytime and nighttime measurements for September, 2006 . The data drop out
in Fig. 4.5 correspond to regions of persistent cloudiness; since cloud-contaminated
observations are discarded for L2V4 operational product similar to L2V3 retrievals.
Daytime DOFS values tend to be higher than nighttime values because (i) higher
daytime surface temperatures (especially over land) tend to improve the thermal
contrast between the surface and lower atmosphere, and (ii) solar radiation at 4.7
um contributes a non-negligible component to the daytime observed radiances and
therefore affects the radiance weighting functions. In general, the L2V4 DOF'S values
are slightly higher than the L2V3 retrieved values by a few %. Therefore the main

effect is the different retrieval sensitivity and different a priori content.

MOPITTv4 /Terra 1.0 Deg. Gridded DOFS - September 2006

0.70 0.85 1.00 1.15 1.30 1.45 1.60
I DOF'S (unitless) | ..

Figure 4.5: Degrees Of Freedom for Signal for September, 2006 for (a) daytime and
(b) Nighttime MOPITT L2V4 data .
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4.4 Methodology

The methodology illustrated in chapter 3 is used here for MOPITT L2V4 simulation
for comparison to L2V3. First MOPITT L2V4 a priori CO profile taken as sample
profile and enhancements have been applied to this profile to simulate day and night
CO profiles by applying selected ‘typical’ averaging kernels to examine day-night
differences. Similar approach is used here to decide DOFS ranges and to select a
‘typical” averaging kernel representative for given atmospheric and surface properties
for the same latitude-longitude location as for L2V3. Using two retrieval products one
can possibly easily interpret if it is possible for MOPITT instrument to detect plumes
or layers of enhanced CO, which have limited vertical extent. It is also important to
understand the key differences in ‘simulated” CO profiles between L.2V3 and L2V4 as
it will help to understand what is possibly causing these differences. In this chapter
we perform L2V3 and L2V4 simulation comparison for Indian subcontinent region
and results are discussed. We have also tested our methodology for other parts of

world and the results are presented in Appendix-I.

4.5 Examination of Day-Night Differences : MO-
PITT L2V3 Vs L2V4

Since there are significant differences between MOPIT'T retrievals of L2V3 and L2V4,
it is first crucial to understand the key differences between these and then apply our
knowledge to examine MOPITT sensitivity to the CO in the lower troposphere. Some
of the key differences are summarised in section 4.2. In case of L2V4, the retrieval
averaging kernels for the lower retrieval levels exhibit a considerable variation in
sensitivity during daytime especially over land. The shifting of the lower averaging
kernels away from the surface during nighttime, similar of L2V3 CO averaging kernels,

may hold the key to examine vertical differentiation of CO in the troposphere.

4.5.1 Day-Night Difference CO Maps

Here the focus is on Indian subcontinent region as for chapter 3. It should be pointed

out that our analysis for L2V3 show that MOPITT indeed has greatest sensitivity to
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700 hPa retrieval level. Figure 4.6 (top panel) shows the MOPITT L2V3 CO mixing
ratios and day-night CO distribution retrieved at 700 hPa level for the month of May;,
and December 2007. The corresponding MOPITT L2V4 CO mixing ratios and day-
night CO differences distribution maps are shown (bottom panel). The evolution of
the CO distribution in the lower troposphere as seen in MOPITT L2V3 retrievals is
quite similar to the MOPITT L2V4 distribution with the plume over eastern states of
Bihar and West Bengal, a maximum in December, plume over Delhi and north-west of
it and elevated surface CO concentrations over western and southern part of country
(i.e Mumbai and Coimbatore). Similarly, elevated plumes from key regions can be
identified in day-night difference CO map for both the L2V3 and L2V4 retrieved data

with less significant differences.
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Figure 4.7: (a) MOPITT L2V3 0.5 deg. gridded (850hPa/350hPa) daytime CO
mixing ratios, over India, for May 2007; (b) Same as (a) except for December 2007;
(c) MOPITT L2V4 0.5 deg. gridded (800hPa/400hPa) daytime CO mixing ratios,
over India, for May 2007; (d) Same as (c) except for December 2007.

Figure 4.7 shows the spatial structure in the distribution of CO ratio for MO-
PITT L2V3 (850hPa/350hPa) and L2V4 (800hPa/400hPa) retrievals for May, and
December 2007 respectively. It is shown earlier that the CO ratio quantity indeed
has significance to differentiate CO into vertical layers and provides an useful index
on information of surface source of CO. Figure 4.8 shows considered correlation re-
sults for MOPITT L2V4 as in Fig. 3.59 for MOPITT L2V3 retrievals. This analysis

further useful to support our findings.
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Figure 4.8: Correlation results, over India, in the month of May 2007.
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Figure 4.9: Correlation results, over India, in the month of December 2007.
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4.5.2 A Case Study of Bihar
4.5.2.1 L2V3 and L2V4 Simulations

The robustly used methodology in chapter 3 is adopted here to perform MOPITT
L2V4 a priori CO profile simulations. We have shown that this methodology works
well for MOPITT L2V3 retrievals for Indian subcontinent to measure layer enhance-

ments of CO in the troposphere having good thermal contrast conditions.

MOPITT V3 and \/4 A]n‘"iori CO Profiles — Biho‘r MoyZOO7

Doyt Nightti
100 + i ﬂ\/lznfﬂecn Apriori co100 7 I—gvxtlnl?ﬂeeon Apriori CO["
| —-V3 Apriori CO \‘ —-.=V3 Apriori CO
i 1.80
1.67
1.53 »
1.405
=) 1.27 9
< 1:48
o .
>
%]
2]
o
o
1000 H T000 4 L
T T T T T T
100 200 . 300400
Apriort CO mixing rotiowso?ppb%go 300 400
(a) L2V3 and L2V4 a priori CO - May
MOPITT \/3‘ and \/4 A]n‘"iori CO Profiles - Biho‘r DecZ‘OO7
Dayti Nightti
100 + i ﬂ\/lznfﬂecn Apriori co100 7 : I—gvxtlnl?ﬂeeon Apriori CO["
-} —-V3 Apriori CO \} —---=V3 Apriori CO
! i 1.80
i X 1.67
! Y 1.53 »
1.405
© 1.27©
< 1:48
o .
>
%]
2]
o
o
1000 A \
T 1

T T
100 200 . 300 400
Apriort CO mixing rotiowso?ppb%go 500 400

(b) L2V3 and L2V4 a priori CO - Dec

Figure 4.10: (a) MOPITT L2V3 and L2V4 a priori CO mixing ratio profile(s), over
Bihar region, in the month of May 2007; (b) Same as (a) except for December 2007.
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Figure 4.10 shows MOPITT L2V3 and L2V4 retrievals a priori CO mixing ratio
profiles, over Bihar region, in the month of May and December. It can be seen that
there are significant differences between L2V3 and L2V4 a priori CO profiles at the
lower 4 retrieval pressure levels. The a priori CO profile in both cases have similar
features in the mid-upper troposphere. The data were averaged together to produce

a sample profile for the simulation study.
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Figure 4.11: (a) MOPITT L2V3 and L2V4 DOFS histogram plot, over Bihar region,
in the month of May 2007; (b) Same as (a) except for December 2007.

Figure 4.11 (a, b) shows MOPITT L2V3 and L2V4 daytime and nighttime his-
togram plots for DOF'S, over Bihar region, for May, and December of 2007. The L2V4
DOFS histogram is shown by dashed line. For Bihar region, both the L2V3 and L2V4
daytime and nighttime DOFS has two distinct distributions. It is clearly evident that
L2V4 DOFS are superior to L2V3 DOFS for both the daytime and nighttime mea-
surements. It is also obvious that daytime measurements have greatest DOF'S values
than the nighttime measurements in both the L2V3 and L2V4 retrievals. It should
be noted that the DOFS distribution is slightly shifted to lower DOFS value (to the
left) in winter month, suggesting reduced sensitivity of MOPITT to the tropospheric
CO column, particularly to the boundary layer.
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Figure 4.12 shows daytime and nighttime MOPITT L2V3 and L2V4 CO retrievals
selected ‘typical” averaging kernels, over Bihar region, for May (top panel) and De-
cember (bottom panel). It should be noted that L2V4 averaging kernels describe
the sensitivity of retrieved log(VMR) to actual log(VMR), and are thus not exactly
equivalent to L2V3 VMR-based averaging kernels. Moreover, the L2V4 state vector
expresses the CO profile on a ten-level pressure grid instead of the seven-level grid
used for L2V3. The L2V3 lower level averaging kernels have finite values in the upper
troposphere (some sensitivity to the upper troposphere) while the L2V4 lower level
averaging kernels have negative value or close to zero showing no sensitivity to the

upper troposphere.
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For Bihar region, there exists two sets of LDD and HDD for a range of DOFS
values in the month of May and December. Figure 4.13 shows MOPITT L2V3 and
L2V4 retrieved daytime and nighttime mean CO profiles calculated for both the LDD
and HDD and their resultant day-night difference CO profiles in the month of May
(top panel) and December (bottom panel).

For L2V3, the daytime retrieved mean profile has fairly similar features in CO
for both the LDD and HDD in the month of May, whereas the nighttime retrieved
CO profile for HDD has significant enhancements in the lower layer of the tropo-
sphere. Whereas for L2V4, the daytime and nighttime retrieved mean CO profiles
have similar features as seen in the a priori CO profile, except little enhancements in
the upper troposphere in the month of May. The corresponding day-night difference
CO profiles, for L2V3 and L2V4, for combination of selected LDD and HDD can
be separated into two equivalent groups (Fig. 4.13(b, d)). These are day(HDD)-
ngt(LDD) and day(HDD)-ngt(HDD). There are significant differences between L2V3
and L2V4 retrieved day-night difference profiles, particularly at lower retrieval levels.
For 1.2V4, day-night difference profiles have enhancements in the upper tropopshere
and a layer from 800 to 400 hPa but show negative day-night differences for lower 2

retrieval levels. The potential reason for this is apparent from the next plots.
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Figure 4.14 and 4.15 shows simulation results for L2V3 and L2V4 in the month
of May and December respectively. For these simulation, the methodology briefly
described in section 3.2 is used for L2V3. For MOPITT L2V4 simulations, mean
averaged (day and night) a priori CO profile was calculated and taken as a sample
profile. An enhancement of 200% was then applied to this profile in a layer stretching
from surface (1100 hPa) to 950hPa. This layer was then moved successively upwards
with uniform grid spacing (in pressure) through the profile in 10 steps to form 10 test
profiles. In Fig. 4.14 and 4.15 the simulation results for L2V4 are shown only for
corresponding retrieval pressure levels to L2V3. The selected ‘typical’ L2V4 averaging
kernel was then applied to these profiles to simulate day and night CO profiles. The
simulation in both the cases were performed for HDD,c.. The coloured triangles
indicates the calculated total column values for each corresponding profiles shown by
individual coloured line for both the L2V3 and L2V4.

