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Although this may seem a paradox, all exact science is dominated by
the idea of approximation. When a man tells you that he knows the
exact truth about anything, you are safe in inferring that he is an

inexact man.
Bertrand Russell, The Scientific Outlook, 1931
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Abstract

This thesis presents the development of four different remote-sensing instruments
dedicated to atmospheric research and their use in field campaigns between 2008
and 2012. The instruments are based on uv-visible spectrometers and installed
respectively on a scientific aircraft (Safire ATR-42), ultralight aircraft, and cars.
One of the instruments is targeted to operate from an Unmanned Aerial Vehicle
(UAV). The Differential Optical Absorption Spectroscopy (DOAS) technique is
used to quantify the molecular absorption in the spectra of scattered sky light.
These absorptions are then interpreted by modeling the radiative transfer in the
atmosphere. Depending on the instrument, different information on trace gases
and aerosols are retrieved: vertical distributions, tropospheric columns, or maps
of surface abundances.

Airborne platforms enable new measurement geometries, leading for instance
to a high sensitivity in the free troposphere. On the other hand, a miniaturiza-
tion effort is required, especially for the instruments onboard ultralight aircraft
and UAV. Reaching the limited size, weight, and power consumption is possible
through the use of compact spectrometers and computers, together with custom
built electronics circuits and housings. The inversion strategies are optimized for
each instrument with proper error budgets and the results are compared with other
datasets when available.

In April 2008, the Airborne Limb Scanning DOAS (ALS-DOAS) was first used
on the ATR-42 to derive NO2 and aerosol extinction profiles during the POLar
study using Aircraft, Remote sensing, surface measurements and models, of Cli-
mate chemistry, Aerosols and Transport (POLARCAT). It revealed in particular
that NO2, despite its typical lifetime of a few hours, may be transported from
mid-latitude Europe to the Arctic. This is not visible in satellite data since the
involved concentrations are under the detection limit. The Ultralight Motorized-
DOAS (ULM-DOAS) was operated during the Earth Challenge expedition in April,
October, and December 2009. This expedition provided an opportunity to perform
measurements from an ultralight between Australia and Belgium, crossing areas
were few local measurements have been reported, such as Bangladesh, Rajasthan,
Saudi Arabia, and Libya. The ULM-DOAS measurements of tropospheric NO2
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columns mostly fall within the confidence interval of satellite data but indicate
that the NO2 columns over Riyadh may be underestimated by the Ozone Monito-
ring Instrument (OMI). In addition, the ULM-DOAS data provided a confirmation
for the recent finding of a soil signature in the spectra recorded above desert. The
Mobile-DOAS, operated from a car, was developed and first operated during the
Cabauw Intercomparison Campaign of Nitrogen Dioxide measuring Instruments
(CINDI) in the Netherlands during June and July 2009. Routine measurements
in 2010 and 2011, mostly across Belgium yielded a large database of measure-
ments which was compared with a chemical transport model (CHIMERE). The
geometric approximation was not used to evaluate the database, since air mass
factors calculations indicate that the associated uncertainties are larger than ex-
pected from previous studies. Finally, the UAV payload, the Small Whiskbroom
Imager for trace gases monitoriNG (SWING) was tested from an ultralight air-
craft in July and October 2012. One major objective of the UAV measurements
is the mapping of NO2 columns at high spatial resolution allowing to subsample
satellite measurements within the extent of a typical ground pixel. This has yet
to be achieved.
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Chapter 1

Introduction

To estimate the height of the atmosphere, the 11th century astronomer Ibn Mu’adh
used his eyes during sunset, simple trigonometric formulas, and assumptions on
other parameters such as the radius of the earth (Lehn and van der Werf, 2005).
From the duration of the twilight, he guessed the maximum angle of depression of
the Sun, and from there the highest altitude at which light could be scattered by
hypothetical suspended vapors in the atmosphere. The number he reached, around
80 km, remained the academic value for five centuries. Refraction was not taken
into account in Ibn Mu’adh description of the interaction of light with matter. In
1604, Kepler introduced this effect to correct Ibn Mu’adh calculation, reducing
drastically the altitude of the top of the atmosphere to 4 km. Ironically, even with
the refraction properly taken into account, Kepler’s retrieval of the height of the
atmosphere was not much more accurate than the value of Ibn Mu’adh. This was
mainly due to a wrong conception of the shape of the atmosphere, shared by the
two astronomers. They considered a sharp boundary between an homogeneous
atmosphere and an outside ether, while the air density, as we now know, decreases
exponentially with altitude.

Ten centuries after Ibn Mu’adh, the scattered skylight still provides new and
interesting information on the earth atmosphere. It is in particular possible to
retrieve trace gas abundances in the uv-visible through the Differential Optical
Absorption Spectroscopy (DOAS) (Platt and Stutz, 2008). The principle of dif-
ferential absorption has been introduced for the first measurements of the ozone
total column in the 1920’s by Fabry and Buisson (Dobson, 1968). However, mod-
ern DOAS measurements really started in the 1970s with ground-based zenith-
sky observations of stratospheric gas columns (NO2 (Noxon, 1975), ozone (Pom-
mereau and Goutail, 1988), OClO (Solomon et al., 1989), ...). More recently,
DOAS was further developed for chemical investigations of the troposphere, by
means of the Multi-Axis DOAS (MAX-DOAS) technique (Hönninger et al., 2004),
which by combining multiple viewing directions, allows to derive information on

1



the vertical distribution of gases in the lower troposphere. Ground-based DOAS
instruments are now operated at many locations around the planet as part of
monitoring infrastructures such as the Network for the Detection of Atmospheric
Composition Change (NDACC)1. From the 1990s, the DOAS instruments were ma-
ture enough to be installed on satellites. These space-based experiments (GOME,
SCIAMACHY, OMI) are particularly valuable since they reveal the global fields
of important trace gases such as NO2 (Boersma et al., 2004), SO2 (Loyola et al.,
2008), formaldehyde (De Smedt et al., 2008), glyoxal (Lerot et al., 2010) and BrO
(Theys et al., 2011).

Satellite and ground-based data have intrinsic limitations. The stations from
NDACC or other networks are unevenly distributed with large areas poorly sam-
pled, such as Africa. On the other hand, satellites offer global coverage but at
the expense of poorer sensitivities and limited ground resolutions. The best in-
strument in this last respect is currently the Ozone Monitoring Instrument (OMI)
whose pixel size is 13x24km2. Such a scale is too coarse to study the high spa-
tial frequencies of short-lived species like tropospheric NO2 in urban areas. As a
comparison, the spatial resolution of the local chemistry and transport models is
three orders of magnitude lower, at the level of individual streets (Cosemans and
Mensink, 2005). These high resolution models may have very practical importance
for public health policies but they can not be validated with fixed ground-based
measurements nor with satellite data. Another common limitation of satellite and
ground based instruments is their poor ability to retrieve profile information. The
MAX-DOAS method is mainly sensitive to the lower troposphere (Vlemmix et al.,
2011), while satellite measurements separate only the total measured column into
its stratospheric and tropospheric contributions.

