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Abstract

A ground-based high spectral resolution Fourier-transform infrared (FTIR) solar absorption
spectrometer has been operational at the Addis Ababa University (9.01° N, 38.76° E, 2443
m a.s.]) since May 2009 to obtain information on the total column abundances and ver-
tical distribution of various constituents in the atmosphere. Retrieval strategy and results
on information content and corresponding full error budget evaluation of methane and ni-
trous oxide are presented. Optimal estimation retrieval technique is used to analyses the
observed spectra and provide regular vertical profiles, total and partial column measure-
ments of trace gases. The volume mixing ratio profiles of CH4 and N;O are simultane-
ously retrieved from ground-based FTIR solar absorption spectra measured between May
2009 and March 2013. The ground-based FTIR CH4 and N;O at Addis Ababa, Ethiopia
were compared with Michelson Interferometer for Passive Atmospheric Sounding ( MI-
PAS) (version VSR_CH4_220, VSR_CH4_224, V5R_N20_220 and V5R_N20_224), the
Microwave Limb Sounder on board of the Aura satellite (Aura/MLS) (MLS v3.3 of N,O
and CHy4 derived from MLS v3.3 products of CO, N,O and H;0O) and the Atmospheric In-
frared Sounder (AIRS) (CHy) to validate the instrument performance. Relative differences
range in vertical profiles of CH4 and N,O from the measurements between MIPAS (ver-
sion V5SR_CH4_220, V5R_CH4_224, V5R_N20_220 and V5R_N20_224) and FTIR in
altitude ranges of 15-27 km are -15 % to -3.8 %, -4.8 % to 4.6 %, 2 % to 10 %, -7 % to 15
% respectively. Moreover, the mean differences in partial column of CH4 and N,O within
altitude ranges of 15 to 27 km are -11 % , -5.5 %, 2.39 % and 0.5 % respectively. Relative
differences in vertical profiles of CH4 and N>O from the measurements between MLS v3.3
and FTIR in altitude ranges of 17-27 km are less than 9 % and 15 % respectively. Rela-
tive differences range in vertical profiles of CH4 from the measurements between AIRS and
FTIR in altitude ranges of 11-27 km is -4.8 % to 9 %. The bias obtained between FTIR
and the new data version of MIPAS_CH4_224 has been reduced in the altitude range of
15-27 km when the interfering gas HO is fitted jointly with the target gas, CH4. Therefore,
the ground-based FTIR spectrometer can be recommended for CH4 and N,O satellite data
(MIPAS, MLS and AIRS) validation.

Uncertainties of tropical methane concentrations, retrieved from spectra recorded by the
MIPAS, MIPAS_CH4_220 are large at upper troposphere and lower stratosphere. The re-
lation of these uncertainties with water vapour variability is explored and the uncertainties
have been reduced in MIPAS_CH4_224. Coincident measurements of CHs by MIPAS,
ground based FTIR and EOS MLS CHy are used to estimate the standard uncertainty of MI-
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PAS_CH4_220, MIPAS_CH4_224 and natural variability of H,O. Different methods such
as bias evaluation, differential method and correlation coefficient are employed to explore
the latitudinal variations of standard uncertainty of MIPAS_CH4_220 and natural variability
of water vapour as well as its reduction in MIPAS_CH4_224. The averaged bias between
MIPAS_CH4_220 and ground-based FTIR measurements in the altitude range 15-22 km
are 12.3 %, 8.9 % and -1.2 % for the tropics, mid-latitudes and high latitudes, respectively.
Whereas the averaged bias for MIPAS_CH4_224 is 3.4 %, -2.8 % and -2.4 %. The average
estimated uncertainties of MIPAS_CH4_220 methane are 5.9 %, 4.8 % and 4.7 % at altitude
ranges of 15 to 27 km in the tropics, mid-latitudes and high latitudes, respectively. On the
other hand, the average estimated uncertainties of MIPAS_CH4_224 methane were obtained
24 %, 1.4 % and 5.1 %. Moreover, the correlation coefficient between MIPAS _CH4_220
and MIPAS_N20_220 are found to be 0.30, 0.98 and 0.96 in the lower stratosphere of the
tropics, mid and high latitudes respectively. However, the correlation coefficient between
MIPAS_CH4 224 and MIPAS N20_224 are 0.62, 0.80 and 0.66. The correlation coeffi-
cient between the uncertainty of MIPAS_CH4_220, MIPAS_CH4_224 and the variability of
water vapour in the lower stratosphere are 0.70 and 0.51 on monthly temporal scales. It was
found that the relation between the uncertainty in methane and the variability of water vapor
has been reduced in the new data version. Therefore, the natural variability of water vapour
was a cause for high uncertainties in the MIPAS_CH4_220 measurements over tropics.

In summary, this study has derived column abundances and profiles of CH4 and N,O
from solar absorption measurements taken by FTIR at tropical high altitude site of Addis
Ababa, Ethiopia for a period that covers May 2009 to March 2013. The quality of the data
is assessed through comparison with data from MIPAS, MLS and AIRS sensors onboard
satellites. Moreover, the different retrieval errors and their sources are fully characterized to
allow the use of the data in further scientific studies as it represents unique environment of

tropical Africa, a region poorly investigated in the past.
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Chapter 1

Introduction

Half of the global human population resides in the tropical region, about one third of the
global land mass, about 60-80 % of the global bio-diversity and half of the global wetlands
are found in tropical region [1]. Moreover, strong tropical convection that covers approxi-
mately 10 % of the tropics is characterized by inflow at low levels, rapid vertical transport
and outflow near altitudes of 12—14 km [2]. Two of the primary greenhouse gases, namely
methane (CHy) and nitrous oxide (N,O) are tracer species as they are useful indicators of
the dynamical and the photochemical history of an air mass. Besides, CH4 and N,O have
tropospheric originated and therefore considered as source gases to the chemical families
NO,, HO,. The reaction of CHy with hydroxyl radicals in the troposphere creates a reduc-
tion of ozone products in the troposphere and it influences the lifetime or production of other
atmospheric constituents such as stratospheric water vapour and CO; [3, 4]. Methane and
nitrous oxide are the most important anthropogenic greenhouse gases (GHGs) after carbon
dioxide (CO») [5] and their long atmospheric lifetimes of approximately 9 and 131 years al-
low them to get well mixed in the troposphere and influence atmospheric chemistry directly

and indirectly [6].

For several decades, tropical environment has been changing as a result of rapidly growing
demand for energy (predominantly fossil fuel derived), rapid land-use changes, rapid pop-
ulation growth, industrial development and deforestation. The tropical atmosphere, specifi-
cally the equatorial region of the globe is one of the least studied, even though the compo-
sition of the tropical atmosphere and its change are of significant importance for global cli-
mate changes. Moreover, emissions within the tropics contribute substantially to the global
budgets of many important trace gases [7, 8]. Tropics is the location where two important

exchange processes in the atmosphere are taking place, the interhemispheric exchange and
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the entry of tropospheric air mass into the stratosphere [9—-11]. The composition of the trop-
ical atmosphere also plays a critical role for stratospheric chemistry [12, 13]. Measurements
and interpretation of atmospheric trace gas composition of tropics are vital for a better un-
derstanding of the budgets, sources and sinks of trace gases in the atmosphere and their

effects on atmospheric chemistry, greenhouse effect and climate changes globally.

Methane retrievals from near-infrared spectra recorded by the SCTAMACHY instrument on
board ENVISAT suggested unexpectedly large tropical CH4 emissions and the impact of
water spectroscopy on methane retrievals [8]. The slowdown of concentration growth of
methane started in the late 80s starting from 14 ppb/year to almost close to zero in between
1999 and 2005 [7]. However, the recent increasing impact of CH4 and N,O of the global
warming has also been assessed by the last AR4 ITPCC report [5, 7] and the persistent in-
crease of methane observed during mid 2006 to Sep 2011 using FTIR, also suggests various
possibilities: an increase in emissions from natural wetlands, an increase in fossil fuel re-
lated emissions or a decrease in OH concentrations [14]. Nitrous oxide (N,O) becomes the
dominant ozone depleting substance emitted in the 21* century [15]. In 2007 and 2008,
IASI shows an increase of mid-tropospheric methane in the tropical region of 9.5 £2.8 and
6.3+ 1.7ppbv yr~! respectively [16]. Two atmospheric inversion models and ORCHIDEE
wetland ecosystem model show increment at tropical regions for the 2006-2008 period [17].
According to the World Meteorological Organization (WMO), 2010 report [18], 96 % of
the increase in radiative forcing is due to the five long-lived greenhouse gases: carbon diox-
ide, methane, nitrous oxide, CFC—12 and CFC—11. The sources and sinks of atmospheric
methane (CH,4) and its budget in the tropics are not yet well quantified, particularly in the
tropics a large uncertainty of CH4 budget exists due to the scarcity of measurements [19].
As part of global effort to alleviate this problem, ground-based FTIR measurement at the
Addis Ababa site has been launched since 2009 in collaboration with the Institute of Meteo-
rology and Climate Research of the Karlsruhe Institute of Technology, Germany to measure
concentrations of various trace gases in the lower and middle atmosphere over Addis Ababa.
The quality of ground-based FTIR measurements of atmospheric trace gases and their used
to understand various lower and middle atmospheric processes have been reported in a num-
ber of previous studies [20-24]. H,O VMR profiles and integrated column amounts of
ground-based FTIR measurements of the Addis Ababa site were also compared with the co-
incident satellite observations of Tropospheric Emission Spectrometer (TES), Atmospheric
Infrared Sounding (AIRS) and Modular Earth Sub model System (MESSy) model and the
result confirmed reasonably good agreement [25].

A ground-based FTIR solar absorption spectrometry is a well-established remote sensing



technique for the measurement of atmospheric trace gases by retrieving the Column den-
sities of different trace gas species from the infrared spectral region. In particular for the
tropical atmospheric condition this measurement technique is significant as there is a lack
of continuous atmospheric observations exists and the uncertainty of satellite measurements
of atmospheric trace gases over the tropics is high [8, 19]. The extensive analysis of FTIR
CH4 and N,O have been reported in the region of subtropics and mid latitudes (e.g.[26—
29, 31]). The intercomparison of CH4 mole fraction of FTIR near Saint Petersburg, Russia
(59.9° N, 29.8° E, 20 m a.s.l.) with GOSAT (Greenhouse gases Observing SATel-lite) has
been reported by Gavrilov et al. [30] and found the bias is -15 ppb and standard deviation
of the bias is 13 ppb. However, this is the first ground-based FTIR CH4 and N,O at equa-
torial region. Therefore, the focus of this thesis is on retrieval of methane and nitrous oxide
from ground-based FTIR operated in Addis Ababa and intercomparison of CH4 and N,O
measurements from ground-based FTIR in Addis Ababa with those of satellite observations
(MIPAS, MLS and AIRS) to assess the quality of retrieval results. The observed differences
between ground-based FTIR and satellite observation of CH4 and N;O are analyzed using

the statistical tools detailed in von Clarmann [38].

Accurate measurement and prediction of atmospheric composition is therefore a critical
component in the effort to understand the atmospheric dynamical process, chemistry, ra-
diation budget, which are linked to climate change, ozone depletion, global warming and
also provide the data that are required for the modeling of atmospheric processes of the re-
gion [39, 40]. Ground-based high resolution Fourier Transform Infrared (FTIR) instrument
and space based sensors such as, Michelson Interferometer for Passive Atmospheric Sound-
ing (MIPAS), Microwave Limb Sounder (MLS), Atmospheric Infrared Sounding (AIRS),
Atmospheric Chemistry Experiment (ACE), Infrared Atmospheric Sounding Interferometer
(IASI) and Japanese Greenhouse Gases Observing SATellite (GOSAT) are some instruments
dedicated to monitoring of CH4 and N,O profiles at a global scale.

Satellite measurements of atmospheric trace gases has become useful to understand the spa-
tiotemporal distribution and trends of various global trace, but at the cost of lower precision.
However, thermal structure and other dynamic parameters of the atmospheric constituents
are only available at a discrete geographic locations and times. The later problems can
be addressed using the ground-based FTIR spectrometer, which is a powerful technique to
make continuous observations with high temporal resolution and offers a good opportunity
for investigation of the variability of the trace gas species with different temporal scales.
Therefore, satellite or space based data may contribute to better understanding of the spatial

and temporal pattern of atmospheric constituents in particular if they are complemented by
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the ground-based FTIR data.

In the upper troposphere and lower stratosphere (56 hPa to 146 hPa) the radiative and chem-
ical effects of water vapour are large and the concentration of H,O varies considerably
with the temperature and relative humidity [25]. Tropical Tropopause Layer (TTL) (121
to 68 hPa) is a transition layer sharing Upper Tropospheric (UT) and Lower Stratospheric
(LS) characteristics and as a result, it is an important gateway for Troposphere to Strato-
sphere Transport (TST) and plays a vital role in the global composition and circulation of
the stratosphere [17, 41-43]. Water vapour is a strong absorber in the infrared with high
spatiotemporal variability as compared to other greenhouse gases [44]. Much of the strato-
spheric variability of water vapour in the tropics is a result of oxidation of methane [45].
Furthermore, H,O is one of the interfering gases that affected the retrieval CH4 profiles
from remote sensing measurements. However, the impacts of atmospheric H,O variability
on the measurements of other greenhouse gases have not yet been studied. Although, the
impacts of water spectroscopy in the overestimation of methane observations over tropics
were reported in Frankenberg et al. [8] and a related water vapour, methane interference
problem had been described for satellite retrievals [8]. Hence, the influence of water vapor
variability of methane retrievals from spectra recorded with the Michelson Interferometer
for Passive Atmospheric Sounding (MIPAS, Fischer et al. [43]) performed at the institute of
Meteorology and Climate Research (IMK) in cooperation with the instito de Astrofia (IAA)

is investigated.

The data sets used are MIPAS_CH4_220 [39], water vapor profiles that has been described
by von Clarmann [46], Milz et al. [47] and data version VSR_CH4_224 [48]. Despite un-
certainties in the latter data product have been largely reduced, measurements of methane
at tropical sites are still difficult. This is because in the tropics the upper troposphere and
lower stratosphere (UT/LS) is very humid and strong vertical gradients are prevailing [49].
Evidence of substantial diurnal variations of atmospheric water vapour has been exhibited
as reported in Wang et al. [50] and the spatiotemporal variability of water vapour in the

upper troposphere has already been examined in detail [44, 51].

Methane and nitrous oxide are produced at the surface, and they are not directly coupled
chemically. In the UT/LS, the mixing ratios of these long-lived trace gases are largely
controlled by dynamical processes, generally resulting in compact tracer-tracer correlations.
These correlations are usually more compact in high and mid-latitudes, while in the tropics
a somewhat larger scatter is observed in Payan et al. [27], Plumb et al. [52]. In this paper,

we inquire into the bias and random error of the MIPAS methane products.



In the lower stratosphere (below 25 km) MIPAS methane has long been known to be biased
high (see e.g., [53]). However, the retrieval setup has been improved, leading to a smaller
bias in MIPAS V5R_CH4_224 [48]. In the new set up, HyO concentrations are included
in the list of species fitted along with the target species, reducing the propagation H,O a
priori assumption onto the CHy profile. A high bias and large random uncertainties in the
tropical UT/LS are not a feature of the IMK methane only. Moreover, in the operational
ESA data product, a high bias and random uncertainty of MIPAS ESA CH,4 product in
the tropical upper troposphere and lower stratosphere atmospheric conditions than the mid
and high latitude condition has also been revealed in Payan et al. [27] and in Errera et al.
[54]. On the other hand, a large variability of water vapour in the upper troposphere and
lower stratosphere in the tropics was reported by Schneider et al. [49] and by William et al.
[11]. Moreover, there are also some studies that hypothesize that the large uncertainty of
the MIPAS tropical CHy product by ESA is caused by the large variability of water vapour
even though they did not quantify the contributions (e.g. [27]).

Therefore, this study aims to assess the large uncertainty of MIPAS_CH4_220 in the upper
troposphere and lower stratosphere of the tropics and its relation to the variability of water
vapour. Furthermore, we explore the reduction of uncertainty of MIPAS_CH4_224 in the
tropics and analyze the relationship between these uncertainties and the variability of water
vapor. The coincident measurements of HoO, CH4 and N,O by MIPAS, ground-based FTIR
and MLS were used to estimate the uncertainty of MIPAS_CH4_220 and MIPAS_CH4_224
vertical profiles and the natural variability of H,O over the tropics. The specific objectives

are:

* Retrieval of CH4 and N, O vertical profile from ground-based FTIR measurements;
* Intercomparison of ground-based FTIR with satellite observations CH4 and N,O; and

* Latitudinal variation of MIPAS_CH4_220 and MIPAS_CH4_224 uncertainty and their

relation with water vapour variability in the lower stratosphere of the tropics.

The thesis is organized as follows. The upper troposphere and lower stratosphere character-
istics such as the chemistry and other process taking place in the atmosphere are described in
chapter 2. The basic principles for the retrieval of concentrations of atmospheric gases from
spectra recorded by ground-based FTIR will be described in chapter 3. Brief description of
instruments (FTIR, MIPAS, MLS and AIRS) is given in Chapter 4. Chapter 5 is dedicated
to derive the vertical profiles and partial column of CH4 and N,O from FTIR. Comparisons
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of the FTIR CH4 and N,O with MIPAS, MLS and AIRS are described in Chapter 6 and the
impacts of H,O variability on the uncertainty of MIPAS_CH4_220 and MIPAS_CH4_224

are discussed in chapter 7. Finally, a summary and conclusions are given in Chapter 8.



Chapter 2

The role of atmospheric dynamics and
chemistry in CH; and N,O budget

Chemical and dynamical processes in the Tropical Tropospheric Layer (TTL) determine the
mixing ratios of air parcels entering the stratosphere. Chemically, the tropopause region
is important because stratospheric trace gas distributions depend on the inter-play between
dynamics and chemistry taking place near the tropopause. The concentrations and distri-
bution of chemical species, CH4 and N,O in the atmosphere are controlled by transport
and chemical processes. Chemical reactions in the atmosphere can lead to the formation
and removal of species. Motions of the atmosphere, not just emissions and reactions, affect
atmospheric composition, and the understanding of both must be coupled to evaluate dis-
tributions. Therefore, it is essential that long term monitoring of long lived trace gases are
well used to understand the chemical and dynamical process that takes place in troposphere
and stratosphere of the tropics. Hence, the role of atmospheric dynamics and chemistry in
the budget of CH4 and N, O has been discussed in this chapter.

2.1 Atmospheric Transport

Transport is one of the causes with the movement of pollutants in the atmosphere by a time-
averaged wind flow. The radiative imbalance of different parts of the globe was adjusted
by atmospheric transport, for instance the tropical heat transported to polar vie thermal
winds has maintained thermal balance in winter. Figure 2.1 depicts a theoretical circulation
(Brewer—Dobson circulation) near the tropopause, which was inferred from horizontal fields
of temperature, trends in O3, tracers (CH4 and N,O), and estimated age of air. It is seen that,

as tropical air enters the lower stratosphere from the upper troposphere, it is transported to
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the mid-latitudes and polar areas. In mid-latitudes, air mass from the lower stratosphere is
transported to the upper troposphere. In polar areas, air mass descends to the bottom of the
stratosphere. The air flow from mid-latitude to polar region has been blocked at the time
polar vortex is formed, the polar vortex forms when zonally averaged monthly mean wind

speed exceeds 15 ms™! .