Over Bihar region, a 200% enhancement in the surface level CO is barely captured
in the retrieved MOPITT L2V4 profile, however significant enhancement for lower 3
retrieval levels for daytime measurements can be seen of L2V3 (refer to Fig. 4.14(b
and a) top right corner plot). An enhancement of 200% for the 700 hPa MOPITT
L2V3 retrieval pressure level shows an enhancement at all retrieval levels with greatest
effect evident in the lowest 3 retrieval levels for both the daytime and nighttime
retrieved profiles in the month of May. However, an enhancement of 200% between
750 hPa and 650 hPa which covers the 700 hPa MOPITT L2V4 retrieval pressure
level show an enhancement at lower 6 retrieval levels except at surface level. Note
that enhancements at 800 hPa are highest in case of L2V4 while enhancements are
highest at surface level for L2V3 for the perturbation at 700 hPa retrieval level.
Surprisingly, VMRs for L.2V4 do not show as strong differences from a priori as were
found for L2V3. For L2V4 upper troposphere influences on the lower retrieval level
is smaller compared to as found for L2V3. The ‘simulated’ total column values for
L2V3 and L2V4 are matching very well for enhancements at all retrieval pressure
levels. Similar simulation results can be seen in the month of December (refer Fig.
4.15) except that the enhancements are reduced significantly.

Figure 4.16 shows MOPITT L2V3 and L2V4 ‘simulated’ day-night difference CO
profiles for HDD,q, over Bihar, in the month of May. It is clearly seen from L2V3

simulation results that this factor has greatest sensitivity to 700 hPa retrieval level,
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CO Ratio (unitless) co Rmt'\o (ummess)

0.5 W.O WS 20 0.0 0.5 WO 1.5 O 3.0 3.5
T T
x—kdoy (HDD 4 6%048) - ngt (HBD 71 34220) B e ey ¢ (HDD . 69396)‘ - ng( (HDD J 29843)‘ B
100 [&=—°HDD:dayss— NGtsee — 100 |&=—°H QAYa0— NGt ff —
[e——9doy CO mt\o(85 /350) o—od cO ratio 800/4 0);
[@=-=-=Ongt CO ratio(850/350) o-++—-ondlft| CO ratio(800,/400)
200% Enhancement cegwtr;:d at: 200% En'huncement centred qgt:
o urface S
850 hPa :
700 hPa
150 hPa

Pressure [hPa]
Pressure [hPa]

1000 1000
PRI IR L I ST

L . L L I
-50 0 50 100 —20 20 40 60 80 100

day—ngt CO difference (ppb) day—ngt CO difference (ppb)
(a) L2V3 - May (b) L2V4 - May

Figure 4.16: (a) MOPITT L2V3 ‘simulated’ key day-night difference CO profiles for
HDD,cqx, over Bihar, for May 2007; (b) Same as (a) except for MOPITT L2V4.
The diamond solid and dash-dotted lines indicates day and night CO ratio (L2V3:
850hPa/350hPa and L2V4: 800hPa/400hPa) terms respectively. The ratio scale
shown as top x-axis. The red coloured line represents daygso-nightrqo (for L2V3) and
daysgo-nightzg (for L2V4) CO difference profiles for HDD,. .

demonstrating 700 hPa day-night positive CO differences weighted to lower 2 retrieval
levels in this region. Whilst, simulation shows that L2V4 have greatest sensitivity
to 800 hPa, demonstrating dayggo-ngtrog positive differences weighted to lower 4 re-
trieval levels. Here we demonstrate for the first time that dayggg-ngtzoo gives a closer
differentiation of lowermost CO. Note that for L2V4 we have a priori CO profile for
daytime and nighttime measurements separately which vary spatially and temporally.
While L2V 3 retrievals based on the same and constant global CO a priori profile. We,
thus, have subtracted day and night a priori from ‘simulated” day and night CO in
case of L2V4 simulations to reflect a priori influence on the L2V4 ‘simulated’ profiles.
Since the surface emissivity and CO profiles are retrieved simultaneously, the CO
retrievals consequently will have a greater dependence on the a priori CO. The ratio
of the CO at 800 hPa to 400 hPa (800/400) for L2V4 used, for the first time, as an
index for lowermost layer enhancements, which indeed contain shape information for
the MOPITT retrieved CO profile, CO peaking at 800 hPa provide more evidence
for the MOPITT sensitivity to this level.
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Simulated Day/Night Diff. CO profiles for Bihar (Dec2007) Simulaoted day/ngt Diff. CO profiles for Bihar (Dec2007)
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Figure 4.17: (a) MOPITT L2V3 ‘simulated’” key day-night difference CO profiles
for HDD,eqr, over Bihar, for December 2007; (b) Same as (a) except for MOPITT
L2V4. The diamond solid and dash-dotted lines indicates day and night CO ratio
(L2V3:850hPa/350hPa and L2V4: 800hPa/400hPa) terms respectively. The ratio
scale shown as top x-axis. The red coloured line represents daygso-nightzg (for L2V3)
and dayspo-nightroo (for L2V4) CO difference profiles for HDD,,qp-

Figure 4.17 shows MOPITT L2V3 and L2V4 ‘simulated’ day-night difference CO
profiles for HDD ¢, over Bihar, in the month of December. Similar simulation results
can be seen as in Fig. 4.16 for L2V3 and L2V4 except that the sensitivity weighted to
slightly broad lowermost layer and MOPITT likely to have reduced sensitivity during
this time, possibly due to low thermal contrast conditions.

Figure 4.18 shows MOPITT L2V3 and L2V4 calculated total column values for
sample CO profile and a profile with 200% enhancements at each retrieval level form-
ing 7 and 10 perturbed profiles respectively. The total column values are calculated
using Eq. 3.1. The a priori CO profile and sample CO profile has same total column
value in all cases. It can be seen that MOPITT show greatest sensitivity for daytime
measurements at 700 hPa for L2V3 retrievals and at 800 hPa for L2V4 retrievals.
This could be possibly due to that fact that L2V4 retrieval grid based on uniform
grid spacing (in pressure) while L2V3 retrieval grid based on non uniform grid spac-
ing (in pressure) i.e. layer are not uniformly thick. These findings are consistent with

our early results.

160



CO Total Column Bihar (May2007) CO Total Column Profiles Bihar (May2007)

I o LI B A R i L e e o ) R N N
100 E ) 7 100 = . 4
-~ CO Column (Perturbed Profile) f
CrIId Eimuisted ReY &8 Ealumn o~ CO Column (Perturbed Profile)
:3 .o --—-# Simulatgd; Dgy CO Column
- ) &~ Simulated ‘Ng\t CO Column
. \
= r [ 7 = - * + * -
o ¢ 2 = [
o L \ \ g © > e b
2 RN 2 ..
§ [ \ N \ ) § r LR 1 7
. r L 1 o H s e i
L AR 1 L ‘“3;;\ 4
F j;/‘b B E > ee B
L e B L PRI 4
[ AR ] r - . :
1000 — P - = 1000 — Lol A -
T AR AU RO AN S R R AU A R AR AT ANANEN IR e b b e e b s
1 2 3 4 2.0 2.5 3.0 3.5 4.0 4.5
CO Column (x10'® moles.cm™) CQ Column (x10'® moles.cm™3)
(a) L2V3 - May (b) L2V4 - May
CO Total Column Bihar (Dec2007) CO Total Column Profiles Bihar (Dec2007)
I T 0 a0 7L B A I i L e e o e A B
100 = ) = = .00 a
e~ CO Column (Perturbed Profile) 100 B
crTrEimusied Rey &8 &Slumn o~ CO Column (Perturbed Profile)
PO -—-# Simuloted Day CD Column
g o~ Simulated Ngt €0 Column
[ \
e | 4o i ) r AR 1
E{ * * E A\ ]
o r R 1 o F s 1
2 ¢ nx 2 iy
g L N 1 g L o
o L *‘ » 4 a L ‘§ i
I A ] | ‘e i
I Y ] I cae ]
L ~ - 4 - 4 e 1
i R ] 7 oA ]
1000 — - = 1000 — ¥ =
I AR A A VO AT A AR R N IO A A AR AT ANANEN IR e b b e e b s
1 2 3 4 2.0 2.5 3.0 3.5 4.0 4.5
CO Column (x10'® moles.cm™2) CO Column (x10'® moles.cm™2)
(c) L2V3 - Dec (d) L2V4 -Dec

Figure 4.18: MOPITT L2V3 and L2V4 retrieval calculated total column values for
i) a priori CO profile (cyan), ii) 7 individual sample profiles (green), iii) 7 individual
perturbed sample profile (black), and iv) 7 individual simulated day (blue) and night
(red) CO profiles, over Bihar, for May (top panel) and December (bottom panel)
2007; Note that these are not considered as profiles. For proper understanding the
total column values plotted at corresponding perturbed retrieval level (layer) for each
CO VMR profile.

4.5.2.2 TOMCAT Model CO Profile Simulation

We now perform MOPITT L2V3 and L2V4 simulation comparison for selected TOM-
CAT model CO profile as a sample profile (with no enhancements applied to it) and
then by applying selected ‘typical’ averaging kernels for L2V3 and L2V4 respectively
in this region. A brief overview of TOMCAT model has been given in Chapter 3.
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TOMCAT Profile Bihar 2004
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Figure 4.19: Selected TOMCAT model CO profiles, over Bihar box, for May 2004
(blue) and December 2004 (red).

Figure 4.19 show selected TOMCAT model CO profiles, over Bihar region, in the
month of May and December of 2004. The profiles were taken on the 7th of May
2004 and 19th of December 2004, located at 26.51°N latitude and 75.93°E longitude,
and 23.72°N latitude and 78.74°E longitude respectively. These CO profiles are used
as a sample profile for MOPITT L2V3 and L2V4 simulations. The selected ‘typical’
averaging kernel of interest was applied to these profiles using the method described
in chapter 2, section 2.3.4.1. The simulation results performed for HDD,.q for the

month of May and December are presented and discussed here.
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Figure 4.20(a) and (c) show simulated CO profiles using MOPITT L2V3 selected
‘typical’ averaging kernel, over Bihar region, in the month of May and December
respectively. Figure 4.20(b) and (d) show simulated CO profiles using MOPITT
L2V4 selected ‘typical’ averaging kernel, over Bihar region, in the month of May
and December respectively. For L2V3, daytime ‘simulated” CO profile has greatest
enhancements at lower 3 retrieval pressure levels where L2V4 ‘simulated’ daytime
CO has less significant enhancements compared to nighttime ‘simulated” CO profiles
for lower 3 retrieval levels. This could be attributed to likely a priori influence
on retrieved CO profile. Similar features can be see in the month of December,
suggesting that L2V4 ‘simulated’ daytime and nighttime CO profiles are weighted
more by daytime and nighttime a priori profiles respectively. This needs further

a prior influence analysis to effectively understand profile shape information in the
MOPITT L2V4 retrieved CO profile.

Simulated Day/Night Diff. CO profiles for Bihar (May2007)
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Figure 4.21: (a) MOPITT L2V3 ‘simulated’ day-night difference CO profile for
HDD,cqr, over Bihar, for May 2007; (b) Same as (a) except for MOPITT L2V4.

