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”We are all made of stardust”

Carl Sagan

In memory of Mailo (2007-2022)





Thesis overview and summary

This thesis describes the AirCore sampling technique which is able to retain a continuous vertical
profile of air that extends from the ground until the mid-stratosphere. The majority of the data
that are presented in the following pages were recorded from various sensors that are attached
on the AirCore. These data were acquired during two intensive AirCore sampling campaigns in
Sodankylä, Finland during June of 2019, and in Trâınou, France in 2020.

Chapter 1 describes some of the main techniques that we use today to measure the
concentration of greenhouse gases in the atmosphere. Whether it is for ground-based observations,
commercial flights or intensive scientific aircraft campaigns, onboard instruments on ships and
unmanned vehicles, the information we derive about the vertical distribution of greenhouse gases
is limited to a maximum altitude which is much lower compared to the altitude at which an
AirCore is able to sample.

In Chapter 2, the stratification of the atmosphere is presented and the most important
characteristics of each layer are described. The main focus is given on the two layers that a
typical AirCore flight covers, namely the troposphere and the stratosphere. The typical pressure
and temperature profiles with changing altitude are shown in this chapter.

Chapter 3 provides important information related to fluid dynamics. It starts with the
description of the laminar and the turbulent flow, two regimes that can affect significantly the
sampling conditions during an AirCore flight or the measurement of the sample during the
analysis. We can decide about the type of flow regime by calculating the dimensionless Reynolds
number, which is the next definition provided in this chapter. One of the most important
variables, especially during the analysis of the sample, is how fast we measure the total sampled
volume of the AirCore, which is given by the volumetric flow rate. Next in this chapter, the
Hagen-Poiseuille law for fluid flow along a tube is described, which explains the parabolic velocity
profile we get for a gas stream that flows through a cylindrical pipe under laminar conditions.
The chapter continues with the description of molecular diffusion in gases, which is described by
Fick’s first and second law, as well as the dependence of the diffusion coefficient of gases on
temperature and pressure. This chapter ends with the description of the effects of molecular
diffusion and Taylor-Aris dispersion of a finite pulse of gas that flows along a cylindrical tube
and the ideal gas law.

In Chapter 4 the different phases that comprise an AirCore flight are described, namely the
ascent and the descent phase. It explains the basic principle that lies behind the AirCore sampling,
which is the passive outflow (evacuation) during the first half of the AirCore flight and the passive
inflow (filling-sampling) during the second half. This is a result of the continuously changing
pressure with changing altitude and the need of the AirCore for pressure equilibration with the
surrounding atmosphere. This chapter ends with the detailed information and characteristics of
the AirCore used in this study.

In Chapter 5 and Chapter 6 data from the two sampling campaigns in Sodankylä and
Trâınou are presented. Our group participated in the first campaign with three different AirCores,
while an improved version of the UniBern lightweight AirCore was the sampler that was used
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during the second campaign. The data were recorded from the various sensors that are attached
to the AirCore(s), and are mainly related to meteorological data and important flight information
such as the velocity and the acceleration of the AirCore during the sampling flights. Additional
focus is given to the temperature profiles of the AirCore coil that were measured during the
Trâınou campaign and the offsets that were observed between the different temperature sensors.

Chapter 7 presents the results of two experiments that were conducted to check the behavior
of the different temperature sensors that were attached on the AirCore during the Trâınou
campaign. The motivation behind these experiments was to investigate the behavior of the
insulated sensors in more detail and explain the offsets observed between these sensors during the
Trâınou campaign. The first experiment was conducted prior to the participation in the Trâınou
campaign, under stable room conditions and a temperature of approximately 23.5°C, while the
second experiment was performed in one of the ice core freezers of the Physics department,
under a temperature of approximately -20°C. The temperature profiles that were acquired by the
AirCore temperature sensors during the ice core freezer experiment are directly compared to
the profiles acquired by a set of temperature sensors that were provided to us by the Applied
Physics department.

Chapter 8 provides a detailed description of the laboratory-simulated AirCore flights
that were performed before the field campaign at Trâınou. Several simulations were conducted
with the goal of simulating the ascent and the descent of an AirCore while at the same time
logging different variables. In order to achieve this, we used as input the pressure profile that
was acquired by the UniBern lightweight AirCore during one of the Sodankylä flights. During
the various simulations, the performance of two newly introduced systems was investigated,
namely the differential pressure sensor and the CO-spiking system. In addition, this chapter
also provides detailed information about slag tests that were performed prior to the AirCore
simulation flights and aimed to verify the robustness of the experimental set-up.