Lower Stratosphere

T0 hPa, Cold
— T
‘ I
Tropics
- Tropo usﬁ""'-"."."-
5. Pole e M. Pole
Upper Troposphere
Fig. 2.1 Illustration of theoretical Brewer—-Dobson circulation near the
tropopause(source:  https://www.sciencedirect.com/topics/earth-and-planetary-sciences/

atmospheric-transport).

Methane is produced by biotic activity near the Earth’s surface, transported into the strato-
sphere, and chemically destroyed (oxidized) above 35 km. The photochemical lifetime of
CH4 below 40 km is > 100 days, so that the distribution in the stratosphere and UTLS
region is determined mainly by the circulation. The global budget and secular trends of
atmospheric CH4 have been discussed in Dlugokencky et al. [55] and Intergovernmental
Panel on Climate Change [56].

Nitrous oxide (N;O) is a long-lived species in the troposphere and lower stratosphere and
can therefore be used as a tracer for atmospheric transport. N;O is produced in the tro-
posphere by natural (soils, wetlands) as well as by anthropogenic sources (industrial emis-
sions, biomass burning), and is destroyed photochemically in the stratosphere. The N,O
abundance in the troposphere has increased rapidly due to anthropogenic emissions during
the last centuries. The global mean lifetime of N;O is 122 + 24 yr in the troposphere [57]
and decreases with altitude from several years in the lower stratosphere to ~8 months in the
middle stratosphere [58].

N>O is transported via the Brewer—Dobson circulation to the polar regions after entering

the lower stratosphere at the tropical tropopause (Brewer, 1949; Dobson, 1956). Thus, the
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temporal and spatial distribution of stratospheric N,O can be used as a diagnostic tool of
global-scale transport processes at different time scales, from seasonal to decadal (e.g. [59]).
Measurements of N, O show that the zonally averaged lower stratospheric N, O mixing ratios

vary systematically with season, latitude, and altitude [60].

Greenhouse gases such as (H,0), carbon dioxide (CO;), methane (CHy), nitrous oxide
(N20O) and chlorofluorocarbons (CFCs) are found mainly in the lower layer of the atmo-
sphere, troposphere and heat the Earth by trapping additional IR radiation that would oth-
erwise escape to space. NoO and CFCs decline after reaching the stratosphere due to photo
dissociation by UV light.

Fig. 2.2 shows the monthly and zonally mean distribution of methane and nitrous oxide
in the upper troposphere and lower stratosphere measured by MIPAS in Feb, 2010. The
highest values of CH4 and N,O are found in upper troposphere over tropics and in lower
stratospheric over mid and high latitude. The bulge shape seen in the lower stratospheric

contour lines over tropics are due to the ascending motion.

(b)

0.00

0.05

0.0

altitude
altitude

Latitude [degree} Latitude [degree}

Fig. 2.2 Latitude & altitude Distribution of monthly mean (a) CH4 in ppmv and (b) N;O in
ppmv (right) Volume mixing ratio for Feb, 2010 as measured by MIPAS.

Figure 2.3 shows the zonally averaged monthly mean of random uncertainty (noise) of MI-
PAS_CH4_220 with a spatial resolution of 15° (longitude) and 5° (latitude) for Feb., 2010
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in five altitude levels (16, 17, 18, 19 and 20 km). Large uncertainty has been seen in the
tropics in the upper troposphere and lower stratosphere of tropics in all the five layers and
decline its value with altitude. Similarly, Fig. 2.4 shows the Zonally averaged monthly
mean of water variability for Feb., 2010 of MIPAS_H20_220 in five altitude levels. The
variability of water vapour is high over the upper troposphere and lower stratosphere tropics
as compared to mid-latitude with some exception on the central meridional edge of polar

region.

latitude
latitude

latitude
latitude

0.05 0.07 0.09 0.11 013 015 0.17 0.19

latitude

Fig. 2.3 Zonally averaged monthly mean of random uncertainty (noise) of MIPAS CH,4 with
a spatial resolution of 15° (longitude) and 5° (latitude) for Feb., 2010 in five altitude levels
(a) 16 km, (b) 17 km, (c) 18 km, (d) 19 km and (e) 20 km.

In the tropics, where the majority of transport from the troposphere into the stratosphere
occurs through the up welling branch of the large-scale Brewer-Dobson circulation (Brewer,
1949; Dobson, 1956), the conversion of anthropogenic gases into reactive compounds is

very efficient through enhanced photochemistry.

In the upper troposphere and lower stratosphere (>56 hPa - <146 hPa) the radiative and
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Fig. 2.4 Zonally averaged monthly mean of water variability with a spatial resolution of
15° (longitude) and 5° (latitude) for Feb., 2010 of MIPAS_H20O_220 in five altitude levels
(a) 16 km, (b) 17 km, (c) 18 km, (d) 19 km and (e) 20 km.

chemical effects of water vapour are large and the concentration of H,O varies considerably
with the temperature and relative humidity. As a result, the satellite based measurements of
atmospheric trace gases have large uncertainty [13, 21]. Moreover, the tropical tropopause
layer (TTL) (16-20 km or 121 hpa to 56 hpa) is a layer at which the following is observed

 Transport of air mass horizontally;
* Chemistry;
» Lowest temperature; and

» Exchanges of air mass between troposphere and stratosphere.

Therefore, it is important to study the distribution of this climate gases in the layer along
with the variability of water vapour in order to understand the dynamics and chemistry as

well as quantify the large uncertainty of satellite measurements.
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2.2 Tropospheric Chemistry of CH,

Tropospheric chemistry is associated with the oxidation and subsequent transformation of
chemical species released naturally from the biosphere or by anthropogenic activity to the
troposphere. Hydroxyl is a free radical molecule having an unpaired electron that is a reac-
tive species. The hydroxyl radical in the troposphere is removed by reaction with methane
by producing H,O. The main sink of atmospheric methane is the reaction with hydroxyl

radical and about 90 % of methane is removed by oxidation in the troposphere [42].
OH +CHy — CH3 +H,O (2.1)

Tropospheric chemistry can be described as low temperature combustion system with the
following reaction. This is not a thermal process, but a radical mediated process initiated
photochemically:

CHy+30, - CO,+2H,0 (2.2)

Thus, tropospheric chemistry has an impact on ozone in the stratosphere by controlling OH

levels in the troposphere.

2.3 Stratospheric chemistry of CH,

Methane oxidation chain of photochemical reaction as shown in Fig. 2.5 and H,O is formed
in the stratosphere with the oxidation of CHg4, leading to the observed increases of H,O and
decreases of CH4 with altitude in the stratosphere [69]. This can happen directly due to
the oxidation of CH4 by OH radical or indirectly CH4 would be oxidised by o('D), Cl or
other halogens to form formaldehyde (CH,O), which is then oxidised to form H,O vapour.
Depending on NO, levels, methane oxidation may either be a production or a destruction
process for odd hydrogen. In general, high concentrations of nitrogen oxide are found in
the polluted northern hemisphere or in boundary layer of the tropics, and low levels in the
southern hemisphere. In regions of high levels of NO,, methane oxidation primarily occurs
via the sequence (see also Fig. 2.5)

CH4+ OH — CH3 + H,0 (2.3)

CH3 + OZMCH3 0> (2.4)
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CH30,+NO — CH3+NO; (2.5)

NO
wet  «——— CH;00H hy CH,0
Dry deposition
0
OH HCHO :
ll’JH R
CO
lDH
CO,

Fig. 2.5 Methane oxidation chain of photochemical reactions (Source: Seinfed J. H. and
S. N. Pandis, Atmospheric Chemistry and Physics: From Air Pollution to Climate Change,
1998).

The oxidation of formaldehyde may also result in an end product of molecular hydrogen
rather than H,O. The oxidation of CH4 results in roughly two molecules of H,O for every
molecule of CHy destroyed. The exact number varies with latitude and altitude, depending
on the production of H,O/H; from the oxidation of CH,O. H,O + 2CHy is called equivalent
water that is constant in the stratosphere except air is significantly influenced by dehydra-

tion, like in the polar region, where air retains the cycle of tropopause temperatures. H,O
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produced in the stratosphere is less, since the oxidation of molecular hydrogen, which may

disrupt the constancy of equivalent H,O.

2.4 Stratospheric chemistry of N,O

N, O is produced in the troposphere by natural (soils, wetlands) as well as by anthropogenic
sources (industrial emissions, biomass burning), and is destroyed photochemically in the
stratosphere. The N,O abundance in the troposphere has increased rapidly due to anthro-

pogenic emissions during the last centuries.

In the stratosphere nitrous oxide is broken down to molecular nitrogen or odd nitrogen,
90 % through photolysis and about 10 % through attack by electronically excited oxygen
atoms. N>O is an important ozone-depleting and greenhouse gas [45]. N,O emissions are
not controlled by the Montreal Protocol, but it becomes One of the target in the Kyoto
Protocol. The IPCC A2 scenario was used to compute the 21* century and an 8 % ozone
decrease by 2100 in the 20 to 40 km altitude range from changes in N,O alone (these are
estimated to be 0.8 ppb/yr) [61]. This will result in enhanced recovery of the depleted ozone
layer and will reduce the anthropogenic forcing of the climate system. Nitrous oxide in the
stratosphere is converted to nitric oxide that eventually oxidizes to nitric acid. This nitric

acid diffuses down to the troposphere where it can be rained out.

Fig. 2.6 represents chemical processes of nitrogen oxide in stratosphere at which reactive
species are inside the red circles, the source gases are in blue circles, ozone is also a source
gas and those in cyan circles are reservoirs along the dot dot arrow shows the heterogeneous

reaction.

N>O is a very stable molecule which has no significant sinks in the troposphere and it is an
inert gas with a lifetime of 120+£30 years for which its destruction at lower stratosphere is
not known. However, N,O transported to the stratosphere where it encounters high concen-
trations of O(!D), allowing oxidation to NO which accounts for only about 5 % of loss of
N»O in the stratosphere and it affects the lifetime of N,O [62].

N0+ 0('D) = 2NO (2.6)

N,O+0('D — N, + 0,
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Fig. 2.6 Nitrogen oxides in the stratosphere (Source: https://www.slideserve.com/galahad/
the-stratospheric-chemistry-and-the-ozone-layer).

The remaining 95 % are converted to N, by photolysis, which is

N>O+hv — N, +0('D) A < 398nm 2.7)


https://www.slideserve.com/galahad/the-stratospheric-chemistry-and-the-ozone-layer
https://www.slideserve.com/galahad/the-stratospheric-chemistry-and-the-ozone-layer

Chapter 3

Fourier Transform Infrared

Spectroscopy

Fourier transforms infrared spectroscopy is a powerful technique to study the atmospheric
composition changes as it can measure different gases. As the major components of the
atmosphere nitrogen, oxygen and argon are infrared inactive, thus technique has been sig-
nificant to measure other trace gases. In ground-based solar fourier transform spectroscopy,
the sun acts as the radiation source. The solar radiation reaching the top of the earth’s at-
mosphere is in essence a black body curve at 5800 K with emission and absorption lines of
gases in the solar atmosphere superimposed. Terrestrial atmospheric absorption lines con-
tain information about the species of trace gases present in the atmosphere (line positions),
the amounts of each gas present (line depths/areas) and some information about the altitude

distribution of each gas (line shapes).

3.1 Fourier Transform Spectrometer

The Fourier transform spectrometer (FTS) is in principle a Michelson interferometer [63,
64]. The components of the fourier transform spectrometer are shown in Fig. 3.2. The
light is separated into two beams by a beam splitter where some light is transmitted to a
movable mirror and the remaining is reflected to a fixed mirror. Both beams are reflected
by mirrors and then recombine at the beam splitter (BS) and interfere. Some recombined
beam is transmitted to the light source and some is reflected to a detector. At the detector,
the interference is recorded and converted to a digital signal. The optical path difference
(OPD) is varied by moving the movable mirror. The pattern of the interference is called an

interferogram which is used to calculate the spectrum of the incident radiation.
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Infrared spectroscopy is a technique based on the vibrations of the atoms of a molecule that
is commonly obtained by passing infrared radiation through a sample and determining what
fraction of the incident radiation is absorbed at a particular energy. The energy at which
any peak in an absorption spectrum appears corresponds to the frequency of a vibration of
a part of a sample molecule. In this introductory chapter, the basic ideas and definitions
associated with infrared spectroscopy will be described as these are crucial to the interpre-
tation of infrared spectra. The radiation emerging from the source is passed through an
interferometer to the sample before reaching a detector. Upon amplification of the signal,
in which high-frequency contributions have been eliminated by a filter, the data are con-
verted to digital form by an analog-to-digital converter and transferred to the computer for

fourier-transformation.

3.1.1 Energy transitions

The three energy types, which are rotational, Vibrational and electronic energy are quantized
and take only discrete values. The mid-infrared absorption spectra of molecules in the
atmosphere are a result of simultaneous rotational and vibrational energy level transitions
of these same molecules. Such spectra present themselves as bands of absorption with fine
structure, where the central wave number of the band is determined by the type of vibrational
transition taking place (fundamental, first overtone, etc.) while the band structure itself is
determined by the allowed rotational transitions for that particular vibrational transition; the
energy required to effect a rotational transition is much smaller than that required to effect
a vibrational transition. We will now briefly consider rotational, vibrational and rotational-
vibrational energy transitions in turn following the treatment made by Banwell and McCash
in Banwell et.al., [65].

Nitrous oxide, N,O is a triatomic molecule with a linear symmetrical configuration and
having three vibrational modes: v; for symmetric stretch, v, for bending motion and v3 for
antisymmetric. The nitrous oxide molecule has a linear and asymmetric structure, with the
configuration NNO. Similar to carbon dioxide, it has a single rotational constant and a de-
tectable rotational spectrum. Numerous bands produced by the fundamental, overtone, and
combination frequencies exist in the infrared. The three fundamental frequencies are cen-
tered at 1285.6cm ™" (vy), 588.8cm™!(v2) and 2223.5¢m™!(v3). The v; fundamental band

of nitrous oxide overlaps the v4 fundamental band of methane.

Methane molecule has a spherical top configuration that has no permanent electric dipole

moment or no pure rotational spectrum. There are four fundamental vibration modes and
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only v3 and v that centered at 3020.3 and 1306.2cm ™! are active in the infrared spectrum.
The v4 fundamental band of CHy4 is important in the climatic greenhouse effect. The inactive
v; and v, fundamental bands are centered at 2914.2 and 1526¢m ™. Methane also possesses
a rich spectrum of overtone and combination bands that have been identified in the solar

spectrum.

Absorption lines of these anthropogenic trace gases are primarily located in the window
region. Thus, their potential increase can make the atmospheric window “dirty” and may
lead to significant greenhouse effects. The molecular symmetry of methane (CHy) allows

for highly active vibration-rotation excitation in the infrared absorption.

H 0

Fig. 3.1 Molecular structure of CH4 (source: https://en.wikipedia.org/wiki/Alkane)and
N>O (source: https://www.webelements.com/compounds/nitrogen/nitrous_oxide.html) left
to right respectively .

3.1.2 The Michelson Interferometer

The most common interferometer used in Fourier transform spectrometer is a Michelson
interferometer, which consists of two perpendicular plane mirrors, one of which can travel

in a direction perpendicular to the plane (Fig. 3.2).

If a collimated beam of monochromatic radiation of wavelength A (cm) is passed into an
ideal beam splitter, 50 % of the incident radiation will be reflected to one of the mirrors while
50 % will be transmitted to the other mirror. The two beams are reflected from these mirrors,
returning to the beam splitter where they recombine and interfere. The 50 % of the beam
reflected from the fixed mirror is transmitted through the beam splitter while remaining

50 % 1is reflected back in the direction of the source. The beam which emerges from the
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interferometer at 90° to the input beam is called the transmitted beam and this is the beam

detected in FTIR spectrometers.

The moving mirror produces an optical path difference between the two arms of the interfer-
ometer. For path differences of (n+ 1/2)A, the two beams interfere destructively in the case
of the transmitted beam and constructively in the case of the reflected beam. The resultant
interference pattern is shown in Fig. 3.2 for (a) a source of monochromatic radiation and (b)
a source of polychromatic radiation. The former is a simple cosine function but the latter is
of a more complicated form because it contains all the spectral information of the radiation

falling on the detector.

Fixed Mirror M
A
-
12 i
[N
Souros + - / | Moving Miror M;
1
0
BS | [2——p|
v
Detector

Fig. 3.2 A schematic diagram of a Michelson interferometer.

For a monochromatic light source which is single frequency with the interference created at
the beam splitter due to the optical path difference x and the intensity of the interferogram

can be written as

I(x) = B(V)[1 — cos(2mvx)] (3.1)

where B(V) is the spectral intensity of the monochromatic source and Vv is wave number.
Similarity, a polychromatic source of light which attains more than one frequency and the
intensity of the interferogram can be written as
~+oo
I(x) = B(V)[1 —cos(2mvx)|dVv (3.2)
0

For a stable source the first term is constant represents the mean intensity of the interferom-
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eter and the remaining term is AC component includes all the information in the spectrum

I(x) = /0 " B(¥)cos(2nvx)dv (3.3)

This is an essential equations for a Fourier-transformation relating the intensity falling on
the detector, I(x), to the spectral power density at a particular wave number, V,given by

B(V) and this is one half of a cosine Fourier-transform pair, with the other being:

~+o0
B(V) :/ I(x)cos(2mvx)dx (3.4)
These two equations are interconvertible and are known as a Fourier-transform pair. The
first shows the variation in power density as a function of the difference in path length,
which is an interference pattern. The second shows the variation in intensity as a function
of wave number. For real observations, only finite optical path differences can be attained

and the above equation can be written as

+MOPD

B(V) :/ I(x)cos(2mvx)dx (3.5)
~MOPD

where MOPD stands for maximum optical path difference and its value depends on the

maximum distance that the moving mirror travels in the interferometer. Each FTS has a

finite spectral resolution AV due to its finite MOPD, the spectral resolution is defined as

0.5
MOPD

AV =

(3.6)

3.2 Forward radiative transfer model

The signal reached to the sensor can be quantified using radiative transfer theory and ex-
pressed in terms of a physical quantity called Radiance. The two basic interactions held in
the atmosphere are extinction and emission. Extinction includes all processes which reduce
the radiant intensity is due to absorption and scattering. Moreover, this reduction of the ra-
diance intensity were due to the constituent gases of the atmosphere. The radiation reaches
an observing instrument through the atmosphere after traversing a thickness ds. Therefore,

the change in the quantity / is given by

dIA = —k,lnallds (37)
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Where n, is the number density of an absorbing molecule and k; denotes the molecular
extinction coefficient, which characterizes the interaction between the molecule and the
radiation. Similarly, emission includes all processes which increase the radiant intensity.
These processes include thermal emission and multiple scattering from the molecule that

add radiance to the incident beam at the same frequency:
dI = jangds (3.8)

where j, is the emission coefficient, which characterizes the emission property of the
molecules in the path. Both emission and absorption coefficient has been related using
Kirchhof’s law by assuming the local thermodynamics equilibrium of the layers and then at

a given temperature, the two coefficients are related as follows:

Ja
J(T) ===
2(T) 6
Where J; is defined as the source function. The differential equation of radiative transfer is

the combination of Equation (3.7) and (3.8), which is given by
dly = —kynyyds+ jyngds 3.9)