The difficulty to retrieve profile information for a given species does not mean
that its vertical distribution can be neglected when measuring its total column,
whether from a satellite or from ground. DOAS is a remote sensing technique
which uses the spectrum of the sun light to quantify the atmospheric abundance
of absorbers. The measured absorptions are thus integrated along an optical path
which needs to be estimated accurately. This is done by modeling the radiative
transfer in the atmosphere, which depends on various geophysical parameters such
as the solar position, the ground albedo and the scattering by aerosols. But un-
derstanding accurately the radiation transfer is only one part of the problem, as it
was already the case with the early remote sensing of the height of the atmosphere
by Ibn Mu’adh and Kepler. To interpret correctly the measured absorptions in
terms of vertical columns, one also needs the position of the absorbers along the
light path, and thus their vertical distribution. These vertical distributions are
poorly known for most of the species. This is the case even for tropospheric NO2

1http://ndacc-uvvis-wg.aeronomie.be/)
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close to the sources (Dieudonné, 2012), which is easily and widely measured with
DOAS or in-situ instruments.

In this thesis, we concentrate on the development of DOAS instruments from
various mobile platforms to contribute to fill the gaps between ground-based and
satellite data. Several mobile DOAS measurements have already been reported
from cars (e.g. Galle et al. (2003), Johansson et al. (2009b), Rivera et al. (2010),
Wagner et al. (2010)) or airplanes (e.g. Heue et al. (2005), Prados-Roman et al.
(2011)), especially since the advent of compact grating spectrometers. The instru-
ments presented here are simple, low-cost, and miniaturized systems designed for
integration in ultralight and Unmanned Aerial Vehicles (UAVs), allowing for mea-
surements to be in remote and poorly sampled areas. The data analysis schemes
were also optimized for each instrument.

Relevant background information on the atmosphere is presented in chapter 2.
Tropospheric NO2 has been a common target for our instruments so we describe it
in more detail. In chapter 3, the physical principles of DOAS and the algorithms
used in practice to analyze the spectra are introduced. Chapter 4 presents the
general instrumental aspects of scattered light DOAS including their character-
izations. Chapter 5 presents the Airborne Limb Scanning DOAS (ALS-DOAS),
which was operated from the SAFIRE ATR-42 and contributed to the POLAR-
CAT project which studied the transport of pollution to Arctic. This instrument
was used to derive profiles of NO2 and aerosols. Chapter 6 presents a more com-
pact instrument, the ULM-DOAS, which was installed on an ultralight aircraft
during an expedition between Australia and Belgium. The measurements were
used in particular to derive tropospheric columns of NO2 around megacities like
Karachi and Riyadh. In chapter 7, we describe an instrument operated from a
car, the Mobile-DOAS, which was first used during the Cabauw Intercomparison
Campaign of Nitrogen Dioxide measuring Instruments (CINDI) campaign in the
Netherlands and then routinely in Belgium. These measurements shows the high
horizontal gradients in polluted areas and the large database makes them inter-
esting for comparisons with chemistry and transport models. Chapter 8 presents
the development of a compact imaging system dedicated to Unmanned Aerial Ve-
hicles. Chapter 9 concludes this study with an overview of the findings and the
perspectives regarding the instruments and the data analysis.
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Chapter 2

Some aspects of the Earth
atmosphere

This chapter describes the geophysical context of our studies. The first section
presents some basic properties of the Earth’s atmosphere: its composition and
vertical structure, the importance of trace gases and aerosols, and the transport
mechanisms of air masses. In the second section, we focus on a particular trace gas,
nitrogen dioxide (NO2), a common target of the different instruments developed
through this work. We describe the importance of NO2 both for the chemistry of
the troposphere and for air quality, its emissions and removal processes, and the
general patterns of its spatial and temporal distribution.

2.1 Atmospheric composition and dynamics

2.1.1 Trace gases and aerosols
Nitrogen (N2) and oxygen (O2) account together for 99 % of the volume of the
present Earth atmosphere. The remaining one percent is made up of trace gases
among which the most abundant are Argon (Ar) and water vapor (H2O), the
latter lying close to the surface and highly variable (0 to 4 %). The volume mixing
ratio (vmr) of all other atmospheric species are expressed in parts per million
(ppm), parts per billion (ppb), or parts per trillion (ppt). Despite their small
amounts, trace gases have a major impact on the physical and chemical properties
of the Earth system. This is illustrated by the following elements, revealed by
atmospheric research in the last decades:

1. stratospheric ozone and its depletion: ozone (O3) is a relatively abundant
trace gas between 20 and 30 km altitude, with volume mixing ratios reach-
ing a few ppm (see figure 2.3). This ozone layer shields the Earth surface
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from energetic solar radiation. Since the 1980s, a depletion has been observed
at high latitudes in spring, most clearly visible above Antarctica. This phe-
nomenon is now explained by catalytic reactions involving 1 ppb of chlorine,
originating from anthropogenic chlorofluorocarbons (CFCs). International
legislation contributed to a drastic reduction of CFCs emissions. However,
due to their long lifetime, the seasonal thinning of stratospheric ozone may
continue for several decades (WMO, 2011).

2. climate forcing due to greenhouse gases: the greenhouse gases (H2O, CO2,
CH4, N2O ...) are transparent to the visible light from the Sun but trap the
infrared radiation reemitted by the Earth. This results in an increase of 30 K
in the ground temperature, enabling the presence of liquid water. The rise of
the concentration of these gases in the industrial age, which has accelerated
in the 1950’s is a major concern for the global climate. A doubling of CO2
level, currently at 390 ppm, is expected to yield a 3 K increase in the surface
temperature, the latter reaching values unexperienced by mankind since the
Neolithic revolution (IPCC, 2007).

3. air quality: some trace gases (O3, NOx, CO, SO2, . . . ) exhibit harmful effects
from small quantities. For instance, ground-level ozone yields significant
crop reduction from 50 ppb (figure 2.1). At low altitude, ozone abundance
depends on the presence of volatile organic compounds and nitrogen oxides
(see Sec. 2.2.2), the latter being mostly related to fuel combustion. Historical
records indicate that, in the 19th century, characterized by significantly lower
fuel consumption than today, the ozone levels may have been as low as 10
ppb (Volz and Kley, 1988).

The work presented in this thesis mainly deals with air quality, but the prob-
lems are tightly linked. Indeed, the stratospheric cooling associated with green-
house gas increase may enhance ozone depletion, while this depletion itself may
lead to climate change (Kang et al., 2011). Climate change, in turn, affects the sur-
face concentrations in various ways, such as modifying the radiative flux available
for photochemistry.

