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Abstract 

 

The instrumental line shape (ILS) is the instrumental response to a monochromatic input. ILS 

is an instrument parameter. In this work ILS has been analysed from two commercial high-

resolution Fourier Transform Spectrometry (FTS) by using low-pressure gas cell 

measurements (Brucker IFS 125 HR and Bruker IFS 120 M) by new software called LINEFIT 

has been developed by F. Hase. to calculate and retrieve ILS. 

 

ILS was retrieved using low-pressure gas cell measurements in Bremen, Germany and 

Biscarrosse, France by integrated either HCl or HBr cells into the measurements. Solar or 

laboratory (lamp) beam was used as infrared source. 

 

The measured ILS then was fitted into carbon dioxide (CO2) retrieval calculation to see the 

effect of it on CO2 retrieval. CO2 retrieval calculation in Bremen measurement is retrieved 

using the GFIT nonlinear least squares spectral fitting algorithm (version 2.40.2) developed 

by NASA/JPL. Comparison was performed between the effects of theoretical ILS and 

measured ILS. 
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Introduction 

 

Due to human activities such as results of fossil fuel combustion, cement production, and land 

use change, therefore, much more carbon dioxide has been released to the atmosphere. Thus 

perturbing the natural carbon cycle. Perturbing the natural carbon cycle leads to global 

climate change such as increasing global temperatures and rising sea levels [IPCC, 2007]. 

Much more attention is being given on the absorption characterizations and contributions of 

carbon dioxide. Therefore understanding temporal and spatial distributions of CO2 sources 

and sinks are needed. Unfortunately, this understanding has significant gaps and uncertainties. 

This attention has been given to CO2 because the locations of CO2 sinks are uncertain and the 

mechanisms of CO2 response to climate change are not fully understood and unclear. In-situ 

measurements of carbon dioxide are done from a network of surface sites. Despite they are 

highly accurate and precise but they have a limited spatial coverage, and the vertical transport 

which introduces the errors in inverse modeling is unclear from the side of the assumed sinks. 

Satellite measurements, either the existing satellite like SCHIAMACHY (Scanning Imaging 

Absorption Spectrometer for Atmospheric Chartography) or the future lunched satellite such 

as GOSAT (Greenhouse Gases Observing Satellite), planned lunched is in late 2008 and OCO 

(Orbiting Carbon Observatory), planned lunched is in early 2009, will provide a global 

coverage and may offer a solution to the spatial and temporal distributions of carbon dioxide 

sources and sinks. The atmospheric column-retrieved of carbon dioxide is also done by the 

ground-based Fourier Transform InfraRed (FTIR) Spectrometer to validate and supplement 

the satellite measurements, also from remote sensing side the vertical transport is not 

important. TCCON (Total Carbon Column Observing Network) is a network of ground-based 

Fourier Transform Spectrometers (FTS) recording solar spectra in near-infrared region using 

a high resolution, from these spectra an accurate and precise column-retrieved abundance of 

carbon dioxide (CO2)1 are retrieved. The purpose of FTS will be combination between In-situ 

measurements and remote sensing measurements. 

 1TCCON network retrieved not only CO2 rather than methane (CH4), nitrous oxide (N2O), hydrofluoric acid 
(HF), carbon monoxide (CO), water (H2O) and hydrogen deuterium oxide (HDO). CO2 mentioned above 
because the work in this thesis will concentrate on it. 



 x

 
Figure 1 TCCON operational, future and possible Sites 

 

Retrieved and calculated the column averaged volume-mixing ratio (VMR) of CO2 is done in 

general by TCCON operational sites and especially by the institute of environmental physics 

at Bremen University and its collaboration laboratories (see figure 1). The column averaged 

volume-mixing ratio of CO2 was calculated by the scaling CO2/O2 column ratio with the mean 

Oxygen (O2), as a reference gas, volume-mixing ratio which is suppose to be constant in the 

atmosphere and equal to 0.2095 ppmv (parts per million by volume) [T.Warneke. et. al. 

2005]. Oxygen (O2) as a reference gas suppose to be constant, as mentioned above, in the 

atmosphere for a correct retrieved calculations of CO2 column averaged VMR. During the 

retrieval calculations a problem for the reference gas (O2) has appeared, which is that the 

concentration of O2 is different for different locations. Figure two shows us four different 

stations followed to TCCON network and the O2-VMR obtained by each one of these 

stations. Therefore, correct calculations for CO2 retrieval might be inaccurate and not precise 

predicting. 

 

 
Figure 2 Oxygen concentrations at different stations by TCCON 

1) Bremen, Germany 
53° N, 8° E 

3) Bialystok, Poland 
53° N, 22° E 

4

2

1 4) Orleans, France 
48° N, 2° E 2) Ny Alesund, Norway 

79° N, 11° E 3

Source 24 

Source 24 
Courtesy.  
Paul Wennberg 
et. al. 2007 



 xi

The O2 problem is summarizes in the following points: 

1. XO2 is ~ 2% larger than the true value (spectroscopy – band intensity). 

2. XO2 has a ~ 0.5% Solar Zenith Angle (SZA) dependence (spectroscopy: width). 

3. The XO2 varies slowly over time by ~1% at park falls and Darwin or at lauder and 

Bremen (not spectroscopy - might be instrumental Line Shape, ILS). 

[http://www.tccon.Caltech.edu/]. 

 

XO2 is the dry-air column-averaged oxygen volume-mixing ratio. Since CO2 changes also 

differently between different stations by TCCON, so the problem arises, therefore, this work 

is an effort towards the solution. In order to retrieve the measured instrumental line shape 

using LINEFIT software [see chapter three for more details] and consider it into the retrieved 

column volume-mixing ratio for carbon dioxide and oxygen as well. Also deviation from 

theoretical ILS has to be determined by the measurements. 

 

Outlines of this work 

 

First chapter is generally about the atmospheric trace gases, their influences in the 

atmosphere, their sources and sinks, some factors are causing variability in trace gas 

concentrations. More specialized, carbon dioxide (CO2) in the atmosphere. Global carbon 

cycle, carbon dioxide sources and sinks and compares Fourier Transform Spectrometry (FTS) 

carbon dioxide measurements to satellite measurements (SCHIAMACHY) and model 

(CarbonTracker). 

 

Second chapter; Fourier Transform Spectrometry (FTS). This chapter explains about the 

instrument will be used for this work. Fourier transform spectrometry (FTS) its theory, 

working principle, major components, and some useful mathematical theorems related to FTS 

and its advantages and disadvantages. This instrument is called also FTIR, because it is 

working in infrared region of electromagnetic spectrum, therefore part of this chapter deals 

about infrared spectroscopy and the modes of transition. 

 

Third chapter; Instrumental Line Shape (ILS). This chapter deals with ILS from the ideal 

viewpoint and compares it to practically viewpoint. The second part of this chapter explains 

about the theory and how to calculate ILS using the software LINEFIT, which is used to 

calculate and retrieve ILS. 



 xii

Fourth chapter; Results and Discussions. This chapter will be divided into three parts. Part 

one is discussing the results from Bruker IFS 120 M during campaign measurements in 

France. Second part is showing the results from Bruker IFS 125 HR during an 

intercomparison were done between two operational stations in Bremen (Radom and 

IUP002). Third part will show us a comparison between the effects of theoretical and 

measured ILS on carbon dioxide column-averaged volume mixing ratio retrieval calculations. 

At the end of this chapter, the results are discussed and the conclusions are outlined. 