We introduce here an optical path of the medium to express Equation (3.9) in terms of the
optical depth, The optical path measures the amount of extinction a beam of light experi-
ences traveling between two points. When 7 > 1, the path is said to be optically thick. The
most frequently used form of optical path is the optical depth. The optical depth 7 is the
vertical component of the optical path 7, i.e., T measures extinction between vertical levels.
For historical reasons, the optical depth in planetary atmospheres is defined as 7 = 0 at the
top of the atmosphere and 7 = 7* at the surface. Considering the optical depth between two

levels so > s allows sy — o:

55129 = [ kipds (3.10)

The radiative transfer Equation can be expressed in terms of the optical depth as follows:

dl(s) _ .
d o)~ At (3.11)
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Where 7, is a positive quantity and its first order differential equation with constant coeffi-
cient, integrating factor is exp(—1,). After integrating using ) = 0, at the origin s, is given
by

/ —1(50,5) ©(s0:5) / —1(s,9)
I(s',s) =1(sp,8)e " +/ I (s',s)e” " VdTy, (3.12)
0

The radiative transfer problem can be solved using equation (3.12) if the source function
at a point and direction s is given and the source function is given by the planck function,

B; (T) under local thermodynamics conditions:

3
By(T) = — 2 (3.13)

lexp(gr) —1]

Where v = + and h is planck’s constant, K is Boltzmann constant. At a given frequency, the
source function depends only on temperature T, if the gas is in thermodynamic equilibrium.
Different gas properties emitting and absorbing radiation at frequency v are contained in
their absorption or emission coefficient. One can also use transmission model equally well
to describe the measurement The radiative transfer model in terms of total transmission has
the form

Iy(t) = B, T(t) (3.14)

It is then noted that attenuation of radiation between arbitrary atmospheric layers bounded

by s’ and s is described as
S ot
Iy(t) :BV(TS/ Fds” (3.15)
s’ OS

where now t is the total transmission after being attenuated by gases within layers bounded
by s and s” +ds”. This is the general model for which explicit functional form of 7 is not
given, however, recalling the definition of optical thickness, the transmission can expressed

as a function of s’ ’
tv(s',s) = exp(—/ Ky (s”)ng(s”)ds”) (3.16)
S/

As there are many absorbers along the optical path, the absorption cross-section is weighted

and given as
Ky (s") = Y Ky (m) () Ym (") (3.17)

Where y;,(s’) and K, (,,,) () denote volume mixing ratio (VMR) and absorption cross section
of the species m with a total number M of different molecular species that absorb in the

spectral region under consideration. By substituting equation (3.17) into equation (3.12),
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the equation can be expressed as follows:
N
Ly(s',s) = Iy(s,,5) [exp(—/ ZKv(m)(s/)ym(s')p(s’)ds/] (3.18)
So

Dividing equation (3.18) by Iy (s,,s) gives:

IV(S/7S) _
Iy (so,5)

exp[— / Y Ky (s1yym(s)p (s")ds'] (3.19)

Furthermore, the molecular species m may have several transitions which have different
temperature and pressure dependence. The absorption cross-section of one molecular species
m as a function of temperature and pressure is given by the following sum over all lines of
the species (more details on the above discussion can be found in Fu et al. [26], Wunch et
al. [29], Backus et al. [66]):

lines

Kv(m)(T,P) = Z Sm,i<T)gm,i(V — Vm,is T7P) (3.20)
i=1

where g, i(V — Vini, T, P) is line shape function and S, ;(T') is spectral line strength.

3.3 Retrieval method

The focus of this work is on retrieval of methane (CH4) and nitrous oxide (N,O). The
abundances of long-lived species has been determined from the ground-based FTIR for the
mid and high latitudinal bands as reported in Holton and Gettelman [67]. For the retrieval of
those species, We have also executed on 41 layer altitude grid starting from 2.45 km along
with griding space of about 0.5 to 0.8 for the altitude range of lower tropospheric, which
is 2.45 to 7.18 km and for the upper troposphere, 8 to 16 km the griding space between
consecutive layers is about 0.9 to 1.2, for lower stratosphere is 1 to 1.8 griding space, which

extends up to 34 km and finally for the upper layer the spacing is around 2 to 8 km.

Ideally, we can combine the observations and known information using a forward func-
tion, which describes all the necessary physics to relate the atmospheric state and the mea-

sured state.

In reality, we can never define perfectly, instead, we approximate by a forward model, F(x,b)

that describes the physics of the measurement process and relates the measurement vector y
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with m elements and the state vector x through
y =F(x,b)+¢ (3.21)

where b is a model parameter influencing the retrieval (temperature, pressure, absorbtion
cross section of species and spectroscopic parameters) and € is the error vector including
the error in the observation, in the forward model and model parameters. Equation (3.21)

can be linearized about the a priori state, X,:

y =F(x4,b) + K(x —x,) + ¢ (3.22)
where oF
K — (X7b)
Jx

is an m by n matrix. Equation (3.22) can be further expanded to

OF JdF
Y =F(xa,b) + 5 (x—xa) + 5 (b—ba) + 2 (3.23)
b

Jx
= F(Xa, a) +K(x_xa> +Kb(b_ba) +E

K contains the sensitivity of the forward model to the true state of VMR, and K, defines the
sensitivity of the forward model to the model parameters. K is called the weighting function
matrix or Jacobian matrix. It is possible to determine an inverse model R which relates the

spectra y to the desired estimate of the atmospheric state, X :
x=R(y,b) (3.24)

The inverse model can also be linearized as

R R
ﬁ:R a,ba +_ - a +_ b_ba
(Yasba) Iy (Y—Ya) ab( ) (3.25)

=R(y;,ba) +G(y —y,) +Gp(b—by)

About the measurement y,, which is expected from the measured spectrum when the VMR
profile in the given atmosphere is x,. G is an n by m matrix called the gain or contribution
function matrix, since it shows the contribution to the solution due to a unit change in the
corresponding element of y. Gy, represents the sensitivity of the inverse model to its model

parameters. The retrieved profile X can be related to the true profile x using a transfer
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function T,
x=R(F(x,b),b) =T(x,b) (3.26)

By ignoring the errors in the measurements and model parameters. Equation (3.26) can be
linearized about the a priori state, X,.
aT JR JF

X =T(xq,b) + 5 (x—xq) = T(xq,b) + ﬁg(

Ix x—x4) =T(xs,b) +GK(x—x,) (3.27)

Since T(x,,b) = x,, Equation (3.27) can be further simplified to
x=%x,+GK(x—x;) =x,+A(x—x,) = Ax+ (I - A)x, (3.28)

with A defined as GK. Thus, X is the solution of the retrieval, which is weighted by the
matrix A = GK = g-i}% = % The rows of the square matrix A are called the averaging
kernel, and they represent the sensitivity of the retrieved state to the true state. The algorithm

iterates until the cost function J(x) is minimized by solving for V,J(x) = 0 as shown below
Vo J(x) =25, (x —x0) + 2K s 1 (Kx—y) =0 (3.29)

Where S, and S; are the a priori error and observational error covariance matrices respec-
tively (the matrix equivalents of &, and €). Note that observational error includes errors
in the forward model as well as spectral noise and that in many instances it is the forward
model error that dominates the S¢ matrix. The solution to Equation (3.28) yields the optimal

estimate or retrieval X and is given by
£=x,+G(y—Kx,) (3.30)

where G is known as the gain matrix and describes the sensitivity of the retrieval to the
observations, i.e.G = g—);, and is given by: G = (KTs; 'K +s;1)71KTs, ! and the averaging
kernel matrix or resolving kernel A = GK. The rows of the nXm G matrix are commonly
referred to as the contribution functions and represent the sensitivity of the retrieved state to
the measurements. The rows of the mXn K matrix are commonly referred to as weighting
functions and represent the sensitivity of the forward model to the true state. By definition,

the rows of the nXn A matrix give the sensitivity of the retrieved state to the true state:

JdXJF(x) _ d%
dy Jdx  OJx

A=GK = (3.31)
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For a measurement system that resolves each element of the retrieved state vector with
perfect sensitivity, A equal the identity matrix. The n row of A then corresponds to a delta
function response to the n element of the retrieved state vector. The 'n’ column of A is the
impulse response to a perturbation in the element of the true state vector.

In ground-based FTIR measurements the diagonal elements of A are not unity (representing
imperfect sensitivity to the true state at all heights). The above results are strictly valid
where the measurement and state vectors are linearly related and where the measurement
and a priori error covariance statistics are Gaussian [68]. In this case the optimal solution is

obtained using Newtonian iteration and is given by
X1 =X+ (Kl sg ' Ki+s,) 7 K se (v = 1) = Ki(xa = x0)] (3.32)

where K; is taken to mean K evaluated at x; and y; = F(x;). The number of state vector
elements that are independently resolved is calculated by taking the trace of A and is referred
to as the degrees of freedom for signal in the measurement, d, = tr(A).

By taking the trace of A over a certain vertical range of the atmosphere, we determine
the number of independently resolved pieces of information present in the partial column
derived from this region. The information content may be defined in terms of the degrees
of freedom for signal which is the trace of the averaging kernel. Mathematically this is the

sum of the diagonal elements of the averaging kernel matrix [69].

3.4 Retrieval Characterization

In this section, we give an overview of our retrieval approach for two target molecules,
followed by a discussion of the characteristics of the derived profiles and the FTIR mea-

surements of CH4 and N,O for the tropical atmospheric conditions.

3.4.1 Vertical resolution and sensitivity assessment

Averaging kernel is the most important quantities, which characterize the retrieval results
weather the information comes from the measurement or the a priori. Taking the summa-
tion of individual elements of the row averaging kernels estimates the amount of measure-
ment information in the retrieved results. Thus, X, which is the solution of the retrieval as
mathematically expressed in Equation (3.28) is a combination of a priori profile x, and the

measurements.
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The spectral resolution of a measurement affects the amount of vertical information derived
from the spectral line shape of a measured species [31]. The vertical resolution of the
instruments in the ideal case representees the vertical layer spacing. However, in reality the
vertical layer spacing couldn’t represent the vertical resolution of the measurements. Hence,
A is different from identity matrix, which shows presence of contribution of the assumed a
priori profile information in the retrieved profiles. The vertical resolution is defined as full

width at half maximum (FWHM) of the row averaging kernels of the species.

The trace of the averaging kernel matrix A, called the degrees of freedom for Signal(DOF'S)
in the measurement determines the number of independently resolved pieces of information

in the atmosphere obtained from the measurement.

3.4.2 Retrieval Error Analysis

The retrieved results are affected by statistical, systematic errors, the a priori and the spec-
trum solar zenith angle. This section provides a brief description of the error estimation,
which includes measurement, smoothing and interfering species error. The retrieved state
vector related to the a priori and the true state vectors x, and x by taking the error in to
account in Equation (3.28).

X=Ax+(I-A)x,+¢€ (3.33)

The error estimation analysis based on the analytical method suggested by Rodgers (2000)
is expressed as follows

f—x=(A—I)(x—x4) +GK,(b—b,) +GAf(x,b,b )+ Ge (3.34)

where A is the averaging kernel matrix as defined in Section 3.3 and Eq. (3.31), I is the
identity matrix, G is the gain matrix representing the sensitivity of the retrieved parameters
to the measurement, K, the sensitivity matrix of the spectrum to the forward model param-
eters b. As long as we do not know the real VMR profile in the atmosphere, only the error

covariance matrix can be obtained as

Ss=(A-DS,(A-DT (3.35)

Sr = GK,S, K] G (3.36)
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Su = GS:G (3.37)

The total error obtained in the retrieved profile can be described as the combination of three
different error sources, i.e. the smoothing error, the forward model parameter error including
the temperature error, and the measurement error. The retrievals of CH4 and N,O vertical
profiles have been made using PROFFIT algorithm that stated its detailed in chapter five of
this paper.

3.5 Retrievals Using PROFFIT algorithm

The retrieval code used which is based on optimal estimation method (OEM) is PROFFIT
95 [70]. The first step in retrieval is to calculate synthetic spectrum based on model atmo-
sphere using forward code (PROFFWD) and derivatives for error estimation. This software
performs a radiative transfer calculation for a given set of relevant atmospheric temperature,
pressure and mixing ratio. Pressure and temperature dependent absorption line parameters
are obtained from the high-resolution transmission molecular absorption (HITRAN) and
auxiliary (SZA, ILS) input quantities for the spectral micro windows are selected for anal-
ysis. The derivative of the spectrum with respect to the target and auxiliary quantities are
allowed to vary in the process of searching the best estimate of the atmospheric state. The
second step, the inversion model (PROFFIT), which processes the PROFFWD model output
and suggests improved solution, restarts forward model with updated variables, and cycles
until convergence is reached. In short, PROFFIT determines a best estimate of the observed
atmospheric state by improving fit quality to recorded spectrum iteratively.

The model includes a model of the instrumental effects and a layered model of the atmo-
sphere with assumptions about environmental parameters such as the pressure, temperature
and composition of each layer.

Methane and nitrous oxide vertical profiles over Addis Ababa has been obtained by
fitting five and four Micro windows respectively. The retrieved state vector contains the re-
trieved volume mixing ratios of the target gas defined in 41 layers of the tropical atmospheric
conditions.

PROFFIT includes various retrieval options such as scaling of a priori profile, the Tikhonov-
Phillips [32, 37], or the optimal estimation method [31]. In this study, an optimized retrieval
strategy for Addis Ababa has been established for CH4 and N, O by applying it first to single

spectra, as test cases, and later routinely to the full set of measurements. Partly, the strategy
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to optimally retrieval of the total columns of CH4 and N;O are to search for a set of spectra
micro-windows, constraint, initial guess and a priori profile are chosen in such a way that
all the structures visible in the retrieved distributions originate from the measurements and
are not artifacts due to any constraints. At the Addis Ababa site, we did not use the a priori
covariance matrix as an optimal estimation. However, the Tikhonov-type L regularization
method [33] on a logarithmic scale is used during the retrieval of CHy and N;O. The re-
trieval is performed on a fine vertical grid from 2.45 to 85 km and is stabilized by a first
order Tikhonov constraint, R = aL” L, where « is the strength of the constraint and L is
the first order derivative [34], which smooths the solution without biasing it towards the a
priori profile. The parameter determines the weight of regularization and it is also important
to choose appropriate to the problem. One way to fix this parameter is the L-curve method
[36]. The regularization strength o, is determined by finding a trade-off between the num-
ber of degrees of freedom (a measure of the amount of information in methane and nitrous
oxide retrieval), which is given by the trace of row averaging kernel and the noise induced
error [31]. A regularization strength ¢, of 2.5 x 10* was found optimum for CH4 and N,O

retrieval.



Chapter 4

Instrumentations and site descriptions

4.1 Instrumentations

4.1.1 NDACC FTIR experiments

Network for the Detection for Stratospheric Change (NDACC) is a global network commu-
nity that monitors changes in atmospheric composition. FTIR spectrometers are operated at
various stations worldwide on a regular basis and provides long-term observations of many
trace gases to assess their impact on global climate. In this work, we will present results
from data recorded at Addis Ababa, Ethiopia (9.01° N, 38.77° E, 2443 m a.s.l.), Jungfrau-
joch, Switzerland (46.5° N, 8.0° E, 3580 m a.s.l.) and Ny-Alesund, Spitsbergen (78.92° N,
11.9° E, 20 m a.s.l.) as stations located in three different latitude bands. The time periods
under considerations were starting May, 2009 to Feb, 2011 for Addis Ababa, Jan., 2009
to Feb., 2011 for Jungfraujoch and March, 2009 to April, 2011 for Ny-Alesund are con-
sidered in this paper. FTIR measurements have been used successfully for the validation
of SCIAMACHY CO, CHy, CO; and N;O columns [38] and for the validation of upper
troposphere/lower stratosphere measurements by ENVISAT MIPAS [71, 72].

The ground-based NDACC FTIR stations used in this study are shown in Table 4.1. Hence,
the large uncertainty of satellite observations of methane in upper troposphere and lower
stratosphere over tropics will be investigated as well impacts of water vapour variabilities

on the large uncertainty are also studied (see Chapter 7).

In this project, we use data products of CHy derived from two NDACC FTIR site that
represents the mid and high latitudes of northern hemisphere to explore the large uncertainty
of MIPAS methane in tropics for May, 2009 to Feb, 2011. The profiles were retrieved using
the inversion code PROFFIT (PROFile FIT) [70] for Addis Ababa, but the retrievals of the
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remaining two stations have been performed using the SFIT2 algorithm. PROFFIT and
SFIT2 codes have been cross-validated successfully [70]. The detail description of the two
NDACC FTIR sites are reported in different articles (eg. [27]) and the description of Addis
Ababa FTIR experiment is also reported in the previous works [24, 25]. Therefore, only the
main features of Addis Ababa FTIR is briefly described in the following section. Fig. 4.1
shows the location of FTIR sites.

Table 4.1 Three locations, which are representing the three norther hemispheric atmospheric
conditions

FTIR Sit Latitude | Longitude | Elevation (m)
Addis Ababa, Ethiopia 9.03°N | 38.77°E 2443
Jungfraujoch, Switzerland | 46.55°N | 7.98°E 3580
NyAlesund, Spitsbergen | 78.92°N | 11.93°E 15
Addis Ababa FTIR

The high-resolution FTIR Spectrometer, Bruker IFS120M upgraded with 125M electron-
ics, from the Bruker Optics Company in Germany was installed in May, 2009 at the Ad-
dis Ababa site. The spectral coverage of the IFS120M instrument at Addis Ababa site is
750-4000 cm~! with seven filters. This interferometer is equipped with indium-antimonide
(InSb) detector, which allow the coverage of the 1500-4400 cm~! spectral interval. In this
spectral interval, a very large number of species that reside in the atmosphere can be de-
tected. PROFFIT Ver 95 algorithm has been used to derive the VMR profiles and column
amounts of CHy and N>O from measured spectra in the microwindows that span spectral
range of 2400-3100 cm~!. Fig. 4.2 shows various components of the instrumental set up.
The vertical profiles over Addis Ababa have been obtained by fitting five and four selected
spectral regions (microwindows) for CH4 and N;O respectively. The retrieved state vec-
tor contains the retrieval volume mixing ratios of the target gas defined in 41 layers of the

tropical atmosphere.

4.1.2 Michelson Interferometer for Passive Atmospheric Sounding (MI-
PAS)

Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) instrument is a high-
resolution atmospheric limb sounder aboard ESA’s ENVISAT launched in March 2002 and
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Fig. 4.1 The three spatial locations of FTIR site considered in this study. The box on the
map encloses the spatial area considered for validation with satellites (see also Chapters
5-6).

operating in a sun—synchroneous orbit, which delivered limb spectra of atmospheric in-
frared range of 685 cm™! to 2410 cm™! along with a resolution of 0.035 cm~! [73]. It aims
at global and simultaneous measurements of the chemical composition of the middle atmo-
sphere and upper troposphere. The pointing system allows MIPAS to observe atmospheric
parameters in a maximum altitude range of 5-160 km with a vertical spacing of 1-8 km
depending on the altitude and the measurement mode. Water vapor is retrieved on a fixed
altitude grid, using a grid width of 1 km from O to 44 km, 2 km from 44 to 70 km, 5 km from
70 to 80 km, 10 km from 80 to 120 km. The infrared limb spectra are inverted to provide

profiles of numerous trace gases, including CH4 and N, O [43].