Finally, Chapter 9 presents the differential pressure profiles that were acquired from the
three sampling flights during the Trâınou measurement campaign. Additionally, the velocity and
acceleration profiles from the Trâınou flights are shown in this chapter. During the simulations,
differential pressure profiles that have the same behavior like the ones seen during the real flights,
have been successfully simulated under controlled laboratory conditions. The measured profiles
show a very important aspect of the AirCore sampling technique, namely that the pressure
disequilibrium between the AirCore and the ambient atmospheric pressure. The differential
pressure profiles can be converted into differential altitude profiles, which could potentially be an
effective way of attributing the correct ”AirCore altitude” compared to the GPS-measured
altitude. An empirical linear relationship is found to exist between the maximum descent velocity
and the minimum differential pressure that is recorded between the open inlet and the closed
outlet of the AirCore. This relationship was also observed during the laboratory simulations.
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A.2 Sodankylä: AirCore 02 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
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Chapter 1

Introduction

Greenhouse gases such as carbon dioxide (CO2) and methane (CH4) are natural components of
the Earth’s atmosphere and their presence makes the climate of our planet favorable for the
existence of life. Emissions of greenhouse gases (GHGs) due to anthropogenic activities intensify
the natural greenhouse effect and cause their concentration to increase to values higher than
what has been reconstructed from ice cores for at least the last ∼800 thousand years. Burning of
fossil fuels for power generation and transportation, the increased land use for agriculture and
the extensive deforestation, are amongst the main sources of human-induced GHGs emissions
into the atmosphere. The higher atmospheric concentrations of GHGs has forced the global mean
surface air temperature to increase by almost 1 ◦C compared to the value of the pre-industrial
period. The increase in CO2 only in the last 50 years is approximately 100 ppm (Fig. 1.1).

Figure 1.1: Monthly mean values of CO2, measured at Mauna Loa Observatory, Hawaii. This
set of data constitutes the longest record of direct measurements of CO2 in the atmosphere.
(Image provided by NOAA Global Monitoring Laboratory, Boulder, Colorado, USA (https:
// esrl. noaa. gov/ )

https://esrl.noaa.gov/
https://esrl.noaa.gov/
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Direct measurements of GHGs concentrations in the atmosphere have been performed
continuously in the Mauna Loa Observatory, in Hawaii since 1958 (Keeling & Keeling, 2017). As
of today, the rapid technological development has provided a variation of additional methods
that enable scientists to monitor closely the evolution of GHGs concentrations in the atmosphere.
Such methods include ships, aircraft flights and a network of ground-based observatories which
has been established by the World Meteorological Organization (WMO). An important limitation
on the determination of ocean and land sinks and sources of carbon is to understand in more
details how the GHGs are distributed through the atmospheric column. Despite the valuable
data that we retrieve by using the above mentioned methods, routine and precise measurements
of the vertical distribution of GHGs at higher altitudes (mainly above the free troposphere) is
limited only to a small number of high altitude research stations around the world.

In order to overcome the insufficient knowledge that we have about the vertical distribution
of GHGs, commercial and scientific aircraft flights are often used to measure GHGs vertical
profiles for extended vertical sections of the atmosphere. Measurements along commercial airlines
or dedicated scientific aircraft missions are often used to retrieve atmospheric CO2 and other
trace gas species information at a local or regional scale over short or more long-term periods.
Such examples include the CONTRAIL program (Comprehensive Observation Network for
Trace gases by Airline) (Machida et al., 2008; Zhang et al., 2014), the IAGOS-ERI (In-service
Aircraft for a Global Observing System - European Research Infrastructure) (Filges et al., 2015;
Cohen et al., 2018) and the CARIBIC program (Civil Aircraft for the Regular Investigation of
the atmosphere Based on an Instrument Container) (Schuck et al., 2009). Scientific aircraft
missions dedicated to measure greenhouse gases, include the COBRA project (CO2 Budget and
Rectification Airborne) - (Gerbig et al., 2003), the SPURT project (Spurenstofftransport in der
Tropopausenregion, trace gas transport in the tropopause region) - (Engel et al., 2006; Gurk
et al., 2008), the BARCA campaign (Balanço Atmosférico Regional de Carbono na Amazônia) -
(Chen et al., 2010), and the NOAA/ESRL Global Greenhouse Gas Reference Network Aircraft
Program (Sweeney et al., 2015). Vertical profiles retrieved from such flights, are usually limited
to 12 km and yield very little information about the stratosphere as well as the mixing and
exchange rate between the troposphere and the stratosphere. Commercial flights can monitor the
atmosphere for longer periods while dedicated scientific flight campaigns give information on a
more short-term perspective. The high cost of logistics for dedicated scientific aircraft campaigns
and the approval needed by aviation regulatory agencies when instruments are deployed on
passenger aircrafts, are some limiting factors that emphasize the need for an alternative or
supplementary method for monitoring the concentration of greenhouse gases along the vertical
direction.

Several satellite-based techniques have been developed to monitor greenhouse gases from
space. Such observations may be derived from measurements in the shortwave infrared (SWIR)
that retrieve total atmospheric columns, like the Scanning Imaging Absorption Spectrometer for
Atmospheric Cartography (SCIAMACHY) instrument that has been deployed onboard Envisat
and provides information about CH4 concentrations (Frankenberg et al., 2011; Wecht et al.,
2014). Space-based remote sensing of the CO2 and CH4 column-average dry air mole fractions
can inferred from observations of back-scattered sunlight conducted by the Greenhouse gases
Observing SATellite (GOSAT) (Hamazaki et al., 2007; Butz et al., 2011) and the Orbiting
Carbon Observatory mission (OCO and OCO-2) for CO2 (Crisp et al., 2004; Hammerling et al.,
2012). Despite the high temporal resolution of these satellite-based measurements and the
ability to monitor greenhouse gases for extended periods, several challenges still remain. SWIR
enable the retrieval of total atmospheric columns during daytime and mainly over land, while
observations of terrestrial radiation in the thermal infrared (TIR), such as the Atmospheric
Infrared Sounder (AIRS), are derived over land and sea during day and night but correspond
mainly to the mean tropospheric section (Crevoisier et al., 2009b; Xiong et al., 2010). The
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Infrared Atmospheric Sounding Interferometer (IASI) and the Advanced Microwave Sounding
Unit (AMSU), both attached on the European MetOp platform, are used to retrieve the CO2

concentration of the atmospheric section between 11-15 km in the tropics, over sea and only
under clear-sky conditions (Crevoisier et al., 2009a,b).