 



 1

Chapter One: Atmospheric Trace Gases 

 
1.1 Constituents of the Atmosphere 

 

The earth’s atmosphere is composed of a mixture of gases shown in table 1.1 

 

Constituent 
Fractional concentration by 

volume 

Nitrogen (N2) 78.08% 

Oxygen (O2) 20.95% 

Argon (Ar) 0.93% 

Water vapor (H2O) 0-5% 

Carbon dioxide (CO2) 380 ppm 

Neon (Ne) 18 ppm 

Helium (He) 5 ppm 

Methane (CH4) 1.75 ppm 

Krypton (Kr) 1 ppm 

Hydrogen (H2) 0.5 ppm 

Nitrous oxide (N2O) 0.3 ppm 

Ozone (O3) 0-0.1 ppm 

Table 1.1 Major gaseous constituents of the earth's atmosphere up to an altitude 105 km, with respect to dry air 

 

Looking to the table above, one can see that the concentrations of nitrogen and oxygen are 

high, which are the dominant constituents of the earth’s atmosphere. The rest of the gases are 

known as trace gases, because they are present in small concentrations. These minor amounts 

of trace gases play the key role in the determination of the energetic radiance balance of 

planet earth and they are important to the chemical removal processes in the atmosphere. The 

role of trace gases in the blocking of harmful radiation is of comparable importance. The most 

important trace gases in the earth’s atmosphere are the greenhouse gases such as water vapor, 

carbon dioxide, ozone, methane and nitrous oxide. Trace gases have different sources; natural 

or anthropogenic.  

 

Source 11 
Page 8 
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1.2 Trace gases in Atmosphere 

 

Increased atmospheric concentrations of CO2, O3 and other greenhouse gases over the past 

century have been well observed. Increasing tropospheric concentrations of infrared absorbing 

greenhouse gases will increase the difference between the amount of long-wavelength 

radiation absorbed and that emitted to space, leading to a net increase in the energy deposited 

in, and hence temperature of the troposphere. CO2 and H2O are major absorbers of infrared 

radiation in the troposphere. These gases with contributions from CH4 and N2O are 

responsible for a greenhouse effect that exists without any emissions from anthropogenic 

activities. Thus, anthropogenic emissions of new infrared-absorbing species, or increased 

emissions of the traditional greenhouse gases, provide additional trapping of infrared radiation 

to higher altitudes, altering the energy balance of the troposphere. The atmospheric lifetime of 

the gas is important, in that a long-lived species such as chlorofluorocarbons (CFC’s) can 

make a large contribution when integrated over time compared to a short-lived species. 

 

1.3 Sources and Sinks of Trace Gases in the Troposphere 

 

1.3.1 Sources of Trace Gases in Troposphere 

 

Concentrations of trace gases have increased due to natural and anthropogenic sources. Major 

natural sources of these gases in the troposphere are biogenic, such as the photosynthesis 

reaction 

)()()()( 2222 gOsOCHhlOHgCO +→++ ν                                                                        (1.1) 

Which removes carbon from the atmosphere and releases oxygen to the atmosphere, about 

80% of the CH4 in air comes from the decay of recent organic materials through cud-chewing 

animals, termites, rice paddies and wetlands. The solid earth like volcanoes, which emits H2O, 

CO2, SO2, H2S, COS, HCl, CH4, CO and heavy metals, rocks are the major sources of He, Ar 

and Rn in the atmosphere. The oceans; the oceans my serve as either a source or a sink for 

soluble gases, the oceans are an atmospheric source for many gases produced by biological 

activity, particularly sulfur-containing gases. In-situ formations that refer to the formation of 

chemical species by chemical reactions in the atmosphere, in-situ reactions cab be classified 

as homogeneous or heterogeneous. 
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Homogeneous reaction is one in which all of the reactants are in the same phase. 

For example, )()()()( 2332 gOgNOgOgNO +→+                                                             (1.2). 

Heterogeneous reaction is one involving reactants in two or more phases. 

[e.g., Sulfuric acid (H2SO4) or Nitric acid (HNO3) with organic compounds (e.g., Aldehydes) 

is an example of a heterogeneous reaction]. 

Anthropogenic sources play an important role in the budget of many important gases in the 

atmosphere, increasing the population’s leads to increase the emissions of a number of 

important trace gases.  

 

1.3.2 Sinks of Trace Gases in Troposphere 

 

Removal trace gases are important in the atmosphere, includes transformations into other 

chemical species and gas-to-particle conversion. Important removal process for both gases 

and aerosols is deposition of two types wet and dry into the earth’s surface and vegetation. 

Wet deposition: involves the scavenging of gases and particles in the air by clouds and 

precipitation. 

Dry deposition: involves the direct collection of gases and particles in the air by vegetation 

and earth’s surface and liquid surface. 

The oceans are important sinks for many trace gases. Hydroxyl radical (OH) is the major sink 

for most atmospheric trace gases. Because it is so reactive, the average lifetime of an OH 

molecule in the atmosphere is only ~ 1 second. 

 

1.4 Factors Causing Variability in Trace Gases Concentrations 

 

Concentrations of trace gases due to anthropogenic emissions in urban and industrialized 

locations can become very large. Combustion is the large source of air pollutants. For 

example fossil fuel combustion is the major source for CO, CO2, NOx (play a key role in the 

formation of photochemical smog) and SO2. Burning of hydrocarbon compounds (oil, natural 

gas, coal and wood) leads to 15% of the total emissions of hydrocarbons. Combustion of a 

hydrocarbons fuel yields only CO2 and H2O. 
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1.5 Influence of Trace Gases on Stratosphere 

 

Trace gases play an important role for the destruction of stratospheric ozone. Destruction of 

stratospheric ozone by various chemical mechanisms known as catalytic cycles involving 

nitrogen compounds, H, OH, Cl and Br. Catalytic cycles are in the form 

23

2

23

2: OOONet
OXOXO
OXOOX

→+
+→+
+→+

                                                                                                              (1.3) 

Below ~40km the OH acts as catalyst to destroy the odd oxygen. In the middle stratosphere 

NO acts as a catalyst for the ozone destruction. In the lower stratosphere Cl and Br acts as 

catalysts for destroying ozone. 

 

1.6 Carbon Dioxide in the Atmosphere 

 

1.6.1 Carbon Cycle 

 

The carbon cycle is the natural exchange of the element carbon between the atmosphere, 

organisms, the oceans and the geological formations. The carbon cycle is of interest because it 

controls the concentrations of two of the atmosphere’s two most important greenhouse gases, 

carbon dioxide (CO2) and methane (CH4), which yields to variation of climate parameters. 

Carbon dioxide (CO2) is the largest human-made climate forcing. The most important of the 

non-CO2 forcing is methane (CH4), as it causes the second largest human-made greenhouse 

gases climate forcing and is the principal cause of increased tropospheric ozone (O3), which is 

the third largest greenhouse gas forcing. Carbon can exist in many reservoirs in the earth 

system; table 1.2 shows the important carbon reservoirs. 
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respiration & 
decayphotosynthesis 

burial 

subduction 

volcanism 

Sea floor 
spreading

weathering 

Atmosphere & Oceans 

biosphere 

crust 

Mantle 

Figure 1.1 Processes responsible for the cycling of carbon between the various reservoirs in the earth 
system

Reservoir Capacity (kg m-2) 

Atmospheric CO2 1.6 

Atmospheric CH4 0.02 

Green part of the biosphere 0.2 

Tree trunks and roots 1.2 

Soils and sediments 3 

Fossil fuels 10 

Organic C in sedimentary rocks 20000 

Ocean: dissolved CO2 1.5 

Ocean: CO3
2- 2.5 

Ocean: HCO- 70 

Inorganic C in sedimentary rocks 80000 

Table 1.2 Major carbon reservoirs in the earth system 

 

Carbon cycling between the various reservoirs in the earth system shown in the following 

scheme (Figure 1.1). 
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1.6.2 Sources and Sinks of Carbon Dioxide 

 

1.6.2.1 Carbon Dioxide in the Atmosphere 

 

Carbon dioxide releases to the atmosphere by many processes. These processes either natural 

or anthropogenic. Figure 1.2 shows a comparison between atmospheric concentrations and 

anthropogenic emissions of carbon dioxide. 