In this study, we have used the reduced spectral resolution (Institute for Meteorology and
Climate Research) MIPAS IMK/TAA V5R_CH4_224, VSR_N20_224 and V5R_H20_220
[48, 53] and the previous version data products VSR_CH4_220, VSR_N20_220 [73]. The
lower limit altitude to obtain the profiles of climate gases from MIPAS is different for dif-
ferent atmospheric conditions. For instance, lower altitude in tropics is around 10 km, and

around 6 km for both mid latitude and polar region.The infrared limb spectra are inverted to
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Fig. 42 The FTIR spectrometer at measurement site in Addis Ababa and its princi-
ple (Source: Endale Gemechu, OBSERVATION AND VALIDATION OF METHANE
FROM FTTIR OVER ADDIS ABABA, http://etd.aau.edu.et/bitstream/handle/123456789/
2692,pg66,2011).

provide profiles of numerous trace gases, including CH4 and N,O [43].

4.1.3 Microwave Limb Sounder (MLS)

The Earth Observing System (EOS) Microwave Limb Sounder (MLS) is one of four instru-
ments on the NASA’s EOS Aura satellite and launched on July 15, 2004 into a near polar
sun-synchronous orbit at 705 km altitude [74]. MLS scans the earth’s limb in the forward
direction of flight and observes thermal microwave far infrared emission from the Earth’s
atmosphere in five spectral regions, 118, 190, 240 and 640 GHz and 2.5 THz [75]. The
vertical profiles of O3, H,O, BrO, CIO, HCI, HOCI, OH, HO,, HCN, CO, HNOs3, N,O and
SO, mixing ratios have been derived from the spectra measured by MLS. In addition to
the measurements of mixing ratios relative humidity with respect to ice, cloud water, geo
potential height and temperature have also been obtained from this instrument. The spatial
coverage of this instrument is nearly global (-82°S to 82°N) and individual profile is spaced

at 1.5° or 165 km along the orbit track. Roughly the satellite covers this latitudinal bands


http://etd.aau.edu.et/bitstream/handle/123456789/2692, pg 66, 2011
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Fig. 4.3 Scanning possibilities for MIPAS (Source: European Space Agency, Envisat MI-
PAS product handbook, Issue 2.2, 27 February 2007).

with 15 orbit per day or around 3500 vertical profiles per day. This instrument ascending
equatorial region at local time of around 13:45 hour [76]. MLS version 3.3 (v3.3) data have
been used. The retrieval scheme is based on the Optimal Estimation Method and retrieval
approach is detailed in Livesey et al. [77]. The vertical resolution of MLS CHy is between
4 and 5 km; the vertical resolution of N>O is 4 to 6 km; the vertical resolution for H,O is
1.5 km at 316 hpa increasing to 3.3-3.5 at 147 hPa. H;O is retrieved from measurements
of the 183 GHz H,O rotational line spectrum [24, 78]. From the UT (220 hPa) to the LS
(31 hPa), the precision and accuracy range of H,O are from 40 to 6 % and from 25 to 4 %
respectively, for a vertical resolution from 2.5 to 3.2 km, although the entire useful pressure
range spans from 316 to 0.002 hPa [79].

In this work, we have used version 3.3 MLS of N;O data set to validate a ground-based
FTIR results. However, the methane (CH4) data contain vertical profiles of between 100
and 0.1 hPa pressure which are derived using coincident measurements of atmospheric water
vapor (H;0), carbon monoxide (CO) and nitrous oxide (N,O) from the EOS MLS (Earth
Observing System Microwave Limb Sounder) instrument on the NASA Aura satellite and
detail of the derivation are in Minschwaner et al. [80]. More details regarding the MLS
experiment and data screening are provided in the above references in detail and at http:
//mls.jpl.nasa.gov/data/datadocs.php. Nitrous oxide derived from MLS v2.2 has been taken
from the 640 GHz (Core+R4B) retrieval and validated in Lambert et al. [78] and reported
that MLS N, O precision is 24-14 ppbv (9-41 %) and the accuracy is to be 70-3 ppbv (9-25
%) in the pressure range 100-4.6 hPa [79].


http://mls.jpl.nasa.gov/data/datadocs.php
http://mls.jpl.nasa.gov/data/datadocs.php

4.2 Measurement site description 35

Table 4.2 Summary on the characteristics of the satellite based instruments and measure-
ment systems of CH4 and N,O used in this study

Instruments FTIR MLS MIPAS AIRS
Platform Ground- Satellite Satellite Satellite
based
Observation
geometry upward limb limb nadir
Observation
mode absorption emission emission emission
Vertical greater than
resolution( km) ~9-15 34 3-5 ~6
Spectral
resolution | 0.009 cm™! | 696 MHz | 0.0625cm~! | 2cm™!
Spectral 600- ~80,000 cm ™! 685 650-
domain 4400 cm~!' | (~240GHz) | 2410cm~' | 2700 cm™!

4.1.4 Atmospheric Infrared Sounder (AIRS)

Operating in nadir sounding geometry, the Atmospheric Infrared Sounder (AIRS) on board
the Aqua satellite launched into Earth orbit in May 2002 [81]. AIRS is a medium-resolution
infrared grating spectroradiometer and a diffraction grating disperses the incoming infrared
radiation into 17 linear detector arrays comprising 2378 spectral samples. The satellite
crosses the equator at approximately 1:30 A.M. and 1:30 P.M. local time, resulting in near
global coverage twice a day. AIRS 2378 channels covers from 649 to 1136, 1217-1613
and 2169-2674 cm~!. It also measures trace gases such as Oz, CO and to some extent
CO,. AIRS CH4 and N, O retrievals have been characterized and validated by [82] and [83]

respectively.

4.2 Measurement site description

The Addis Ababa FTIR spectroscopy site was established to acquire high-quality long-term
measurements of trace gases for the purpose of understanding chemical and dynamical pro-
cesses in the atmosphere and to validate models and satellite measurements of atmospheric
constituents. The geographic position of the observatory is (9.01°N, 38.76°E, 2443 m al-
titude above sea level) and its suitability has been confirmed from the measurements of

tropical stratospheric ozone, precipitable water vapour and isotopic composition of water
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vapour [20-24]. Addis Ababa is a tropical high altitude observing site and as such ex-
tremely important to understand processes near the tropical tropopause. Physical process in
tropics, mainly around tropopause layer has a vital role in climate change and the general
circulation of the tropical troposphere, which would control the transport of energy, water

vapour and trace gases in the climate system derived by the deep convection [67]. Ethiopian

ENTRANCE YANDOW

REFLECTING MIRROR

Fig. 44 FTIR measurement site at Addis Ababa inside Addis Ababa university, Sci-
ence faculty campus (Source: Endale Gemechu, OBSERVATION AND VALIDATION OF
METHANE FROM FTTIR OVER ADDIS ABABA, http://etd.aau.edu.et/bitstream/handle/
123456789/2692,pg66,2011.

is characterized by high rainfall and temperature variability on both spatial and temporal
scales. The variability in distribution is related to altitude, latitude, humidity and winds,
which are the significant factors in affecting the weather system of the country. Therefore,
measurements and interpretation of atmospheric trace gas (CH4 and N>O) composition of
tropics are vital for a better understanding of the budgets, sources and sinks of trace gases
in the atmosphere and their effects on atmospheric chemistry, greenhouse effect and climate
changes globally. The retrieval of CH4 and N,O from the Addis Ababa FTIR observa-
tory and the characterization of the averaging kernel and error analysis will be discussed
in chapter five and their intercomparison results with the instruments stated in this chapter
have been used to assess the quality of the observations made by FTIR at the Addis Ababa
site and presented in chapter six of this study.


http://etd.aau.edu.et/bitstream/handle/123456789/2692, pg 66, 2011
http://etd.aau.edu.et/bitstream/handle/123456789/2692, pg 66, 2011

Chapter 5

Observations of CH, and N,O from
ground-based FTIR over Addis Ababa

5.1 Introduction

Ground-based high-resolution Fourier transform infrared (FTIR) is one of the power full re-
mote sensing techniques used to derive the concentration of atmospheric trace gases. Spec-
tra recorded at the Addis Ababa observatory were analyzed using inversion code PROFFIT
version 95 and its description is reported in Hase et al. [70]. The algorithm has been devel-
oped based on semi empirical Optimal Estimation Method to derive the VMR profiles and
column amounts of CH4 and N> O from the measured spectra in the microwindows that span
spectral range of 2400-3100 cm™! (3.3-4.1 um). A detailed description of the retrieval strat-
egy, information content and corresponding full error budget evaluation of methane (CHy)

and nitrous oxide (N;O) are presented.

5.2 Spectral Analysis and Retrievals parameters

5.2.1 Spectroscopic data and a priori profiles

Interfering species (see Table 5.1) were scaled together with the inversion of the target gas
profile. A priori profiles based on available data sets from the Whole Atmosphere Com-
munity Climate Model (WACCM, http://www?2.cesm.ucar.edu/working-groups) for Addis
Ababa site, which has been recommended by the NDACC/IRWG Group.

Daily profiles of pressure and temperature were taken from the NCEP reanalysis are made
available through the NASA Goddard Space Flight Centre auto mailer from http://hyperion:


http://www2.cesm.ucar.edu/working-groups
http://hyperion:gsfc:nasa:gov/
http://hyperion:gsfc:nasa:gov/
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gsfcnasa:gov/. The spectroscopic parameters were chosen from the High Resolution Trans-
mission (HITRAN) database version 2004 with the 2009 and 2012 updates [84, 85]. The
updated HITRAN data of 2009 for H;O and HITRAN 2012 for CO,, CH4, NO; and hit08
of N>O were used during retrieval of CH4 and N;O. The contribution of pressure and tem-
perature uncertainty to the overall error budget in retrieval of trace gases from ground-based
FTIR absorption spectra is insignificant. Nevertheless, the microwindows selected are due

to their strong sensitivity to pressure broadening [86].
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Fig. 5.1 a priori profile of N,O and CHy (second and third column) and temperature (first
column) at Addis Ababa site.

Figure 5.1 shows a priori profile of N,O and CHy for tropical atmospheric conditions along
with the temperature profiles. Methane is well-mixed in the troposphere and its VMR de-
creases with height and remains negligible with no variation above 55 km. The vertical

variation of CHy in the stratosphere is characterized by large vertical gradient.

The spectral micro-windows used for the retrieval are selected such that the absorption
features of the target species along with a minimal number of interfering absorption lines
are presented. The microwindows have been adopted from different sources [25, 87, 91].
The microwindows as well as interfering gases for the two target species in this paper are
shown in Table 5.1. However, the microwindows are somehow modified for tropics from
the windows recommended by NDACC as mentioned in a result of work done Within the
EU projects UTFIR (www.nilu.no/uftir) and HYMN (www.knmi.nl/samenw/hymn).

The spectral fit and residual between measured and simulated spectra at five and four mi-


http://hyperion:gsfc:nasa:gov/
http://hyperion:gsfc:nasa:gov/
www.nilu.no/uftir)
www.knmi.nl/samenw/hymn)
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crowindows for CH4 and N> O respectively are depicted in Fig. 5.2 and Fig. 5.3 for example
the spectra recorded on Feb 26, 2013 and Dec 31, 2009 at Addis Ababa respectively. The last
column of Table 5.1 provides typical values for the degrees of freedom for signal (DOFS)
and it indicates the possible independent pieces of information of the target gases distribu-
tion. Magnitudes of residuals of the spectral fits are less than 1 % with both positive and
negative signs (CHy: 0.64 % and N;O: 0.34 %). An optimized retrieval strategy for tropics
has been established within the framework of this thesis for the retrieval of CH4 and N,O by
applying it first to single spectra as test cases, and later routinely to the full set of measure-
ments. Concentrations of CH4 and N,O were derived from 166 spectra in c region recorded

from Dec. 2009 to March 2013. From the forward modeled value of the spectrum, the
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Fig. 5.2 The five spectral micro-windows used for retrieval of CH4, with the measured
spectrum in red, the simulated spectrum in black, and residuals on top of the respec-
tive microwindow. The spectrum was recorded on Feb 26, 2013, time: 10h17m135s, root
mean square (RMS) =0.1189, solar zenith angle (SZA)= 20.6° , Optimal Path Difference
(OPD)=116.1, DOF = 2.23, Field Of View (FOV)=2.27 mrad.

weighting function matrix, G can be determined. Figure 5.5 show the weighting function
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Fig. 5.3 The four spectral micro-windows used for retrieval of N,O, with the measured
spectrum in red, the simulated spectrum in black, and residuals on top of the respective
microwindow. The spectrum was recorded on Dec 31, 2009, time: 09h3m727s,solar zenith
angle (SZA) = 13.4°, Optimal Path Difference (OPD) =100, DOF = 3.35.

matrix for the fit in Fig. 5.3. The relative strength of the contours indicates what part of the
spectral lines weight the retrieval or the sensitivity of the retrieved profiles of N,O at Addis

Ababa observatory with respect to observations.

The retrievals were affected by statistical, systematic errors, a priori and the spectrum solar
zenith angle; therefore, the results presented in this section are representative of the whole
spectrum, and indeed, all retrievals performed with similar constraints. The information
content of the retrieval will strongly depend on the choice of the absorption lines and use of

accurate pressure and temperature profiles [86].

An optimized retrieval strategy has been established within the frame of this work for the
retrieval of CH4 and N,O as shown in Table 5.1. The micro windows used in this work,

which are applicable for the retrieval of those gases of tropical atmospheric conditions, are
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Fig. 5.4 weighting function matrix calculated for the CHy infrared absorption spectral micro
windows used (see Table5.1). This was calculated for the spectrum shown in Fig. 5.2, which

was recorded on Feb. 26, 2013.

Table 5.1 Micro windows, interfering gases and their DOFs listed in the table are used
for the retrieval of VMR profiles and column amounts of CH4 and N,O from FTIR spectra

recorded at Addis Ababa.

Target Gases Micro windows(cm™!) interfering gases DOFS
(2599.8,2600.5)
(2614.87,2615.4)

CH4 (2650.8,2651.29) H>0,C0O,, NO, 2.045
(2760.6,2761.23) +0.18
(2778.22,2778.55)

(2464.2,2465.57) CHy

N,O (2486.55,2488.18) H>0,C0,,CHy  3.38
(2491.86,2492.9) H,O +0.15
(2522.95,2524.1) H>0, CH,
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Fig. 5.5 weighting function matrix calculated for the N, O infrared absorption spectral micro
windows used (see Table5.1). This was calculated for the spectrum shown in Fig. 5.3, which

was recorded on Dec 31, 2009.
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also summarized in Table 5.1. The characteristics of the retrieved profiles of CH4 and N,O

will be given in section 5.3.

5.3 Characterization of Retrievals

In this section, we give an overview of our retrieval approach followed by a discussion of

the characteristics of the derived profiles of CH4 and N,O.

5.3.1 Vertical resolution and sensitivity assessment of CH; and N,O

The spectral resolution of a measurement affects the amount of vertical information derived
from the spectral line shape of a measured species [63]. Figure 5.6 show averaging kernel
matrices for the retrieval of the vertical profiles of CH4 and N;O mixing ratios from the
FTIR measurements at the Addis Ababa site. Figure 5.6 (right panel) represents the rows of
the averaging kernel matrices at selected altitudes which indicate the sensitivity of retrieved
CH4 and N,O values at the level to true mixing ratios. The dotted line represents the sum
of all the rows of the averaging kernel, which represents the overall sensitivity of the FTIR
measurement to observe CH4 and N> O.

Figure 5.6 shows a strong sensitivity in the altitude range of the troposphere and lower
stratosphere, i.e. 2.45 km up to 27 km, since the sum of rows of A for all the retrieval values
of CHy is greater than 0.5. The trace of this averaging kernel, which is 2.25 for the spectra
recorded on Feb. 26, 2013 and 2.11 £ 0.06 for the whole data which implies that partial
columns representing two different altitude ranges in the atmosphere can be obtained from
the observations of CHy in tropical atmospheric conditions.

Figure 5.6 (right panel) shows that the ground-based FTIR measurements of N,O at Addis
Ababa have a sensitivity larger than 0.5 from the ground to about 27 km altitude. The
altitude range with better sensitivity does not only depend on the species considered, but
it is also different at the various stations in agreement with the different values for DOFS
found from the output. This can also be seen in the right panel of Fig. 5.6, where the
partial columns averaging kernel for N»O molecule are given. The averaging kernels peak
in the right altitude ranges, therefore the partial column comparisons will not have any
biases induced by the limited vertical resolution of the ground-based FTIR. The amplitude
of the averaging kernels indicates the sensitivity of the retrieval and the full widths at half
maximum (FWHM) indicate the vertical resolution of the corresponding layer. We also

ignore the altitude range where the resolution of the instrument becomes beyond 20 km,
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which has been computed using the reciprocal of the diagonal values of averaging kernels

and multiplying by the intervals of the layers as reported in Rinsland et al. [88].

The amplitude of the averaging kernels indicates the sensitivity of the retrieval, the full
widths at half maximum (FWHM) indicates the vertical resolution of the corresponding
layer (see Fig. 5.7). The altitude range where the resolution of the instrument becomes
beyond 20 km has not been taken in the discussion. The vertical resolution is less than 20
km for the altitude below around 26 km (see Fig 5.7). Furthermore, the vertical resolution
of the corresponding layer can also be computed using the reciprocal of the diagonal values
of averaging kernels and multiplying by the intervals of the layers as reported in Rinsland

et al. [88] and found similar results.
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Fig. 5.6 Sensitivity analysis of the retrieved profiles of CHy (left) and N,O (right) at Addis
Ababa using the selected rows of the averaging kernels as a function of altitude. The dotted
lines are the sum of the rows of the averaging kernels for a spectrum measured on Feb. 26,
2013 for CH4 and Dec 31, 2009 for N»O.

5.3.2 Error Estimation

The error calculations conducted here are based on the error estimation package incorpo-
rated in the PROFFIT retrieval algorithm that was developed based on the analytical method
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Fig. 5.7 Contribution of a priori information to CHy4 retrieval results (left). Vertical resolu-
tion of the observation for tropical atmospheric condition (right).

suggested by Rodgers [31]. The quantified sources of errors are temperature, measurement
noise, instrumental line shape, solar lines, line of sight, zero baselines offset, and spec-
troscopy. It has been observed that baseline and atmospheric temperature uncertainties are
the leading contributing to the total uncertainty. Details about the evaluation of the in-
dividual contributions to the error budget are provided in Senten et al. [28] and detailed

descriptions of interfering error in Sussmann et al. [89].

Figure 5.8, shows the statistical error (left panel) and systematic error (middle panel) pro-
files for a typical CHy4 retrieval. One can note from Fig. 5.8 that the main systematic error
source is the uncertainty of spectroscopic parameters, whereas the major statistical error
source is a baseline. The estimated random and systematic errors for the profile retrieval
of CHy4 from FTIR station at Addis Ababa is shown in Fig. 5.8 (left and middle panel)
respectively. We observe that in the troposphere the random errors are dominated by the
baseline offset uncertainty and the measurement noise. The total estimated random error
due to parameter uncertainties is depicted as a dark yellow line in Fig. 5.8 (left panel). It
is about 0.07 ppm (4.4 %) in the lower troposphere and about 0.04 ppm (2.25 %) in the
UT/LS region. Concerning systematic errors, spectroscopic uncertainties are the dominant

uncertainty sources and estimated total systematic error is depicted as a dark yellow line in
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Table 5.2 Assumed uncertainty sources used for our error estimation. The second column
gives the uncertainty value and the third column the partitioning of this uncertainty between
statistical and systematic sources for the CH4 and N,O.