Two other quantities are useful, beside the mixing ratio, to describe gas abun-
dance: the number density and the vertical column. The number density is given
by the product of the volume mixing ratio and the air density, and usually ex-
pressed in molecules/cm3. This unit is more relevant than volume mixing ratio
when dealing with the optical properties of gases, such as those measured through
this work. Integrating the number density along the vertical gives a vertical col-
umn, expressed in molecules/cm2. The total column of a molecule x is its number
density cx integrated vertically over the full atmosphere:

5



Figure 2.1: Surface ozone effects on crop production. Adapted from Heck et al.
(1983).

Cx =
∫ TOA

0
cx(z) dz (2.1)

For our applications, the top of the atmosphere (TOA) may be defined as
the stratopause (see next Section). We often separate the total column in its
tropospheric and stratospheric contributions.

Besides gases, liquid and solid particles are present in suspension in the at-
mosphere. Cloud droplets are the most visible, but other examples are sea water
or desert dust blown by the wind, soot particles produced by combustion, or in
the case of sulfate and nitrate aerosols, indirect product of gas emission in the
atmosphere. Such particles are referred to as aerosols. Aerosols sizes range mostly
from 0.01 to 15 µm, to compare with the size of a raindrop usually around 1 mm.

Aerosols are involved in the chemistry of the Earth system in different ways. To
give two examples, nitrate and sulfate aerosols lower the pH of rain, while polar
stratospheric clouds offer surface for heterogeneous reactions involved in ozone
seasonal thinning. Regarding the Earth radiative budget, the impact of aerosol is
more complicated than the one of greenhouse gases. The direct effect is a reduction
of absorbed solar energy on ground due to higher global albedo. On the other hand,
aerosols also act as cloud seeds and affect thus the size distribution and lifetime
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of clouds, which also affect the global albedo.
Aerosols are also affecting climate by lowering the albedo of snow and ice.

Light absorbing aerosol particles, such as black carbon, are transported to snow-
covered areas and increase the amount of solar energy absorbed by the surface.
This leads to an increase in temperature, which leads to a reduction of ice cover
and an even more decreasing global albedo (figure 2.2). Aerosols deposition may
thus trigger this positive feedback. It has been suggested that this phenomenon
explains parts of the enhanced warming observed at the poles (Law and Stohl,
2007). Investigating the transport of aerosols to the Arctic was one of the objective
of the first campaign in which we participated (Chap. 5).

Figure 2.2: Effect of black carbon on ice sheets: black carbon deposit can trigger
a positive feedback between ice cover and temperature.

Composition and size of aerosols, even in a given time and location, are al-
ways statistically distributed. An important optical quantity, both for the Earth
radiative budget and for our measurements, is the aerosol extinction coefficient,
expressed in km−1. This coefficient describes the attenuation of light through an
aerosol layer. One can draw a parallel between the concentration of a gas and its
total column with the extinction of aerosols (E) and the aerosol optical thickness
(AOT), calculated as:

AOT =
∫ TOA

0
E(z) dz (2.2)

The aerosol extinction profile was measured in the Arctic during the POLAR-
CAT campaign and the AOT was derived from satellite data in order to analyze
the measurements of the Earth Challenge expedition.
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2.1.2 General vertical structure
Below 100 km altitude, turbulent mixing dominates over molecular diffusion. The
vertical distributions of gases are thus determined by their production’s place and
lifetime rather than molecular weights. This explains why trace gases, which are
often heavier than air, are found in the upper atmosphere (e.g. 48 g/mol for
ozone and 46 g/mol for NO2, as compared to the average molar mass of air, 29
g/mol). The lifetime of chemical species in the atmosphere varies from seconds
(OH) to eons (Argon). Between these two extremes, mixing is also limited by the
vertical temperature structure which defines layers in atmosphere with different
characteristics.

Figure 2.3 presents these different layers and standard profiles of ozone and
NO2. Starting from the ground, the troposphere, where most meteorological phe-
nomena occur, is characterized by a generally decreasing temperature (−6.5 K
per km) up to the tropopause1. The tropopause marks an inversion: the tem-
perature starts increasing with altitude throughout the stratosphere, reaching a
maximum at the stratopause (50 km). The high temperatures in the stratosphere
originate from the ozone absorption of ultraviolet solar radiation. A NO2 layer is
also present in the stratosphere, but is three orders of magnitude less dense than
the ozone layer. The actual ozone and NO2 profiles vary greatly with time and
location, and for the latter the tropospheric contribution dominates the total col-
umn in polluted areas. Together, the stratosphere and troposphere represent 99.9
% of the atmosphere mass and are the relevant layers for this work. Above the
stratopause, the temperature vertical gradient reverses again twice: it decreases
in the mesosphere up to 80 km and increases again in the thermosphere due to
absorption of strong UV radiation by N2 and O2.

The changes in temperature gradients lead to different vertical circulation pat-
terns. An air parcel rising in the atmosphere expands due to the decrease in
pressure. This expansion is associated with an adiabatic cooling. If the temper-
ature decreases strongly with altitude, as it happens in the troposphere, the air
parcel is still warmer than its surroundings, thus less dense, and continues to rise.
This configuration is associated with convection transport and the atmosphere is
said unstable. On the contrary, if the gradient is weakly negative or positive as in
the stratosphere, the rising air parcel is denser than its surroundings and it sinks
down: the atmosphere is said stable. The concept of potential temperature takes
into account the adiabatic cooling: it is the temperature the air parcel would have
if it was brought adiabatically to the standard conditions. The air being close
enough to a perfect gas, the potential temperature θ is calculated as:

1The tropopause ranges from 7 km altitude above the poles to 20 km above the equator.
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Figure 2.3: Vertical structure of a standard atmosphere (Anderson et al., 1986).
The different layers are defined according to the temperature gradient. The right
panel shows standard ozone and NO2 profiles. Real profiles vary with time and
location, in particular, for the NO2, the tropospheric contribution (red dashed
curve) may dominate the total column.

θ = T (P0

P
)
R
Cp (2.3)

where P0 and P are the pressures at ground and at the altitude of the air
parcel, respectively, R the ideal gas constant, and Cp the specific heat capacity.
Air tendency is to follow isentropes (lines of constant potential temperature, see
figure 5.16), especially in the stratosphere where the adiabatic assumption is more
realistic. In the troposphere, the potential temperature profile is nevertheless a
good tool to estimate the atmospheric stability, as may be seen in figure 2.4,
described in the next section.
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2.1.3 A zoom in the troposphere
The temperature profile in the troposphere often shows small inversions between
the surface and 4 km altitude. These inversions separate the turbulent atmospheric
boundary layer, directly influenced by the surface, from the free troposphere. The
boundary layer height experiences a diurnal cycle following the convection depen-
dence with solar forcing. The inversion strength itself depends on local meteoro-
logical conditions and orography. In Brussels, winter inversions occur in cold and
clear-sky days because the ground loses more quickly its heat than the atmosphere.
In Los Angeles, the severe inversions correspond to warm desert air transported
above the city across the Rocky Mountains.