Figure 4.21 illustrates (a) L2V3 and (b) L2V4 ‘simulated’ day-night difference CO
profiles for assumed more realistic TOMCAT model CO profile. For L2V3, the day-
night positive differences can be seen for lower 4 retrieval levels peaking at surface
retrieval level. For L2V4, however, day-night positive differences likely to provide

layer enhancements at surface and a layer above it. Thus, our analysis confirms that
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the MOPITT instrument indeed has significant sensitivity to the CO, in general,
to the boundary layer having good thermal contrast between the lower atmosphere
and underlying surface. Finally, it is worth noting that we have tested our L2V4
simulations for daytime and nighttime a priori CO VMR profiles taken as a sample
profile separately, however it is reasonable to choose same and one a priori CO profile

as a sample profile for our simulations (for similar atmospheric conditions).
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4.5.3 A Case Study of Delhi
4.5.3.1 L2V3 and L2V4 Simulations

Here, similar simulation study carried out as for Bihar region. Our earlier finding fo-
cus MOPITT L2V3 simulation for this region indeed show that MOPITT has greatest
sensitivity to the lowermost layer of the troposphere. In this section, we perform com-
parison between MOPITT L2V3 and L2V4 retrieval simulation to better understand
MOPITT sensitivity to CO in the boundary layer.

MOPITT V3 and V4 Apriori CO Profiles — De\h'l May2007
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Figure 4.22: (a) MOPITT L2V3 and L2V4 retrievals a priori CO mixing ratio pro-
file(s), over Delhi region, in the month of May 2007; (b) Same as (a) except for
December 2007.
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Figure 4.22 shows MOPITT L2V3 and L2V4 retrievals a priori CO mixing ratio
profiles, over Delhi region, in the month of May and December. It can be seen that
there are significant differences between L2V3 and L2V4 a priori CO profiles at lower
4 retrieval pressure levels. The a priori CO profile in both the case has similar features
in the mid-upper troposphere. The averaged (day and night) a priori profile taken as
a sample profile for MOPITT L2V4 simulations in this region.
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Figure 4.23: (a) MOPITT L2V3 and L2V4 DOFS histogram plot, over Delhi region,
in the month of May 2007; (b) Same as (a) except for December 2007.

Figure 4.23 (a and b) shows MOPITT L2V3 and L2V4 daytime and nighttime
histogram plot for DOF'S, over Delhi region, for May and December 2007 respectively.
It is clearly evident that L2V4 DOFS are superior to L2V3 DOFS for both the
daytime and nighttime measurements as expected. It is also obvious that daytime

measurements has greatest DOFS values than the nighttime measurements in both

the L2V3 and L2V4 retrievals.
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The daytime and nighttime selected ‘typical” averaging kernels for MOPITT L2V3
and L2V4 retrievals, over Delhi region, in the month of May (top panel) and December
(bottom panel) are shown in Fig. 4.24. The nighttime MOPITT L2V3 retrievals
averaging kernels in the month of May and December have similar features except for
surface level averaging kernel. Due to the warm surface temperature during the day in
the month of May as compared to December, the MOPITT L2V3 retrieval averaging
kernels for the lower retrieval levels have peaks closer to the surface, peaking at 700
hPa retrieval pressure level. A much steeper vertical gradient in the atmospheric
temperature profile are expected during summer months which probably lead to
distinction between the lower and upper level averaging kernels. Similar features
observed in MOPITT L2V4 CO averaging kernels except that L2V4 retrieval 800
hPa averaging peaking at corresponding level. Interestingly, the clear distinction

between lower and upper level averaging kernels is clearly evident in this region.
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Figure 4.25 shows MOPITT L2V3 and L2V4 retrieved daytime and nighttime
mean CO profiles calculated for both the LDD and HDD and their resultant day-
night difference CO profiles in the month of May (top panel) and December (bottom
panel). It is obvious that retrieved day-night CO difference profiles have similar
features as incase of Bihar region showing combination of selected LDD and HDD
can be separated into two equivalent groups. For L2V3, the retrieved CO profile
for HDD has significant enhancements in the lowermost layer for night data while
very small enhancements in the lowermost layer for day data. It should be noted
that there are significant differences in the retrieved day-night difference CO profiles
for L2V3 and L2V4 retrievals. For L2V3, day(HDD)-ngt(LDD) and day(HDD)-
ngt(HDD) difference profiles have highest positive differences at surface. For 1L.2V4,
these two difference profiles indeed have highest positive differences peaking at two
retrieval levels, i.e. 800 hPa and 200 hPa. In the month of December, whereas both
the L2V3 and L2V4 difference profiles have more or less similar features showing
differences close to zero at surface and flat profile throughout the troposphere. No
significant enhancements in the middle-upper troposphere are observed.

Figure 4.26 and 4.27 shows simulation results for L2V3 and L2V4, in this region,
for May and December respectively. In general similar simulation results observed
in this region as compared to Bihar region with less significant differences in the
‘simulated’ daytime and nighttime CO profiles. The total columns for sample and

simulated profiles are shown by coloured triangles.
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Over Delhi region, a 200% enhancement in the surface level CO barely captured
in the retrieved MOPITT L2V4 profile. For L2V3, however, small enhancements can
be seen for lower 3 retrieval levels for daytime measurements (refer to Fig. 4.26(b
and a) top right corner plot). An enhancement of 200% between 775 hPa and 650
hPa which covers the 700 hPa MOPITT L2V3 retrieval pressure level show an en-
hancement at all retrieval levels with greatest effect evident in the lowest 3 retrieval
levels for both the daytime and nighttime retrieved profiles in the month of May.
However, an enhancement of 200% between 750 hPa and 650 hPa which covers the
700 hPa MOPITT L2V4 retrieval pressure level show an enhancement at lower 2
equivalent retrieval levels compared to L2V3. For nighttime measurements, L2V3
retrieval simulation indeed show enhancements for lower 3 retrieval levels whereas for
L2V4, no enhancements can be seen at lower 2 retrieval levels. This can be further
seen by looking at ‘simulated’ total column values for these profiles. The perturba-
tion in the upper troposphere produce significant enhancements in the ‘simulated’
nighttime profile at lower 3 retrieval levels for L2V3 whereas there are no significant
enhancement for L2V4 simulations in the nighttime ‘simulated” CO profile. Moreor-
less similar simulation results can be seen in the month of December (refer Fig. 4.27)

except that the enhancements are reduced significantly.
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Figure 4.28: (a) MOPITT L2V3 ‘simulated’” key day-night difference CO profiles
for HDD,eqr, over Delhi, for May 2007; (b) Same as (a) except for MOPITT L2V4.
The diamond solid and dash-dotted lines indicates day and night CO ratio (L2V3:
850hPa/350hPa and L2V4: 800hPa/400hPa) terms respectively. The ratio scale
shown as top x-axis. The red coloured line represents daygso-nightroo (for L2V3) and
daysgo-nightzg (for L2V4) CO difference profiles for HDD e,

174



Simuloted Day/Night Diff. CO profiles for Delhi (Dec2007) Simulated day/ngt Diff. CO profiles for Delhi (Dec2007)
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Figure 4.29: (a) MOPITT L2V3 ‘simulated’ key day-night difference CO profiles for
HDD,cq, over Delhi, for December 2007; (b) Same as (a) except for MOPITT L2V4.

Figure 4.28 shows MOPITT L2V3 and L2V4 ‘simulated’ day-night difference CO
profiles for HDD,qx, over Delhi, in the month of May. It is clearly seen from L2V3
simulation results that MOPITT indeed has greatest sensitivity to 700 hPa retrieval
level, demonstrating 700 hPa day-night positive CO differences weighted to lower 2
retrieval levels in this region. For L2V4, daygg-ngtrog difference profile has highest
positive differences at surface peaking at 800 hPa and weighted to lower 4 retrieval
pressure levels indeed show that MOPITT has greatest sensitivity to this level in
this region. The ratio of the CO at 800 hPa to 400 hPa (800/400) for L2V4 show
similar features as observed for Bihar region confirming that MOPITT has significant
sensitivity to lowermost layer in this region and one can able to detect CO in layers.

Figure 4.29 shows MOPITT L2V3 and L2V4 ‘simulated’ day-night difference CO
profiles for HDD,,, over Delhi, in the month of December. Similar simulation results
can be seen compared to month of May except that sensitivity significantly reduced
further in the month of December.

Figure 4.30 shows MOPITT L2V3 and L2V4 calculated total column values for
sample CO profile with 200% enhancements at each retrieval level forming 7 and
10 perturbed profiles respectively. It can be further confirmed for this result that
MOPITT has greatest sensitivity for daytime measurements at 700 hPa for L2V3
retrievals and at 800 hPa for L.2V4 retrievals in this region.
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Figure 4.30: MOPITT L2V3 and L2V4 retrieval calculated total column values for
i) a priori CO profile (cyan), ii) 7 individual sample profiles (green), iii) 7 individual
perturbed sample profile (black), and iv) 7 individual simulated day (blue) and night
(red) CO profiles, over Delhi, for May (top panel) and December (bottom panel)
2007.

4.5.3.2 TOMCAT Model CO Profile Simulation

Similar MOPITT L2V4 simulation for TOMCAT model CO profile has been per-
formed in this region as in case of Bihar region and compared with MOPITT L2V3
simulations to improve our knowledge about CO in this region. A profile over Delhi
box was selected to represent a case where our analysis suggesting the location of a
CO source region in the month of May and December. The profiles were taken on
the 5th of May 2004 and 12th of December 2004, located at 28.51°N latitude and
77.56°E longitude.
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TOMCAT Profile Delhi 2004
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Figure 4.31: Selected TOMCAT model CO profiles, over Delhi box, for May 2004
(blue) and December 2004 (red).

Figure 4.31 show selected TOMCAT model CO profiles, over Delhi region, in the
month of May and December of 2004. These CO profiles are used as a sample profile
for MOPITT L2V3 and L2V4 simulations. Note that no enhancements applied to
these profiles, in practice therefore we will have only one modeled test profile instead
of 7 test profiles as incase L.2V3 a priori CO profile simulation and 10 test profiles as
incase of L2V4 a priori CO profile simulation. The selected ‘typical’ averaging kernel

of interest was then applied to these profiles.
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Figure 4.32(a) and (c) show simulated CO profiles using MOPITT L2V3 selected
‘typical’ averaging kernel, over Delhi region, in the month of May and December
respectively. Figure 4.32(b) and (d) show simulated CO profiles using MOPITT
L2V4 selected ‘typical’ averaging kernel, over Delhi region, in the month of May
and December respectively. For L2V 3, daytime ‘simulated” CO profile has significant
enhancements at lower 3 retrieval levels in the month of May and lower 4 retreival
levels in the month of December. MOPITT L2V4 ‘simulated’ daytime CO has no

enhancements compared to nighttime ‘simulated” CO profile in the lower 3 retrieval

levels.

Simulated Day/Night Diff. CO profiles for Delhi (May2007)
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Figure 4.33: (a) MOPITT L2V3 ‘simulated’ day-night difference CO profile for
HDD,cq, over Delhi, for May 2007; (b) Same as (a) except for MOPITT L2V4.

Figure 4.33 illustrates (a) L2V3 and (b) L2V4 ‘simulated’ day-night difference CO
profiles for assumed more realistic TOMCAT model CO profile. For L2V3, the day-
night positive differences can be seen for lower 4 retrieval levels peaking at surface
retrieval level. For L2V4, however, day-night differences are negative for lower 4 re-

trieval levels, suggesting that MOPITT L2V4 likely to have less significant sensitivity
to the CO in the boundary layer.
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4.5.4 A Case Study of Mumbai
4.5.4.1 L2V3 and L2V4 Simulations

In this section, MOPITT L2V4 simulations performed over Mumbai region and com-

pared with our earlier findings of MOPITT L2V3 simulation in this region.
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Figure 4.34: (a) MOPITT L2V3 and L2V4 retrievals a priori CO mixing ratio pro-
file(s), over Mumbai region, in the month of May 2007; (b) Same as (a) except for
December 2007.
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Figure 4.34 shows MOPITT L2V3 and L2V4 retrievals a priori CO mixing ratio
profiles, over Mumbai region, in the month of May and December. A very different
features in MOPITT L2V4 a priori CO can be seen. In the month of May, the
MOPITT L2V3 and L2V4 a priori CO profiles are very much similar with only minor
difference in lowermost layer. There are quite large differences in L2V3 and L2V4 a

priori CO at lower 4 retrieval level in the month of December.
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Figure 4.35: (a) MOPITT L2V3 and L2V4 DOFS histogram plot, over Mumbai
region, in the month of May 2007; (b) Same as (a) except for December 2007.