 

 

Figure 1.2 Trends in atmospheric concentrations and anthropogenic emissions of CO2 

Natural such as respiration process, decay of plant and animal matter, following reaction 

refers to respiration and decay 

OHCOOOCH 2222 +→+                                                                                                   (1.4) 

This oxidizes organic matter and returns the CO2 to the atmosphere, and natural forest fires. 

This reaction is not the main pathway of CO2 formation. Other examples such as oxidation of 

methane in the atmosphere yields carbon dioxide (CO2) by the following reaction 

OHCOOCH 222 224 +→+                                                                                                (1.5). 

Volcanic eruptions returns CO2 to the atmosphere by the reaction 

2323 COCaSiOSiOCaCO +→+                                                                                           (1.6) 

When the limestone is transformed into metamorphic rocks due to the high temperature 

within the mantle. Anthropogenic processes such as burning of fossil fuels (coal, oil and gas), 

the production of cement and deforestation include destruction of the forests that allows the 

large amount of carbon stored in the tissues and wood fibre of trees and plants through the 

process of photosynthesis to be released into the atmosphere as carbon dioxide. Removal the 

CO2 from the atmosphere is very important due to its harmful effects. The sinks responsible 

for removing carbon dioxide from the atmosphere involving photosynthesis process via the 

reaction 
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2222 OOCHOHCO +→+                                                                                                    (1.7) 

This removes the carbon and stores it in organic molecules in phytoplankton and leafy plants. 

 

1.6.2.2 Carbon Dioxide in the Oceans 

 

Oceans can be either sources or sinks for carbon dioxide CO2. Three forms of carbon exists in 

the oceanic reservoirs (i) dissolved CO2 or carbonic acid (H2CO3), (ii) carbonate (CO3
2-), (iii) 

bicarbonate (HCO3
-) ions. Dissolved CO2 concentration equilibrates with atmospheric 

concentrations through the reaction 

3222 COHOHCO ⇔+                                                                                                         (1.8). 

Increasing the atmospheric concentration of CO2 tends to raise the equilibrium concentration 

of dissolved CO2. Carbonic acid dissociates to form bicarbonate ions and hydrogen ions  
−+ +⇔ 332 HCOHCOH                                                                                                       (1.9). 

The increasing concentration of H+ ions shifts the equilibrium carbonate and bicarbonate ions  
−+− +⇔ 2

33 COHHCO                                                                                                         (1.10), 

Toward the left. By adding (1.8), (1.9) and the reverse of (1.10) the net effect reaction 

obtained  
−− ⇔++ 32

2
32 2HCOOHCOCO                                                                                         (1.11). 

Marine organisms incorporate bicarbonate ions into their shells through the reaction  

3233
2 2 COHCaCOHCOCa +→+ −+                                                                                  (1.12), 

A fraction of the calcium carbonate then settles on the sea floor and forms limestone deposits, 

while the remains dissolve through the reverse reaction. The ions (Ca2+) in reaction (1.12) are 

derived from the weathering of calcium-silicate rocks in the reaction 

OHSiOHCOCaCOHCaSiO 223
2

323 2 +++→+ −+                                                          (1.13), 

The net effect of reactions (1.12), (1.13), in combination with reaction (1.8) is 

2323 SiOCaCOCOCaSiO +→+                                                                                        (1.14). 

Reaction (1.14) has the effect of taking up CO2 from the atmosphere and oceanic reservoirs 

and incorporating it into the much larger reservoir inorganic carbon sedimentary rocks in the 

earth’s crust. 
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1.6.3 Comparison between FTS CO2 measurements and other CO2 Measurements 

 

 

Figure 1.3 Comparison of satellite XCO2 (blue) with ground based FTS measurements (red) for Bremen, 

northern Germany, also included are corresponding CarbonTracker results (green). The red bars show the 

standard deviation of the FTS data. d% is the mean difference SCHIAMACHY-FTS in percent, s% standard 

deviation of the difference in percent and r is the correlation coefficient. 

 

XCO2 stands for dry air column-averaged mole fractions in ppm (part per million). Dry air 

column-averaged for the greenhouse gas is calculated  by dividing the greenhouse gas 

columns by simultaneously retrieved dry air columns. For XCO2 dry air column is obtained 

from the retrieved O2 columns and is computed as follows: 

( )mfcol

col

OO
COXCO

22

2
2 =                                                                                                              (1.1) 

Where, colCO2  is the retrieved absolute CO2 column (molecules/cm2), colO2  is the retrieved 

absolute O2 column (molecules/cm2), and mfO2  is the assumed (column-averaged) mole 

fraction of O2 used to convert the O2 column into a correspondence dry air column and is 

equal to 0.2095. 

 

 

 

 

 

 

 

 

O. schneising et. al. 2008 
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Chapter Two: Fourier Transform Infrared (FTIR) spectrometer 

 
2.1 Fourier Transform Infrared (FTIR) Spectrometer 

 

Fourier Transform Infrared (FTIR) Spectrometer is a technique of obtaining a spectrum such 

as 

∫
+∞

∞−

= δπνδδν dIB )2cos()()(                                                                                                   (2.1) 

From an interferogram such as 

∫
+∞

=
0

)2cos()()( νπδννδ dBI                                                                                                   (2.2) 

Using a mathematical operation known as Fourier transformation. 

Where: 

B (ν) Is the intensity of the spectrum as a function of wave-number (ν) 

I(δ) Is the interferogram (intensity versus time) 

δ Is known as retardation or optical path difference. 

 

2.2 FTS Principles 

 

Basic optical design of FTIR used originally by Michelson interferometer shown in figure 2.1. 
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Figure 2.1 Major components of FTS 

 

Energy from infrared source (i.e. a heated element or glower) is collimated and directed 

towards a beamsplitter.  

Beamsplitter in the mid-infrared range a very thin film of germanium supported by potassium 

bromide substrate. 

Beamsplitter will reflect 50% of the incident light towards the fixed mirror and transmit the 

remaining 50% towards the moveable mirror. Both split beams are reflected by the mirrors 

(fixed and moveable) and travel back to the beamsplitter then reflected to the detector. The 

energy that reaches the detector is the sum of the two reflected beams. When the distance 

from the beamsplitter to the fixed mirror as the distance from beamsplitter to the moveable 

mirror, then the two beams will have traveled equal distances. When the moveable mirror is 

moved, the optical pathlengths become unequal. The path difference is known as the 

retardation or optical path difference (O.P.D) and represented by the δ. When the optical path 

difference of the two split beams is identical (δ=0), these two beams will be in phase, and 

then constructive interference is observed at the detector. The intensity of the detector signal  

I(δ) will be a maximum. Figure 2.2 shows; as the retardation is increased the signal from the 

detector – the interferogram – goes through a series of maxima and minima. The maxima 

occur whenever the retardation is an integral multiple of wavelengths of the emitting source. 

 

Source 8 



 11

...,2,1,0; etcnn ±±== λδ                                                                                                       (2.3) 

The minima occur when the retardation is an odd multiple of half wavelengths of the emitting 

source. 