Below the inversion, turbulence and convection efficiently mix the air, dis-
persing in particular the species emitted from the surface. The assumption of a
well-mixed boundary layer, where the mixing ratios are constant in the vertical
direction, is often used as an a priori knowledge to interpret measurements and we
use it in the data analysis of the ULM-DOAS (chapter 6). However, it should be
noted that the NO2 profiles may be much more heterogeneous close to the sources
(Dieudonné, 2012).

Figure 2.4: Sounding performed over Iasi, Romania (47.05N, 27.6E) between 12h42
and 13h07 UT on 16 July 2007.

10



Figure 2.4 presents a sounding performed from the SAFIRE ATR-42 aircraft
in Romania during the EUFAR summer school in July 2007. The meteorological
conditions during the flight and the previous days were clear-sky and a ground
temperature above 35 ◦C, enabling a large convection. Two small inversions are
visible on the sounding. The first one at 2 km corresponds to the boundary
layer height. At the time of the sounding, its altitude was still increasing. The
second inversion, at 3.2 km, is probably a footprint of the maximum height reached
by the boundary layer the day before the sounding. The potential temperature,
relative humidity, ozone and CO are rather constant inside the first two layers,
apart from the inversions levels. The values of these different parameters are
different from one layer to the other, indicating a probable different origin of
the air masses. The constant potential temperatures in these two lowest layers
explain the rather homogeneous volume mixing ratio, whereas above 3.2 km the
potential temperature starts to rise constantly with altitude, indicating a stable
free troposphere2, which is consistent with all the measured parameters. In the
next section, we describe the drivers of these air movements and the associated
timescales.

2.1.4 Transport in the atmosphere
The driver of the air circulation is the difference of incoming solar energy due to
the shape of the planet which creates convective movements from the equator to
the poles. The resulting buoyancy on an air parcel is associated to three other
forces: its weight, the Coriolis effect due to the planet rotation, and friction if the
air parcel is close to the surface.

Figure 2.5 presents the general circulation patterns on Earth. The convective
heat exchanges between the equator and the poles takes the form of three large
cells in each hemisphere. The Hadley cells lie between the equator and 30◦ lati-
tude. The solar radiation at the equator yields large convection systems associated
with precipitations at the equator whereas the other extremity of the cell is as-
sociated with the largest deserts, partly because relative humidity decreases with
temperature. The accurate positions of the northern and southern Hadley cells
vary with the seasons but the contact zone close to the equator, the Intertropical
Convergence Zone (ITCZ), limits the air circulation between the two hemispheres.
From 60◦ toward higher latitudes, the polar cells reproduce the scheme of the
Hadley cell. The Ferrel cell, acting like a ball bearing in the air circulation of the
poles and the equator, rotates in the other direction and is responsible with the
Coriolis effect for the westerlies experienced at mid-latitudes. The air originating

2The free troposphere is defined as the part of the troposphere which lies above the boundary
layer.
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Figure 2.5: Global circulation patterns in the Earth atmosphere, adapted from
Seinfeld and Pandis (1997).

from the mid-latitudes surfaces rises at the meeting of the Ferrel and polar cells
which can lead to elevated pollution episodes in the free troposphere in Arctic.
This transport path was studied in the POLARCAT experiment (chapter 5).

The ability of chemical species to follow the general air circulation depends on
their lifetime, presented for important trace gases and aerosols in figure 2.6. The
trace gases studied in this work are NOx, tropospheric ozone, and CO. In addition,
we also measured aerosol extinction profiles. Regarding NOx, its lifetime of about
a day spreads this species within the boundary layer but not much more. The
three other compounds may travel around a hemisphere for one to several weeks
(aerosols and ozone) or even months (CO). The most stable species on the figure
are two important greenhouse gases (methane and nitrous oxide, a few decades)
and CFCs (around 100 years), this latter compound being extremely stable, which
explains both its attractiveness for industrial applications and its presence in the
stratosphere. However, the importance of a chemical species is not only determined
by its lifetime: the OH radical, at the other end of the figure, whose lifetime is a
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Figure 2.6: Transport times and ranges of atmospheric constituents (Seinfeld and
Pandis, 1997).

second, has a considerable importance in atmospheric chemistry including in the
NO2 cycles as it will be explained in the next section.

2.2 Nitrogen oxides in the troposphere
The instruments developed in this work have all been applied to quantify NO2
loadings in the troposphere, even if other geophysical quantities have been studied.
Thus, this second part of geophysical background looks into the effects of NO2 on
air quality, its role in tropospheric chemistry, and the state-of-the art knowledge
on its sources and sinks, and on its temporal and spatial distribution.
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Figure 2.7: The global NO2 field seen from the OMI satellite instrument in June
2010 (www.temis.nl).

2.2.1 NO2 in air quality
NO2 is a strong respiratory irritant at high concentrations, and the World Health
Organization recommends a maximum 1-hour concentration of 200 µg.m−3 and
an annual average of 40 µg.m−3 (WHO, 2003). Table 2.1 indicates how these
concentrations are converted in vmr and tropospheric vertical columns. The di-
rect effects on the respiratory system are not fully understood and epidemiological
studies disagree on the existence of a specific health effect at typical urban lev-
els. Correlations with the mortality rate were discovered, independently of other
measured pollutants, but the effect of unmeasured species can not be ruled out
(Chiusolo et al., 2011; Latza et al., 2009). In addition, experiments on humans
in controlled environments indicate an amplifying effect of NO2 in the allergic
response of asthmatic subjects (Barck et al., 2005).

Moreover, NO2 is a precursor of other irritants which form particularly in the
photochemical smog seen above many cities. Smog contains, besides nitrogen
compounds, volatile organic compounds from unburnt fuel, aerosols and ozone.
Ozone is a strong oxidant, whose independent impact on health has been clearly
established (WHO, 2003). The role of NO2 in ozone formation will be detailed in
the next section, but some severe irritants are produced in the process, including
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Table 2.1: WMO recomendations for maximum levels of NO2 for one hour and
yearly average exposition. The (tropospheric) vertical column is calculated as-
suming a 500 m thick well-mixed boundary layer.

Dimension (unit) Max. 1-hour Max. 1-year
Concentration (µg/m3) 200 40

Number density (molec./cm3) 2.6e12 5.2e11

Volume mixing ratio (ppb) 100 20
Vertical column (molec./cm2) 1.3e17 2.6e16

aldehydes and peroxyacyl nitrates.
Rain acidity also increases with NO2 atmospheric concentration. Due to dis-

solved CO2, rain water is naturally weakly acid, with a pH of about 5.6. NO2
and sulfur dioxide (SO2) lower this value due to the formation of nitric (HNO3)
and sulfuric acids (H2SO4). The effects are observable on vegetation and infras-
tructure. Concerning aquatic organisms, the tolerance on low pH depends on the
species, but a more severe issue arises due to the release of aluminium dissolved
by acid flowing on soils (Jacob, 1999).