One of the best alternatives to overcome the altitude limitation that is generic to most aircraft
flights, is the development of instruments that can be deployed on high-altitude meteorological
balloons to monitor CO2 and other greenhouse gases through the boundary layer, the troposphere,
and the stratosphere either for in situ-measurements or for sample collection and future analysis.
Schmidt & Khedim (1991) measured gaschromato-graphically the vertical distribution of CO2

in the lower and middle stratosphere by means of cryogenic whole-air samples collected at
different altitudes during a series of balloon flights over mid and high-latitudes during different
seasons. Durry & Megie (1999) used the balloon-borne SDLA (Spectromètre à Diodes Laser
Accordables) for tropospheric and stratospheric CH4 (and H2O) in situ measurements in an
altitude range of ∼1 to ∼31 km. Durry et al. (2002) deployed a two-mirror multi-pass absorption
cell to a stratospheric balloon that is open to the atmosphere and can monitor in situ CH4 (and
H2O). Moreau et al. (2005) retrieved high-resolution vertical profiles of stratospheric CO2, CO
and CH4 concentrations with the SPIRALE, a multi-species in situ balloon-borne instrument
with six tunable diode laser spectrometers. These instruments usually have a large weight and
they need to be deployed on heavy platforms, which means a higher operational cost and a
potential limitation on how frequent these platforms can be flown. Hooghiem et al. (2018) on the
other hand, have developed LISA, a lightweight stratospheric air sampler that is able to collect
four bag samples in the stratosphere. This method can be advantageous in both the vertical
resolution and sample size for performing routine stratospheric measurements of the isotopic
composition of trace gases.

The AirCore samplers have been increasingly used around the world to collect and analyze
vertical atmospheric air profiles that extend from the ground until 30-35 km of altitude, an
idea that was developed by Tans (2009) and introduced by Karion et al. (2010). The AirCore
consists of a thin stainless-steel coiled tube that has one end sealed (blocked) and the other end
open. AirCores are usually deployed on weather balloons that help them ascend through the
atmospheric column and empty (evacuate) due to the pressure decrease with altitude. During the
descent, the ambient atmospheric air flows into the AirCore tube due to the pressure increase
with the decreasing altitude, and eventually the sample corresponds to a continuous vertical
profile that can be analyzed for trace gas mole fractions with a continuous-flow analyzer. Both
the evacuation and the sampling during an AirCore flight happen passively, which means that
there is no need for an external pump that would otherwise increase significantly the AirCore
payload.

Sha et al. (2020) have used AirCore measurements to evaluate spectrometric data of the Total
Carbon Column Observing Network (TCCON), a ground-based network of instruments that
records solar absorption spectra from which accurate and precise column-averaged dry-air mole
fractions of CO2, CH4, CO, and other gases are retrieved. Tu et al. (2020) have used AirCore
vertical profiles to assess the quality of the model data of the atmospheric column-averaged
dry-air mole fractions of CO2 and CH4 measured with a pair of COllaborative Carbon Column
Observing Network (COCCON) spectrometers at Kiruna and Sodankylä. Karppinen et al. (2020)
have compared the vertical distribution of atmospheric CH4 retrieved from measurements by
ground-based Fourier Transform Spectrometer (FTS) instrument in Sodankylä against AirCore
balloon-borne profile measurements that were retrieved in the same area, while Zhou et al.
(2019) compared the atmospheric CH4 vertical information from ground-based Fourier transform
spectrometer (FTS) near-infrared spectra against AirCore vertical profiles. Tadić & Biraud
(2018) presented a new approach to estimate total column mole fractions of CO2 and CH4 using
partial column data, which can provide a link between airborne in situ and remote sensing
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observations of GHGs. They evaluated their new approach by using National Oceanic and
Atmospheric Administration’s (NOAA’s) AirCore program of in situ vertical profiles of CO2 and
CH4 that were sampled from weather balloons.

This thesis describes and explains analytically the AirCore sampling technique. Although
AirCore vertical profiles have already been used in several cases, several uncertainties still
remain, especially when it comes to the altitude attribution of the measurements. This is of great
importance as it lies in the core of the purpose of the AirCore samplers, namely the accurate
attribution of the GHGs concentration profiles to the right altitudes. So far, the basic approach
when the altitude attribution is done, is that of a pressure equilibrium during the AirCore
descent phase between the ambient atmospheric pressure and the pressure inside the AirCore
(Membrive et al., 2017; Wagenhäuser et al., 2021). Tans (2022) has proposed an alternative to
the instant pressure equilibrium that is based on modeling the pressure drop across the AirCore
and the flow of air into the tube during the sampling phase.