[ ] ...,2,1,0;2
1 etcnn ±±=+= λδ                                                                                             (2.4) 

The resulting interferogram can be described as infinitely long cosine wave defined 

)2cos()()( πδννδ BI =                                                                                                           (2.5) 

It is possible that the source emits more than one frequency. Each frequency is treated as if it 

resulted in separate cosine waves, and the cosine waves are added to obtain the form of the 

interferogram, which is defined as 

)2cos()()(
1

ii

n

BI πδννδ
ν

ν
∑=                                                                                                   (2.6) 

The summation is replaced by an integral 

∫
+∞

=
0

)2cos()()( νπδννδ dBI                                                                                                   (2.7) 

At zero retardation (δ=0) all of the cosine waves from all frequencies are in phase. Thus the 

interferometer I(δ) always has a maximum at δ=0 and this feature known as centerburst. The 

optical retardation that corresponds to the maximum displacement, represented by the symbol 

(Δ=δmax), determines the theoretical limiting resolution of the interferometer. In practice the 

resolution is never attained because of truncation or apodization. Equation 2.7 is described the 

interferogram (intensity versus optical retardation), however, the spectroscopists are more 

interested in the spectrum (intensity versus wave-number). By knowing the interferogram 

I(δ), it is possible to calculate the corresponding spectrum using a mathematical technique 

known as fourier transformation, the expression for the spectrum is 

∫
+∞

∞−

= δπνδδν dIB )2cos()()(                                                                                                   (2.8) 

 

2.3 InfraRed Principle 

 

2.3.1 InfraRed Spectroscopy 

 

Infrared (IR) spectroscopy is the absorption measurement of different IR frequencies by a 

sample positioned in the path of an IR beam. Certain frequencies (energies) of a radiation are 

absorbed when it passes through a sample, leading vibrational and rotational motions in the 
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molecules. IR spectroscopy is one of the most common spectroscopic techniques used by 

organic and inorganic chemists, and its main goal is to determine the chemical functional 

groups in the sample. The position of such absorption is measured in wave-number ν~ (cm-1) 

(number of waves per unit length), or wavelength λ (μm). The IR region of the 

electromagnetic spectrum is the region lying between the visible and microwave regions 

(figure 2.2), having wave-numbers from roughly 13000 to 10 cm-1 or wavelength from 0.78 to 

1000 μm. 

 

Figure 2.2 Electromagnetic spectrum 

 

The IR region is divided into three smaller areas, Near InfraRed (NIR), Mid InfraRed (MIR) 

and Far InfraRed (FIR). Each area has its own wave-number and wavelength as well as 

energy (figure 2.3). 

 

Source 20
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Figure 2.3 InfraRed areas showing their wave-numbers and wavelength as well as energy 

 

IR spectrum information is presented in the form of spectrum intensity with wave-number (or 

wavelength) as the x-axis and the intensity as y-axis. Figure 2.4 show an example of the 

infrared spectrum was measured with FTS in Bremen. 

Source 20
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Figure 2.4 Infrared information spectrum measured with FTS in Bremen 

 

Transmittance, T, is the ratio of radiant power transmitted by the sample (I) to the radiant 

power incident on the sample (Io). Absorbance (A) is the logarithm to the base 10 of the 

reciprocal of the transmittance as follows 

( ) 0101010 loglog1log IITTA −=−==                                                                               (2.9) 

Transmittance spectra provide better contrast between intensities of strong and weak bands 

because transmittance ranges from 0-100% whereas absorbance ranges from infinity to zero. 

 

2.3.2 Rotational Energy Levels 

 

Rotational energy levels are quantized, this means after absorbing of energy the molecules in 

the ground rotational states will be raised to higher states, and therefore the energy levels can 

)(~ 1−cmν  

Intensity 
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be derived by assuming rigid rotator molecule with masses m1 and m2 separated by a distance 

ro and rotating about point S (figure 2.5). 

 

 

Figure 2.5 Rigid rotator 

 

The moment of inertia, I, of the molecule is defined as ∑= 2
ii rmI , thus for a two atomic 

molecule I can be written as 2
22

2
11 rmrmI += , using ro=r1+r2 and m1r1=m2r2, therefore 

21

2
1 mm

rmr
+

= o  and 
21

1
2 mm

rmr
+

= o leads us 22

21

21
oo rr

mm
mmI μ=
+

=  where 
21

21

mm
mm
+

=μ  the so-

called reduced mass. By Schrödinger equation the rotational energy levels for diatomic 

molecules are given as 

)1(
8 2

2

+= JJ
I

hEJ π
 in joule, Where 

,...3,2,1,0=J  Rotational quantum number. 

h (6.626 * 10-34 J.s) Plank constant. 

and the corresponding frequencies can be derived as 

hcEhE // Δ=Δ=ν (c = 3*108 m/s, speed of light in the vacuum) therefore 

)1()1(
8 2 +=+== JBJJJ

Ic
h

hc
EJ

J π
ε  (cm-1), where

Ic
hB 2

2

8π
= , rotational constant   (cm-1). 

Not all possible transitions are allowed, only those that obey the selection rules 1±=ΔJ . 
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2.3.3 Vibrational Energy Levels 

 

A diatomic molecule can also oscillate in addition to rotation with angular frequency ω. e.g. 

molecule consists of two masses m1 and m2 connected by spring and separated distance r 

(figure 2.6). 

 

 

Figure 2.6 Oscillation of diatomic molecule 

 

The restoring force is proportional to the displacement and described by hook’s law as 

kqF −= , Where 

F  Restoring force (newtons). 

k  Force (spring) constant. 

q  Distance that the spring has been stretched or compressed away from the equilibrium 

position. 

Using classical mechanics, the angular frequency (ω) is given by 
μπ

ω k
2
1

=  (in Hertz), or 

μπ
ω k

c2
1

=  (in cm-1), again 
21

21

mm
mm
+

=μ reduced mass. The potential energy (Epot) of the 

oscillating system is given by 2

2
1 kqE pot = . The vibrational energy levels are given by 

)
2
1( += νων hE  (in Joule and ω in hertz), where ,...2,1,0=ν  vibrational quantum number. 

Vibrational transition observed when there is change in the dipole moment of the vibrating 

molecules and the selection rule must be obeyed. The simplest selection rule for vibrations 

is 1±=Δν . 

Source 20 
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2.4 Advantages and disadvantages of Fourier Transform Infrared Spectroscopy 

 

2.4.1 Advantages of FTS 

 

-  General Advantages 

• Jacquinot (Throughput) Advantage: The interferometer has large circular apertures 

area than the linear slits used in grating spectrometers with no strong limitation on the 

resolution, thus the ability of interferometers to collect large amounts of energy at high 

resolution. 

• Fellget (Multiplex) advantage: The interferometer receives information about the 

entire spectral range during an entire scan, while the grating instrument receives 

information only in a narrow band at a given time. 

• Connes (Wavelength) advantage: It arises because FTIR gives very accurate 

frequencies in the spectrum. This gives the exact position for the moveable mirror. 

 

-  Specific Advantages 

Additional advantages can be listed as follows 

 Very large resolving power. 

 Vastly reduced stray or unwanted flux problems. 

 Fast scanning time. 

 Large wave-number ranges per scan. 

 Possibility of making weak signal measurements at millimeter wavelengths. 

 Use of small images in sample compartments without requiring special measures. 

 Low cost of basic optical equipment. 

 Smaller size and lower weight of interferometers than spectrometers. 

 

2.4.2 Disadvantages of FTIR 

 

 The interferometers require access to computer facilities. 

 The interferograms sometimes cannot be visually interpreted, which makes it for an 

operator to judge quickly whether or not an experiment is satisfactory. 

 The high wave-number accuracy and the problem of reduced stray light both result 

from the interference phenomena inherent in the instrument. 
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2.5 Fourier Transform (F.T) 

 

2.5.1 General Fourier Transform 

 

The spectrum and the corresponding interferogram (eqs 2.8 and 2.7) are related to each other 

by the Fourier transform. Fourier series for a function f(x) is 

[ ]∑
∞

=

++=
1

0 )2sin()2cos(
2

)(
k

kk kxbkxa
a

xf ππ                                                                         (2.9) 

Where 

∫
−

=
2

2

)2cos()(2 T

T
k dtTkttf

T
a π ,       k=0,1,2, …                                                                    (2.10) 

∫
−

=
2

2

)2sin()(2 T

T
k dtTkttf

T
b π ,       k=1,2,3, …                                                                     (2.11) 

Which are called Fourier coefficients. The Fourier series can also be described in a complex 

way when eiϕ = cosϕ  + isinϕ, then 

kxi

k
k ecxf π2

0
)( ∑

∞

=

=                                                                                                                 (2.12) 

)(
2
1)(1 2

2

2
kk

T

T

kti
k ibadtetf

T
c −== ∫

−

− π                                                                                   (2.13) 

 

2.5.2 Properties of Fourier Transform 

 

(i) The Fourier transform of a function f(x) is defined as 

{ })()()( 2 xfFTdxexfyF xyi == ∫
∞

∞−

π                                                                                      (2.14) 

Using the inverse Fourier transform FT-1, f(x) can be reconstructed from F(y) as 

{ } { }))(()()()( 112 xfFTFTyFFTdyeyFxf xyi −−− === ∫ π                                                   (2.15) 

(ii) For an even function {f(x) =f (-x)} 

( )∫
∞

∞−

= dxxyxfyF π2cos)()(     And           ( )∫
∞

∞−

= dyxyyFxf π2cos)()(  

(iii) For the functions f(x) and its transform F(y) it follows that 

∫
∞

∞−

= dxxfF )()0(                    And            ∫
∞

∞−

= dyyFf )()0(  



 19

Called the zeroth moment. 