2.2.2 NO2 and tropospheric ozone
The only reaction producing ozone in the atmosphere is the combination of a free
oxygen atom with an oxygen molecule (reaction 2.4).

O + O2 + M −→ O3 + M (2.4)

In the above reaction and in those which follow, M may be N2 or O2 and
stabilizes the formation of the produced chemical.

In the stratosphere, free oxygen atoms originate from the photolysis of O2.
This can not happen in the troposphere as the required radiative energy is not
available. Stratospheric ozone may cross the tropopause but this mechanism is
too weak to explain the ozone values at low altitudes. The free oxygen atom of
reaction 2.4 originates in the troposphere from the photolysis of NO2 (reaction 2.5),
which happens at longer wavelengths than the photolysis of O2.

NO2 + hν −→ NO + O∗ (2.5)

NO2 itself is formed rapidly after NO through its reaction with O3

NO + O3 −→ NO2 + O2 (2.6)

Due to this rapid conversion, NO and NO2 are commonly referred to as NOx.
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This cycle between ozone and NOx enables to calculate a concentration of ozone
depending on the ratio of NO2

NO and the reactions rate constants. This calculation
often underestimates the ozone concentration, because reaction 2.6 is not the only
oxidation path from NO to NO2.

In the presence of volatile organic compounds (VOCs) originating from hydro-
carbons, the hydroperoxyl radical (HO2) replaces ozone (see reaction 2.11) in the
oxidation of NO, enabling thus O3 to accumulate. The oxidation of a hydrocarbon
of general formula RH, where R is a chain of carbon and hydrogen atoms (e.g. CH3
for methane), starts with the hydroxyl radical OH, the most effective scavenger in
the atmosphere and is followed by several reactions (Sportisse, 2007):

RH + OH −→ R + H2O (2.7)

R + O2 + M −→ RO2 + M (2.8)

RO2 + NO −→ RO + NO2 (2.9)

RO + O2 −→ R′CHO + HO2 (2.10)

HO2 + NO −→ OH + NO2 (2.11)

The net effect is, thus, the oxidation of RH into a higher oxidation state,
R′CHO, associated with ozone production:

RH + 4 O2 + 2hν HOx,NOx−−−−−−→ R′CHO + 2 O3 + H2O (2.12)

This oxydation chain is initiated by HOx (OH and HO2) and catalyzed by NOx.
Examples of R′CHO are formaldehyde (H2CO), or glyoxal (C2H2O2), two mea-

surable species in the UV-visible with the DOAS technique. The catalyzed oxi-
dation carries on with photolysis processes until the organic compounds are fully
converted into CO2. Note that the oxidation of CO also produces tropospheric
ozone, though the ozone production efficiency is weaker than for hydrocarbons.

Termination occurs when HOx or NOx are removed, which happens mostly
through:

NO2 + OH + M −→ HNO3 + M (2.13)

or

HO2 + HO2 −→ H2O2 + O2 (2.14)

16



The above reactions point out the role of two parameters in ozone production:
the available light and the ratio of NOx to Volatile Organic Compound (VOC).
Light is necessary to photolyze NO2 (reaction 2.5) before ozone production. This
explains both why the ozone maxima occur in summer during clear-sky days, and
why NO2 abundance is higher in winter, as it can be seen for China on figure 2.10.
At the same time, for NOx to act as a catalyst, NO2 must be regenerated through
reaction 2.11. This mechanism is competitive with the termination of HOx (reac-
tion 2.14) when VOC concentrations are high. The ratio of VOC to NOx is thus
a second key-element in the ozone formation.

Figure 2.8: Isopleths of 1-hour maximum O3 concentrations (in ppm) calulated as
a function of initial VOC and NOx concentrations, from NARSTO (2000).

Figure 2.8 shows the ozone concentration isopleths as a function of the initial
concentrations of equivalent carbon due to VOC and NOx. It shows a complex
relationship between these three variables with a NOx-limited regime, where an
increase in VOC does not lead to an increase in ozone, and a carbon-limited
regime where the situation is nearly symmetric. An important consequence of
the isopleths’ shapes is that in the VOC-limited regime, a reduction of NOx may
yield an enhancement in ozone production. The VOC-limited regime is often
encountered inside cities. Brussels often experiences such an increase in ozone
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during weekends, when the traffic, the main source of NOx, is reduced (IBGE,
2009). Note that authorities do not limit the traffic during the ozone alerts in
summer, contrary to the winter pollution episodes, associated with high NOx and
aerosols.

2.2.3 Sources and sinks of NOx

Table 2.2 lists the sources of NOx in teragrammes of nitrogen (1 teragramme = 1012

g) for the year 2000. This is the result of two top-down studies comparing satellite
data with a chemical transport model. The main chemical production originates
from several processes occurring during combustion. At high temperature, N2 and
O2 are decomposed and recombine, directly or indirectly in NOx. This process
occurs also during thunderstorms close to the lightning channel. In addition, some
fuels contain nitrogen that is oxidized and released during combustion. Nitrogen
is also emitted by soils, all the more so as they have been fertilized. The transport
from the stratosphere exists but, as with ozone, it represents a very limited source
in the troposphere. The table points out that the NOx present close to the ground
is mostly anthropogenic.

Table 2.2: Global emissions of NOx in 2000, adapted from (Vlemmix, 2011).
Source Emission rate (Tg N/year)

Fossil fuel combustion 25.6
Lightning 6.2

Biomass burning 5.8
Soil 8.9

Biofuels 2.2
Aircraft 0.5

Stratosphere 0.1
Total 49.3

The main sink of NOx is the oxidation of NO2 to HNO3, which takes different
paths during day and night depending on the presence of the hydroxyl radical.
During day time, ozone can be photodissociated and the free oxygen atoms combine
with H2O to produce OH, leading to reaction 2.13.

As seen in figure 2.6, the lifetime of the OH radical is very short, and it is
thus absent during the night. The oxidation of NO2 is in this case less direct and
involves ozone:

NO2 + O3 −→ NO3 + O2 (2.15)
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NO3 + NO2 + M −→ N2O5 + M (2.16)

N2O5 + H2O −→ 2 HNO3 (2.17)
An alternate NOx sink is its conversion to an organic form, namely peroxyacetyl

nitrate (PAN, C2H3NO5). This happens in the presence of carbonyl (R′CHO in
reaction 2.10). This sink is less important than the conversion to nitric acid, but
it enables the long-range transport of NOx, since PAN is not as soluble in water
as nitric acid. In fact, PAN decomposition increases with temperature, releasing
NOx further away than expected from its natural lifetime of a few hours (figure
2.6).

Figure 2.9: In-situ tropospheric NO2 profiles during CINDI campaign.