Error sources Uncertainty | Statistical/
systematic
Measurement noise 100/0
Baseline (channelling and offset) 50/50
Mod. eff. and pha. err. 10 % and 50/50
0.1rad
Temperature profile 1K 70/30
Line of sight 0.1¢ 90/10
Solar lines (intensity and v- scale) | 1 % and 10° | 80 /20
Spectroscopic parameters (S and ) | 2 % 0/100

Fig. 5.8. They are about 0.05 ppm (3.5 %) and 0.1 ppm (7.2 %) for the lower troposphere
and the UT/LS region, respectively. The precision of the mid-infrared FTIR measurements
of CHy is 3 % and the relative accuracy of 7 % as reported in Dils et al. [90] using the
NDACC data.

Figure 5.9 shows the statistical error (left panel) and systematic error (middle panel) profiles
for a typical N, O retrieval. One can note from Fig. 5.9 that the main systematic error source
is the uncertainty of spectroscopic parameters, whereas the major statistical error source is a
baseline. The estimated random and systematic errors for the profile retrieval of N,O from
FTIR station at the Addis Ababa is shown in Fig. 5.9(left and middle panel) respectively. In
the troposphere the random errors are dominated by the baseline offset uncertainty and the
measurement temperature. The total estimated random error due to parameter uncertainties
is depicted as a dark yellow line in Fig. 5.9(left panel). The total statistical error in mid-
dle and upper troposphere is between 0.009 ppm(3.5 %) and 0.03 ppm(9 %) and its major
source is the baseline. Concerning systematic errors, spectroscopic parameters, baseline and
temperature are the dominating uncertainty sources. The estimated total systematic error is
depicted as dark yellow line in Fig. 5.9 and it is less than 0.025 ppm (8 %) in the altitude
below around 22 km. The total statistical error is larger than that of total systematic error
mainly in the troposphere and lower stratosphere and the average values are 8 % and 5 %
respectively. In the stratosphere the systematic error dominated statistical error and their

average values are 9 % and 7 %.
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Fig. 5.8 Error estimates for tropical atmospheric conditions of CH4: Estimated uncertainty
profiles for statistical error (left), Systematic error contributions (middle) and retrieved pro-
file (right).

Column amount

Figure 5.10 shows the time series of the retrieved total column amounts (in molecules/cm?)
of CHy and N,O species obtained from the Addis Ababa FTIR measurements from 2009-
2013. The mean total column amounts of CH4 and N,O measured at Addis Ababa are
2.9x10" molecules/cm?+3.4 % and 5.23x 10'3 molecules/cm?+6.93 % respectively. The
sensitivity of the observation in measuring CH4 and N, O trace gases is limited to an altitude
of around 27 km as explained using the averaging kernel row of the measurement. The
mean partial column of CH4 and N, O within the sensitivity range of the instrument, which
is from the surface to around 27 km is determined as 2.85x 10'° molecules/cm>+5.3 % and
5.16x 10'® molecules/cm?+6.95 % respectively.

The ground-based FTIR sensitivity is used to determine the upper altitude limit, which is
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Fig. 5.9 Error estimates for tropical atmospheric conditions of N,O: Estimated uncertainty
profiles for statistical error (left), Systematic error contributions (middle) and retrieved pro-
file (right).

reasonable up to around 27 km for both CH4 and N> O in the tropical atmospheric condition.
The DOFS within these partial columns limits are about 1.03 for CH4 and 1.27 for N,O.
Error analysis indicates the statistical error accounts for 2.3 % in the total column amounts
of CHy and 2.0 % in total columns of N,O. Similarly, the systematic error accounts for 2.1
% 1n total column of CH4 and 2.26 % in the total columns of N>O. Generally, the overall
contribution of both statistical and systematic errors to the total error during the retrieval of
CH4 and N, O from ground-based FTIR are 3.1 % and 3 % respectively.
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Fig. 5.10 Partial columns of CH4 (top) and N,O (bottom) gases over Addis Ababa in the
altitude range of 2.45 to 27 km.

Table 5.3 Characterization of the retrieved profiles of N»O and CH,4 at Addis Ababa station:
statistical mean and standard deviation (10) for five years of measurements of the Degrees
of Freedom for Signal (DOFS), and Sensitivity Range (S.R.) of the ground-based FTIR
retrievals (Gd: ground; TC: total column; PC: partial column). See Sect. 4.3 for definitions

Species TC.DOFS S.R(km) PC.range PC.DOFS
CH4 2.11+£0.06  Gd-27 Gd-27 1.03
N,O 3.44+0.15  Gd-27 Gd-27 1.27

5.3.3 A posteriori correction of CH,

The tropospheric kernels (red lines) peak mainly in the troposphere and the stratospheric
kernels (blue lines peak) mainly in the stratosphere (see Fig. 5.11). However, the plot
also indicates contributions of the UT/LS to the retrieved tropospheric CH,4 (negative val-
ues above 15 km for the red tropospheric kernels). This means that the stratospheric CHy4
variations might significantly affect the retrieved tropospheric CH4 signals.

Figure 5.11 (left panel) shows the negative value of tropospheric kernel in the lower strato-
sphere and this indicates influence of stratospheric CH4 variations on the retrieved tropo-
spheric amounts of CH4 and such influence creates an error on the retrieved profiles of
tropospheric CHy. The effects of the stratospheric CHy variation can be minimized by ap-

plying a posteriori correction method using the averaging Kernel of the retrieved results of



50 Observations of CH4 and N,O from ground-based FTIR over Addis Ababa

00 0 3
8 [ Tropospheric AK
25
25
20| 29
8 g
¥ 171 12 o 1e
813 3
2 £
< < 10
10
— @ PrIOT
—_—VMR
5 \ ;.' / 5 VMR after aposteriofi corregtion|
-0.05 0.00 0.05 0.10 0.15 0.00 0.04 0.09 0.13 0.00 0.04 0.08 0.11 10 12 14 16 18 20
Kernel A Kernel A" = CA VMR CH4 [ppm]

Fig. 5.11 Row averaging kernels of CH, observation from FTIR at Addis Ababa site. Left
panel: kernels A obtained from the Tikhonov Phillips profile retrieval (red: tropospheric
kernels, blue: UT/LS kernels). Central panel: kernels A* obtained after applying the a
posteriori correction (green: tropospheric kernels, blue: UT/LS kernels). Right panel: com-
parison of the surface row kernels A (red line) and A*(green line). The typical altitude where
the UT/LS starts is indicated by the horizontal black line (17.12 km)and the last to the right
is VMR after using the a posteriori correction.

CHy from FTIR as stated in Sussmann et al. [91];

A A
A— TT AST (5.1)
Ars Ass
where A7t describes tropospheric CHy signal on retrieved tropospheric amounts and Agg is
stratospheric CHy4 signal on the retrieved stratospheric amounts. Ag7 and Arg describe the
cross-dependencies of the retrieved tropospheric amounts on the stratospheric signal and of

the retrieved stratospheric amounts on the tropospheric signal, respectively. The a posteriori

correction method will be constructed using the two cross-entries and can be written as

I A
C= ST (5.2)
Ars 1

Therefore, the averaging Kernel of the retrieved results of CH4 from FTIR can be corrected

by multiplying it using C and then the a posteriori corrected averaging kernel A* is given as

A*=CxA (5.3)
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The retrieved CHy profile amount can be corrected by the following equation
' =C(X—x4) +x4 (5.4)

All the original retrieved values of FTIR CH4 as well as the statistical and systematic errors
have been changed after applying the a posteriori correction. The impacts of local signal
on the retrieval results of FTIR CHy, which is mainly signals coming from the lower strato-

sphere affects the concentration of methane retrieved from the troposphere.

5.4 Summary

In this chapter, the vertical profiles and total columns of CH4 and N,O over Addis Ababa,
Ethiopia are presented. The overall contribution of both statistical and systematic errors to
the total error during the retrieval of CH4 and N, O from ground-based FTIR are 3.1 % and 3
% respectively. The mean total column amounts of CH4 and N, O measured at Addis Ababa
are 2.9 x 10'° +3.4% and 5.23 x 10'® 4 6.93% respectively. The mean partial column of
CH4 and N;O with in the sensitivity ranges of the instrument, which is from the surface to
around 27 km is determined as 2.85 x 1012 +5.3% and 5.16 x 10'® +6.95% respectively.
The apostriori correction is only applicable to the retrieved profiles of methane since other
molecules are not affected by locale signal as well as the vertical gradient of methane in
UP/LS is large.

Comparisons with correlative data from IMK/IAA MIPAS-ENVISAT CH,4 and N,O data
products for the MIPAS (version VSR_CH4_220, V5SR_CH4_224, V5R_N20_220 and
V5R_N20_224), the Microwave Limb Sounder on board of the Aura satellite (Aura/MLS)
(MLS v3.3 of CHy4 and N;O) and the Atmospheric Infrared Sounder (AIRS) (CH4) mea-
surements are given to confirm the results and to validate the instrument performance in the

next chapter.



Chapter 6

Comparison of FTIR CH, and N,O with

satellite data

6.1 Introduction

This chapter describes the validation of ground-based FTIR profiles of CHy4 and N;O. The
quality of ground-based FTIR measurements of atmospheric trace gases and their use to un-
derstand various lower and middle atmospheric processes have been reported in a number of
previous studies [20-22, 24, 68]. H;O VMR profiles and integrated column amounts from
ground-based FTIR measurements of the Addis Ababa site were also compared with the co-
incident satellite observations of Tropospheric Emission Spectrometer (TES), Atmospheric
Infrared Sounding (AIRS) and Modular Earth Sub model System (MESSy) model and the
result confirmed reasonably good agreement [25]. Laeng et al. [64] found that the MIPAS
CHy4 profiles below 20-25 km are biased high.

The ground-based FTIR CHy4 and N;O retrieved vertical profiles and partial columns from
the Addis Ababa site have been stated in chapter 5. Furthermore, the comparison of re-
sults will be presented and discussed in this chapter. The intercomparison of the FTIR
CH4 and N>O with MIPAS (version V5SR_CH4_220, V5R_CH4_224, V5R_N20_220 and
V5R_N20_224), the Microwave Limb Sounder on board of the Aura satellite (Aura/MLS)
(MLS v3.3 of CH4 and N;0O) and the Atmospheric Infrared Sounder (AIRS) (CHy) will
be presented and analysed using the statistical tools detailed in von Clarmann [38]. The
satellite data (MIPAS, MLS, and AIRS) have a considerably better vertical resolution than
ground-based FTIR profiles due to observation geometry, spectral windows, and measure-
ment techniques. Thus, analysis of the comparison between volume mixing ratio values
derived from FTIR and MIPAS were performed for the data sets collected on May 2009 to
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December 2010. Furthermore, the comparison of FTIR (CH4 and N,O) with MLS (CHy4
and N;O) and AIRS (CHy) for the time period of May 2009 to February 2013 has also been
applied to assess quality of the data derived from FTIR.

6.2 Methodology

Comparisons of daily averaged ground-based FTIR measurement of CH4 and N,O with
that of MIPAS were performed for time period of May, 2009 to Feb., 2011. However, FTIR
comparison with MLS retrievals for time period of May, 2009 to March, 2013 were used
after averaging data obtained within coincidence criteria of +2° of latitude and 4+10° of
longitude from the ground-based FTIR site in Addis Ababa and within time difference of
+24hr.

MIPAS MLS and AIRS were used in the following comparisons as they have better vertical
resolution than ground-based FTIR profiles and high temporal and spatial coverage in the
tropics. Hence, the profiles from MIPAS, MLS and AIRS have been degraded to make a
comparison between the FTIR and satellite observations. Therefore, satellite measurement
profiles are smoothed using the FTIR averaging kernels of individual species obtained from

the ground-based FTIR retrieval by applying the procedures reported in [92] and given as
Xy = Xg + A(Xi — Xg) (6.1)

Where x; is the smoothed profile, x, and A represents the a priori and averaging kernel for
CH4 and N, O obtained from the ground-based FTIR instrument respectively and x; is the
initial retrieved profile obtained from satellite measurements after we interpolated it to the

FTIR grid spacing.

We also calculate the following; error parameters that can characterize the features of the
instruments and parameters to be observed, such as the bias between the instruments using
the difference (absolute or relative) of the daily mean of a pair profile. The absolute or

relative difference at each altitude layers of a pair profile is calculated using

6i(z) = [FTIR;(z) — Sat;(z)] (6.2)
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The mean squares error can be express as

| Nz

)
MSE;(z) = NG@—1 61(2)]? (6.3)

i=
and the relative difference of a paired profile can be given in percentage as

[FTIR;(z) — Sat;(z)]

9i(z) = 100(%) x [FTIR;(z) + Sat;(z)] /2

(6.4)

The mean difference (absolute or relative) for a complete set of coincident pairs of profiles
obtained from the ground-based FTIR and the correlative satellites (MIPAS and MLYS) is
expressed as

1 N(z)
Arel(z) = NG Y. 6i(2) (6.5)
i=1

where J;(z) is the difference (absolute or relative), N(z) is the number of coincidences at z,
FTIR;(z) is the FTIR VMR at z and the corresponding Sat;(z) volume mixing ratio derived
from satellite instruments (MIPAS, MLS). The standard deviation from the mean differences
(absolute or relative) oy; ff(z) is important to partially characterizes the measurement error
by instruments. As reported in von Clarmann [38], some literatures use de—biased standard
deviation, which measures the combined precision of the instruments instead of the standard
deviation of the mean differences. The statistical data that we obtained from the following

equations uses the entire observation period of the paired instruments:

| Nz

)
Caifr(2) = N T : [8i(2) — Dabs(2)]2 (6.6)

1=

—

where J;(z) is the difference (absolute or relative) for the i/ h coincident pair calculated using
Eq. 7.4 and Eq. 6.4. The statistical uncertainty of the mean differences (absolute or relative),
which is standard error of the mean (SEM) is the quantity used to judge the statistical sig-
nificance of the estimated biases and it can be expressed in terms of the standard deviation

of the mean:
o(z)

N(Z)

SEM(Z) = (6.7)

Furthermore, we can also conduct the partial columns comparison of ground-based FTIR
CH,4 and N,O with MIPAS_CH4_220, MIPAS_CH4_224, MIPAS_N20_220 and MIPAS_N20_224.
Hence, the relative difference between ground-based FTIR and smoothed MIPAS partial
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columns of CH4 and N,O by taking into account the lower altitude limit of MIPAS obser-
vations and upper altitude limit of ground-based FTIR sensitivity has been calculated using:
. PCprir — PCsyt
RDiff(%) = 200 x (6.8)
(%) (PCFTIR + PCSat)

where PC is partial column of FTIR and the corresponding satellite measurements, MIPAS.

6.3 Comparison of FTIR and MIPAS_CH4_220, N20_220

vertical profiles

The results of comparisons of ground-based FTIR vertical profiles of CHy and N,O with
satellite based observations of MIPAS_CH4_220, MIPAS_CH4_224, MIPAS_N20_220
and MIPAS_N20_224 will be presented and discussed. For daily average ground-based
FTIR CH4 and N>O were performed for time period of May, 2009 to Feb., 2011.

FTIR CH4 mixing ratio comparison result is shown in Fig. 6.1 for the MIPAS Comparison,
The mean profiles of both FTIR and MIPAS results show a maximam at around 17 km and
decline smoothly as altitude increases. The VMR of MIPAS mixing ratio is higher than that
of FTIR in the altitude below 27 km at which the sensitivity of FTIR is maxima. Comparison
of FTIR CHy4 profiles to MIPAS_CH4_220 products using 61 coincident data (see Fig 6.1)
indicates that no significant bias in FTIR CH4 data is present between 32 and 42 km as its
bias + o(z) includes zero. Around the tropopause layer the comparison indicates that there
is a strong low bias of FTIR CH4, which are 0.06 to 0.27 ppm in upper troposphere and
lower stratosphere along with maximum at tropopause.

Figure 6.1 (middle panel) shows the mean absolute and relative difference of CH4 between
the VMR value derived from ground-based FTIR and MIPAS_CH4_220 which is 15 % (-
0.27 ppm) at the tropopause layer (17 km) and 3.8 % (-0.06 ppm) at around 27 km. The
bias below 24 km is larger than the FTIR systematic errors, this means that the differences
cannot be explained by known systematic uncertainties of FTIR. The standard deviation
of the difference is larger than the combined error of the two instruments through out the
altitude above 18 km, it is twice in the altitude 20-24 km and less below 20 km as shown in
right panel of Fig. 6.1.

Comparison of FTIR N,O profiles to MIPAS_N20_220 (see Fig 6.2) indicates that no sig-
nificant bias in FTIR N;O data is present below 18 km and above 45 km. A positive bias
is present in the stratosphere and this comparison indicates that strong high positive bias of
FTIR N>O as FTIR N;O values are higher by 0.004 ppm (1.5 %) to 0.02 ppm (8 %) in the
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altitude range between 18 to 30 km.

Figure 6.2 (middle panel) shows the mean absolute difference of N>O between the VMR
value derived from ground-based FTIR and MIPAS which is 8 % (0.02 ppm) and by 0.004
ppm (1.5 % ) at around 18 km, and statistically significant in the altitude between 18 to 45
km as the standard error of the mean is smaller than the mean bias. The bias in the altitude
between 18 km to 30 km is smaller than the FTIR systematic errors, indicating the bias
can be explained by known systematic uncertainties of FTIR. The standard deviation of the
difference is larger than the combined error of the two instruments in the altitude above 18
km. Figure 6.2 (right panel) shows the standard deviation of the difference which agrees
with the estimated combined random error in the altitude ranges between 18 to 30 km. For

the altitude range of below 18 km, the estimated combined random error is overestimated.
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Fig. 6.1 Comparison of CHy from MIPAS reduced resolution (V5SR_CH4_220) and FTIR.
Left panel: mean profiles of MIPAS (red) and FTIR (black ) and their standard deviation
(horizontal bars). Middle panel: mean difference FTIR minus MIPAS (blue solid), standard
error of the difference (blue dotted), mean relative differences FTIR minus MIPAS relative
to their averaged (green, upper axis). Right panel: combined mean estimated statistical error
of the difference (red dotted, contains MIPAS instrument noise error and FTIR random error
budget), standard deviation of the difference (black solid).
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Fig. 6.2 Same as Fig. 6.1, but for N, O profiles of FTIR with MIPAS_N20_220. For a more
detailed description see Fig. 6.1.

6.4 Comparison of FTIR and MIPAS_CH4_224 and MI-
PAS_N20_224 vertical profiles

The new version of MIPAS-IMK has also used to validate ground-based FTIR data of Ad-
dis Ababa site and comparison has made using 29 coincident data for a time period between
Nov., 2009 and Dec., 2010. Middle panel of Fig. 6.3 indicates that a negative bias of -4.8 %
at around 16 km and declined to -2 % at 22 km are obtained and followed with statistically
not significant bias at around 22 to 23 km as standard error of the mean is somehow greater
than the mean difference. Between 23 and 27 km the FTIR value is higher than MIPAS val-
ues. The mean differences show that the FTIR mixing ratio is lower below 27 km with value
of the difference increase as altitude increases from 23 to 27 km (4.6 %) at 27 km maxi-
mum. Moreover, the bias in the FTIR observations of CHy declined while we employed the
new version of MIPAS products as compared to the old version of MIPAS. This declined
of the bias is due to the employment of relaxed of off diagonal regularization matrix in the
new version of MIPAS produces [93]. A large negative bias in FTIR CHy is obtained, i.e.,
FTIR CHy4 values are lower by 0.07 (4.8 %) to 0.04 ppmv (2.2 %). MIPAS V5R_CH4_222
profiles is biased high (14 %) below 20-25 km as compared with other instruments Laeng
et al. [53] meanwhile the positive bias in the lowermost stratosphere and upper troposphere
MIPAS-ENVISAT CH4 and N;O profiles version MIPAS_CH4_21 and MIPAS_N20_21
and MIPAS_CH4_224, MIPAS_CH4_225, MIPAS_N20_224 and MIPAS_N20_225 prod-
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ucts has been largely reduced [48, 93].