In this thesis I have analyzed and I present data from two AirCore sampling campaigns that
took place in Sodankylä (Finland-2018) and Trâınou (France-2019). The Trâınou flights show
a high scientific interest since we managed to successfully retrieve three differential pressure
profiles that correspond to the complete AirCore flights, i.e. both during the ascent and the
descent of the AirCore. The main observation of these profiles is that the AirCore is always
in pressure disequilibrium with the atmosphere and constantly lags behind the atmosphere
especially at the stratospheric section during the descent, i.e. the pressure inside the AirCore is
always lower than the ambient atmospheric pressure at the same altitude. Precise and accurate
differential pressure measurements in the future could introduce a new method that corrects for
the pressure disequilibrium and could potentially improve the altitude attribution of the GHGs
measurements. In addition, I have analyzed and I present data and the methodology from
experiments that were conducted in the Environmental and Isotope Gases’ laboratory before the
Trâınou AirCore campaign. These experiments were designed with a main goal: to simulate as
realistic as possible a real AirCore flight. During these experiments two new systems were added
on the light-weight UniBern AirCore: a CO-spiking system and a differential pressure sensor.
The AirCore simulation flights were performed successfully and the results are included in this
thesis. As is the common case when using complex experimental configurations, our Group has
gained experience and further improvements have been implemented to the experimental set-up
and the methodology since then. This set-up can be used with AirCores of different geometries
from different groups.
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Wagenhäuser, T., Engel, A., & Sitals, R., 2021. Testing the altitude attribution and vertical resolution of AirCore
measurements with a new spiking method, 14(5), 3923–3934.

Wecht, K. J., Jacob, D. J., Frankenberg, C., Jiang, Z., & Blake, D. R., 2014. Mapping of North American methane
emissions with high spatial resolution by inversion of SCIAMACHY satellite data, 119(12), 7741–7756.

Xiong, X., Barnet, C., Maddy, E., Wei, J., Liu, X., & Pagano, T. S., 2010. Seven Years’ Observation of Mid-Upper
Tropospheric Methane from Atmospheric Infrared Sounder, 2(11), 2509–2530.

Zhang, H. F., Chen, B. Z., van der Laan-Luijk, I. T., Machida, T., Matsueda, H., Sawa, Y., Fukuyama, Y.,
Langenfelds, R., van der Schoot, M., Xu, G., Yan, J. W., Cheng, M. L., Zhou, L. X., Tans, P. P., & Peters, W.,
2014. Estimating Asian terrestrial carbon fluxes from CONTRAIL aircraft and surface CO2 observations for
the period 2006-2010, 14(11), 5807–5824.



BIBLIOGRAPHY 15

Zhou, M., Langerock, B., Sha, M. K., Kumps, N., Hermans, C., Petri, C., Warneke, T., Chen, H., Metzger,
J.-M., Kivi, R., Heikkinen, P., Ramonet, M., & De Mazière, M., 2019. Retrieval of atmospheric CH4 vertical
information from ground-based FTS near-infrared spectra, Atmospheric Measurement Techniques, 12(11),
6125–6141.





Chapter 2

The Earth’s Atmosphere

2.1 Overview

One of the main components of Earth’s interdependent physical systems is the atmosphere.
Earth’s atmosphere is a thin band of air which is made of numerous layers that consist of
mixed gases that are retained by Earth’s gravity. These layers surround the planet and can be
defined by unique features such as temperature and pressure. The planetary atmosphere plays an
important role in the existence of life on Earth, since it acts as a protective blanket which shields
living organisms against incoming ultraviolet (UV) solar radiation. In addition, the atmosphere
of the Earth plays an important role on protecting life by creating the pressure conditions that
are necessary for the existence of liquid water on Earth’s surface and the atmosphere itself. The
heat capacity of the Earth’s atmosphere keeps the planet warm through absorbance of insolation
and at the same time prevents extremes between night and day (smaller diurnal temperature
variations). The presence of the atmosphere is very important as it is a major component of the
hydrologic cycle, transporting water between the different reservoirs. Finally, the atmosphere is
responsible for the convection and the driving of air movement and weather patterns on local or
regional scale via the absorbance of Sun’s radiation, which results in the heating of the various
atmospheric layers.

This chapter describes the most important aspects of the Earth’s atmosphere, namely its
vertical structure, composition and physical properties. It gives the core information that will
help the reader of this dissertation to interpret easier the data from the AirCore flights that are
presented in Chap. 5, 6 and 9. The chapter starts with the description of the different layers that
comprise the atmosphere, followed by information about the composition of each layer. Finally,
the fundamental physical properties of each layer are presented.

2.2 Stratification of the Atmosphere

Multiple physical and chemical properties can be used to stratify the Earth’s atmosphere. Such
properties are the temperature changes, the chemical composition, the relative movement of
each layer and the air density. The major factors that govern the stratification of the Earth’s
atmosphere are the pressure and the temperature of the air. Both of these variables change with
increasing altitude. Atmospheric air pressure (and air density) decrease with altitude. On the
contrary, temperature profiles are more complicated since temperature can remain constant with
increasing altitude or even increase for certain atmospheric sections, leading to temperature
inversions.