Figure 4.35 (a, b) shows MOPITT L2V3 and L2V4 daytime and nighttime his-
togram plot for DOFS, over Mumbai region, for May and December 2007. For Mum-
bai region, both the L2V3 and L2V4 daytime and nighttime DOFS has two distinct
distributions except for nighttime L2V3 retrieved DOF'S values. It is clearly evident
that L2V4 DOFS are superior to L2V3 DOFS for both the daytime and nighttime

measurements.
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Figure 4.36 shows daytime and nighttime MOPITT L2V3 and L2V4 CO retrievals
selected ‘typical’ averaging kernels, over Mumbai region, for May (top panel) and
December (bottom panel). It can be seen that MOPITT L2V 3 retrieval CO averaging
kernels for LDD and HDD in the month of December are very similar, it is due to
the fact that nighttime DOFS has only one board peak for which we have selected
LDD and HDD. In fact LDD,¢qr and HDD,.,i values found to be lie closely.
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Figure 4.37 shows MOPITT L2V3 and L2V4 retrieved daytime and nighttime
mean CO profiles calculated for both the LDD and HDD and their resultant day-
night difference CO profiles in the month of May (top panel) and December (bottom
panel). The L2V3 and L2V4 retrieved mean CO profiles in this regions have similar
features as seen in earlier discussion except that in the month of May, the combination

of selected LDD and HDD can not be separated into two groups as observed earlier.
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Figure 4.38 and 4.39 shows simulation results for L2V3 and L2V4 in the month of
May and December respectively. Similar MOPITT L2V4 simulation performed in this
region as incase of Bihar region. The simulation results are shown for HDD,eqi. In
this region, comparable simulation results obtained as observed for Bihar region with
less significant differences. This is also clearly evident by looking at selected ‘typical’
MOPITT CO averaging kernels in this region which are moreorless very similar to
Bihar region. It is, in turn, confirming utility to our simulation methodology to study

CO in lowermost layer of the atmosphere.

Simulated Day/Night Diff. CO profiles for Mumbai (May2007) Simulated day/ngt Diff. CO profiles for Mumbai (May2007)
CO Ratio (unitless) CO Ratio (unitless)
0.5 [¢] 1.5 1.5 2.0 2.
T

2.0 0.0 0.5 1.0 5 3.0 3.5
T T

e e S | sy L B L L o L L B R L B e e
o (HDD‘,.ﬁ:1.7é749E— rlg( (HBD,.,_:W.JSS‘BS) "] [PIA A 4 ‘(HD‘D,...:W.so‘osﬁ - ‘ngt ‘(HDD‘,,.A.M(‘)BS)‘ 1
HgD:do sso— NGtreo Diff — 100 [=—=H :dQYaoo tooo Diff

>———=oday| CO ratig{800,/400
>-—-~ongll| CO ratig(800,/400
200% Enhancement centred qft:
: 800 hPa

700 hPa

I ——
100 |=—=

Pressure [hPa]
Pressure [hPa]

1000 1000 |-,

-50 ‘ 6 — 50 — 100 -20 0 - ‘20‘ ‘ ‘40‘ ‘ ‘SO‘ ‘ 80 100
day—ngt CO difference (ppb) day—ngt CO difference (ppb)
(a) L2V3 - May (b) L2V4 - May

Figure 4.40: (a) MOPITT L2V3 ‘simulated’ key day-night difference CO profiles for
HDD,eqk, over Mumbai, for May 2007; (b) Same as (a) except for MOPITT L2V4.
The diamond solid and dash-dotted lines indicates day and night CO ratio (L2V3:
850hPa/350hPa and L2V4: 800hPa/400hPa) terms respectively. The ratio scale
shown as top x-axis. The red coloured line represents daygso-nightroo (for L2V3) and
daysgo-nightzg (for L2V4) CO difference profiles for HDD,q.

Figure 4.40 shows MOPITT L2V3 and L.2V4 ‘simulated’ day-night difference CO
profiles for HDD,cqx, over Mumbai, in the month of May. It is clearly seen from
L2V3 simulation results that MOPITT indeed has greatest sensitivity to 700 hPa
retrieval level, demonstrating 700 hPa day-night positive CO differences weighted to
lower 2 retrieval levels in this region. Whilst, L2V4 simulation results shows that
MOPITT likely to have greatest sensitivity to 800 hPa, demonstrating dayggo-ngtroo
positive differences weighted to lower 4 retrieval levels which is equivalent lowermost
sensitivity to L2V3. Our analysis, thus, demonstrate utility to dayggg-ngtzoo for the
first time to differentiate lowermost layer of CO. Additionally, the ratio of the CO
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at 800 hPa to 400 hPa (800/400) provides more evidence to our findings and one can

use as an index for lowermost layer enhancements.

Simulated Day/Night Diff. CO profiles for Mumbai (Dec2007) Simulated day/ngt Diff. CO profiles for Mumbai (Dec2007)
CO Ratio (unitless) CO Ratio (unitless)
0.5 1.5 2.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
LA s e B S B ey R B e SN A0S N o A A S AR W A
pe———doy (HDD,..‘:W.5L994) — ngt (H}JD,.“:W.OBBBJ) B pe——=da (HDD,...:1.57590j — ngt (HDD,..=1.16868) -
100 [&=——HDD:dayase—Ngtsee Diff — 100 [=—*HlgD:dayese—Ngtse, —
>——=day CO ratio(850/350) >———=odaly| CO ratio(800,/4G0
>—==Ongt CO ratio(850/350) o ——ongf| CO ratio(800/40¢
200% Enhancement ceévter at: 200% fphancement centred gt:
> urfoce K 800 hPa

700 hPa

Pressure [hPa]
Pressure [hPa]

1000 — 1000 —
T R ST T

L L L LY L
—-50 0] 50 100 —-20 20 40 60 80 100

day—ngt CO difference (ppb) day—ngt CO difference (ppb)
(a) L2V3 - Dec (b) L2V4 - Dec

Figure 4.41: (a) MOPITT L2V3 ‘simulated’ key day-night difference CO profiles for
HDD,cqr, over Mumbai, for December 2007; (b) Same as (a) except for MOPITT
L2V4. The diamond solid and dash-dotted lines indicates day and night CO ratio
(L2V3:850hPa/350hPa and L2V4: 800hPa/400hPa) terms respectively. The ratio
scale shown as top x-axis. The red coloured line represents daygso-nightzg (for L2V3)
and dayspo-nightroo (for L2V4) CO difference profiles for HDD,,qp-

Figure 4.41 shows MOPITT L2V3 and L2V4 ‘simulated’ day-night difference CO
profiles for HDD,qr, over Mumbai, in the month of December. Similar simulation
results can be seen as in Fig. 4.40 for L2V3 and L2V4 except that the sensitiv-
ity weighted to slightly broad lowermost layer and MOPITT likely to have reduced
sensitivity during this time, possibly due to low thermal contrast conditions.

Figure 4.42 shows MOPITT L2V3 and L2V4 calculated total column values for
sample CO profile with 200% enhancements at each retrieval level forming 7 and 10
perturbed profiles respectively. In general, ‘simulated’ total column values for all
regions discussed in this chapter are comparable, thus providing confidence in the
adopted methodology to understand MOPITT sensitivity to the lowermost layer by
looking at day-night differences.
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Figure 4.42: MOPITT L2V3 and L2V4 retrieval calculated total column values for
i) a priori CO profile (cyan), ii) 7 individual sample profiles (green), iii) 7 individual
perturbed sample profile (black), and iv) 7 individual simulated day (blue) and night
(red) CO profiles, over Mumbai, for May (top panel) and December (bottom panel)
2007; Note that these are not considered as profiles. For proper understanding the

total column values plotted at corresponding perturbed retrieval level (layer) for each
CO VMR profile.

4.5.4.2 TOMCAT Model CO Profile Simulation

For this region, MOPITT L2V4 simulations performed for chosen TOMCAT CO
profile for L2V3 simulation. A profile over Mumbai box represent a case where our
analysis suggesting the location of elevated CO source region in the month of May
and December. The profiles were taken on the 3rd of May 2004 and 22nd of December
2004, located at 18.09°N latitude and 73.93°E longitude.

Figure 4.43 show selected TOMCAT model CO profiles, over Mumbai region, in
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Figure 4.43: Selected TOMCAT model CO profiles, over Mumbai box, for May 2004
(blue) and December 2004 (red).

the month of May and December of 2004. These CO profiles are used as a sample
profile for MOPITT L2V3 and L2V4 simulations. Note that no enhancements applied
to these profiles, in practice therefore we will have only one modeled test profile
instead of 7 test profiles as incase L2V3 a priori CO profile simulation and 10 test
profiles as incase of L2V4 a priori CO profile simulation. The selected ‘typical’

averaging kernel of interest was then applied to these profiles.
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Figure 4.44(a) and (c) show simulated CO profiles using MOPITT L2V3 selected
‘typical” averaging kernel, over Mumbai region, in the month of May and December
respectively. Figure 4.44(b) and (d) show simulated CO profiles using MOPITT
L2V4 selected ‘typical’ averaging kernel, over Mumbai region, in the month of May
and December respectively. For L2V3, daytime ‘simulated” CO profile has greatest
enhancements at lower 3 retrieval pressure levels where L2V4 ‘simulated’ daytime
CO has significant enhancements for lower 3 retrieval levels except at surface level.
A very similar enhancements for L2V3 and L2V4 can be seen, showing less significant

enhancements for ‘simulated’ nighttime CO profiles.

Simulated Day/Night Diff. CO profiles for Mumbai (May2007)
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Figure 4.45: (a) MOPITT L2V3 ‘simulated’ day-night difference CO profile for
HDD,eqr, over Mumbai, for May 2007; (b) Same as (a) except for MOPITT L2V4.

Figure 4.45 illustrates (a) L2V3 and (b) L2V4 ‘simulated’ day-night difference CO
profiles for chosen TOMCAT model CO profile. For L2V3, the day-night positive
differences can be seen for lower 4 retrieval levels peaking at surface retrieval level.
For L2V4, however, day-night positive differences can be seen for lower 5 retrieval
levels, peaking at 800 hPa. Our analysis, thus, confirms that MOPITT L2V3 and
L2V4 has significant differences in sensitivity to CO in the troposphere for similar
surface and atmospheric properties.