 

2.6 Important Theorems about Fourier Transformation 

 

For any two functions f(x) and g(x), their Fourier transformations are F(y) and G(y), the 

following theorems can be applied 

 Similarity      :  f(ax)                                              ..TF         )(1
a
yF

a
 

 Addition        :  f(x) + g(x)                                     ..TF        )()( yGyF +  

 Shift               :  f(x-a)                                            ..TF         )(2 yFe yai π−  

 Derivation     :  f´(x)                                              ..TF         )(2 yyFi π  

 Convolution  : ∫ ∗≡− )()()()( xgxfdzzxgzf     ..TF        )()( yGyF •  
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Chapter Three: Instrumental Line Shape (ILS) 
 

3.1 The Instrumental Line Shape (ILS) 

 

‘‘Instrumental Line Shape (ILS) or instrumental function is defined as the shape or profile of 

the spectral line resulting from a truly monochromatic input’’ [Source 1]. Knowing the 

spectrometer parameters such as apodization functions, maximum optical path difference and 

field of view, helps to calculate the instrumental line shape (ILS). Calculated (theoretical) ILS 

is obtained from equation 4.1. Deviation from theoretical ILS has to be determined by 

measurements. The instrumental line shape (ILS) is very important because it guides for right 

and correct conclusions from the measurements also characterizing the instrument 

performance. ILS gives an accurate knowledge about the spectral resolution over the 

measurements. As mentioned in chapter 2, in order to obtain the spectrum from the 

interferogram some modifications have to be done because of the difference between 

theoretical and experimental limits in Fourier transform integrals (equations 2.7 and 2.8). 

Theoretical part tells us that Fourier transform has infinite limits for the optical path 

difference while experimental limits are finite due to traveling distance for the moveable 

mirror. Also the optics have a finite size, therefore these limitations are affecting the resulting 

instrumental profile. The reason for this is that the finite travel for the moveable mirror, 

therefore the optical path difference, introduces a rectangular function that multiplies the 

interferogram, or correspondingly a sinc function that convolutes the spectrum. Also the finite 

size of the entrance aperture introduces a sinc function that multiplies the interferogram, 

which in turn convolutes the spectrum with a rectangular function. 

 

3.1.1 Finite Path Difference 

 

Considering monochromatic input source, hence the interferogram is described by the 

expression )2cos()( πνδ=xI . Practical interferometer takes that the path difference is 

extended to infinity (see figure 3.1a); therefore the spectrum would be perfect. Since this is 

impractical, means the path difference is finite. Considering a finite maximum path 

difference, Δ+≤≤Δ− δ . This is equivalent of taking an infinitely long interferogram and 

then multiplying it by rectangular function (see figure 3.1b). )
2

().()(
Δ

∏=
δδδ II obs , in the 
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spectral domain, the equivalent operation is convolution with a sinc function, 

)2(sin2)()( δνν ΔΔ∗= cBBobs , so the instrumental function now )2(sin2)( δδ ΔΔ= cO . 

Limited optical path difference leads to sinc function with Full Width at Half Maximum 

Δ
=

Δ
=

605.0
2
207.1FWHM (see figure 3.1c). 

 

 

 

 

Figure 3.1 a) Monochromatic input source and resulting interferogram (ideally). b) (Boxcar truncation) 

multiplying the interferogram by rectangular function (practically). c) Instrumental line shape of boxcar 

truncation after Fourier transformation is applied showing FWHM 

 

Looking at figure 3.1c one can see the negative sidelobes around the peak. The phenomenon 

of sidelobes is called ringing, and it can be suppressed by apodizing (for more details see 

section 3.2) the interferogram. 

 

3.1.2 Finite Entrance Aperture Size 

 

For a monochromatic input source, for the interferogram we have )2cos( πνδ=I . The 

interference fringe intensity for a particular wave-number at a given path difference (δ) and 

angle α is Ω= ddI ))cos(2cos( απνδ                                                                                       3.1 

FTS 

FFT 

a) 

b) 

c) 

Source 8
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Where Ω is the small increment of solid angle at α (Ω = πα2). Using the small-angle 

approximation (cosα = 1 - α2/2), also rewriting the expression (Ω = πα2) as               (Ω/2π = 

α2/2), after substituting into equation 3.1 becomes 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎥⎦
⎤

⎢⎣
⎡ Ω
−=

π
πνδ

2
12cosdI                                                                                                          3.2 

For the interferogram I(δ) integrating equation 3.2 over the complete aperture diameter    (0-

Ωm), then equation 3.2 becomes: 

⎭
⎬
⎫

⎩
⎨
⎧

⎥⎦
⎤

⎢⎣
⎡ Ω
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎥⎦
⎤

⎢⎣
⎡ Ω

Ω=
π

πνδ
π

νδ
δ

4
12cos

2
sin)( mm

m cI                                                                       3.3 

The finite aperture has produced two effects. The first is a scale change, the aperture causes 

shift in the wave-number towards lower wave-number by a factor of (1-Ωm/4π). The second is 

to multiply the envelope of interferogram with a sinc function. Since Fourier transform of the 

sinc function is a rectangle, and then Fourier transform of the interferogram produces a 

broadening of the spectral line in the form of known rectangular function. 
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3.2 The Software (LINEFIT) to Calculate the Instrumental Line Shape (ILS) 

 

LINEFIT is a software that was developed by Hase to calculate and retrieve the instrumental 

line shape (ILS) using gas cell measurements. The description of retrieval procedure is that 

the user has to choose between either simple parameter set with a number of parameters 2 + 

2nw, or extended parameter set with a number of parameters 40 + 2nw, nw denotes as spectral 

windows. Simple set and extended set are coupled by adjustable regularization constraint. The 

simple set consists of a constant phase error and the modulation efficiency versus ideal 

instrument, which is supposed to decline linearly with the optical path difference. In the case 

of the simple parameter set, the problem is well-posed and does not require additional 

constraints and the improved values fi+1 are 
iiTiiTii LAAAff Δ+= −+ 11 )(                                                                                                    3.4 

Where 

fi    => Actual parameters. 

ΔLi    => The residual between measured and calculated spectrum. 

Ai    => Jacobian matrix. 

T    => Denotes for transpose. 

After a couple of iterations, the parameter values that minimize (ΔL)2 are found. The extended 

set consists of 20 values of both modulation efficiency versus ideal instrument and phase error 

at positions equidistant in the interferogram domain. In this case the problem is ill-posed and 

additional regularization constraints are needed. These constraints can be written as 

0=fBm                                                                                                                                  3.5a 

And 

0=pfB                                                                                                                                   3.5b 

Where, Bm and Bp are matrices that connect adjacent components in the subspaces spanned by 

the modulation and phase parameters, the subscripts m and p denote modulation and phase 

respectively. Now 

)()( 1221 iiiiT
P

T
ppm

T
mm

iiTi fALABBBBAAf +Δ×++= −+ γγ                                                   3.6 

γm and γp are constants and so-called regularization parameters that weight the smoothing 

conditions, and the functional, 22222 )()()( fBfBL ppmm γγ ++Δ  is minimized. 