Starting from the ground and moving upwards, we can identify five main layers, namely the
troposphere, the stratosphere, the mesosphere, the thermosphere and the exosphere, as can be
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seen in Fig. 2.1. The transition between the end of one layer and the start of the next layer are
characterized by temperature inversions or short transitions of relatively constant temperature.
These vertical sections are the tropopause, the stratopause and the mesopause. The transitions
between the successive layers are defined as sections that cover a vertical distance of a couple of
hundred meters up to a few kilometers. That is especially the case for the tropopause, as a result
of the dynamic weather patterns and the turbulent storms that occur in the tropospheric layer
that lies below.

Figure 2.1: The five main atmospheric layers of the Earth’s atmosphere and the transition
zones from one to the next layer. Also shown in this image, are the atmospheric temperature
and pressure profiles with altitude. (Source: https://phys.org/)

https://phys.org/
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2.2.1 The Troposphere

The troposphere is the lowest atmospheric layer and extends from the Earth’s surface to an
average altitude of 12 km. The troposphere is the atmospheric layer in which most of Earth’s
weather happens and the main layer in which Earth’s climate and its directly observable changes
are measured. Storm systems that produce clouds, rainfall and snowfall are almost entirely
confined to this layer. Dust particles can be lifted by strong winds from the Earth’s surface
and stay suspended for short periods of time in the troposphere, before they are removed by
precipitation after a few days or weeks.

Figure 2.2: (a) The mean height of the tropopause for regions between 60°S and 60°N. (b) The
difference in the potential temperature between the tropopause level and the surface for the
same range of latitudes. The potential temperature refers to the temperature that a parcel of
air would have if it was brought adiabatically (.i.e. no heat exchange with the surrounding
environment) to a pressure of 103 hPA. The values are calculated using the CIMP5 model and
refer to the decades beginning in 1979 (green) and 1995 (orange). The shading indicates ±1σ
deviation of inter-model spread (Picture: Adam et al. (2018)).

The maximum altitude of the troposphere varies between 8 km close to the Earth’s geographic
poles until 18 km at the Equator (Geerts & Linacre, 1997; Xian & Homeyer, 2019). Figure 2.2
shows the dependence of the tropopause height for locations with different latitudes. Except
from the variation in the tropospheric altitude due to the different latitudes, the maximum
altitude of the troposphere depends also on the season, with winter characterized by lower
altitude and summer by higher altitude at which the tropopause can be found. The location of
the tropopause can be defined in a variety of ways, according to dynamic, thermal, and chemical
properties (Hoinka, 1998; Seidel et al., 2001).

The lower part of the troposphere is usually strongly influenced by Earth’s surface, mainly
through turbulent diffusion, and is known as the planetary boundary layer (PBL). It responds
very fast to changes in the radiative forcing of the Earth’s atmosphere and is usually very
well-mixed and deep during the day. This is the case especially under clear skies over land, as a
result of the convective turbulence that is generated by the heating of the ground by the Sun.
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During the night the vertical mixing is constrained due to the absence of solar radiation and the
depth of the planetary boundary layer ranges from 100 meters during clear and calm nights, up
to 3000 meters or even higher during the afternoon hours (Liu & Liang, 2010; Zhang et al., 2013;
von Engeln & Teixeira, 2013).

The troposphere contains almost 75% of the atmosphere’s mass and the majority of the
water vapor that can be found in the Earth’s atmosphere (Sun & Lindzen, 1993; Sherwood et al.,
2010). The temperature and water vapor content in this layer decrease rapidly with altitude
(Parameswaran & Murthy, 1990; Read et al., 2021). The tropospheric temperature decreases
(positive lapse rate) with altitude, starting from the sea level until the start of the tropopause.
The temperature stays constant in the tropopause (zero lapse rate) before it starts increasing
again in the stratosphere.

2.2.2 The Stratosphere

The stratosphere is the second layer that is found above Earth’s surface and it consists of
stratified sub-layers. It lies above the troposphere and below the mesosphere, and contains
approximately 10%-20% of the total air mass that can be found above Earth’s surface (Stocker,
2014). The altitude of the lower part of the stratosphere varies with latitude and with seasons
because it depends directly on the height variation of the tropopause. As a result, the lower
boundary of the stratosphere can be as high as 20 km near the equator year round, and as
low as 7-8 km at the poles in the winter. The top of the stratosphere, which is marked by the
stratopause, is found at an altitude of 50-55 km (Lysenko & Rusina, 2003).

The temperature profile of the stratosphere is characterised by a negative lapse rate for the
section that extends above the tropopause, which itself exhibits a lapse rate approximately equal
to zero (constant temperature with increasing altitude). Above this transitional region between
the tropopause and the lower stratosphere, the temperature increases due to the presence of the
ozone layer. This layer absorbs the Sun’s ultraviolet (UV-B) radiation, mainly at wavelengths
shorter than 240 nm, and protects life on Earth from the harmful UV radiation that comes from
the Sun. The lowest temperatures in the stratosphere range from -51°C at the tropopause to
-15°C at the top of the stratosphere. As a result of this temperature profile, warmer air is found
above the cooler air, which in turn leads in well stratified sub-layers with reduced turbulence,
almost completely separated from storms commonly found in the troposphere. This limits the
vertical convection and results in a very long residence time for molecules that eventually manage
to enter into the stratosphere.