L2V4 simulation studies have shown that daygso-ngtroo difference is clearly supe-

rior, for Indian subcontinent region, to 700 hPa day-night difference and (800/400)
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CO ratio in demonstrating lowermost layer enhancements. While our L2V3 simula-
tion shows 700 hPa day-night difference is useful to understand MOPITT sensitivity
to CO in the boundary layer. As pointed out earlier, MOPITT L2V4 retrievals benefit
from significant advances in radiative transfer modeling, state vector representation,
and a priori statistics as compared to L2V3 retrievals. The significant differences can
be clearly evident from our simulation studies show varying sensitivity for MOPITT
to CO in the boundary layer for persistent surface and atmospheric conditions. In
the next section we, therefore, look at spatial structure of L2V3 700 hPa day-night
and L2V4 daygso-ngtzoo CO distribution.

It is now possible to apply our knowledge and test simulation methodology for
other key regions of the world which are likely to have different atmospheric and
surface properties such as Mexico City and Johannesburg. The former case study
region is surrounded by mountains and likely to have greatest DOFS compared to
Indian subcontinent region. The later case study region falls in southern latitudes
and likely to have significantly less DOFS values compared to Indian subcontinent
and Mexico city region. The simulations results for these key regions are presented

in the Appendix-I (refer Fig. 7.10 onwards)

4.6 Spatial Distribution of CO

It is shown in this section that the MOPITT retrievals day-night CO differences at
700 hPa retrieval level do indeed capture widespread surface source information on
CO. Note that we present this analysis for Indian subcontinent. Figure 4.46 top
panel shows L2V3 day, night, and day-night distribution of MOPITT CO mixing
ratios at 700 hPa in the month of May and the bottom panel show L2V4 day and
night 800 hPa and dayggy-ngtzoo differences CO mixing ratios in the month of May.
From our simulations studies, it appears that MOPITT L2V3 has greatest sensitivity
to CO in the boundary layer at 700 hPa whereas for L2V4 the greatest sensitivity
likely to be at 800 hPa. It can also further confirmed by looking at 700 hPa day-night
differences and dayggp)-ngtroo differences for L2V3 and L2V4 retrievals respectively.
The localised enhancements can be easily seen in both the cases and are matching

very well, showing high positive day-night differences.
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Figure 4.48 shows correlation between the daytime and nighttime MOPITT L2V3
retrievals together with day-night differences in CO mixing ratios and correspond-
ing correlation results for L2V4 retrievals. These results indeed present evidence
that MOPITT retrievals have utility to day-night difference analysis in this region,

providing useful information on surface emissions of CO.
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Figure 4.48: Correlation results, over India, in the month of May 2007.

For Indian subcontinent, our simulation studies for L2V3 and L2V4 retrievals thus
confirms the localised enhancements over the extremes of the IG basin, west coast
and southern tip of India. Our simulation methodology works well in this region and
could possible be extended to other regions of world. This analysis indeed confirms
that MOPITT L2V3 retrievals show greatest sensitivity to 700 hPa while MOPITT
L2V4 retrievals show greatest sensitivity to 800 hPa retrieval level. This, in turn,
support that MOPITT instrument indeed has significant sensitivity to CO in the

troposphere.
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4.7 Summary of Chapter 4

In this chapter, we have presented two-fold evidence that MOPITT retrievals indeed
have sensitivity to the boundary layer CO which mostly depends upon the thermal
contrast conditions and boundary layer height. The MOPITT L2V3 and L2V4 re-
trievals show that it is possible to use day-night differences in retrieved CO data
to detect lowermost and high altitude enhancements which indeed helpful to study
transport of CO to long distances from source regions. The results also indicate that
in order to determine the vertical structure of CO using MOPITT profile data, a se-
lection methodology for ‘typical’” averaging kernel is required. The method developed
in this thesis for MOPITT L2V3 and L2V4 retrievals is thought to be reasonable and
appropriate for this kind of analysis. Moreover, the simulation tests for more realistic
TOMCAT model CO profile further enhance our knowledge about CO and build-up
confidence in this methodology.

Similar to L2V3 retrievals, the L2V4 retrievals averaging kernels also vary con-
siderably, particularly from day to night and from land to water surfaces. However,
the L2V4 retrieval averaging kernels likely to provide 2 pieces of profile shape in-
formation for the retrieved CO profile, averaging kernel peaking at 800 hPa, 500
hPa and 300 hPa retrieval level. The L2V4 retrievals also show greater sensitivity to
lower atmosphere in daytime that of nighttime observations as expected, with greater
DOFS in daytime. The L2V4 DOF'S are always superior to L2V3 DOFS. We also find
that daytime and nighttime DOFS exhibits a bi-modal DOF'S for all selected Indian
regions similar to L2V3 retrievals. In this case, we demonstrate that dayggo-ngtzoo
differences gives a closer differentiation of lowermost CO, showing greatest sensitiv-
ity to 800 hpa retrieval level for the daytime measurements having large planetary
boundary layer height. For Indian subcontinent, our analysis confirms the elevated
lower layer CO concentrations over extremes of the Indo-Gangetic basin (i.e. Bihar),
Delhi, west coast (i.e. Mumbai) and southern tip of India (i.e. Coimbatore) in the
month of May and December owing to variability of the sensitivity in these regions.
We also tend to find the MOPITT L2V4 a priori has significant influence of profile
shape information for the retrieved CO profile. Though, it need further analysis to

correctly asses a priori influence on L2V4 retrievals.
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Chapter 5

Signatures of CO from Megacities

5.1 Introduction

Urban air pollution in a megacity (metropolitan area with a total population in ex-
cess of 10 million inhabitants) is a major environmental problem in the world [Fuchs
et al., 1994] with consequences of air quality, climate change, and human health [Mage
et al., 1996; Molina and Molina, 2004; Butler et al., 2008]. In these urban areas, air
quality is becoming a major concern, and an important area of research has emerged
during the last decades in order to quantify the emission sources of pollutants, to
model the chemical and physical transformation that leads to the production of sec-
ondary pollutants, and to study the transport pathways for the dispersal of pollution
[Clerbaux et al., 2008]. Anthropogenic emissions in developing countries are larger
than those in developed countries today and will continue to increase in the future
[Akimoto, 2003]. For example, recent tropospheric satellite observations have demon-
strated that NOx emissions in China have accelerated strongly since 2000 [Irie et al.,
2005; Richter et al., 2005]. It should be noted that city-specific, specialised regional
and global emission inventories have been developed and can be used to estimate CO
(and other trace and greenhouse gaseous) emissions on city-scale. However, the study
by Butler et al. [2008] reveal that despite the fact that the many common sources
of data between the emissions inventories, and the similarities in their construction
methodologies, there are significant differences between the emissions for individual
megacities, even when the total global or regional emissions are very similar. Based

on expert knowledge [Olivier and Berdowski, 2001], global emissions from fossil fuel
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combustion have an uncertainty of about 50%, from biofuel combustion about 100%,
from industrial processes about 50-100%, and from waste handling about 100%.

Because CO sources are highly variable in space and time and good measurements
of their spatial pattern and time evolution are required especially for air pollution
monitoring and forecasting applications in highly populated areas but also for regional
and global chemistry. It is worth noting again that MOPITT satellite sensor offers
CO measurements over extended periods of time (nearly a decade). Hence it does
indeed allow the good characterisation of the impact of intense local (or urban)
pollution sources on continental and global scale air quality then this would be a
major step forward, for example Clerbaux et al. [2008] exploited MOPITT surface
CO daytime data, by averaging them over long time periods ( 7 years), to trace CO
pollution arising from the large cities and urban areas. Their findings reveal that
there were strong enhancements, most likely associated with cities, where the most
favourable situations appear e.g. i) places surrounded by mountains such as Milan,
Jakarta, Teheran and Mexico City, where the CO pollution is trapped and the source
is isolated to some extent from the surroundings, and ii) locations where high thermal
contrast conditions are found, such as Tokyo, Moscow, San Diego, San Francisco and
Johannesburg. However, their findings did not prove that all large urban centres or
megacities could be identified and they still required 7 years of data to detect plumes
from selected cities. Their analysis suggests that only particular urban centre could
be identified through the averaging of 7 years of data.

The work presented in chapter 3 and 4 has outlined methodologies which demon-
strate that there is real sensitivity to lowermost atmosphere CO where day-night
retrieval differences are positive. One could exploit day-night differences and day-
time CO as a guide to investigate possibility of using MOPITT observations to detect
CO enhancements over large urban centres or megacities, by averaging data over a
year time. Furthermore the results of chapters 3 and 4 have suggested that surface
level CO retrievals are not optimal for detection of lowermost atmosphere features.
Hence the analyses developed in this thesis could be a step forward in our ability
to observe CO emissions at key locations across the globe and offers utility to the

information available in current satellite sensors.
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5.2 Methodology

A variety of effects besides instrument noise influence individual MOPITT retrieved
CO profiles. Some of these effects are well understood and some are not. For MO-
PITT retrievals based on upwelling thermal infrared radiation, the weighting func-
tions typically yield poor sensitivity near the surface (except in regions of strong
thermal contrast and large planetary boundary layer height). Because of the poten-
tial variability of MOPITT CO data quality, it is crucial to use available information
content thresholds to focus on particular subsets of the data with the highest lower
atmosphere sensitivity.

In L2V3 data, two aspects of the present a priori CO mixing ratio are utilised;
the variable percent a priori CO mixing ratio give the fraction of information in
each retrieval that came from the a priori. First, those profiles having percent a
priori CO mixing ratio less than 50% in the retrievals at corresponding retrieval
pressure level are considered to ensure that the results are minimally influenced by
the assumed a priori profile. Secondly, in L2V3, the other available diagnostic to
filter data is DOF'S, it quantifies information content; larger values of DOFS indicate
smaller weighting of a priori profile information. Our analysis clearly indicate that
DOFS are linearly correlated with percent a priori CO mixing ratio retrieved at 350
hPa. A strong correlation between these two suggests one can use percent a priori
CO mixing ratio instead of DOFS which has to be calculated for individual profile
in L2V3 and it is time consuming process. We therefore make a percent a priori CO
mixing ratio threshold value by available DOFS limit values (by looking at available
DOFS histogram) to ensure that the data with highest DOFS are employed. (refer
to Table 5.1).

Whilst, in L2V4 retrievals percent a priori CO mixing ratio diagnostic has not been
included but retrieval averaging kernels and DOFS diagnostics are provided in the
L2V4 product. As stated earlier, DOFS is derived from the averaging kernel matrix,
which is the optimal estimation retrieval algorithm, depends on the weighting function
matrix. Radiative transfer modelling shows that the magnitude of the MOPITT
weighting function varies significantly as the CO concentration changes. Thus, the
DOFS diagnostic is not independent of the CO profile and must be treated while
selecting retrieved profile data. Based on our DOFS histogram analysis for L2V4
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Table 5.1: L2V3 and L2V4 DOFS limit and equivalent L2V3 percent a priori CO
mixing ratio for selected regions.

Region Month | DOFS limit | Equivalent Percent a priori
L2V3 (L2V4) CO mixing ratio (%)
Bihar May 1.51 (1.61 31
Dec 1.31 (1.06 38
Chuquicamata | May 1.56 (1.06 37
Dec 1.31 (1.31 27
Coimbatore May 1.56 (1.56 28
Dec 1.36 (1.41 31
Delhi May 1.46 (1.56 31
Dec 1.31 (1.26 25
Mexico May 1.36 (1.51 35
Dec 1.31 (1.31 28
Mumbai May 1.61 (1.66 30
Dec 1.41 (1.46 20
Moscow May 1.41 (1.36 35
Dec 0.85 (0.86 31
New York May 1.26 (1.41 38
Dec 1.06 (1.16 36
Global May 1.51 (1.56 30
Dec 1.36 (1.25 35

retrievals, we define appropriate DOFS limiting value to select particular subset of
the retrieved CO data. For this analysis, these strict threshold values are applied to
MOPITT L2V3 and L2V4 retrieved data to exclude particular subsets of the data
and the results are presented and discussed in the following sections. For L2V3,
percent a priori CO mixing ratio threshold value taken as 32%. For L2V4, the DOFS
threshold value taken as 1.35. Note that these threshold value only applied to daytime
measurements for which one can except greater sensitivity to the lowest layer of the
atmosphere.