2.2.4 Time and space patterns in the NO2 field
With its short lifetime, NO2 mostly stays close to its sources and inside the bound-
ary layer. Considering also that the sources described in the previous section are

19



mostly anthropogenic, it is not surprising to find the highest NO2 loadings close to
populated and industrial places. To illustrate that, figure 2.7 presents the average
global NO2 field derived from satellite data of June 2010. It should be noted that
the NO2 distribution largely varies with time, but the most populated places are
always visible: e.g. Eastern China, Europe, and East coast of the United States.
Smaller spots also correspond to populated places like the Nile Valley or Sydney.
In Europe, the highest concentrations are observed in Benelux and in the Ruhr
basin, around London and in the Po Valley. In India, Africa and South America,
biomass burning contributes significantly to the observed levels. On the contrary,
the oceans and deserts appear relatively free of NO2.

Regarding the vertical distributions, figure 2.9 presents in-situ measurements
from balloons around Cabauw during the CINDI campaign (see chapter 7 and Sluis
et al. (2010) for a description of the instrument, which is still under development).
The shapes and volume mixing ratios vary with the soundings but the bulk of NO2
is always close to the ground, except for the last one (2 July 2009) which shows
the lowest NO2 levels.

Figure 2.10: Time series of NO2 column as seen from the satellite instruments
GOME and SCIAMACHY above China (Richter et al., 2005).

The NO2 concentration at a given place depends on the types of sources and
local meteorological conditions, but several cycles are often observed. For an
industrialized location like Europe, the daily maximum occurs at rush hours. A
weekly cycle is also visible due to the traffic reduction during weekends (Kramer
et al., 2008; Boersma et al., 2009). Finally, as discussed in section 2.2.2, the
seasonal variation of available sunlight also leads to a yearly cycle with a winter
maximum (Hayn et al., 2009; Lamsal et al., 2010). This last cycle is visible for
China in figure 2.10, which also illustrates the increasing trend in this region from
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the 90s to 2004. This tendency is directly linked with the industrialization and
economic growth. During the economic crisis in 2008-2009, a reduction of NO2
over China was also detected from space (Lin and McElroy, 2011). In Europe and
North America, NO2 trends are overall weakly negative (van der A et al., 2008;
Konovalov et al., 2008; Stavrakou et al., 2008).

These trends, as the columns shown in figures 2.10 and 2.7, were derived from
satellite measurements of the spectral radiance in the ultraviolet-visible, using
Differential Optical Absorption Spectroscopy, the same technique used for our
lower altitude instruments. The next chapter details the principles of this method.
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Chapter 3

Scattered-light DOAS

This chapter presents the methods used in this thesis to retrieve geophysical quanti-
ties from the spectral analysis of scattered light. The first section describes physical
concepts of the interaction of light with gas molecules and presents the principle
of Differential Optical Absorption Spectroscopy (DOAS). The second section de-
tails how the DOAS algorithm disentangles in practice the various contributions
to the light spectrum recorded in the atmosphere. These contributions are inter-
preted in term of gas and aerosols loadings, in the third section, by modeling the
atmospheric radiative transfer.

3.1 Differential Optical Absorption spectroscopy

3.1.1 Light absorption by molecules
Light was described in the previous chapter to induce chemical reactions in the at-
mosphere through photodissociations of molecules such as NO2 and O3. At longer
wavelengths, the radiative field interacts non-destructively with matter through
scattering and absorptions of photons. The latter phenomenon is the physical
principle of our measurement: molecules absorb photons around specific energies,
which depend on their molecular orbitals and the symmetries in atomic arrange-
ment. Studying the light after this interaction enables thus to discriminate ab-
sorbing molecules and quantify their abundances. We introduce here the origin of
the specific absorption energies and their repartition in the spectral range. Our
description only summarizes important ideas. For an exhaustive treatment of the
relation between the shape of spectra, the reader is referred to Bernath (1995). An
overview of the applications of spectroscopy from the radio waves to the gamma
rays is given by Svanberg (2004).

The absorption of light by a molecule corresponds to allowed transitions in
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its internal energy, whose amplitudes are determined by the photon wavelengths.
Starting from the low energies of the radio waves to the mid-infrared, a photon
may induce a transition between two rotational states1. This is possible if the
molecule has a permanent electric dipole, which depends on its symmetries. From
the mid-infrared to the visible, the vibration state may change as well, if a dipole
can be induced on the molecule. This is not possible if the molecule is completely
symmetric like N2 and O2

2. In this case, the charges stay equally distributed
around the nuclei, which prevents not only the existence of a permanent dipole,
but the possibility for a dipole to be induced on the molecule by an external
field. This impossibility explains why these two major atmospheric constituents
are not greenhouse gases: they can not absorb light in the infrared. Decreasing
again the wavelength down to the ultraviolet, the photon can change the electronic
orbital configurations of the molecule, which happens with free atoms as well. The
possible transitions cumulate: in the ultraviolet and visible part of the spectrum
(uv-visible), which is the range of our DOAS instruments, most of the transitions
correspond to a mix between the three processes. Such transitions are referred to
as ro-vibronic.

The distribution of absorption around the transition energies is not infinitely
narrow. The most fundamental limit arises from the Heisenberg principle, relating
the spontaneous lifetime of an excited state with its energy width. This natu-
ral width happens to be negligible in the earth’s atmosphere due to pressure and
temperature broadenings. The pressure effect originates at the microscopic level
from collisions leading to phase discontinuities in the dipole state. The resulting
line shape is given by a Lorentzian. The distribution of molecule velocities, which
depends on the temperature, yields Doppler shifts. The associated line profile is
in this case a Gaussian distribution. In the uv-visible range and at atmospheric
temperature, the temperature and pressure broadening are of the same order of
magnitude. The resulting line shape for a single transition appears thus analyti-
cally as the convolution of a Gaussian and a Lorentzian, namely a Voigt profile.
However, the rotational transitions are usually too close compared to their widths
to be isolated, at least at the resolution of the spectrometers. This results in
the uv-visible absorption spectra in systems of relatively broad vibration bands,
which are composed of mixed rotation lines, centered around specific electronic
transitions.

So far, we have only described the interaction processes between light and mat-
ter qualitatively and at microscopic level. Theoretical spectroscopy can be used to
interpret spectra as was done on Venus atmosphere to discover a new CO2 band

1At room temperature, the rotation transitions and thermal kinetic energy of a molecule have
the of same order of magnitude, so the molecules are already rotationally excited.

2Note that this description neglects other effects such as collision-induced absorptions, which
appears for instance to N2 in the infrared.
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Figure 3.1: Absorption spectroscopy in the lab.

(Bertaux et al., 2008), but it does not correspond to the work presented here. A
macroscopic approach to investigate the absorption spectra of the molecule is illus-
trated in figure 3.1. The Beer-Lambert law states that the intensity exponentially
decreases while crossing a medium of length L and concentration c:

I(λ) = I0(λ) exp (−σ(λ)cL) (3.1)

The remaining factor in the exponential is the absorption cross-section σ(λ),
which characterizes the ability of a molecule to absorb photon at a given wavelength
λ. It depends on the molecule shape and originates from the above considerations.