The stratosphere is exceptionally dry and contains very little water vapor. As a result, the
possibility for cloud formation is very limited, except from polar stratospheric clouds (PSCs)
that can appear close to the polar regions during winter at an altitude of 15-25 km. Due to the
low air density found in the stratosphere, weather balloons that are used for meteorological and
atmospheric measurements reach their maximum operational altitude within this atmospheric
layer.

2.2.3 The Mesosphere

The mesosphere is the atmospheric layer that is found directly above the stratosphere and below
the thermosphere, extending from about 50-55 km to a maximum altitude of 85 km above
Earth’s surface. The temperature decreases with height throughout the mesosphere except from
the lowermost section that corresponds to the transition from the stratosphere to the mesosphere
(stratopause). The top of the mesosphere is characterised by the lowest temperatures found in
Earth’s atmosphere and can dip down to -90°C, while the very low amount of water vapor that
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exists in this layer is in the form of ice crystals. Direct measurement of this layer with research
equipment is not possible and as a result, our knowledge about this layer of the atmosphere is
very limited.

2.2.4 The Thermosphere

The thermosphere is located directly above the mesosphere and below the exosphere, extending
between 90 km and 500-1000 km above Earth’s surface. Temperature increases rapidly throughout
this layer due to the absorption of highly energetic solar radiation and presents strong diurnal
variations. The air density in the thermosphere is so low that gas particle collisions are very
infrequent and thus insufficient for heat conduction. The low air density results, in addition, to
separation of gases based on the type of the chemical elements they contain.
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Chapter 3

Fluid Dynamics

3.1 Overview

This chapter is the second and last part that constitutes the theoretical background of this
dissertation and describes some of the basic concepts of fluid dynamics, which is a branch of
fluid mechanics. With the term fluid mechanics, we refer to the field of physics that studies the
behavior of fluids (liquids and gases) and their response to forces exerted upon them. It can be
divided into two sub-disciplines, the fluid statics and the fluid dynamics. As their names suggest,
the fluid statics deals with the study of fluids that are at rest (static state) as opposed to the
fluid dynamics, which describes the effects of forces on moving fluids (dynamic state).

The motion of liquids and gases plays a significant role in a large number of scientific and
engineering fields. The theoretical description of such motion has evolved substantially with the
development of advanced numerical methods that help us solve the complex governing partial
differential equations. Some examples of the main areas where fluid dynamics can be applied are
in meteorology, environmental and atmospheric measurements, aerodynamics, heating, cooling
and ventilation systems, pumps and turbines.

The present chapter describes terms of fluid dynamics, such as the laminar and turbulent
flow regimes, the Reynolds number and the mass and volumetric flow rates. Moreover, it refers to
the Hagen-Poiseuille law as well as the concepts of molecular diffusion and Aris-Taylor dispersion
of gases that move along a tube of cylindrical shape. Finally, the chapter describes the behavior
of a finite pulse of gas that is injected inside a cylindrical pipe, under laminar flow conditions as
well as the ideal gas law. Most of these concepts will be necessary to understand parts of the
CO-spiking experiment that is described in Chap. 8.

3.2 Laminar and Turbulent Flow

The term fluid refers to any liquid or gas (or generally any material) that undergoes a continuous
change in shape when subjected to an applied shear stress or external force. Fluids are
characterised by properties such as the ability to flow and lack of resistance to permanent
deformation. Different fluids show more or less pronounced resistance when they flow. This
resistance can be described by the viscosity of each fluid, which is a measure that characterises
the fluid’s internal resistance to flow. It is caused by intermolecular forces and instantaneous
transport of momentum within the fluid. According to the definition of the fluid viscosity, we
assume that the fluid can be divided in a number of small, parallel layers, that are able to move
against each other. Due to the intermolecular forces of attraction of the molecules, which act as
frictional forces, these layers adhere to each other and generate the viscous behavior of fluids. As
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a result, viscosity can be described as a measure of the magnitude of adhesion between adjacent
layers in the fluid and is often referred to as the fluid’s ”internal friction”.

Based on the above described image of several parallel layers that shift against each other, a
particle or molecule that is injected into the fluid would move along a straight flow path. For low
enough flow speeds, these imaginary flow paths (also called streamlines) would comprise a
layered or laminar flow. An example of such streamlines can be seen in Fig. 3.1-(a). When the
flow velocities that prevail along the streamlines are high enough, cross-flows are formed which
interfere and disrupt the main flow. This behavior generates vortices and turbulence phenomena
in the fluid, which disturb the laminar flow of the particles or molecules. In that case, we talk
about turbulent flow. An example of the trajectories in a turbulent flow is shown in Fig. 3.1-(b).