The methodology then for the results of section 5.2 is to use only data which pass
the percent a priori (L2V3) or DOFS (L2V4) to compute the day-night differences for
both the L2V3 and L2V4. A city is identified only if a spatially isolated signal specific

to the target is observable in both data sets. Examinations of the day data set alone
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and of SCTAMACHY NO, is used to give additional support to the conclusions. The
analysis is applied to one year of CO data i.e. 2007.

5.3 Global Distribution of CO

High levels of CO pollution are found in both hemispheres, essentially above urban
areas due to industry, motor vehicle traffic and domestic heating, and over areas
where biomass fires occur, either natural, related to agriculture, or deforestation.
Elevated amount can also be found long distances from the CO source regions, as
the atmospheric lifetime of CO is long enough (from a few weeks to several months)

that long-range transport can occur.
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Figure 5.1 compares the global SCTAMACHY NO, column distribution to (i)
MOPITT L2V3 daytime 700 hPa and 700 hpa day-night difference CO mixing ra-
tios; (ii) MOPITT L2V4 daytime 800 hPa and daysgp-ngtroo difference CO mixing
ratios, for the year 2007. The SCIAMACHY data is averaged over 0.25°x0.25° grid
and MOPITT data is averaged over 0.5°x0.5° grid. Strong gradients can be seen in
both the NO, and CO distributions. In particular, there are several areas of localised
enhancements in the CO, which are also seen in the corresponding NO,, distribution.
Note that there are some differences in detail between the NO, and CO distributions,
over central-south africa, along the south eastern coast and over north eastern coast.
A direct one-to-one correlation between NO, and CO may not always be expected
because of differences in the sources and their lifetimes [Buchwitz et al., 2007]. Inter-
estingly, a good correlation, especially for IG basin and China, is observed between
the L2V3 700 hPa day-night difference CO (or L2V4 dayggo-ngtzoo) and NO, con-
centrations, with the highest positive day-night CO differences observed where the
higher NO,, levels occurs. This supports the idea that day-night differences can be
used to sketch possible CO enhancements in the lowermost layer of the atmosphere.
In the next section, we present two-fold comparison between SCIAMACHY NO,
and MOPITT CO for selected most interesting cities, some of them are reported by
Clerbaux et al. [2008] and some are not.

Figure 5.2 shows the correlation between MOPITT L2V3 and L2V4 retrieved CO
data. From Fig. 5.2(c), it is clearly evident that both the L2V3 and L2V4 day-night
CO differences are strongly correlated, suggesting utility of day-night difference to
understand CO enhancements in the lowermost layer of atmosphere. Similarly for

total column, one can see considerable utility to day-night total columns.
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5.4 CO from Urban Centres

5.4.1 A City-Specific Analysis

In this section, the possibility of using satellite-derived observations to monitor city-
specific pollution sources is investigated with respect to some particularly interesting
outcomes of the analysis. Figure 5.3 and 5.4 compares SCIAMACHY NO, total
column, L2V3 daytime 700 hPa CO, L2V3 700 hPa day-night CO differences, L2V4
daytime 800 hPa CO, and L2V4 dayggg-ngt7oo CO differences, over key regions such as
Houston (Fig. 5.3(a-e)), Miami(Fig. 5.3(f-j)), Cairo(Fig. 5.3(k-0)), and Birmingham
and Wales (Fig. 5.4(a-e)).

In Fig. 5.3(a-e), the enhancements of CO can clearly detected over Houston,
either above the city, or in general vicinity, enhancements in NO, are observed over
this region supporting this analysis. The greatest enhancements in day-night CO
difference can be seen in vicinity of Houston region, confirming presence of elevated
CO in the lowermost layer of the atmosphere. Additionally, 5.5(a-c) indeed show a
very good correlation between L2V3 and L2V4 calculated day-night differences and
the individual with NO, total column, further indicating that day-night difference
is a good identification of individual plumes from large urban centres or megacities.
Note again that a direct one-to-one correlation between CO and NO, may not always
be expected because of differences in the sources and their lifetimes. For Houston,
some indication is observed in the day signals, but the effect is not as evident in the

day-night data.
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Figure 5.3(f-j) compares SCITAMACHY NO, with MOPITT L2V3 and L2V4 re-
trieved CO data over Florida region, identifying Tampa area and Miami. The en-
hancements of CO and NO, can be seen over the Tampa region and less clearly for
Miami CO. Similar extended enhancements can be seen in day-night differences, in
the general vicinity of city area. The Miami identification is much more convincing
in day-night difference. This is more similar to Houston region and more convincing
of the use of day-night difference to identify individual CO plumes from large urban
centres or megacities. It should be noted that neither of these two surrounded by
mountains where pollution is trapped and can thus can be detected using MOPITT
observations as suggested by Clerbaux et al. [2008]. Hence the methodologies applied
in this thesis seem effective to indicate specific sensitivity to lowermost atmosphere.
Moreover, Fig. 5.5(d-f) show a very good correlation between L2V3 and L2V4 day-
night differences with NO, total column, suggesting a really good identification of
enhanced CO in the lowermost layer of the atmosphere.

Figure 5.3(k-0) as well shows similar comparisons over Cairo region identifying
Alexandria and Cairo. A strong elevated NO, plume can be observed over Cairo. The
enhancements of CO in the vicinity of Cairo, southward plume, can be seen clearly
in the daytime and day-night differences map for both the L2V3 and L2V4. Interest-
ingly, isolated plume of enhanced positive day-night differences can be identified over
Alexandria in both the L2V3 and L2V4, which is less significant in the daytime data
alone. Moreover, Fig. 5.5(g) also show a very good correlation between L2V3 and
L2V4 day-night differences, confirming presence of elevated CO concentration in the
lowermost layer of the atmosphere over Alexandria. A correlation between day-night
differences and NO, is not promising in this region, possibly either due to differences
in sources or their lifetimes.

Figure 5.4(a-e) compares SCTAMACHY NO, total column with MOPITT L2V3
and L2V4 daytime and day-night differences CO mixing ratios over Birmingham and
Wales region. A strong wide-spread plume of NO, over Birmingham and London
clearly evident. However, individual plumes of CO can be identified from large cities
e.g. Birmingham, and poorly from others such as Cardiff, and Swansea. The day-
night differences indeed help to mark out individual CO plumes from large cities
which are densely populated and close to each other. Fig. 5.5(j) indeed show a very
good correlation between L2V3 and L2V4 day-night differences. It is worth noting
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that these key cities were not identified by Clerbaux et al. [2008] work and thus it
is more convincing to use day-night difference along with methodologies described in
chapter 3 and 4 to identify strong individual plumes from each large city across the
globe.

The results shown here indicate a good use of day-night differences for isolating
city signals over a year of data. These signals are often present but less highly in
the daytime CO and for the stronger sources, but not always are well correlated with
NO, In the next section, a global analysis has been performed for number of large

cities.

5.4.2 Global Analysis

In this section, a global survey has been done to identify pollution plumes from
large cities or megacities across the globe. Figure 5.6, 5.7, 5.8 and 5.9 compares
SCIAMACHY NO, total column and MOPITT L2V3 and L2V4 daytime and day-
night differences over few selected, most promising, large cities across the globe. In
general, the enhancements in CO and highest day-night differences, for both the
L2V3 and L2V4, can be clearly seen over city or in vicinity of city except that
amplitude of day-night differences is slightly reduced in case of L.2V4 data. Even
if the CO signature arising from cities might be amplified by the specific dynamic
and thermal conditions occurring over urban areas (heat island effect), high CO and
good thermal contrast conditions likely to facilitate to detect CO pollution from the
urban areas using the MOPITT observations, the region does not necessarily need to
be surrounded by mountains as pointed out by Clerbaux et al. [2008]. These results,
thus, support the work presented in chapter 3 and 4 which demonstrate that there is
real sensitivity to lowermost atmosphere CO where day-night differences are positive.

It is also worth noting that Clerbaux et al. [2008] did not detect notable polluted
Lagos city (Africa) by averaging daytime surface CO data over long time period due
to this region often under the outflow coming from region biomass burning activity.
However, this analysis clearly show CO enhancements over or in general vicinity
of Lagos city using yearly mean CO data. Moreover, day-night differences are also
highest and positive in this region, confirming presence of elevated CO concentrations

in the lowermost layer of the atmosphere (refer to Fig. 5.7(1-0)).

213



(rqdd)
e

P 00 =3bu—fop yaz]

BN ToOROnNDT -

SIZRRANNRI s e

(b) L2V3 CO (¢) L2V3 CO diff (d) L2v4 CO (e) L2V4 CO diff

(a) SCIA NO,

(nadd) p 00 ®abu—"4op vAz1

(. worsenoziow 01} uwnjog N
GinoERoFrott ot on N onNg
SHNETEEIERYEESSERR0EE

el el el o o ol ol od o el o il

214

(g) L2V3 CO (h) L2V3 CO diff (i) L2v4 CO (j) L2V4 CO diff

(f) SCIA NO,

(#qdd) yy1p 00 =4Bu—fop $71

mTongnoO o mann
BeTmmaa T S ne o

o
[

TRDNTRONONE ARG
IREYEBENERREREE
100 05 1 6 6 1 < < 15 el 50

(1) L2V3 CO (m) L2V3 CO diff (n) L2V4 CO (0) L2V4 CO diff

(k) SCIA NO,

, MOPITT L2V3 700 hPa day-night difference

, and MOPITT L2V4 dayggo-ngtroo difference CO m

108

t

ixing ra

SCIAMACHY NO,, MOPITT L2V3 daytime 700 hPa CO m

Figure 5.6
CO m

ixing

108

t

ixing ra

800 hPa CO m
ties. Delhi(top row), Norilsk(middle row), Tokyo(bottom row).