From the Beer-Lambert law, the optical thickness of a medium (τ) is defined
as:

τ(λ) = ln I0(λ)
I(λ) = σ(λ)cL (3.2)

The optical thickness is the interesting measured quantity to get information on
the molecule. Knowing L and c leads directly to the absorption cross-section and
this is the basis of laboratory spectroscopic studies. On the other hand, knowing
L and σ leads to the molecular concentration. In our work, the problem arises
mostly from an imperfect knowledge of the light path, as it will be discussed in
the next sections.

Figure 3.2 presents the absorption cross-sections of several molecules. In the
case of NO2, the ro-vibronic system corresponds to transitions between the ground
state and the first electronic level. The cross-section exhibits high frequency struc-
tures superimposed on a broadband component between 300 and 500 nm. The
latter is responsible for the brown color of NO2. All the species of figure 3.2 are
detectable with the DOAS technique. Among them, we have unambiguously iden-
tified with the instruments NO2, O3, and H2O. DOAS measurements of two other
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Figure 3.2: Absorption cross-sections of some atmospheric trace gases in the UV-
visible, adapted from (Platt and Stutz, 2008).

species, BrO and HCHO have been the subject of two recent PhDs at BIRA-IASB,
respectively by Theys (2010) and De Smedt (2011), which have inspired this writ-
ing. The absorption of the O2−O2 collision complex, not shown on the figure,
was also measured. It was used to infer aerosol extinction profiles from the PO-
LARCAT experiment (chapter 5) and to filter the cloud free data acquired during
the Earth Challenge expedition (chapter 6). The O2−O2 cross section between
appears in the DOAS fit of figure 5.4.

All the aforementioned molecules share two characteristics: they are simple
and small compared for instance to the peroxyacetyl nitrate introduced in the
previous chapter, and their absorption cross-sections are highly structured. These
two properties are tightly linked, as a heavy molecule has much more possible
transitions, leading to a continuous spectrum in the UV-visible range. These
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structured absorptions are the basis of the DOAS method, but before entering in
its detail, we will discuss how the Beer-Lambert law is transformed for scattered-
sky light in the atmosphere.

3.1.2 Spectroscopy of the uv-visible scattered-light sky
Figure 3.3 presents the interaction of sun light with the atmosphere and a set-up
for scattered light spectroscopy. The situation is more complicated than the one
depicted in figure 3.1 in several aspects:

Figure 3.3: Absorption spectroscopy of the scattered-light sky in the atmosphere.

1. The light path is not straight as it would be the case if the instrument
was directed toward the sun. Light recorded by the instrument has been
scattered by definition at least once. The positions of the scattering points
are not known a priori and depend on the observation geometry and on the
atmosphere characteristics. In particular, aerosols influence the light path
differently according to their size. This is illustrated in figure 3.4, showing
the dependence of the scattering angular distribution (the phase function)
with the particle size.

2. Several absorbers are present. Not only may their absorption spectra overlap
(see figure 3.2) but their concentration is not constant in altitude.
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Figure 3.4: Scattering phase functions of visible light (λ = 500 nm) on spherical
particles of different size representing: (a) air molecules, (b) and (c): aerosol
particles. The forward pattern of (c) is extremely large and has been scaled down
for this figure (Petty, 2006).

3. The light source, i.e. the sun, presents absorption structures even before
reaching the atmosphere. These so-called Fraunhofer lines originate from
atomic absorptions (H, Mg, Ca, ...) in the solar atmosphere. Moreover,
except for satellite-based instruments, it is not possible to measure directly
I0(λ) since our measurements take place inside the absorbing medium.

The reduction of scattered sun light intensity in the atmosphere is thus much
more complicated than in equation 3.1. A more accurate treatment of the radiative
transfer in the atmosphere will be given in the next section. At this point, we can
assume a single light path to reformulate the Beer-Lambert law as:

I(λ) =

I0(λ)A(λ, ...) exp−
∫

[
∑
i

σi(λ, s)ci(s) + εM(λ, s) + εR(λ, s)]ds (3.3)

I0(λ) and I(λ) are respectively the intensities of the direct sun light at the top
of atmosphere and the scattered fraction measured by the instrument. A(λ, ...)

27



represents the ratio of the scattered light in the observation geometry at the scat-
tering point. The integral is carried along the optical path of the measured photons
in the atmosphere. The extinction coefficients εM and εR represent the Mie and
Rayleigh scattering. In fact, Rayleigh scattering is a limit case of Mie scattering
for small particles but in atmospheric optics it is common to separate the two
since the Rayleigh-only part originates from scattering on the air molecules while
the scattering on aerosols has to be treated with the Mie theory. The problem lies
in extracting ci, the concentration of an individual absorber. The DOAS method
enables important progress towards this objective.

3.1.3 Principle of Differential Optical Absorption Spec-
troscopy

For many absorbers, the uv-visible cross-section varies weakly with the temper-
ature and pressure under atmospheric conditions. Assuming a constant cross-
section, the optical depth of a given absorber τi in a scattered-light spectrum can
thus be expressed as:

τi(λ) =
∫
σi(λ, s)ci(s) ds = σi(λ)

∫
ci(s) ds (3.4)

This leads to the definition of the slant column of an absorber as:

SCi =
∫
ci(s) ds (3.5)

This quantity has the same dimension as the vertical column previously defined
(equation 2.1), but depends on the optical path of the measurement.

Integrating Rayleigh and Mie scatterings to their optical depth, equation 3.3
reduces to:

I(λ) = I0(λ)A(λ, ...) exp−[
∑
i

σi(λ)SCi(λ) + τM(λ) + τR(λ)] (3.6)

As mentioned in the previous section, I0(λ) is not accessible from inside the
atmosphere. We thus have to use also a scattered-light spectrum as a reference.
Expressing it in the form of equation 3.6, the ratio of the measured to the reference
spectrum is:

ln Iref
I

(λ) = ln Aref
A

(λ) +
n∑
i=1

σi(λ)∆SCi + ∆τM(λ) + ∆τR(λ) (3.7)

DOAS is based on the observation that, on the one hand, the scattering terms
in the above sum vary slowly with λ. Indeed, Rayleigh scattering on molecules
varies in λ−4, and this wavelength dependence decreases with the particle sizes.
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On aerosols, the Angström exponent α describing the dependence (λ−α) varies
between 0 and 2. On the other hand, the cross section of some absorbers, like
those of figure 3.2, presents sharp structures in the spectral domain.

Figure 3.5: Illustration of the differential cross section and optical depth.