Figure 3.1: (a) Visual representation of the streamlines of a fluid particle in a laminar
flow. (b) The streamlines in a turbulent flow. The streamlines shown in yellow color are
imaginary flow paths on which massless particles would move in a fluid and they are tangen-
tial to the instantaneous velocity direction. The light-blue colored arrows indicate the flow
direction in either case. (Images adapted from: https://www.tec-science.com/mechanics/
gases-and-liquids/reynolds-number-laminar-and-turbulent-flow/)

3.3 The Reynolds Number

We can evaluate and determine the flow pattern if we calculate the dimensionless Reynolds
number Re, a parameter that expresses the ratio of inertial to viscous forces in the fluid
(Sommerfield, 1908). It can be defined in situations where a fluid is in relative motion to a surface,
e.g. when we have a flow inside a pipe or a cylindrical tube. Mathematically, the Reynolds
number is expressed as:

Re =
uL

ν
=

ρuL

µ
, (3.1)

where u is the flow velocity in units of m s−1, L is a characteristic linear dimension in units
of m, ν the kinematic viscosity of the fluid in units of m2 s−1, ρ the density of the fluid in units
of kgm−3, and µ the dynamic viscosity of the fluid in units of kgm−1 s−1.

From Eq. 3.1, it is obvious that the kinematic and the dynamic viscosity are related between
each other through density, according to the equation:

https://www.tec-science.com/mechanics/gases-and-liquids/reynolds-number-laminar-and-turbulent-flow/
https://www.tec-science.com/mechanics/gases-and-liquids/reynolds-number-laminar-and-turbulent-flow/
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ν =
µ

ρ
(3.2)

For a laminar or turbulent flow through a cylindrical tube of inner diameter din, Eq. 3.1 can
equivalently be expressed as:

Re =
Qdin
νA

, (3.3)

where Q is the volumetric flow rate expressed in m3 s−1, din the inner diameter of the
cylindrical tube (it corresponds to the characteristic linear dimension L) in units of m, ν the
kinematic viscosity of the fluid, and A the surface of the inner disc of a section of the cylindrical
tube in m2.

For flow through a pipe, A is equal to:

A =
πD2

4
, (3.4)

where D is the inner diameter of the pipe.

3.4 Mass and Volumetric Flow Rates

For a fluid that flows, the mass flow rate is defined as the mass of matter that passes through an
area per unit of time. It is a measure of the rate of the movement of passing fluids (liquids and
gases) through a defined area. For a gas that flows through a cylindrical tube, that area is the
cross-section of the tube. The mass flow SI unit is kilogram per second (kg s−1), and can be
expressed by the equation:

ṁ =
dm

dt
, (3.5)

where dm is the change in mass and dt is the change in time.

The volumetric (or volume) flow rate is the volume of fluid which passes through a given
cross-sectional area per unit of time. It is essentially a measure of the 3-dimensional space that
the fluid occupies as it flows through that area and is pressure and temperature dependent. The
volumetric flow SI unit is cubic meters per second (m3 s−1), and is given by the equation:

Q =
dV

dt
, (3.6)

where dV is the change in volume and dt is the change in time.

The volumetric flow rates are also reported in units of standard cubic centimeters per minute
(SCCM), which indicates cubic centimeters per minute (cm3min−1) in normal conditions of
pressure and temperature (NTP) for a certain fluid. In this study, we mainly use the NTP of
T = 20°C and p = 1 atm = 1013.25 mbar.

If we consider the case of a gas that flows through a cylindrical tube, the volume of a portion
of the gas inside the tube can be written as:

dV = AdL, (3.7)
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where A is the cross-sectional area of the fluid and dL is the length of the cylindrical volume
dV , as shown in Fig. 3.2.

After the combination of Eq. 3.6 and Eq. 3.7, we derive the following expression for the
volumetric flow rate:

Q =
AdL

dt
= A

dL

dt
(3.8)

The term
dL

dt
is the ratio of the length of the volume of fluid d, divided by the time t it took

for the fluid to flow through the cross-sectional area A. This corresponds to the mean flow
velocity u of the fluid, as shown in Fig. 3.2. Equation 3.8 can now be written as:

Q = Au (3.9)

Figure 3.2: Graphic representation of the volumetric flow rate, which is the volume of fluid that
flows through a cross-sectional area A per unit of time. The flow direction is from left to right,
i.e. the volume of the fluid flows from the high pressure to the low pressure. The blue spheres
represent the molecules of the fluid, which occupy a specific volume for a certain pressure and
temperature of the fluid. The green arrow represents the mean flow velocity.

In general, the mass and the volumetric flow rates are related to each other the same way
that the mass and volume are related to each other, which is through the density ρ of a substance,
according to the equation:

ρ =
m

V
, (3.10)

where m is the mass and V the volume of that substance.

Combining Eq. 3.5, Eq. 3.6 and Eq. 3.10 we get for the equation that converts the volumetric
flow rate to the mass flow rate and vice versa:

Q =
ṁ

ρ
, (3.11)

As gases are compressible and their volume depends on temperature and pressure, volumetric
flow rates can change significantly when pressure and/or temperature changes. Figure 3.3 depicts
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the compressibility of gases (3.3a) and the dependence of the volumetric flow rate of a gas
stream on pressure (3.3b), when temperature is kept constant and we change only the pressure
of the gas.