An ideal instrument has instrumental line shape (ILS), this ILS is affected by modulation loss 

due to self-apodization of the interferogram taking into account is symmetric and a finite field 

of view. Broadening the ILS due to a modulation loss and is asymmetric or not due to a phase 
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error. ILS is asymmetric/symmetric, and is broadened/weakened due to the difference 

between ideal and real instruments, such as the assumptions of finite entrance aperture size or 

finite optical path difference. Two main features of the imperfect ILS, its width and degree of 

asymmetry, can be clarified after this description. Looking to the following figure (3.2) 

obviously we can see the two main features of the imperfect ILS. 

 

 

Figure 3.2 ILS description spanned by modulation efficiency loss and phase error (F. Hase. et. al. 1999) 

 

In the upper left corner the ideal self-apodized instrumental line shapes. From the figure 

above, horizontally, the modulation efficiency is changed therefore the width of the peak is 

changed. But vertically the phase error is changed therefore degree of asymmetry of the ILS is 

changed, this can be noticed by compare the false sidelobes beside the base of the peak. 

Feeding in a strictly monochromatic input source will give a cosine-shaped function of optical 

path difference (interferogram). A Fourier analysis of this interferogram will give the 

instrumental line shape. The envelope of this interferogram is denotes as modulation 

efficiency. The modulation efficiency can be calculated by the following formula. 

)()(
)0()(),(
xAmplxAmpl

AmplxAmplxM idealideal

realreal

=ν  

And the following figure shows us the meaning of this formula. 
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Figure 3.3 Modulation efficiency loss for ideal and real instrument 

 

The deviations from the expected zero-cross positions of the cosine as a function optical path 

difference are proportional to the phase error. 
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Courtesy F. Hase 1999
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Chapter Four: Results and Discussions 

 

This part of the thesis deals with Instrumental Line Shape (ILS) derived from two different 

types of Bruker instruments by using the software called ‘’LINEFIT’’ from a low-pressure 

gas cell measurements for the retrieval calculations. Regarding [F. Hase, 1999] two 

approaches can be followed by the use of either single mode IR laser or low-pressure gas cell 

to calculate the instrumental line shape. But single mode IR laser method has some handicaps; 

it is expensive, demands a stable laser, and the correct coupling of the coherent laser beam 

into the interferometer is difficult. Another drawback is that the ILS is determined at only a 

single fixed spectral position, which is important since the ILS is frequency dependent [F. 

Hase, 1999]. The low-pressure gas cell method can be used with various different gases to 

give narrow absorption lines at a number of different frequencies across the spectrum of the 

broadband source and only standard laboratory equipment is needed. The measurements also 

have been recorded with low pressure value for the Cells because we need Doppler 

broadening to be dominated rather than pressure broadening; this means pressure values are 

not important for the retrieval calculations rather than we do care about the temperature 

values. The instruments are mobile Bruker IFS 120 M in France and two Bruker’s IFS 125 

HR in Bremen, Radom and IUP002. 

 

4.1 Cells used to derive Instrumental Line Shape (ILS) 

 

The cells used to derive the instrumental line shape are HCl and HBr cells. The cell 

parameters are explained in table 4.1. These parameters are its length and pressure. They can 

be positioned before the spectrometer in the parallel beam from a laboratory radiation source 

or in the solar beam itself. Figure 4.1 shows the cells used to derive instrumental line shape in 

France or Bremen.  
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Figure 4.1 Cells used to derive ILS in Bremen and France 

 

The Parameters regarding the cells were used are written in the following table 4.1. 

 

Cell Length (cm) Pressure (mbar) 

HCl 9.978 5.1369 

HBr 2.18 2 

Table 4.1 Parameters for cells used in Bremen and France 

 

4.2 Instrumental Line Shape of the Bruker IFS 120 M 

 

The Institute of Remote Sensing (IFE), University of Bremen, FTIR spectrometry group, 

participated in measurement campaign from 8 May 2005 to 26 June 2005 in Biscarrosse, 

France at 44° 22' N, 1° 13' W. A mobile Bruker IFS 120 M was the instrument used during 

the campaign measurements. This instrument was placed in a container AWI002 and 

positioned into the mentioned place above. 
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Figure 4.2 Bruker IFS 120 M used during the campaign 

 

During the campaign days, 23 June 2005 was a day for HBr measurements with a lamp as 

infrared source with this instrument. The measurements started at 06:17 UTC and finished at 

14:09 UTC. The purpose of this date is to see the behavior of the Bruker IFS 120 M during 

the mentioned date above while looking to the modulation efficiency and phase error. 

Whereby the resulting instrumental line shape can be obtained from the modulation efficiency 

and phase error. The mentioned date was divided into morning, noon and afternoon. The 

considered measurement in the morning period was done from 07:25 UTC till 09.27 UTC. 

The settings used during the measurements were; for the Aperture 0.5 mm, resolution 0.005 

cm-1 and with averaged temperature of 22.96° C. The sample (cell) and background spectra 

were measured, and then the ratio of spectrum with sample over the background spectrum 

was taking in order to obtain the real transmittance spectrum. Ten isolated, separated and 

unsaturated micro-windows as shown in figure 4.3 were cut for LINEFIT retrieval 

calculations.  

 

* The source of this picture is 
Bruker Optics, Mr Irmer 
Klemmens. 
klemens.irmer@brukeroptics.de 
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Figure 4.3 Transmittance spectrum with ten isolated, separated and unsaturated micro-windows were evaluated 

into LINEFIT during 23 May 2005 for the mentioned periods. 

 

The following table 4.2 shows us the values for the micro-windows were evaluated into 

LINEFIT. This table shows also the minimum and maximum values of the wave-number for 

the micro-windows. Numerous isolated micro-windows are chosen to achieve the signal-to-

noise-ratio of the of the transmission spectra. 

 

 

 

 

 

 

 

 

 

 

Wave number (cm-1)

Transmission (%) 



 30

Micro-Windows 
Wave-number 

(cm-1) 

Wave-number 

(cm-1) 

1 2507.00 2507.13 

2 2507.38 2507.50 

3 2524.64 2524.74 

4 2525.02 2525.10 

5 2541.78 2541.86 

6 2542.15 2542.24 

7 2574.71 2574.78 

8 2575.10 2575.18 

9 2590.47 2590.55 

10 2590.85 2590.95 

Table 4.2 Minimum and maximum values of the considered micro-windows were evaluated into LINEFIT 

during 23 May 2005 for the mentioned periods. 

 

The considered measurements in noon period were done from 11:32 UTC till 12:55 UTC. The 

averaged temperature was 23.71° C. For this comparison all settings has to be same in 

morning, noon and afternoon periods such as aperture and resolution, and to a good and 

completed comparison same relevant area from the transmission spectrum and micro-

windows was taking for the evaluation procedure. This means figure 4.3 and table 4.2 are 

valid for the mentioned periods of 23 May 2005. Morning, noon and afternoon 

For this comparison the resulting modulation efficiency loss and the phase error was plotted 

versus optical path difference in the mentioned periods during the mentioned date after 

evaluated the micro-windows, which are shown in table 4.2 into LINEIFT. The resulting 

modulation efficiency and phase error versus optical path difference are shown in figure 4.4. 
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Figure 4.4 Modulation efficiency and phase error versus OPD of the Bruker IFS 120 M was used during the 

measurements campaign in France in the mentioned date 

 

The resulting linear modulation efficiency loss is of the order of 0.05% at morning time, 

while is of the order of 2.6% at noon time, and is of the order of 2.3% at afternoon time at 

maximum path difference. The represented phase error is of the order of 9*10-3 rad at 

morning time, while is of the order of 46*10-3 rad at noon time, and is of the order of 2*10-3 

rad at afternoon time. It can be seen from the figure above that either the modulation 

efficiency loss or phase error for Bruker IFS 120 M varies noticeably with optical path 

difference during the day. The accompanying ILS’s of Bruker IFS 120 M for the mentioned 

date during the measurements campaign is shown in figure 4.5. 
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Figure 4.5 Accompanying ILS's correspondence to the modulation efficiency and phase error shown in figure 4.4 