Figure 6.3 (right panel) indicates that the standard deviation of the mean differences is larger
than the combined random error of the two instruments throughout the altitude. For instance,
it is twice the combined standard deviation in the altitude above 20 km and less below 20
km, which indicates the underestimation of random errors of one or both of the instruments.
In addition, the overestimation of standard deviation of the difference may result from not
taking all the error budget of MIPAS into account and the spatial and temporal criteria
sets used to collect the coincidence data of MIPAS can create a discrepancy as well. The
natural variation of the methane have also contributed to the overestimation of a standard
deviation of the difference as biases are vary with seasons as reported in Gavrilov et al. [30].
Comparison of FTIR N;O profiles to MIPAS (V5R_N20_224) measurements (see Fig. 6.4
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Fig. 6.3 Comparison of CHy from MIPAS (V5R_CH4_224) and FTIR. Details as in Fig. 6.1

(middle panel)) indicates that FTIR value is higher than the MIPAS above 20 km and the
maximum mean absolute difference of N,O is 15 % (0.04 ppmv) at around 24 km while,
the FTIR value is less in altitude below 20 km with a maximum difference of -7 % (-0.02)
at around 17 km. The bias at 19 km is not statistically significant as the standard error of the
mean is larger than the bias. Since, the bias in altitude between 20 to 27 km is smaller than
the FTIR systematic errors, the bias can be explained in terms of systematic uncertainties in
FTIR (see Fig. 5 (bottom middle panel)). The standard deviation of the difference is larger
than the combined error of the two instruments in the altitude above 20 km (see Fig. 6.4,

right panel) and the standard deviation of the difference agrees with the estimated combined
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Fig. 6.4 Comparison of N;O from MIPAS (V5R_N20_224) and FTIR. Details as in Fig. 6.1

random error in the altitude ranges between 20 to 27 km. The estimated combined random

error is overestimated below 20 km.

6.4.1 Time series comparisons of CH; and N,O from FTIR with MI-
PAS

If the standard deviation of the mean relative difference is comparable to the estimated error
of one instrument, the contribution of the second instrument to the systematic bias is very
small.

The standard deviation of the FTIR and MIPAS mean profiles of CHy for the tropical at-
mospheric conditions, which shows the altitude range where the two instruments attained a
maximum STD at the tropopause layer around 17 km that confirms both instruments mea-
sured air masses with similar variability with a discrepancy in the STD of FTIR is somehow
higher than the STD of MIPAS, since the sensitivity of FTIR on the retrieval is influenced

by a local signal.

6.4.2 Comparison of FTIR and MIPAS CH4 and N;O columns

The FTIR CH,4 and N, O were with in the altitude ranges 2.45 — 27 km (as seen in subsection
5.3.1 Fig. 5.7) and that of satellite measurements, MIPAS extended down to 12 km, even

though we have some profiles extended up to 12 km, but most of the measurements were
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Table 6.1 Comparison of ground-based FTIR measurements of CHy4 and N, O partial column
(PC) with MIPAS_CH4_220 and V5R_N20_220 for the tropics.

species mean square error(%) Mean error(%) STD from Mean error(%) N
CHy 14.95 -11.7 9.4 57
N,O 5.55 2.39 5.57 61

ascertain down to 15 km for N,O.

For the partial column comparisons of FTIR with MIPAS, it is vital to take in to account the
lower altitude limit of MIPAS, which is 12 Km. The ground-based FTIR sensitivity is used
to determine the upper altitude limit, which is reasonable up to around ~ 27 km for CHy4
and N, O, but the sensitivity of MIPAS measurements of both CH4 and N;O are 12 km and
14 km respectively. Therefore the PC that we use in the comparison is limited to the altitude

ranges covered by both instruments.
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Fig. 6.5 Time series of CHy and N,O partial column comparisons: Upper panel: ground-
based FTIR (stars) and MIPAS (triangular) (VSR_CH4_220 and V5R_N20_220) partial
columns for collocated measurements at Addis Ababa. Lower panel: relative differences
between ground-based FTIR and MIPAS partial columns.

Therefore the PC used in the comparison is limited to the altitude ranges covered by
both instruments. Figure 6.6 shows the time series of the partial columns and relative dif-
ferences of CHy4 (upper panel) and N,O (lower panel). The partial column comparison of
CH4 between values of FTIR and MIPAS_CH4_224 and V5R_N20_224 revealed a mean
error of -5.5 %, mean square error of 7.4 % and a standard deviation from the mean error
of 5 %. Similarly, N,O values between FTIR and MIPAS revealed a mean error of 0.5 %,

mean square error of 3.7 % and standard deviation from mean error of 3.8 %.
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Fig. 6.6 Time series of CH4 and N;O partial column comparisons: ground-based FTIR
(stars) and MIPAS (V5R_CH4_224 (upper left panel) and FTIR (stars) and VSR_N20_224)
(triangular) (upper right panel) partial columns. Relative differences between ground-based
FTIR and MIPAS (V5R_CH4_224 (bottom left panel) and V5SR_N20_224 (bottom right
panel)) partial columns.

Table 6.2 Comparison of ground-based FTIR CH4 and N,O partial column (PC) with MI-
PAS_CH4_224 and V5R_N20_224 for the tropics, Addis Ababa.

species mean square error(%) Mean error(%) STD from Mean error(%) N
CHy4 7.4 -5.5 5 29
N,O 3.7 0.5 3.8 16

6.5 Comparison of CH; and N,O from FTIR with MLS

Figure 6.7 (middle panel) shows the comparison between FTIR CH4 profiles and CH4 de-
rived from MLS measurements and indicates that no significant bias in FTIR CHy data is
present between 22 and 27 km. In the tropopause layer the comparison indicates that strong
low bias of FTIR CH4 (at 18.31 km). The bias below 19 km and above 29 km can not
explained by the systematic errors of FTIR as the bias is larger than the systematic errors
of FTIR. Further the standard deviation of the difference is larger than the combined ran-
dom errors of the instruments. The bias within 19 km to 29 km can be explained by the

systematic error of FTIR. The combined error of this comparison indicates that all the er-
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ror contribution to both instruments have not taken in to account which might be the main
sources of the deviation of standard deviation of the mean difference from the combined
error. The spatial and temporal criteria sets used to collect the coincidence date might also
contribute towards observed discrepancy.

The left panel of Fig. 6.8 represents the mean profiles of N,O derived from the coincident
pairs of FTIR and MLS N,O. The FTIR values of N;O is larger than the MLS N,O by a
factor of 1.3 at around 30 km and by a factor of 1.1 at around 21 km. The mean relative
difference of FTIR and MLS N;O value increases as altitude increases. The positive bias is

statistically significant as the mean difference of the comparison is larger than the standard
error of the mean.
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Fig. 6.7 Mean profiles, bias and standard deviation of the differences versus estimated
combined retrieval error for MLS and FTIR methane retrievals.
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Fig. 6.8 Mean profiles, bias and standard deviation of the differences versus estimated

combined retrieval error for MLS and FTIR N2O retrievals.

6.6 Comparison of CH; from FTIR with AIRS

In Fig. 6.9 mean profiles, mean differences and estimated error versus deviation of the dif-

ference between FTIR and AIRS mixing ratios are shown. The largest negative bias is found

in altitude between 11-19 km with a maximum difference of -0.08 ppmv at around 15 km.
A negative bias that AIRS mixing ratio of CHy4 1s higher than the FTIR as shown in Fig. 6.9.
A positive bias existed at altitude between 7-9 km and similarly, it also shown in altitude

between 21-27 km with a maximum value at around 27 km and its bias is 0.14 ppmv (9

%). The standard deviation of the difference agree to the combined random error in altitude

below 20 km and it overestimate above 20 km.
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Fig. 6.9 Comparison of CH4 from AIRS and FTIR. Details as in Fig. 6.1

6.7 Correlation plots of CH, and N,O derived from FTIR,
MIPAS and MLS

The scattering plot of the data sets between FTIR (CH4 and N,O) and MIPAS_CH4_220,
MIPAS_N20_220 is shown in Fig. 6.10 in the altitude range of 15-30 km, color bar has
been represented for 3 km space (blue, cyan, green, yellow and red). The correlation coeffi-
cients between FTIR CH4 Vs MIPAS_CH4_220 and FTIR N,O Vs MIPAS_N20_220 in the
altitude range 15-22 km are 0.05 and 0.65 respectively. Whereas, the scattering plot between
FTIR (CH4 and N>O) and the new data version of MIPAS_CH4_224 and MIPAS_N20_224
are 0.18 and 0.2 respectively (see Fig. 6.11). Here, we found that the data points of the new
data version coincide better with the line with unity slope than the older version. The latter
tend to lie above this line for altitudes below 22 km for Addid Ababa measurements. This
confirms the findings of the previous section that low altitude methane of MIPAS_CH4_220
is biased high and this bias has been reduced in MIPAS_CH4_224.

The correlation coefficients between FTIR Vs MLS values of N,O and CH4 are 0.94 and
0.75 in the altitude range of 17-48 km respectively (Fig.6.12). The scatter plot of the ground-
based FTIR vs MLS of N,O and CHy4 confirms what has been seen in the comparison of
mean profiles: the data points are mainly found near the reference line with unity slope,
indicating that both instruments agree reasonably well. Particularly the data points referring

to altitudes below 20 km (orange and red data points) have a tendency to fall below the
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Fig. 6.10 A scatter plot of daily mean values of FTIR CHy of Addis Ababa Vs MI-
PAS_CH4_220 (left), FTIR N,O Vs MIPAS_N20_220 (right). The colour bar represents
the altitude in Km. The thick red line is the best fit straight line while the black line would
be obtained for a perfect agreement (FTIR = MIPAS). The correlation coefficients r of the
FTIR and MIPAS series are summarized in table 1 (15-22 km).

Table 6.3 Averaged statistical means (M) and standard deviations (STD) of the relative
differences (2 x %) [%] defined in altitude range of 15-22 km. R is correlation
coefficient with in 15 to 22. The number of coincidences (N) within a spatiotemporal criteria
of +2° of latitude and 4 10° of longitude and time difference of £24hr. This is for FTIR

and MIPAS_CH4_220, MIPAS_CH4_224.

FTIR Vs Residual R  Slope Intercept M=+STD[%] period N
MIPAS_CH4_220 4.6 0.05 0.31 1.4 -12.3£9.8  Jun 2009-Feb 2011 57
MIPAS_CH4_224 0.4 0.18 0.13 1.5 34+ 9.5  Jun2009-Feb 2011 29
MIPAS_N20_220 0.21 0.65 0.8 0.05 2.5+5.5  Jun2009-Feb 2011 61
MIPAS_N20_224  0.005 02 -03 0.4 2.5+45.5 Jun2009-Feb 2011 18

reference line, confirming the high bias of MIPAS at the low altitudes.
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Fig. 6.11 Scattering plots between FTIR CH4 and MIPAS_CH4_224 (left) and FTIR N,O
and MIPAS_N20_224 (right). The colour bar represents the altitude in Km. The thick
red line is the best fit straight line while the black line would be obtained for a perfect
agreement (FTIR = MIPAS). The correlation coefficients r of the FTIR and MIPAS series
are summarized in table 1 (15-22 km).
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Fig. 6.12 Daily scattering plot of FTIR Vs MLS of CHy4 (left) and N, O (right).
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6.8 Summary

Here, the FTIR products of CH4 and N, O have been compared to coincident volume mixing
ratio (VMR) measurements obtained from the reduced spectral resolution (Institute of Mete-
orology and Climate Research) IMK/IAA MIPAS satellite instrument (Version VSR_CH4_220,
V5R_N20_220 and Version V5SR_CH4_224, V5R_N20_224), the Microwave Limb Sounder
on board of the Aura satellite (Aura/MLS) (MLS v3.3 of N,O and CHy4 derived from MLS
v3.3 products of CO, N,O and H,0) and the Atmospheric Infrared Sounder (AIRS)of CHy4.

For CH4 comparisons, we obtain a statistically significant negative bias of -15 % to -3.8 %
in the altitude ranges of 12 km to 27 km between FTIR and MIPAS_CH4_220, mainly upper
troposphere and lower-middle stratosphere profiles with the maximum value of difference
is at tropopause and a standard deviation of 7 to 8 %. No statistically significant bias is seen
with in 27 up to 42 km. For N,O comparisons, statistically significant positive bias is seen
between FTIR and MIPAS_N20_220 within 2 to 5 % in altitude range 15-20 km and its
difference is within 5-10 % in altitude 20-30 km. below 18 km, the standard deviation of
the mean relative difference is within 7 to 10 % and above 20 up to 30 km, the standard
deviation of the mean relative difference is with in 10 to 15 %. However, the comparison
of FTIR CH4 and IMK/IAA MIPAS V5R_CH4_224 and V5R_N20_224 products has been
discussed, a statistically significant maximum negative bias of -4.8 % in altitude 15 km that
extends to 21 km and maximum positive bias of 4.6 % in altitude 27 km were obtained.
Whereas in the case of FTIR and MIPAS V5R_N20_224, a significant positive bias of less
than 15 % in the altitude range 22-27 km with a maximum value at around 25 km and a
negative bias of -7 % at 17 km has been obtained. The largest negative bias is found in
altitude between 11-19 km with a maximum difference of -0.08 ppmv (-4.8 %) at around
15 km and a positive bias of less than 0.14 ppmv (9 %) is found in altitude between 21-
27 km with a maximum value at around 27 km in FTIR CH4 comparison with AIRS. On
the other hand, comparison of FTIR CH4 profiles with MLS measurement indicates that no
significant bias in FTIR CHy data is present between 22 and 27 km. The mean absolute and
relative difference shows positive bias, FTIR CH4 values are lower in average of 0.15 ppmv
(9 %) below 22 km and higher above to 0.12 ppmv (8 %) in 27 km. The standard deviation
of the difference is larger than the combined random errors of the instruments through out
the altitude, but maximum variation is existed below 31 km. the value of standard deviation
of difference is larger by a factor of around 0.1 ppmv for altitude below 31 km. Since we
did not take in to account all the source of random uncertainties of the measurements, the

standard deviation of the difference is overestimated. The atmospheric variability due to the
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coincidence criteria might contribute the overestimation of standard deviation of absolute
difference.
For N,O derived from the coincident pairs of FTIR and MLS N,O the value derived from
FTIR is overestimated through out the altitude or the FTIR values of N,O is larger than the
MLS values of N,O by a factor of 1.3 at around 30 km and by a factor of 1.1 at around 21
km. The mean relative difference of FTIR and MLS N,O value is statistically significant
positive bias that increases as altitude increases, its value is less than 20 % for the altitude
below 30 km. Therefore, the ground-based FTIR spectrometer can be recommended for
CHjy and N, O satellite data (MIPAS, MLS and AIRS) validation

The large negative bias at upper troposphere and lower stratosphere of the tropics ob-
tained in this chapter, mainly for the intercomparison of FTIR CH4 with MIPAS_CH4_220
and its reduction in the new data version MIPAS_CH4_224 has been investigated in the next

chapter.



Chapter 7

Impacts of H,O Variability on accuracy
of CH, observations from MIPAS

measurements over the tropics

7.1 Introduction

Uncertainty of an instrument measuring atmospheric parameter in a global scale is expected
to be equal. However, the primary noise observed from limb sound recorded on February
2010 has been shown large noise in the upper troposphere and lower stratosphere of trop-
ics. Furthermore, different literatures have suggested that the large uncertainty of satellite
observations of methane in the upper troposphere and lower stratosphere of tropics and this
might be related to water vapour variability [27]. In this work, we showed the large un-
certainties of MIPAS_CH4_220 and MIPAS_CH4_224 in the upper troposphere and lower

stratosphere of tropics with reduced the value in the new version.

Different methods have been applied to determine uncertainty of MIPAS_CH4_220, MI-
PAS_CH4_224 measurements and variability of water vapour at the three latitudinal bands.
Intercomparison of methane measured by MIPAS with the ground-based FTIR products
obtained from the Addis Ababa FTIR observatory and other two NDACC FTIR sites repre-
senting the mid and high latitude sites (Jungfraujoch, Switzerland and Ny—z&lesund, Spits-
bergen) are performed. The standard deviation of mean difference and the combined ran-
dom uncertainty of instruments are compared to explore the magnitude of natural vari-
ability of water vapour. Natural variability of water vapour and the uncertainties of MI-

PAS methane can also be determined using the differential method proposed by Fioletov
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et al. [94] and applied on different literatures (e.g. [39, 40]) for the three atmospheric
conditions using at least two different measurement techniques. Furthermore, correlation
analysis between MIPAS_CH4_220 and MIPAS_N20_220, MIPAS_CH4_220 and MLS
CH4, MIPAS_CH4_224 and MIPAS_N20_224 and between MIPAS_CH4_220 and MLS
CH4 have been applied to explore the variation of the uncertainty of MIPAS CHy as a
function of latitude and altitude in a global scale. It is also used to show a large uncer-
tainty in the lower stratosphere of of tropics in the MIPAS_CH4_220 and reduced in MI-
PAS_CHA4_224. Finally, the cause of high uncertainty of MIPAS_CH4_220 and its reduc-
tion in MIPAS_CH4_224 at the lower stratosphere of the tropics has been assessed through
its relation with water vapour variability using a regression analysis method.

In this chapter, we discuss different established methods for random uncertainty variation as
a function of latitude in the lower stratosphere and their applicability to MIPAS_CH4_220,
MIPAS_CH4_224 and natural variability of water vapour. Like, bias evaluation, differential
method and correlation coefficient analysis methods were used and then the cause of the
latitudinal variation has been revealed by taking three selected atmospheric conditions or
ground based FTIR sites.

7.2 Preliminary observations

Figure 7.1 (middle and left panel) shows the latitudinal variation of MIPAS_CH4_220 and
MIPAS V5R_CH4_224 uncertainty, which is noisy on Feb. 2010. Hence, the random un-
certainty of the instrument taking in to account is noise only as this is the only sources of the
random uncertainty provided with the IMK/IAA retrieved products obtained from Institute
of Meteorology and Climate Research. It indicates that random uncertainty of MIPAS CH4
profile is large in the altitude range of upper troposphere and lower stratosphere of tropics
(below 20 km). This latitudinal variation of the IMK/IAA retrieved products, MIPAS CHy
random uncertainty is also shown on the MIPAS ESA retrieved value of CH4. However,
the random uncertainty of the MIPAS ESA products from Oxford university includes all the
sources of error contributed to the random uncertainty. Similarly, the variability of H,O as
a function of latitude and altitude is shown in right panel of Fig. 7.1.

Therefore, the preliminary results observed from the measurements of methane by MI-
PAS that is processed at Institute of Meteorology and Climate Research, IMK/IAA MI-
PAS_CH4_220 and MIPAS_CH4_224 as well as the retrieved data products adapted from
Oxford MIPAS page ( www.atm.ox.ac.uk/group/mipas/err) shows the latitudinal variation of

the uncertainty with a large value in tropics. Different literatures indicates the appearance
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of high random uncertainty of methane measurements in tropical atmospheric conditions.
The total random uncertainty of methane is high in the upper troposphere and lower strato-
spheric of tropics as compared with mid and high latitude bands at altitude range of 15 to 21
km. The random uncertainty of the measurement is less than 11 %, 6 % and 4 % in tropics,
mid and high latitude respectively.