1ime

, MOPITT L2V4 dayti

t10s

ixing ra

ing ci

ratios, over strik



(nadd) p 00 ®bu—"4op vAzT

(e) L2V4 CO diff

(d) L2V4 CO

(rdd) 10 09 =4bu-hop gaz1

w00 o=
oo | 1T

nto
[N

(¢) L2V3 CO diff

(r0de) €0 edunos
mocoanoenn

o
1090

(b) L2V3 CO

L S UL ~ R .
N ;. worsenoziow 01} uwniog N

Fooonwnooruansuoernoos tocamYovn et oanYoonmto
CERERERBS5UE2598252898 dRRERIEOREISRUEIRRREIE
Zoom D e R NP = @ o e L R SRy R = pee)

(a) SCIA NO,

215

(g) L2V3 CO (h) L2V3 CO diff (i) L2v4 CO (j) L2V4 CO diff

(f) SCIA NO,

(rdd) 10 00 =4bu—"40p yaz1
o

T

(,_worsapnasiow 01} uunog ‘N
9-5to pto0b00N 000N D0
T3ERLRI35R 55855508

Do o
TEBEEE
[

o
BeE

(1) L2V3 CO (m) L2V3 CO diff (n) L2V4 CO (0) L2V4 CO diff

(k) SCIA NO,

, MOPITT L2V3 700 hPa day-night difference

, and MOPITT L2V4 dayggo-ngtroo difference CO m

ios
ties. Johannesburgh(top row), Teheran(middle row), Lagos(bottom row).

t

ixing ra

SCIAMACHY NO,, MOPITT L2V3 daytime 700 hPa CO m

Figure 5.7
CO m

ixing

108

t

ixing ra

, MOPITT L2V4 daytime 800 hPa CO mi

108

t

ixing ra

ing ci

ratios, over strik



“(M0I w0930q )eTRMOIRNY) ‘(MOI A[PPIM)soEFUY SO (Mol d0j)0juoIo], "So1Id SUIYLI)S IOAO ‘SOTIRI

surxtar ) SOUSISPIP 00493u-0084ep FAZT LLIJOIN Pue ‘sonet Suxiu O ©Jq 008 sWh4ep FAZT LLIJON ‘sores Surxma O
OOUDIOYTP STu-Aep e q 1 00L EATT LLIdOIN ‘sorer Surxtur O et (0L owiiep ¢AZT LLIJON ““ON AHOVINVIOS :8'G 9msI]

0P pAZ1

) e 09 =bu—

(radd

3 *qbu—iop $A77

)

(+9dd) yp 0

B 0D 7AZT (0)

2
a
8

"
a

(radd) 00 Deucos vAZY

00D 7AZT (w) P 0D €ATT (W) 00 ¢AZT (1) ¢ON VIDS (1)

—SE50a505

SieUisonS

L

(,_worsanasiow 01) wunog ‘N
CUESOBR-RhMTID-RNONO00ND+D
SHBRILCLBBARTRNTEBREYETE

ni el e

©nota+o 400
FR2REARIAREE

dd) 1p 03 "ibu—

(s
Lot SIS (1) S U

“qbu—eiop £az1

3
5

o
5

(sqdd)
[ v—

L [ s

216



“(mo1 m0330q ) MmoosoJN ‘(mox doj)eudojog ‘S9IIID SUMLI)S I0AO ‘SOIJeRI
surxtar ) 9OUSIPIP 00493u-0084ep FAZT LLIJOIN Pue ‘soler Suxtu O ey 008 SWniep FAZT LLIJOIN ‘soryer Surxiu O
OUDISPIP YSTU-Aep ed1 00L EATT LLIJOIN ‘soter Suxtur O)) ed1 (0L owmsep ¢AZT LLIAON ‘*ON AHOVINVIDS :6°G 9m3L]

BP 0D 7ATT (D) 00 ¥AZT (1) BP 0D €ATT (W) 0D €AZT (8) SON VIOS (3)

9 090
v 250
4 ca't
v £ sSL
[ 5 loe
L — 5 657
P 5 2 o
%E = 3 coe
L @ Soale
Lo 8 2 vaw
Pl 3 Los
[ 8 69°G
[ 2 iz
a6l = Tocso
B 3 B
-2z Zor s 0ss
X 3 eTe
2oz 3, 0w
5z e
E ces
6z sent
i Zgol
-
¥ %6
e so'l
- - ool
Bl o > ez
£ v b 5oLz
P o = oze
8 o) g 3 o6l
LI b Iy
(A i > e
2 B
F ooz =4 % LhS
i g y 56
o 5g o S Ebe
c Lz S ¥ coz
o 0% o s oss2
= mm = Eozie
= = 3 oo
3 ec 2 3 oz
e Z BRI
ot szl
33 Bl

217



Figure 5.10: Map showing large cities found in this analysis.

Specifically, this analysis was tested for 100+ large cities across the globe and
it is found about 87 large cities or megacities, this includes all the cities identified
by Clerbaux et al. [2008], can be detected using MOPITT observations to monitor

pollution sources.

5.5 Summary of Chapter 5

In this chapter, the possibility of using IR instrument (e.g. MOPITT) to detect the
CO signature of megacities or urban centres has been investigated. Satellites could
complement the in-situ ground stations network for air pollution monitoring and air
quality forecasts. This could be a step forward in our ability to observe CO emissions
at key (at most) locations across the globe and also demonstrates the information
available in current satellite sensors.

A comparison between SCIAMACHY NO, total column and L2V3 and L2V4
CO data has been presented. The elevated levels of CO over many urban areas or
megacities can be detected when averaging one year of satellite data compared to
recent studies which shows that elevated CO for some of the cities can be detected
using 3 years of SCTAMACHY NIR nadir observations [Buchwitz et al., 2007] and
7 years of MOPITT IR nadir observations [Clerbaux et al., 2008]. It is also shown
that day-night CO difference indeed offers very useful information on CO from the

lowermost layer of the atmosphere which is unlikely to be obtained using daytime data
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alone (e.g. Houston, Cairo, Florida, Birmingham and Wales). This analysis clearly
shows a strong improvement to information on CO in the lowermost atmosphere.
The major steps forward seen to be the use of day-night differences for two different
analyses L2V3 and L2V4, the use of thresholds for higher DOF'S retrievals, and the

use of non-surface retrieval levels with less tie to a priori (L2V3).
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Chapter 6
Conclusions and Future Scope

Atmospheric CO is one of the most abundant and widely distributed air pollutant and
is a very important atmospheric gas via its reaction with OH radical which in turn
controls the oxidising capacity of the troposphere. Our present understanding of the
global CO distribution is mainly a result of the increasing availability of CO observa-
tions from local to global scale. A number of different techniques exist to measure CO
in the troposphere. The early studies of CO were driven by an interest to better un-
derstand the underlying mechanisms of the variability in CO concentrations that has
been observed in multiple scales and dimensions (i.e. local to global, ground-based
network, airborne and space-based, short to long term atmospheric observations as
well as laboratory and field flux measurements). Satellites measurements provide the
opportunity to achieve global distribution of CO on a daily basis over long periods of
time and possibly give a complete picture of CO in the atmosphere. Specifically, the
MOPITT instrument CO data have offered the first opportunity to study horizontal
and vertical distribution of CO in the troposphere. However, satellite data are still
uncertain for several reasons (e.g. vertical sensitivity, insufficient signal due to reflec-
tion from the ocean, etc.). It is therefore of crucial importance to understand how
satellite data can be interpreted correctly to identify and determine various natural
and anthropogenic sources contributing to the tropospheric CO distribution. It has
been shown in this thesis that MOPITT can, possibly, differentiate CO into layers
and it indeed likely to have greatest sensitivity to the CO in the lowermost atmo-
sphere and most likely the planetary boundary layer, certainly when there is good

thermal contrast, elevated CO, and probably high boundary layer height.
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6.1 Conclusions

6.1.1 Chapter 3: Sensitivity of MOPITT Observations of
Tropospheric CO

In chapter 3, it is shown that MOPITT retrievals have significant sensitivity to CO
in the lowermost layer of the atmosphere. MOPITT retrieved averaging kernels have
large variability, particularly in the upper troposphere over a given region which has
fairly uniform underlying surface properties (land vs ocean, surface temperature) and
atmospheric properties (CO, temperature profile). Over land, daytime thermal con-
trast conditions appear to often produce significant sensitivity to lower tropospheric
CO. Simulations have been conducted using selected ’typical’ MOPITT averaging
kernels to investigate the ability of the instrument to detect plumes of enhanced
CO for different surface and atmospheric properties. In particular over the Indian
subcontinent, the ‘simulated’ day-night CO differences can effectively delineate the

strong surface source regions in summer as well as in winter.

The main conclusions of this study of the Indian subcontinent in 2007 are:

1. MOPITT L2V3 retrieval averaging kernels vary considerably, particularly from
day to night and over land.

2. DOFS analysis shows greater sensitivity to lower atmosphere in daytime that

of nighttime observations as expected, with greater DOF'S in daytime.

3. For the selected Indian regions, the DOFS is well correlated to upper-troposphere

(i.e. 350 hPa) percent a priori CO mixing ratios as expected.

4. The percent a priori CO mixing ratio is a useful parameter to understand
uncertainty of the retrieved CO (at each retrieval level) as a percentage of a
priori variability. The strong correlation between DOFS and percent a priori
CO mixing ratio suggests one can use percent a priori instead DOFS which has
to be calculated for each retrieved profile in L2V3 and it is time consuming

process.
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10.

The daytime and nighttime DOFS exhibits a bi-modal DOFS for all selected

Indian regions. A similar distribution can be seen in thermal contrast.

It is also shown that day-night could give a more sensitive indicator to the
monthly averaged component of lower atmosphere enhancements, at the price
of a loss of data and assumptions on variations of CO on monthly timescales.

This finding is consistent with [Richards, N. A. D., 2004] thesis.

An analysis demonstrate for the first time that 700 hPa day-night differences
gives a closer differentiation of lowermost CO than other measures for MOPITT

data.

It can further shown that 700 hPa day-night difference is clearly superior to

(850/350) CO ratio in demonstrating lowermost atmosphere enhancement.

Similarly for columns, a considerable utility to day-night columns difference

which further provide confidence in adopted robust methodology.

For Indian subcontinent, this analysis confirms the pollution pools at the ex-
tremes of the Indo-Gangetic basin (”Bihar Pollution Pool” reported by [Kar
et al., 2008]). A more extensive CO pollution loading in the west coast and
southern tip of India are also observed. Small enhancements in NO, are also

observed in these regions supporting this analysis.
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6.1.2 Chapter 4: MOPITT L2V3 and L2V4 Simulation Com-
parison Study

In this chapter, two-fold evidence that MOPITT retrievals indeed have sensitivity to
the boundary layer CO is presented which mostly depends upon the thermal contrast
conditions, boundary layer height and elevated CO. The MOPITT L2V3 and L2V4
retrievals show that it is possible to use day-night differences in retrieved CO data to
detect lowermost and high altitude enhancements which indeed help to localised CO
pollution and later to study of transport to long distances from source regions. The
results also indicate that in order to determine the vertical structure of CO using
MOPITT profile data, a selection methodology for 'typical’ averaging kernel is re-
quired. The method developed in this thesis primarily for MOPITT L2V3 and later
applied to recently released (April 2009) L2V4 retrievals is thought to be reasonable
and appropriate for this kind of analysis. Moreover, the simulation tests for more
realistic TOMCAT model CO profile further enhance our knowledge about CO and
build-up confidence in this methodology.

The main conclusions of this study are -

1. Similar to L2V3 retrievals, the L.2V4 retrievals averaging kernels also vary con-
siderably, particularly from day to night and from land to water surfaces. How-
ever, the L2V4 retrieval averaging kernels likely to provide 2 pieces of profile
shape information for the retrieved CO profile, averaging kernel peaking at 800

hPa, 500 hPa and 300 hPa retrieval level.

2. The L2V4 retrievals also show greater sensitivity to lower atmosphere in day-
time that of nighttime observations as expected, with greater DOFS in daytime.

The L2V4 DOFS are always superior to L2V3 DOF'S.

3. The daytime and nighttime DOFS exhibits a bi-modal DOFS for all selected

Indian regions similar to L2V3 retrievals.