 

Regarding figure 4.5, the resulting ILS’s during the mentioned date are varied. Comparing the 

height of the peak for the three different periods one can see that each period has different 

height, also looking to the false sidelobes beside the base of the peak for each period; we can 

see that they are asymmetric. Because changing the modulation efficiency loss will broadens 

or weaken ILS and varying phase error makes it either asymmetric or symmetric. 
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4.3 Instrumental Line Shape of the Bruker IFS 125 HR 

 

The institute of environmental physics (IUP) at university of Bremen is offering Fourier 

transform spectrometry (FTS) measurement facility since 2004 by Bruker IFS 125 HR 

instrument located in dome (Radom station, figure 4.7) at the roof of the IUP building. Before 

going further into details about this instrument, some differences between Bruker IFS 125 HR 

and Bruker IFS 120 M will be introduced in the following lines. The electronics and laser 

compartments in Bruker IFS 120 M are integrated into the interferometer block, while in 

Bruker IFS 125 HR each one of them has its own compartment. The heating in Bruker IFS 

120 M leads to temperature and this leads to gradient in air in the spectrometer; and from 

different index of refraction we will have different for the laser and light (dispersion). 

Availability of space of scanning cover in IFS 120 M is smaller than IFS 125 HR. and IFS 

125 HR more solid than IFS 120M. And the following figure 4.6 will show us Bruker IFS 125 

HR in Radom station at the institute of environmental physics in university of Bremen. 

 

 
Figure 4.6 Bruker IFS 125 HR used in Radom station, university of Bremen 

 

Radom station is one of the NDACC (Network for the Detection of Atmospheric Composition 

Change) complementary sites. This institute will also offer FTS measurement facility by two 

new Bruker instruments (IFS 125 HR) at two different places. The first place is expected to be 

operational late 2008 in Bialstock, Poland (53° N, 11° E). The second place is expected to be 

operational from early 2009 in Orleans, France (48° N, 2° E). These two instruments are 

placed into containers IUP002 and IUP003 and located right now behind IUP building for 

testing the automated measurements, as they will be working in Poland and France. 
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Figure 4.7 Operational Bruker instruments in Bremen 

 

The permanent station, Radom; is measuring in two areas of the infrared region of 

electromagnetic spectrum, near infrared and mid infrared regions, therefore different settings 

are available with this instrument. The case of future operational stations (IUP002 and 

IUP003) is different because the measurements by these two stations will be automated. 

Therefore, IUP002 and IUP003 have different settings rather than Radom station and it can 

measure in one area, near infrared. Table 4.3 summarizes the settings; which are Radom, 

IUP002 and IUP003 stations are working with. 
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Station 

(Instrument) 
Radom 

IUP002 & 

IUP003 

MIR1 
Region 

NIR2 
NIR 

0.0051 Resolution 

(cm-1) 0.022 
0.014 

500-46001 Recorded Range 

(cm-1) 4000-110002 
4000-15500 

HCl & HBr1 Cell can be used into the 

measurements HCl2 
HCl 

MTC & InSb1 
Detector 

InGaAs2 

InGaAs 

Si-Diode 

Table 4.3 The settings; which are Radom, IUP002 and IUP003 stations are working with 

 

 

 

MTC referred to Mercury Cadmium Telluride detector, InSb referred to Indium Antimonide 

detector and InGaAs referred to Indium Gallium Arsenide detector. To get the instrumental 

line shape of Bruker IFS 125 HR an intercomparison has been done between Radom and 

IUP002 in near infrared region with solar beam. The purpose of this intercomparison is to find 

the optimal regularization constraints, whereby the true instrumental line shape for our 

instruments can be obtained from those regularization constraints. Both stations have same 

instrument, Bruker IFS 125 HR. The intercomparison date was May 09, 2008. It was clear 

and sunny day; therefore we were able to record as many spectra as possible. The settings that 

sorted for both instruments were as follows: Aperture 0.5 mm, Resolution 0.014 cm-1, scanner 

velocity 10 KHz and Low pass filter was open instead of 40 KHz. Averaged of 80 spectra 

were recorded with HCl cell and averaged of 130 spectra without cell at Radom station while 

averaged of 40 spectra were recorded with HCl cell and 20 without cell at IUP002 station. 

Real transmission spectrum was calculated by taking the ratio of the averaged spectrum with 

cell over the averaged spectrum without cell for both stations. Figure 4.8 shows us the 

averaged spectrum with and without cell for both stations. 

 

 

1Mid infrared region. 
2Near infrared region. 
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Figure 4.8 Averaged spectra were recorded by Radom and IUP002 stations at the intercomparison date 

 

After calculating the real transmission spectrum; an isolated, separated and unsaturated ten 

micro-windows was cutting after compared the solar spectrum for both stations with spectrum 

coming from lamp as infrared source with cell at same settings. Because recording spectrum 

with lamp as infrared source with cell (HCl or HBr) give us only the area where could we see 

easily HCl or HBr lines. Table 4.4 shows the minimum and maximum limits for the micro-

windows coming from both stations. 

 

 

 

 

 

 

 

 

 

 

1 Radom without cell 
2 Radom with cell 
3 IUP002 without cell 
4 IUP002 with cell 

1 

2 

3 

4 

Intensity 

Wave number (cm-1)
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Micro-windows Wave-number (cm-1) Wave-number (cm-1) 

1 5624.98 5625.08 

2 5683.52 5683.62 

3 5687.60 5687.70 

4 5701.93 5702.03 

5 5706.02 5706.15 

6 5719.12 5719.22 

7 5735.03 5735.17 

8 5739.19 5739.32 

9 5749.74 5749.85 

10 5767.34 5767.44 

Table 4.4 Minimum and maximum wave-number limits for the micro-windows were cutting from the 

transmission spectrum was measured at Radom and IUP002 stations 

 

Regarding [F. Hase, 1999] a simple method to find the appropriate regularization strength is 

to start with strong smoothing and then to reduce the value until the systematic residuals 

disappear in the noise level of the measurement. In order to find the optimal regularization 

constraints for both stations the values in table 4.4 were evaluated through LINEFIT to get the 

resulting modulation efficiency loss, phase error and accompanying instrumental line shape 

for both stations. The evaluation procedure was done started with very strong regularization 

constraints for both stations and then reduced the values smoothly to very weak regularization 

constraints. For each station seven trails for different seven values of the regularization 

constraints were evaluated through LINEFIT. The modulation efficiency will give us about 

the behavior of the instrument by looking to accompany’s ILS. Figure 4.9 shows us the 

modulation efficiency for Radom station at seven different trails of regularization constraints 

that were evaluated. 
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Figure 4.9 Modulation efficiency at different values of regularization constraints for Radom station 

 

Same work was done for IUP002 station; hence, figure 4.10 shows us the modulation 

efficiency for IUP002 station at seven different trails of regularization constraints that were 

evaluated. 
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Figure 4.10 Modulation efficiency at different values of regularization constraints for IUP002 station 

 

The strong regularization constraints for both stations are considered in the upper left panel, 

while the weak regularization constraints are considered in the lower right panel. The values 

in between were trails to find the optimal regularization constraints for both stations. Noticing 

the modulation efficiency values, for a different value of regularization constraints, we see 

different value for the modulation efficiency. The modulation efficiency curves which are 

related to the strong and weak regularization constraints were taken into account for both 

stations to see the effect on accompany’s ILS. Unfortunately, Bremen stations same as all 

TCCON operational sites; none of them were able to find the optimal regularization 

constraints. Figure 4.11 shows the modulation efficiency loss for both stations by strong and 

weak regularization constraints. 
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Figure 4.11 Modulation efficiency for Radom and IUP002 stations with strong and weak regularization 

constraints 

 