(a)

(b)

Figure 3.3: (a) Compressibility of a parcel of air with a specific mass. According to the ideal
gas law, if the gas pressure P increases by a factor of two, the volume of the gas V, decreases by
a factor of two. This premises that all other factors (i.e. the molar mass n, the gas constant R,
and the absolute temperature T) remain constant. This happens because gases, like the air that
surrounds us, are compressible and their molecules are ”pressed” closer to each other as pressure
increases. If pressure decreases by half, the volume doubles. For a certain (”fixed”) parcel of air,
the number of molecules (the molar mass n) stays the same, regardless of changes in static
pressure. (b) Dependence of the volumetric flow rate on pressure for a constant flow velocity. In
this example, we assume that temperature is constant and only the pressure of the gas changes.
The mass flow rate stays the same, because the same amount of mass flows through a fixed area
per unit of time, independently of the volume that this mass occupies.
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3.5 The Hagen-Poiseuille Law

The flow of fluids is basically caused by pressure differences which push the fluid from areas of
higher pressure to areas of lower pressure. A permanently decreasing pressure is thus formed along
a tube in the direction of flow. The Hagen-Poiseuille law is used to describe the characteristics of
laminar flow through a cylindrical tube of constant cross section and gives the pressure drop
along the tube (Szabó, 1979; Sutera & Skalak, 1993). One of the assumptions of the law is
that the flow is incompressible, which means that the fluid’s density remains constant within
a fluid parcel. Flow incompressibility does not necessarily imply the incompressibility of the
fluid itself, but instead refers to the constant density of a fluid parcel that flows along parallel
lines (streamlines) inside the tube. In addition, the law assumes that the length of the tube is
considerably longer compared to its diameter, and that the flow velocity inside the tube remains
constant, i.e. there is no acceleration of the fluid. The flow rate is determined by the viscosity of
the fluid, the pressure drop along the tube, and the tube’s diameter. For flow velocities and tube
diameters that exceed a threshold, the flow becomes turbulent and the actual pressure drop
along the tube is larger than the pressure drop calculated by the Hagen-Poiseuille equation. The
Hagen-Poiseuille law is given by the equation:

Q =
πR4∆P

8µL
, (3.12)

where R is the radius of the cylindrical tube, ∆P is the pressure drop (pressure difference)
between the two ends of the tube, µ is the dynamic viscosity of the fluid, and L is the length of
the tube.

The laminar flow inside a cylindrical tube can be described if we take into consideration two
different forces: the pressure drop that acts as the driver of the flow and the frictional forces of
the fluid, which act both between the fluid and the tube, as well as within the fluid itself due to
its viscosity. Let us consider a fluid that enters a cylindrical tube with an initial velocity (inlet
velocity) which is equal for all the layers of the fluid. Due to the frictional forces between the
fluid and the walls of the tube, the flow velocity of the adjacent layer at the wall progressively
decreases and eventually becomes equal to zero. Due to the viscosity of the fluid, the different
layers (see analysis from Sec. 3.2 about the layered-laminar flow) of the fluid that are further
away from the tube’s wall are also gradually decelerated more and more, but never reach a
zero velocity. Although the fluid velocity close to the walls of the tube decreases, the same
mass must flow through the tube, as a result of the conservation of mass (continuity equation).
This means that the flow velocity of the layers closer to the center of the tube must increase
compared to the initial flow velocity (inlet velocity). This creates a flow velocity profile that
decreases parabolically as we move from the central layer towards the layers that are directly in
contact with the walls of the tube. After a certain distance that the fluid travels inside the tube,
the equilibrium between the pressure drop and the frictional forces results in a parabolic flow
velocity profile that no longer changes over time and corresponds to the Poiseuille laminar flow,
as shown in Fig. 3.5. The flow velocity profile is described according to the equation:

u(r) = umax

[
1−

( r

R

)2
]
, (3.13)

where r is the distance from the axis of the tube, R is the inner radius of the tube, and
umax is the maximum flow velocity in the middle of the tube. The maximum flow velocity can
be calculated based on the equation:
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umax = �
R2

4�
dP
dx

; (3.14)

where
dP
dx

is the pressure drop which acts as the driver of the 
ow and corresponds to the

pressure change (pressure decrease) per unit length.

For a tube with both ends open, the increase or decrease of the 
ow velocity for the di�erent

uid layers, does not mean that a parcel of 
uid accelerates or decelerates, as the mean 
ow
velocity of the parcel while it 
ows inside the tube remains the same (except from when the
parcel enters the tube and is located very close to the inlet of the tube). The mean 
ow velocity
and the maximum 
ow velocity are related according to the equation:

umean =
1
2

umax ; (3.15)

where umean is the mean 
ow velocity and umax is the 
ow velocity of the layer that is
located at the middle of the cylindrical tube.

The Hagen-Poiseuille equation can not be applied close to the inlet of the tube, when the
pressure gradient needs to accelerate or decelerate the di�erent 
uid layers, before the velocity
pro�le reach its �nal parabolic shape. Finally, the equation can not be used for very low 
uid
viscosity or a very wide tube due to the turbulence that would be induced in either of these two
cases.

Figure 3.4

Figure 3.5: The parabolic velocity pro�le for steady 
ow (Poiseuille 
ow). During this phase,
the 
ow velocities no longer change over time and an equilibrium is reached between the pressure
force and the counteracting frictional force that acts to the 
uid volume under consideration.
The maximum velocity umax is found at the center of the pipe.

3.6 Molecular Di�usion In Gases: Ficks's First and Second Law

Whenever a system absorbs heat from the surrounding environment or when thermal energy is
supplied to the system, the internal energy of the system increases. The heat that is absorbed
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