Noise is large at upper tropospheric and lower stratosphere of tropics and its noise value
reaches 0.17 ppmv and decline in mid and high latitudes to less than 0.1 ppmv. Moreover,
high variability of H,O are inspected in upper troposphere and lower stratosphere of tropics
with a maximum value of 3 ppmv and variability of less than 2 ppmv on the other latitudinal
bands. This leads us to investigate the relation between water vapour variabilities with
uncertainty of MIPAS_CH4_220 and MIPAS_CH4_224 at upper troposphere and lower
stratosphere of different latitudinal bands.
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Fig. 7.1 Latitude/ altitude distribution of (a) natural variability of H,O in ppmv, (b) uncer-
tainty of MIPAS_CH4_220 in ppmv and (c) uncertainty of MIPAS_CH4_224 in ppmv for
Feb, 2010.

7.3 Methodology

For bias and precision validation of MIPAS CH,4 we use established methodology. The bias
is calculated as the mean difference between the data sets, and its significance is assessed
via the standard deviation of the mean difference of collocated measurements [38]. The

precision is estimated as the standard deviation of the differences between the collocated
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measurements [95]. Furthermore, we use the method proposed by Fioletov et al. [94] which
estimates both the natural variability of a state variable and the random uncertainties of two

systems measuring this state variable in the same latitude band.

7.3.1 Bias evaluation

Bias evaluation of CH4 volume mixing ratios derived from MIPAS is considered as a tech-
nique to determine the uncertainty of the instrument and the natural variability of water
vapour by comparing the bias obtained for the three latitudinal bands. From the intercom-
parison results of MIPAS_CH4_220 and V5R_CH4_224 with Microwave Limb Sounder
(MLS) and ground-based FTIR products obtained from Addis Ababa FTIR observatory and
other two NDACC FTIR sites representing the mid and high latitude sites (Jungfraujoch,
Switzerland and Ny—Alesund, Spitsbergen) using the statistical analysis methods detailed in
von Clarmann [38] and corresponding noise of MIPAS CH4 were considered as the random
error that represent the uncertainty of the instrument [64]. To estimate the uncertainty of
MIPAS data sets of CHy4, the standard deviation of bias has been taken as it represents a
combined random errors of the two instruments [95]. We can call this as bias evaluation
method. we consider the MIPAS CHy4 with coincident criteria of +2° of latitude and +10°
longitude from the locations of FTIR at Addis Ababa, Jungfraujoch and Nylesund respec-

tively for the three atmospheric conditions.

In the case of bias evaluation, the vertical profiles MIPAS_CH4_220, VSR_CH4_224 and
MLS version 3.3 CH4 are smoothed using the FTIR averaging kernels of individual species
obtained from the ground-based FTIR retrieval by applying the procedures reported in

Rodgers and Connor [92] and given as
Xy = Xg + A(Xi — Xg) (7.1)

where X; is the smoothed profile, x, and A represents the a priori and averaging kernel for
CH4 and N;O obtained from the ground-based FTIR instrument respectively. The x; is the
initial retrieved profile obtained from satellite measurements (MIPAS and MLS) after we
interpolated it to the FTIR grid spacing. We then compare with the FTIR measurements at
the geolocations of the respective FTIR sites within coincidence criteria of £2° of latitude
and +10° of longitude and time difference of +24hr.
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7.3.2 Differential method

The Fioletev method is applied to MIPAS, MLS and ground-based FTIR measurements
of CH4 and H;O. It uses variances of the trace gas measurements in latitude bins which
can be considered as fairly homogeneous, such that sampling artifacts in the variances can
be excluded. We further assume that the measured values of H,O, CH4 and the errors
associated with these measurements are independent. Then the sample variance ¢%(M;) of

the measurements of one gas by instrument i can be understood as

o (M;) = 6*(X;) + 62(&) (7.2)

where X; is the true value of the measured quantity and &; is the measurement error of the
i"" instrument. Since, putting sampling artefact aside, the natural variability is the same,
regardless by which instrument the atmosphere is observed, and since random errors of two
independent measurement systems are usually uncorrelated, the variance of the differences
between collocated profile measurements by the two instruments depends only on the ran-

dom errors:

0% (X1 — Xp) + 6 (M) — My) = 6% (&) + 62(&) (7.3)

The terms 62(M, — M;),0?(M;) ando?(M,) are available from the observations, and Eqs
(7.2-7.3) can be rearranged to give the natural variability (NV) and the random error of each

of the two measurements.

G2y(X) = L (G2 (My) + 0% (My) — G>(My — My))

2
o’(g) = %(Gz(Ml) — 0% (My) + 6*(M) — M>)) (7.4)
0*(e2) = 5(0(Ma) — (M) + 0*(My — M)

where M represents MIPAS and M, the MLS or FTIR measurement, depending on the ap-
plication. Both the estimated standard deviation (SD) of instrument uncertainty (i.e. MIPAS
CHy) and standard deviation of water variability for a given location, time of year, and layer
were obtained using equations (7.4). Applying equation (7.4) to these data sources creates
two sets of the SD of MIPAS CH4 uncertainty estimates. Similarly, SD of water vapour
variability were obtained for each of the three latitudinal bands. The value estimated SD

uncertainty of MIPAS CHy was calculated as the square root of mean variance estimates
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from the two data sources.

In addition to the above methods employed in this paper, as the UT/LS, mixing ratios
of these long-lived trace gases are largely controlled by dynamical processes, generally
resulting in compact tracer-tracer correlations. These correlations are usually more com-
pact in high and mid-latitudes, while in the tropics a somewhat larger scatter is observed
(see e.g., [27, 52]). We used such methods to show the variation of MIPAS_CH4_220 and
MIPAS_CH4_224 uncertainty with high value at LS of the tropics and its reduction in MI-
PAS_CH4_224 as a function of latitude and altitude in a global scale using corresponding
values MIPAS_N20_220, MIPAS_N20_224 for February 2010. In addition, both version
data sets of MIPAS CH4 and MLS CHy version 3.3 for February 2010 have been discussed
too. These correlations are calculated on latitude bin space by 30 and on an altitude grid
with 7 levels and spacing of 2 km.

7.4 Results and Discussion

The bias in MIPAS_CH4_220 and MIPAS V5R_CH4_224 can be quantified by comparison
with the ground-based FTIR CH, at the three selected sites, representing the three latitude
bands mentioned. Similarly, the variability of H>O over these three sites has been presented
and discussed using the standard deviation of the bias and combined random errors of the
instruments between MIPAS and MLS.

Figure 7.2 (panel a, b and c) shows the results from the comparison between MIPAS_CH4_220
and FTIR methane profiles. There are 61 coincident measurements in the tropics, 80 in mid-
latitudes and 15 in high latitude. The mean relative differences range from 13.7 % to 3.0 %
in altitude range 15 to 27 km for the tropical site, they are in ranges 10 % to 1 % and -2.7 %
to 2.2 % for mid and high latitudes respectively. We found that the bias is largest in tropical
site relative to the mid and high latitude bands, with positive peak value at tropopause. The
averaged mean relative differences and their standard deviations in the altitude range of 15-
22kmare 12.3 % £ 9.9 %, 8.9 % £ 5 % and -1.2 % £ 6.7 % for Addis Ababa, Jungfraujoch
and Ny-Alesund sites respectively (see Table 7.1).

Figure 7.2 (panel d, e and f) shows the same type of comparison, but for the new version
MIPAS V5R_CH4_224 and FTIR methane profiles over three sites. There are 29 coincident
measurements in Addis Ababa, 17 in Jungfraujoch and 16 in Ny—Alesund. The mean relative
differences range from 4.8 % to -4.6 % at the altitude range of 15 to 27 km for Addis Ababa
with a positive bias at altitudes below 22 km and a negative bias above 22 km. They are
-2.5 % t0 4.9 % and -3.8 % to 1 % for the Jungfraujoch and Ny—Alesund site respectively.
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We found that the bias is largest for the tropical site, Addis Ababa, relative to the mid and
high latitudes with a positive peak value at tropopause. The values reported in the sixth
column of Table 7.2 are averaged mean relative differences and their standard deviations in
the altitude ranges of 15 to 22 km.
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Fig. 7.2 Comparisons of MIPAS_CH4_220 profile with FTIR values (upper panel) and MI-
PAS_CH4_224 profile with FTIR (lower panel). The relative differences (2 x %)

[%] averaged over Addis Ababa, Jungfraujoch and Ny—Alesund sites. The shaded area is
the standard deviation of the mean relative differences.

To explore the precision of MIPAS_CH4_220 and MIPAS_CH4_224 vmr measurements,
the coincidence of MIPAS and FTIR CHy at the three latitudinal bands have been used.
The scatter plots that are shown in Fig. 7.4 in the altitude range 15-30 km, color bar has
been represented for 3 km space (blue, cyan, green, yellow and red). The high correlation
at Jungfraujoch and Ny-Alesund indicate that the instrument uncertainties are low relative
to the methane variability for both MIPAS_CH4_220, MIPAS_CH4_224 with reduced the
bias in the MIPAS_CH4_224 at Jungfraujoch. However, the correlation is less at Addis

Ababa that indicates large instrument uncertainties relative to the methane variability. The
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correlation coefficients are shown in table 1 for altitude range 15-22 km, those are 0.84 (MI-
PAS_CH4_220) and 0.98 (MIPAS_CH4_224) for Jungfraujoch , 0.9 (MIPAS_CH4_220)
and 0.89 (MIPAS_CH4_224) for Ny—;\lesund and less than 0.3 for both MIPAS_CH4_220,
MIPAS_CH4_224 at Addis Ababa. Further, the data points of the new data version coin-
cide better with the line with unity slope than the older version. The latter tend to lie above
this line for altitudes below 22 km for Addid Ababa and Jungfraujoch measurements. This
confirms the findings of the previous section that low altitude methane in MIPAS_CH4_220
MIPAS data is biased high and this bias has been reduced in MIPAS_CH4_224.

The standard deviation of mean relative differences between MIPAS_CH4 220 and FTIR
stated in the previous section also shows the precision and it is in the order of 4 to 8 % in
altitude between 15 and 27 km of all the three sites and this is comparable to the estimated
precision reported by von Clarmann [38]. On the other hand, the precision between MI-
PAS_CH4_224 and FTIR is in the order of 1 to 5 %, maximum at Addis Ababa, tropics.
Thus the effect of water vapour variability on the uncertainty of MIPAS CH,4 (mainly on
MIPAS_CH4_220) at tropics is required to assess in this work.

Table 7.1 Averaged statistical means (M) and standard deviations (STD) of the relative
differences (2 x %) [%] defined in altitude range of 15-22 km. R is correlation
coefficient with in 15 to 22. The number of coincidences (N) within a spatiotemporal cri-
teria of £2° of latitude and 4 10° of longitude and time difference of +24hr. This is for

MIPAS_CH4_220 and FTIR.

Site Residual R  Slope intercept M=+ STD period N

Addis Ababa 9.03° N 59 032 04 1.22 123+ 10.1  Jun 2009-Feb 2011 57
Jungfraujoch 46.55° N 3.6 084 1.2 -0.07 89+£5 Jan 2009-Dec 2009 12
Ny-Alesund 78.92° N 1.1 09 0.99 0.03 -1.2 £6.7 Mar 2009-Apr 2011 33

Natural variability of H,O

MIPAS water vapour observations over the three measurement sites in January 2010 were
compared to Aura MLS version 3.3 water vapour. The coincidences criteria were 7° N to
11° N, 45° N to 49° N and 77° N to 81° N and we ascertain 9, 12 and 14 coincidences
between MIPAS and Aura/MLS respectively, their temporal coincident is + 12 hr. Version
3.3 of Aura/MLS and IMK/TAA MIPAS V5R_H20_220 data product were used to analyze
the intercomparison result.

Figure 7.4 shows a plot of the standard deviations of mean absolute differences and the
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Fig. 7.3 A scatter plot of daily mean values of MIPAS_CH4_220 (upper panel) and
V5R_CH4_224 (lower panel) vs FTIR CHy4 of Addis Ababa, Jungfraujoch and Ny-Alesund
sites from left to right respectively. The colour bar represents the altitude in Km. The thick
red line is the best fit straight line while the black line would be obtained for a perfect agree-
ment (CH4 (MIPAS) = CH4 (FTIR)). The correlation coefficients r of the MIPAS and FTIR
series are summarized in table 1 (15-22 km).

combined random errors of instruments as a function of altitude for H,O vertical profiles
obtained from MIPAS and MLS. For the tropical measurements, the combined estimated
random error exceeds the standard deviation of the differences inferred from the observa-
tions. This indicates an overestimation of the retrieval uncertainties. For the other sites this
is not the case although the spatial and temporal coincidence criteria were chosen similar.
The result for the tropical site is particularly astonishing because for the combined error we
used only the retrieval noise and ignore the estimates of other random error components.
Thus, underestimation of the random uncertainty should be expected. However, the spatial

and temporal criteria used in all the three atmospheric conditions are similar. Different rea-
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Table 7.2 Averaged statistical means (M) and standard deviations (S7D) of the relative
differences (2%) [%] defined in altitude range of 15-22 km. R is correlation co-
efficient with in 15 to 22. The number of coincidences (N) within a spatiotemporal criteria
of +2° of latitude and £ 10° of longitude and time difference of +24hr. This is for MI-

PAS_CH4_224 and FTIR.

Site Residual R  Slope intercept M=+ STD period N

Addis Ababa 9.03° N 0.4 0.18 0.13 1.5 34£+9.4  Jun 2009-Feb 2011 29
Jungfraujoch 46.55° N 0.04 098 0.97 5.3 -2.8+ 1.4  Jan 2009-Dec 2009 16
Ny-Alesund 78.92° N 0.5 0.89 0.95 0.04 -2.4 +5.8 Mar 2009-Apr 2011 17

sons has reported for the overestimation of standard deviation of the absolute differences,
as we have not taking all the sources of errors that contribute to the random uncertainties of
the MIPAS measurements (i.e is the only error source considered noise), strong gradients of
H;O spatially and temporally in tropical atmospheric conditions and the overestimation of
the standard deviation of mean absolute differences may also be existed due to the natural

variability of the parameter (H,O).
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Fig. 7.4 The standard deviation of differences versus the combined error of the instruments
MIPAS V5R_H20_220 and MLS measurement for Addis Ababa, Jungfraujoch and Ny-
Alesund stations (left to right) on January 2010.

The bias between MIPAS and other data sources has been reported by different scholars,
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such as the bias of MIPAS CH4 and N,O with caution in the tropical lower stratosphere
e.g, [54]. In the lower stratosphere/upper troposphere (UT/LS) comparisons of ML2PP
profiles and correlative measurements of individual CH4 and N, O profiles show oscillations
in individual profiles caused by the processing algorithm and in the middle stratosphere,
no significant bias is observed [27]. In the lower stratosphere (below about 25 to 30 km)
MIPAS CHy is biased high with respect to satellite instruments, and the most likely estimate
of this bias is 14 % [42]. The mean difference we obtained between MIPAS and FTIR over
the tropical atmospheric conditions are in agreement with the deviations reported in Payan
et al. [27].

7.4.1 Correlation plots of CH; and N,O

Tracer-tracer correlation (i.e. CH4-N,O) measured by MIPAS has been used to show the
variation of the uncertainty of MIPAS CHy as a function of latitude and altitude. The cor-
relation coefficients of long lived trace gases were also used to show the latitudinal and
altitudinal variation of uncertainties of an instrument. Figure 7.5 Show the correlation co-
efficients between MIPAS_CH4_220 and MIPAS_N20_220, MIPAS_CH4_220 and MLS
CHy, MIPAS_CH4_224 and MIPAS_N20_224 and MIPAS_CH4_224 and MLS CHy4. The
correlation coefficients between MIPAS_CH4_220 and MIPAS_N20O_220 are only used
to show the latitudinal variations of MIPAS_CH4_220 uncertainty. The larger the corre-
lation of coefficient is the lesser the uncertainty and vice versa. We need only to show
the uncertainty is different at different latitudinal bands. The correlation coefficient be-
tween MIPAS CH4 220 and MIPAS_N20_ 220 as a function of latitude and altitude are
0.30, 0.98 and 0.96 in the lower stratosphere over the tropics, mid and high latitudes re-
spectively. Nevertheless, the correlation coefficient between MIPAS_CH4_224 and MI-
PAS _N20O_224 are 0.62, 0.80 and 0.66. Hence, the result indicates the reduction of un-
certainty of MIPAS_CH4_224 as its correlation in the lower stratosphere exceeds that of
MIPAS_CH4_220.

Correlation coefficients of CH4 and N»>O values derived from MIPAS and MLS CHy are
expected not to vary along the latitude. However, both correlation coefficients of MI-
PAS_CH4_220 and MIPAS_N20_220 of MIPAS as well as MLS version 3.3 CHy with
MIPAS_CH4_220 in a global scale with latitudinal bands of 15° and its vertical spacing of
1 km has been found to exhibit variation at the UT/LS. Thus, the correlation coefficients of
below the modest 0.5 found over tropics at upper troposphere and lower stratosphere indi-

cate the presence of large uncertainty of MIPAS_CH4_220 (see upper panel of Fig. 7.6).
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Fig. 7.5 Correlation coefficients between (a) MIPAS_CH4_220 and MIPAS_N20_220 (
b) MIPAS_CH4_220 and MLS CHy (¢c) MIPAS_CH4_224 and MIPAS_N20_224 (d) MI-
PAS_CH4_224 and MLS CHy as a function of latitude and altitude for the period February
2010.

These results confirm those of the bias evaluation analysis using the standard deviation of
the difference between MIPAS _CH4 220 and FTIR methane.

The influence of natural variability of water vapour on the uncertainty of MIPAS_CH4_220
and MIPAS_CH4_224 in the lower stratosphere of tropics with reduced effect on new ver-
sion data. The contribution of water vapour variability to the large uncertainty of MI-
PAS_CH4_220 at lower stratosphere can be shown by the following assumption. Assume
that water vapour variability in the lower stratosphere of the tropics has an effect on the
amount of MIPAS CHy4 profile. The large uncertainty of methane derived from MIPAS in-
struments in the lower stratosphere of the tropics is due to water vapour variability and this
has shown in Fig. 7.6 by taking into account the amount of water vapour variability that
enhance the profile of methane in the tropics using the equation below. Hence, the true

concentration of MIPAS CHy4 in the lower stratosphere is expressed as follows:
X; = X;n — SDny (7.5)

where X; is the concentration amount after removing the effects of water vapour variability
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on the vmr amount of CH4 and N»O, X, is the amount of methane obtained from the mea-
surement and SDyy is the square root of estimated natural variability of H,O variance at
upper troposphere and lower stratosphere (see Fig. 7.6).