4. In this chapter, it is shown in L2V4 data that dayggo-nightrqo differences gives a
closer differentiation of lowermost CO, showing greatest sensitivity to 800 hpa
retrieval level for the daytime measurements having large planetary boundary

layer height.
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5. For Indian subcontinent, an analysis confirms the elevated lower layer CO con-
centrations over extremes of the Indo-Gangetic basin (i.e. Bihar), Delhi, west
coast (i.e. Mumbai) and southern tip of India (i.e. Coimbatroe) in the month
of May and December owing to variability of the sensitivity in these regions as

observed in chapter 3 work.

6. It is likely that the MOPITT L2V4 a priori has significant influence on profile
shape information for the retrieved CO profile. However, it need further more

rigorous analysis to fully asses a priori influence on L2V4 retrievals.

224



6.1.3 Chapter 5: Signature of CO from Megacities

Atmospheric air pollution resulting from fossil and bio fuel combustion is an impor-
tant problem, especially for countries with increasing fuel consumption such as China
and India. CO contributes significantly to air quality problem because it is toxic in
large concentrations, acts as a precursor to tropospheric ozone and via OH it largely
determines the self-cleansing efficiency of the troposphere. CO is highly variable in
space and time and accurate measurements of its spatial pattern and time evolution is
required especially for air pollution monitoring and forecasting applications in highly
populated areas. It is worth noting that MOPITT satellite sensor offers CO mea-
surements over extended periods of time (nearly a decade) and it does indeed allow
the examination of the impact of intense urban pollution sources on continental and
global scale air quality

The work presented in chapter 3 and 4 has outlined methodologies which demon-
strate that there is real sensitivity to lowermost atmosphere CO where day-night
differences are positive and one could exploit day-night differences and daytime CO
as a guide to investigate possibility of using MOPITT observations to detect CO
enhancements over large urban centres or megacities, by averaging data over a year
time.

The main conclusions of this study are -

1. From the work presented in chapter 3 and 4, it is clearly more informative to
use available information content thresholds to exclude particular subsets of the

data

2. A very good correlation between L.2V3 and L2V4 day-night differences and with
NO, total column confirms that day-night difference is a good identification of

individual plumes from large urban centres or megacities.

3. Positive day-night differences often appear over large urban centres, suggesting
elevated CO concentrations in the lowermost layer of the atmosphere. Interest-
ingly the enhancements are not clearly visible in the daytime data alone with
careful plotting and do not in themselves are not proof of lowermost atmosphere
enhancements. There is a clear utility to day-night differences to mark out CO

over or in general, in vicinity of urban centres.
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. It is worth noting that MOPITT can detect large cities which are not, in par-
ticular, surrounded by mountains where pollution is trapped and can thus can

be detected using MOPITT observations as suggested by Clerbaux et al. [2008].

. It is clear that the advanced detection presented here arises from more 3 points

from conclusions of chapter 5.

. The major steps forward seen to be the use of day-night differences for two
different analyses L.2V3 and L2V4, the use of thresholds for higher DOFS re-

trievals, and the use of non-surface retrieval levels with less tie to a priori

. This analysis could be a step forward in our ability to observe CO emissions over
urban centres or megacities across the globe and offers utility to the information

available in current satellite sensors.
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6.2 Future Scope

This thesis demonstrated, in general, a closer differentiation of lowermost CO in the
troposphere using MOPITT L2V3 and L2V4 retrieved CO profile data. The sim-
ulation results are presented for May and December months of the year 2007. It
would be useful to perform simulations for different time periods to examine seasonal
variability in the characteristics of MOPITT retrievals. The fuller understanding of
seasonal or interannual variability in the retrieved CO profile data would probably fa-
cilitate future efforts to examine long term trends in the CO data despite the fact that

a variety of effects besides instrument noise influence individual retrieved CO profiles.

The simulation study could be extended further to investigate the ability of day-night
differences to explore the altitude of CO enhancement. It would probably be helpful
to determine the source of upper tropospheric CO enhancements over a wide range

of latitudes.

The analysis demonstrate that there is real sensitivity to lowermost atmosphere CO
where day-night differences are positive, particularly over land. It is necessary to un-
derstand the significance of day-night differences over the ocean to study long-range

transport of pollution.

The work presented in chapter 5 demonstrate that MOPITT is able to detect CO
signatures from large cities or urban centres using methodologies outlines in chapters
3 and 4 by averaging data over one year. It would be further possible to investigate
the possibility of MOPITT instrument to detect CO signatures from urban centres on
monthly averaged data, at the price of a loss of data and assumptions on variations
of CO on monthly timescales.

The use of day-night differences suggest that the advantage and in parts on design of
geostationary instruments should be explored. The advantage of using geostationary
satellites is that they can view the whole earth, rather than a small subsection, and
therefore they scan the same area very frequently (typically every 30 to 60 minutes).

This makes them ideal for meteorological applications.
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Chapter 7
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Figure 7.1: (a)Histogram for daytime and nighttime DOFS, over Delhi box, for May
2007; (b) Same as (a) except for December 2007; (c) Same as (a) except for Mumbai;
(d) Same as (a) except for Mumbai and December 2007; (e) Same as (a) except for
Coimbatore; (f) Same as (a) except for Coimbatore and December 2007.
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Figure 7.2: Histogram of DOFS and thermal contrast calculated for Northern Hemi-

sphere tropical region for each month of the year 2007.
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Figure 7.3: Correlation results between MOPITT L2V3 retrieved CO data and con-
sidered diagnostics in this study in the month of May 2007.
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Figure 7.4: Correlation results between MOPITT L2V3 retrieved CO data and con-
sidered diagnostics in this study in the month of December 2007.
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Figure 7.5: Correlation between DOFS and percent a priori CO mixing ratio, over
Delhi region, in the month of May and December 2007.
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Figure 7.6: Correlation between DOFS and percent a priori CO mixing ratio, over
Mumbai region, in the month of May and December 2007.
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Figure 7.7: Correlation between DOFS and percent a priori CO mixing ratio, over
Coimbatore region, in the month of May and December 2007.
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Chapter 4

7.1 A Case Study of Mexico City

7.1.1 L2V3 and L2V4 Simulations

MOPITT V3 and V4 Apriori CO Profiles — Mexico May2007
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Figure 7.10: (a) MOPITT L2V3 and L2V4 retrievals a priori CO mixing ratio pro-
file(s), over Mexico region, in the month of May 2007; (b) Same as (a) except for

December 2007.
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DOFS Histogram for Mexico May2007 DOFS Histogram for Mexico Dec2007

300¢ L2v3 Daytime L2vs, Daytime
______ L2V4 Nighttime 100 ’------'L2V4’n‘ Nighttime

— 250" , Binsize=0.1 | —~ x Binsize=0.1
= =
= I 80¢ 1
Z 200} 2
5 S 60 I ]
© ©
g 150 g
g 100} g 407 ]
2 R
T 50} T 20 ]

0] ]

0.5 2.5 0.5 1.0 1.5 2.0 2.5

DOFS
(a) L2V3 and L2V4 DOFS - May (b) L2V3 and L2V4 DOFS - Dec

Figure 7.11: (a) MOPITT L2V3 and L.2V4 DOFS histogram plot, over Mexico region,
in the month of May 2007; (b) Same as (a) except for December 2007.
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Figure 7.16: (a) MOPITT L2V3 ‘simulated’ key day-night difference CO profiles for
HDD,cqr, over Mexico, for May 2007; (b) Same as (a) except for MOPITT L2V4.

Figure 7.17: (a) MOPITT L2V3 ‘simulated’ key day-night difference CO profiles for
HDD,cqr, over Mexico, for December 2007; (b) Same as (a) except for MOPITT

L2V4.
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Figure 7.18: MOPITT L2V3 and L2V4 retrieval calculated total column values for
i) a priori CO profile (cyan), ii) 7 individual sample profiles (green), iii) 7 individual
perturbed sample profile (black), and iv) 7 individual simulated day (blue) and night
(red) CO profiles, over Mexico, for May (top panel) and December (bottom panel)
2007; Note that these are not considered as profiles. For proper understanding the
total column values plotted at corresponding perturbed retrieval level (layer) for each

CO VMR profile.
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7.1.2 TOMCAT Model CO Profile Simulation

TOMCAT Profile Mexico 2004

100

Pressure (hPa)

1000

50 100 150 200 250
CO (ppbv)

Figure 7.19: Selected TOMCAT model CO profiles, over Mexico box, for May 2004
(blue) and December 2004 (red).
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Simulated Day/Night Diff. CO profiles for Mexico (May2007)
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Figure 7.21: (a) MOPITT L2V3 ‘simulated’ day-night difference CO profile for
HDD,cqr, over Mexico, for May 2007; (b) Same as (a) except for MOPITT L2V4.
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7.2 A Case Study of Johannesburg

7.2.1 L2V3 and L2V4 Simulations

MOPITT V3 and V4 Apriori CO Profiles — Johannesburg May2007
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MOPITT V3 and V4 Apriori CO Profiles — Johannesburg Dec2007
Dayti Nightti
100 g 22Ve"VMean apriori c5 100 292 Vean apriori col
| —---V3 Apriori CO —-=V3 Apriori CO
| 1.80
1.67
1.53 »
1.40 S|
E 1.27©
13
= 1:43
o L
>
12}
%2}
8 L
a
1000 - \ 1000 \ B
T T T T T T
100 200 = 300 400
Apriori CO mixing rotio“so%)ppb%go 300 400

(b) L2V3 and L2V4 a priori CO - Dec

Figure 7.22: (a) MOPITT L2V3 and L2V4 retrievals a priori CO mixing ratio pro-
file(s), over Johannesburg region, in the month of May 2007; (b) Same as (a) except
for December 2007.
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DOFS Histogram for Johannesburg May2007 DOFS Histogram for Johannesburg Dec2007
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Figure 7.23: (a) MOPITT L2V3 and 1.2V4 DOFS histogram plot, over Johannesburg
region, in the month of May 2007; (b) Same as (a) except for December 2007.
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Simulated Day/Night Diff. CO profiles for Johannesburg (May20073imulated day/ngt Diff. CO profiles for Johannesburg (May2007)
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Figure 7.28: (a) MOPITT L2V3 ‘simulated’ key day-night difference CO profiles for

HDD,cqr, over Johannesburg, for May 2007; (b) Same as (a) except for MOPITT
L2V4.

Simulated Day/Night Diff. CO profiles for Johannesburg (Dec20073imulated day/ngt Diff. CO profiles for Johannesburg (Dec2007)
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Figure 7.29: (a) MOPITT L2V3 ‘simulated’ key day-night difference CO profiles

for HDD,eqr, over Johannesburg, for December 2007; (b) Same as (a) except for
MOPITT L2VA4.
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7.2.2 TOMCAT Model CO Profile Simulation

TOMCAT Profile Johannesburg 2004

100 [Moy—x Lot: 24.5108°S Long:28.1250% 1
Dec— Lat: 26.5108°S Long:28.1250°E

Pressure (hPa)

1000 ¢

50 100 150 200 250
CO (ppbv)

Figure 7.30: Selected TOMCAT model CO profiles, over Johannesburg box, for May
2004 (blue) and December 2004 (red).
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Simulated Doy/Night Diff. CO profiles for Johannesburg (May2007)
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Figure 7.32: (a) MOPITT L2V3 ‘simulated’ day-night difference CO profile for
HDD,cqr, over Johannesburg, for May 2007; (b) Same as (a) except for MOPITT

L2V4.
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