Figure 4.11 shows that the modulation efficiency loss is of the order of 3% at maximum path 

difference with strong regularization constraints and is of the order of 15% at maximum path 

difference with weak regularization constraints for Radom station. While the modulation 

efficiency loss is of the order of 2% at maximum path difference with strong regularization 

constraints and is of the order of 12 % at maximum path difference with weak regularization 

constraints for IUP002 station. To see the behavior of the instruments the accompany’s ILS 

for both stations at strong and weak regularization constraints were plotted in figure 4.12 as 

response versus wave-number in (cm-1) and then the residual between strong and weak 

regularization constraints for both stations were plotted in same figure, the effect of 

regularization constraints can be seen. 
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Figure 4.12 ILS corresponding to the fits shown in figure 4.10 

 

For Radom station, the modulation efficiency loss difference between strong and weak 

regularization constraints is of the order of 12%. But for IUP002 station it is of the order of 

10%. As the modulation efficiency difference for Radom station is bigger than the difference 

for IUP002 station, therefore the height of the peak of Radom station should be higher than 

the height of the peak for IUP002 station and this obvious in the lower panel of figure 4.12 

above. 
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4.4 Effect of Measured Instrumental Line Shape on Carbon Dioxide (CO2) Retrieval 

 

Carbon dioxide (CO2) column-averaged volume-mixing ratio is retrieved in Bremen and 

Spitsbergen using the GFIT nonlinear least squares spectral fitting algorithm (version 2.40.2) 

developed by NASA/JPL [R. Macatangay, et. al. 2008]. New future operational Bremen 

stations (IUP002 and IUP003) will also be retrieved by same retrieval calculations through 

GFIT. CO2 retrieved calculations are dependent on Oxygen column-averaged volume-mixing 

ratio as a reference gas [internal standard for TCCON sites]. Therefore, wrong calculation in 

O2 concentrations might lead to wrong calculations in CO2 retrieval procedure; because of O2 

problem as mentioned in the introduction of this work. During the retrieval procedure, 

instrumental line shape of the spectra has to be taken into account. The retrieval calculations 

for Bremen operational sites, as in all TCCON operational sites, incorporate the calculated 

(theoretical) ILS [T. Warneke. et. al. 2005]. Calculated (theoretical) ILS is coming from the 

following equation 
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m                                                                      4.1 

For the intercomparison date (May 09, 2008), the measured ILS was included in the retrieval 

procedure instead of the calculated one for both stations (Radom and IUP002) and both gases 

(CO2 and O2). The theoretical ILS for both stations, which is supposed to be considered into 

the retrieval procedure, is shown in figure 4.13. Theoretical ILS for both stations should be 

identical regarding equation 4.1, as we see in the following figure. 
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Figure 4.13 Theoretical ILS for Radom and IUP002 stations regarding equation 4.1 

 

The measured ILS, which included the retrieval procedure, is the one shown in figure 4.12 for 

both stations with strong and weak regularization constraints. Before showing the results for 

CO2 with the measured ILS for both stations, one trail was done to retrieve CO2 with the 

theoretical ILS to see if the measured ILS effects CO2 retrieval calculations or not. Figure 

4.14 shows CO2 column-averaged volume mixing ratio in (ppmv) with the calculated 

(theoretical) ILS on May 09, 2008 (intercomparison date). 

 

 

Figure 4.14 CO2 column-averaged VMR with the theoretical ILS on May 09, 2008 
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After including the measured ILS into CO2 retrieval calculation to get CO2-VMR was done 

for both stations and with strong and weak regularization constraints the following results was 

obtained. Figure 4.15 is showing the CO2-VMR for both stations with strong regularization 

constraints. While figure 4.16 shows the CO2-VMR for both stations with weak regularization 

constraints. 

 

 

Figure 4.15 CO2-VMR for both stations with strong regularization constraints 

 

Figure 4.16 CO2-VMR for both stations with weak regularization constraints 
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CO2-VMR for Radom and IUP002 stations, which has been retrieved by using theoretical ILS 

is in agreement during the early morning hours until early afternoon time. By looking at 

figure 4.14 we can see that CO2-VMR for IUP002 station is almost straight, while it is like a 

curve for Radom station. This difference between two stations might be referred to the solar 

tracker of Radom station, because of the position of each station [refer to figure 4.7]. 

Measured ILS either with strong or weak regularization constraints has been affected CO2-

VMR of Bremen stations. For IUP002 station we see that the value of CO2-VMR is more 

scattered than the value for Radom station because the IUP002 station is measuring in two 

channels and there is a mirror before the detector to separate the intensity into two detectors 

(InGaAs and Si-Diode) for the two channels. CO2-VMR calculation is affected by the 

pointing error of the solar zenith angle (SZA). Figure 4.17 shows us the effect of HCl cell on 

pointing error between Radom and IUP002 stations on May 09, 2008 (intercomparison date). 

 

 
Figure 4.17 Effect of HCl cell on pointing 

 

Jumps in pointing errors arise as HCl cell is removed and re-inserted. Pointing error can be 

calculated from the following equation. 
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Where 

α = pointing error [°] 

δ = spectral shift [mK] = 0.001 cm-1 

c = speed of light = 299,792,458 m/s 

|ŕ| = tangential speed of the sun at the equator = 7,284 km/hr 

ψ = half angle of the sun = 4.7 mrad = 0.269° 
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4.5 Conclusions and discussions 

 

The instrumental line shape in Bremen and France was obtained using two different Bruker 

FTS instruments. Bruker measurements IFS 120 M was performed from May to June 2005 in 

Biscarrosse, France during the CarboEurope Regional Experiment Strategy (CERES) 

measurement campaign. ILS during this campaign was derived using HBr cell in MIR region 

of the electromagnetic spectrum with lamp as infrared source. LINEFIT was the software 

used to calculate and retrieve ILS, which has been developed by F. Hase, institute of 

meteorology and climate research, Karlsruhe, Germany. The derived ILS from Bruker IFS 

120 M varied during the day, either the height of the peak or false sidelobes (asymmetry) 

regarding to the changing of modulation efficiency loss and phase error. The modulation 

efficiency loss was of the order of 0.05% at morning, 2.6% at noon and 2.3 % at afternoon 

time. While the represented phase error was of the order of 9*10-3 rad at morning, 46*10-3 rad 

and 2*10-3 rad at afternoon time. The date of considered measurements was May 23, 2005. 

From the values of the modulation efficiency loss above we can observe that Bruker IFS 120 

M still in progress and the variation of modulation values is very small during the day, 

therefore Bruker IFS 120 M can be aligned. 

 

 

Bruker IFS 125 HR is the instrument that in used to record the spectra in Bremen stations 

(Radom, IUP002 and IUP003). For Radom station since 2004, while for IUP002 and IUP003 

stations temporarily from May 2008 in Bremen and permanently will be from late 2008 and 

early 2009 in Poland and France. ILS was derived from both stations (Radom and IUP002) in 

NIR region of the electromagnetic spectrum using HCl cell and from lamp or sun as infrared 

source. Different modulation efficiency loss values and represented phase error have been 

obtained by using different values of regularization constraints. Work on obtaining the 

optimal regularization constraints is in progress to find the true ILS for all Bremen stations. 

Therefore different resulting ILS has been derived regarding different regularization 

constraints. The strong the regularization constraints the less the modulation efficiency loss, 

and the weak the regularization constraints the more the modulation efficiency loss. Less 

modulation efficiency loss values for both stations (Radom and IUP002) were obtained using 

strong regularization constraints, therefore strong regularization constraints is the best 

regularization to use into the retrieval calculations. 
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CO2 column-averaged volume mixing ratio has been calculated in Bremen using the GFIT 

nonlinear least squares spectral algorithm (version 2.40.2) developed by NASA/JPL and using 

oxygen as reference gas. CO2-VMR is 20.95% of the CO2/O2 column ratio. During the 

retrieval procedure of CO2, the theoretical (calculated) ILS, which comes from equation 4.1, 

was included. The measured ILS, which was obtained from Bremen stations, is taken into 

account during the retrieval calculations of CO2-VMR. 
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