The latitudinal variation of uncertainty of MIPAS_CH4_220 has been related to the vari-
ability of water vapour. However, the latitudinal variation of the uncertainties of the new
version data is reduced as water is jointly retrieved with methane. Figure 7.6 shows the re-
duction of latitudinal variations of uncertainty after Eq. (5) has been applied to the data sets.
The correlation coefficient between MIPAS_CH4 220 and MIPAS_N20O_220 as a function
of latitude and altitude after application of Eq. (5), high variation of correlation coefficient
has been reduced as shown in Fig. 7.6. This indicates the effect of water vapour variability

on the uncertainty of MIPAS_CH4_220 in the lower stratosphere of the tropics.
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Fig. 7.6 Correlation coefficients between (a) MIPAS_CH4_220 and MIPAS_N20_220 (b)
MIPAS_CH4_220 and MLS CH4 (c) MIPAS_CH4_224 and MIPAS_N20_224 (d) MI-
PAS_CH4_224 and MLS CH4 as a function of latitude and altitude for the period February
2010. After applying Eq. (5) to remove the effect of water vapour variability on the latitu-
dinal variation of the correlation coefficient (CC).
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7.4.2 H2O0 Variability Versus MIPAS CH4 Uncertainties

For atmospheric constituent measurements, the sample variance includes the natural vari-
ability of the measured quantities in addition to the variance of random error. Natural vari-
ability of water vapour over three atmospheric conditions can be derived from the data sets
provided by at least two different techniques. Using Eq. 7.4, natural variability in terms of
standard variation of water vapour over Addis Ababa was determined using January 2010
data set from MIPAS and MLS. For the same purpose we use collected MIPAS and FTIR
(Addis Ababa) water vapour data sets measured between May 2009 and February 2011.
The uncertainty of MIPAS methane over Addis Ababa is investigated using the two satellite
measurements to determine the natural variability of water vapour as well as the uncertainty
of MIPAS measurements of CHy.

The random uncertainties of the measurements can be estimated from sets of pairs of col-
lected data from MIPAS and FTIR or MIPAS and MLS as described in the methodology
section. Figure 7.7 shows the estimated precisions of MIPAS instruments to measure CHy
over three atmospheric conditions and it indicates that the mean altitude ranges between 15
and 27 km are 5.9 %, 4.8 %, 4.7 % for tropics (black solid line), mid (red solid line) and
high (green solid line) latitudes respectively. This result is obtained using Eq. 7.4 for MIPAS
and FTIR methane over the three atmospheric conditions and it also illustrates the standard
uncertainty of MIPAS, which is larger in the tropics than in the mid and high latitude atmo-
spheric conditions. However, the estimated uncertainties from MIPAS V5R_CH4_224 and
FTIR methane for the three atmospheric conditions decreased as shown in the right panel of
Fig. 7.7 with mean of the estimated error in the altitude ranges between 15 and 27 km are
2.4 %, 1.4 %, 5.1 % for tropics (black solid line), mid (red solid line) and high (green solid
line) latitudes respectively.

Figure 7.8 shows the natural variability of MIPAS V5R_H20_220 determined using the
differential equation (Eq. 7.4) from the two instruments MIPAS V5R_H20O_220 and MLS
(Ver3.3). The averaged standard natural variability of water in upper atmosphere (15-17
km) is 8.4 %, 5.4 % and 3.4 % for tropics, mid and high latitudes respectively.

The natural variability of H,O using the data sets obtained from MIPAS is determined using
the daily and monthly averaged values of the noise and sample variances for the altitude
ranges of 15 to 22 km. The full error of the instrument is not taken in to account in this
work, but we are attempting to use the main sources of the random error of the instrument
along with the data set, since the noise is the dominant source of the random uncertainty of
the instrument.

Figure 7.9 shows the natural variability of H,O calculated by computing the variability of
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Fig. 7.7 Estimated random uncertainty of MIPAS_CH4_220 (left) and MIPAS_CH4_224
(right) from FTIR comparison at the three sites.

three years of data of MIPAS and the result confirms presence of the standard natural vari-
ability and standard MIPAS uncertainty of methane measurements over tropical, mid and
high latitudes atmospheric conditions. Both the standard natural water vapour variability
and standard MIPAS uncertainty in measuring methane are larger in tropical as compared
to the values obtained for mid and high latitudes (right panel Fig. 7.9). The temporal vari-
ability of the water vapour followed by the natural variability of water vapour for the three
conditions can be computed by subtracting the square of mean random uncertainty (noise)
from the variances of the data set and the third panel represents the mean MIPAS noise or
random uncertainty of the measurements for the three atmospheric conditions. We also ex-
plored the same results for seven consecutive days starting from Dec. 19, 2010 to Dec. 25,
2010. Figure 7.9 (left panel) represents the standard deviation of the water vapour of the

three atmospheric conditions, which represents the natural variability of water vapour.

Table 7.4 shows the seasonal variations of both water variability and uncertainty in winter
and spring at different layer of the atmosphere of the three sites. Both water variability and
uncertainty of MIPAS CH, are high in tropics throughout the year. Mainly in the lower
stratosphere (18-21 km) both the variability of water and the uncertainty of MIPAS are

higher in tropics as compared to other latitude bands.
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Fig. 7.8 The natural variability of HyO over three measurement sites, computed from MI-
PAS and MLS.

7.5 The role of water variability on the uncertainty of MI-
PAS CH4 in tropics

In this part of the analysis the role of water vapour variability in the tropical tropospheric
layer in the uncertainty of MIPAS methane is explored using correlation analysis. Temporal
variability of water vapour in the upper troposphere and lower stratosphere (121-56 hpa)
of tropics has been determined from MIPAS_H20_220 for the time period of Jan, 2009 to
Apr, 2012.

The role of LS water vapour variability on the TTL uncertainty of MIPAS methane can be
investigated using monthly variability of water vapour over the tropical tropopause layer
and comparing with the monthly random uncertainty of MIPAS methane. The color bar
indicates the correlation coefficients between the two variables on temporal resolutions of

a month and altitudinal spaces of 1 km in altitude ranges of upper troposphere and lower
stratosphere of tropics using the three year (2009-2011) MIPAS CHy4 and H,O.

We can explore the relationship between the random uncertainty of MIPAS methane and the
natural variability of water vapour by employing linear regression analysis method. Figure
7.10 1s a scatter plot of the standard natural variability of water vapour and the standard ran-

dom uncertainty of MIPAS methane for the lower stratosphere over tropics using monthly
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Fig. 7.9 The natural variability of H,O (left) and the random uncertainty of MI-
PAS_CH4_220 (right). colored lines represent: black line for tropical, blue line for mid
latitude and red line for polar using three years data sets of MIPAS, 2009-2011.

averaged values for time period of three years (Jan. 2009- Dec. 2011).

The large uncertainty of MIPAS observations of long lived species and the poor correlation
between the tracer-tracer CH4-N;O in tropics might be correlated or coupled with water
variability. The correlation of the monthly and seasonal standard natural variability of water
vapour and standard uncertainty of MIPAS methane for tropics, over Addis Ababa at lower
stratospheric layer (18-21 km) is 0.88.

The variability of water at the TTL is large which might have an association to the large
uncertainty of MIPAS_CH4_220 for tropical atmospheric conditions, as the production of
H,O in the lower stratosphere is also through oxidation of methane in the upper troposphere
and transport processes. The variability of H,O in TTL is highly correlated to the tempera-
ture at the tropopause [25]. However, the correlation between MIPAS_CH4_224 uncertainty
and water vapour variability was reduced as water vapour was jointly fitted with CHy (see
left panel of Fig. 7.10). Similar results has been reported in methane and nitrous oxide
obtained from MIPAS retrieved by ESA processor and assimilated by BASCOE and shows
noisy results in tropical lower stratosphere [54].

Left panel of Fig. 7.10 shows the association between large uncertainty of MIPAS_CH4_220
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Table 7.3 Standard uncertainties of MIPAS_CH4_220 (SD uncertainty (%)) and standard
deviations of seasonal water vapour variability (H,O var ( %)) over Addis Ababa, Jungfrau-
joch and Ny-Alesund.

layer H,O0 var ( %) SD uncertainty (%)
Winter Summer Winter Summer

Addis Jung Ny Addis Jung Ny Addis Jung Ny Addis Jung Ny

15-17 km 242 82 56 198 11 45 72 40 44 75 56 438
18-21 km 95 58 73 173 49 45 53 39 50 53 38 35
22-25 km 59 93 137 54 49 63 36 47 79 35 4.1 43

Table 7.4 Standard uncertainties of MIPAS_CH4_224 (SD uncertainty (%)) and standard
deviations of seasonal water vapour variability (H,O var ( %)) over Addis Ababa (Addis),
Jungfraujoch (Jung) and Ny-Alesund (Ny).

layer H,O var ( %) SD uncertainty( %)
Winter Summer Winter Summer

Addis Jung Ny Addis Jung Ny Addis Jung Ny Addis Jung Ny

15-17 km 242 82 56 198 11 45 7.8 47 56 7.7 41 3.7
18-21 km 95 58 73 73 49 45 51 39 49 46 35 34
22-25 km 59 93 1377 54 49 63 29 39 56 28 3.1 30

and water variability in altitude range between 18 and 21 km and the right panel is for MI-
PAS_CH4_224. In the tropics the impacts of water vapour on the new version data of
MIPAS_CH4_224 has been reduced as their correlation coefficients in that altitude range is
also low.

We conclude that the variability of water had an effect on the large uncertainty of MI-
PAS_CH4_220 in tropical atmospheric conditions. However, water vapour variability con-
tribution on the uncertainty of MIPAS_CH4_224 has been reduced as explained in the bias

evaluation section.
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Table 7.5 Summary of correlation analysis of water vapour variability with random uncer-
tainty of MIPAS_CH4_220 (first row) and MIPAS_CH4_224 (second row) from monthly
averaged values in the lower stratosphere.

Residual CC R? intercept slope P value
0.01 0.88 0.78 0.0024+ 0.004 0.82+£0.04 <0.001
0.07 095 0.72  0.840.02 2703 <0.001
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Fig. 7.10 The natural variability of H,O and the random uncertainty of MIPAS_CH4_220
(right) and MIPAS_CH4_224 (left). Using a three years data set, 2009-2011 for altitude
18-21 km of tropics (Addis Ababa site)in the lower stratosphere.

7.6 Summary

In this chapter, we apply different methods to investigate the large uncertainty of MIPAS
methane in the tropical upper troposphere and lower stratosphere as compared to the uncer-
tainty at the same altitude level of mid and high latitudes. Similarly, the latitudinal variation
of standard natural variability of water vapour has been determined using those techniques.
Finally, we detected the natural variability of water vapour was a cause for high uncertainties
on the MIPAS_CH4_220 measurements over tropics using the linear regression analysis.
This has been reduced in the new data version MIPAS_CH4_224, where H,O was jointly
fitted with the target gas, CHy.

Coincident methane measurements by the Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS_CH4_220, MIPAS_CH4_224), Microwave Limb Sounder (MLS) and
ground-based FTIR are used to estimate random uncertainty of MIPAS_CH4_220 and MI-
PAS_CHA4_224 through application of the bias evaluation, differential and correlation analy-
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sis methods. The variation of random uncertainty as a function of latitude has been explored
by taking three FTIR sites, Addis Ababa, Jungfraujoch and Ny-Alesund represents tropics,
mid and high latitude respectively.

The averaged relative differences between MIPAS_CH4_220 and ground-based FTIR in
altitude ranges of 15-22 km are 12.3 %, 8.4 % and -1.2 % along with standard deviation
of mean relative differences of 10.1 %, 5 % and 6.7 %. Whereas, from the comparison
of the MIPAS_CH4_224 with FTIR, averaged bias and standard deviations of the differ-
ence in parenthesis are found to be 3.4 % (9.5 %), -2.6 % (1.4 %) and -2.7 % (5.9 %) for
Addis Ababa, Jungfraujoch and Ny—Alesund sites respectively. In both the comparisons,
high bias is found in the upper troposphere and lower stratosphere (15-22 km) of tropics
as compared to the same layers in mid and high latitudes, but it has been reduced in the
new data version. Moreover, the differential method also estimated mean random uncer-
tainty of MIPAS_CH4_220 in the altitude range of 15-27 km which are 5.9 %, 4.8 %, 4.7
% for Addis Ababa, Jungfraujoch and Ny—Alesund respectively. For MIPAS_CH4_224, es-
timated mean random uncertainties are 2.4 %, 1.4 % and 5.1 %. From the comparison of
MIPAS _H20_220 with MLS in the three sites, standard deviation of the difference over
the combined random uncertainty in the upper troposphere of the tropics are overestimated.
This indicates the large natural variability of water vapour. From the differential method,
we found that averaged natural variability of H20O in the altitude range of 15-17 km is 8.4
%, 5.4 % and 3.4 % in Addis Ababa, Jungfraujoch, and Ny—Alesund respectively.

The correlation coefficient between MIPAS_CH4_220 and MIPAS_N20_220 is 0.30, 0.98
and 0.96 in the lower stratosphere tropics, mid and high latitudes respectively. However, the
correlation coefficient between MIPAS_CH4 224 and MIPAS_N20_224 is 0.62, 0.80 and
0.66. The poor correlation between MIPAS_CH4_220 and MIPAS_N20_220 in the lower
stratosphere tropics indicates the large uncertainty of MIPAS_CH4_220 in the lower strato-
sphere of the tropics. Thus, all the above methods were applicable to estimate the random
uncertainty of the measurements and showed a large uncertainty of MIPAS_CH4_220 with
reduced in MIPAS_CH4_224 at lower stratosphere tropics. The cause of the large uncer-
tainty of MIPAS_CH4_220 was the natural variability of water vapour as the correlation is
0.70 in the altitude range of 18-21 km. Whereas, the uncertainty of MIPAS_CH4_224 is
reduced and its correlation to water vapour variability is 0.51. This indicates the contribu-
tion of water variability on the uncertainty of MIPAS_CH4_224 has been reduced as water
vapour was jointly fitted with methane during the retrieval of MIPAS_CH4_224.



Chapter 8
Conclusions

In this PhD study, the detail retrieval strategy for two long-lived species over tropics, with
focus on Addis Ababa site and the full error analysis of the ground-based observation have
been discussed. The vertical profiles and partial column amounts of the target gases were de-
termined in this project from the ground-based FTIR measurement located at Addis Ababa,
Ethiopia. The vertical profiles derived from ground-based FTIR observations are also val-
idated by the satellite based observations (MIPAS, MLS and AIRS) products. Finally, this
study also addresses the impacts of water vapour variability on the large uncertainty of
MIPAS_CH4_220 in the tropics. This uncertainty has been reduced in the new data ver-
sion MIPAS_CH4_224, where H,O was jointly fitted with the target gas, CH4. The mean
partial column of CHy4 and N,O within the sensitivity ranges of the instrument, which is
from the surface to around 27 km is determined as 2.85x 10'® molecules cm2+5.3 % and
5.16x10'8 molecules cm~246.95 % respectively. The overall contribution of both statisti-
cal and systematic errors, i.e. a total error of CH4 and N,O from ground-based FTIR is 3.1
% and 3 %, respectively. Therefore, the ground-based FTIR at the Addis Ababa observatory

is capable to monitor the vertical profiles of atmospheric gases.

We compared the atmospheric vertical profiles and partial columns of CH4 and N,O, mea-
sured with ground-based FTIR spectroscopy at the Addis Ababa University (9.01° N, 38.76°
E, 2443 m a.s.l) in the years May 2009-February 2013 with MIPAS (version VSR_CH4_220,
V5R_CH4_224, V5R_N20_220 and V5R_N20_224), the Microwave Limb Sounder on
board of the Aura satellite (Aura/MLS) (MLS v3.3 of CH4 and N,O) and the Atmospheric
Infrared Sounder (AIRS) (CHy). Relative differences range in vertical profiles of CH4 and
N,;O from the measurements between MIPAS (version VSR_CH4_220, V5R_CH4_224,
V5R_N20_220 and V5R_N20_224) and FTIR in altitude ranges of 15-27 km are -15 %
to -3.8 %, -4.8 % to 4.6 %, 2 % to 10 %, -7 % to 15 %, respectively. Similarly, the mean
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differences in partial column of CH4 and N,O within altitude ranges of 15 to 27 km are -11
%, -5.5 %, 2.39 % and 0.5 % respectively. Relative differences in vertical profiles of CHy
and N>O from the measurements between MLS v3.3 and FTIR in altitude ranges of 17-27
km are less than 9 % and 15 % respectively. Relative differences range in vertical profiles
of CH4 from the measurements between AIRS and FTIR in altitude ranges of 11-27 km is
-4.8 % t0 9 %. Therefore, the ground-based FTIR spectrometer can be recommended for
CH4 and N, O satellite data (MIPAS, MLS and AIRS) validation.

In addition to the above findings, the large uncertainty of MIPAS_CH4_220 at the upper tro-
posphere and lower stratosphere of tropics and its relation with water vapour variability are
investigated. Furthermore, the reduction of uncertainty of MIPAS_CH4_224 has been ex-
plored. Likewise, the latitudinal variation of standard natural variability of water vapour and

its relation to the latitudinal variation of uncertainty of MIPAS methane has been assessed.

Mean relative differences of 12.3%, 8.4% and —1.2% were obtained between MIPAS_CH4_220
and ground-based FTIR for the three sites in the altitude range 15-21 km. Whereas the mean
relative differences between MIPAS and FTIR at 15-21 km altitude have been considerably
reduced for data version MIPAS_CH4_224. They are now 3.4 %, -2.6 % and -2.7 % of
tropical, mid latitudinal and polar site, respectively. Moreover, the average estimated un-
certainties of MIPAS_CH4_220 were 5.9 %, 4.8 % and 4.7 % using the differential method
in altitude ranges of 15 to 27 km in the tropics, mid and high latitudes, respectively. While
the average estimated uncertainty of MIPAS_CH4_224 inferred by the differential analysis
1s low, 2.4 %, 1.4 % and 5.1 %. The correlation coefficient between MIPAS_CH4 220 and
MIPAS_N20_220 is 0.30, 0.98 and 0.96 in the lower stratosphere of the tropics, mid and
high latitudes respectively. However, the correlation coefficient between MIPAS_CH4_224
and MIPAS_N20_224 is 0.62, 0.80 and 0.66. Similarly, the inter comparison results of
water vapour derived from MIPAS and MLS for the three latitude bands shows that the
standard deviation of the mean difference are larger than the combined random errors in all
the three conditions. Here, we detected the natural variability of water vapour was a cause
for high uncertainties in the MIPAS_CH4_220 measurements over tropics using the correla-
tion coefficient analysis. This causal has reduced in the new data version MIPAS_CH4_224
because water vapour has been fitted jointly with CHg.

In short, the study has retrieved column abundances and profiles of two important green-
house gases namely CH4 and N,O from solar absorption measurements taken at Addis
Ababa, Ethiopia during a period that encompass May 2009 to March 2013. The fidelity
of the data is assessed through comparison with data from MIPAS, MLS and AIRS satel-

lites as well as full retrieval errors and their sources characterization. It is anticipated that
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the use of the data in further scientific studies may provide some insight into processes that
govern chemical transport and chemistry in the atmosphere as well as sources of green gases

in this part of the globe.

8.1 Recommendations for Future Work

The recommendations for future work and main activities of ground based FTIR and satellite

based observations of trace gases in tropics will be:

* The retrieval of methane and nitrous oxides from satellite observations required to

take in to account the variability of water vapour in tropics.

* The retrieval of long-lived species in tropics from the satellite observations requires
to consider the a priori of water vapour carefully applied on the target species where

spectra signature is interfered.

* The retrieval of trace gases that have an absorption spectra overlapped with water
vapour requires to consider the seasonal a priori profiles of target gases and interfering

gases to minimize the impacts of temporal variability on the retrieved profile.

* maximizing the retrieval products of methane using only the small altitude ranges
where the vertical gradients of temperature are constant as water vapour is mainly

affected by temperature.

* Future activities will be focused on investigating the uncertainty of other satellite

measurements of long-lived species in tropics.
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