To disentangle these absorbers, one splits the cross-section in its continuous
(σ0) and differential (σ′) contributions:

σ(λ) = σ′(λ) + σ0(λ) (3.8)

The differential part of the optical density can then be isolated from the other
contributions (see figure 3.5), which can be accounted for with a low-order poly-
nomial.

ln Iref (λ)
I(λ) =

n∑
i=1

σ′i(λ)∆SCi +
m∑
j=0

ajλ
j (3.9)

The above equation enables to retrieve the difference of slant column of an
absorber between a measurement and a reference spectrum. This relative slant
column is usually referred to as a differential slant column density (DSCD). Note
that “differential” refers here to the reference spectrum and not to the structures
in the cross section.
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It is important to realize that the DOAS technique is based on the assumption
that the absorber does not significantly influence the optical path. We checked
this assumption for NO2 in polluted conditions in chapter 6.

3.2 DOAS in practice
We used a dedicated software, QDOAS (Fayt et al., 2011), developed at BIRA-
IASB to retrieve the different slant column densities from the spectra. This soft-
ware, widely used in the DOAS community, offers many possibilities. We only
detail here the algorithms used in our applications. Note that the software is also
used for the spectral calibration (see next chapter).

Two effects have to be added to the description of the problem given above
when analyzing real spectra of scattered sky light: the filling-in of Fraunhofer
lines commonly referred to as the Ring effect and the occurrence of non-linear
terms in equation 3.9, originating from stray light and wavelength shift in the
measured and cross-section spectra. We detail here these two problems and the
algorithmic recipes used by QDOAS to deal with them.

3.2.1 Ring Effect
In 1962, Grainger and Ring observed that the Fraunhofer lines do not look the
same in the direct moon light and in the scattered sky light (Grainger and Ring,
1962b). They assumed that this could be explained by "a day-light airglow".
This phenomenon was later interpreted as an effect of rotational Raman scatter-
ing (Brinkmann, 1968). A small part of the Rayleigh scattering is non-elastic
and redistributes the frequencies of the light source, leading to a filling-in of the
Fraunhofer lines. As expected, the so-called Ring effect increases with the scat-
tering events, toward the short wavelengths and in limb geometry. The associated
optical depths are typically a few percent, which is the same order of magnitude
as the absorption of the investigated trace gases.

The Ring effect is corrected in our case by introducing a source term based
on the convolution of a Fraunhofer spectrum with O2 and N2 rotational Raman
spectra (Chance and Spurr, 1997a). This source is divided by the Fraunhofer
spectrum to produce a ring cross section as described by Van Roozendael et al.
(2002), which is reproduced below. Note that Raman scattering from trace gases,
as well as vibrational Raman scattering, are neglected.

A measured spectrum contains an elastic and a non-elastic part, the latter
originating from rotational Raman scattering (RRS):

Imeas = Ielastic + IRRS (3.10)
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The rotational Raman scattering (IRRS) represents only a few percent of the
total intensity Imeas. Thus, the logarithm of the sum 3.10, which is the fitted
quantity, may be approximated by its Taylor development:

ln Imeas = ln (Ielastic(1 + IRRS
Ielastic

)) = ln Ielastic + IRRS
Ielastic

(3.11)

The differential structures of the Ring optical depth can be calculated by con-
voluting the solar spectrum I0 and a rotational Raman cross section of air based
on N2 and O2 Raman spectra, and dividing the result by the solar spectrum. The
exact contribution of the Ring effect in the differential optical depth will depend
linearly on this pseudo cross section as:

IRRS
Ielastic

= I0 ∗ σRRSair
I0

CRing (3.12)

This contribution, CRing, can then be fitted together with the other absorbers.
The Ring effect can be observed in figure 5.4. Note that in this case, the

differential optical depth of the Ring (6e-3) is much larger than NO2 (1e-3). This
illustrates the necessity of an accurate correction of the Ring effect.

3.2.2 Resolution of the linear problem
As the equation 3.9 is linear, it may be written in matrix form:

τ = Ax (3.13)

Where τ is a column vector of optical depths in the wavelength range of the
fitting window, A is a m × n matrix whose columns are the differential cross-
sections σ′i(λ) and the powers of lambda taken into account in the polynomial
P (λ), and x a vector composed of the Differential Slant Column Density (DSCD)
of each absorber and of the polynomial coefficients.

A =


σ′1(λ1) . . . σ′n(λ1) 1 λ . . . λm1
σ′1(λ2) . . . σ′n(λ2) 1 λ . . . λm2

... ... ... ... ... ... ...
σ′1(λl) . . . σ′1(λl) 1 λ . . . λml

 (3.14)

In practice, the number of lines of A is much larger than the number of columns.
The system is thus overdetermined, which implies the definition of a criterion to
choose a solution. A common criterion is the minimization of the quadratic cost
function [τ − Ax][τ − Ax]T . This least-square solution, xls, corresponds to the
maximum likelihood solution if the errors on the measured τ are normally dis-
tributed, which is a reasonable assumption for physical measurements. In QDOAS,
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the solution xls is found computing the Singular Value Decomposition (SVD) of
A. This means expressing A as the matrix product UWVT, where in particular
W is a rectangular diagonal matrix. This method is robust compared to inverting
ATA which may be ill-conditioned. Moreover, the uncertainties on the solution
are also expressed from the SVD (Press et al., 1992).

The SVD allows to write a pseudo-inverse of A and thus xls as:

xls = V · diag( 1
wj

) ·UT · τ (3.15)

The value of the cost-function at xls, divided by the degree of freedom of the
problem (m− n), can be used to estimate the mean error σ on the elements of τ ,
since their normal distribution is assumed:

σ2 = [τ −Axls][τ −Axls]T
m− n

(3.16)

This error is propagated on the slant column space using the SVD:

Σ = σ2 · [VT · diag( 1
wj

) ·V] (3.17)

The above equation defines the covariance matrix of xls. In QDOAS, the error
on the slant columns corresponds to the respective diagonal element of Σ:

σ∆SCi =
√

Σii (3.18)

3.2.3 Treatment of the nonlinearities due to offset and shift
The above formulas are used to fit the slant columns and estimate the associated
uncertainties. However, the equation 3.9 does not describe the problem well enough
for small absorbers. It is first necessary to fit an offset, which may originate from
stray light inside the spectrometer (the so called spectral stray light, see next
chapter) or from an imperfect Ring correction. Secondly, a small spectral shift may
be introduced by instrument instabilities between the reference and the measured
spectrum.

Adding these two parameters leads to a new form of the Beer-Lambert law:

ln Iref (λ)
I(λ+ shift)− offset(λ) =

n∑
i=1

σ′i(λ)∆SCi +
m∑
j=0

ajλ
j (3.19)

The offset and shift can not be determined at once by SVD since the equation
is not linear regarding these parameters. Keeping the least-square criterion, the
associated cost-function is rrT where
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r(λ, shift, offset,∆SCi, aj) =

ln I(λ+ shift)− offset(λ) +
n∑
i=1

σ′i(λ)∆SCi +
m∑
j=0

ajλ
j − ln Iref (λ) (3.20)

Among the various algorithms to deal with non-linear least-square problems,
QDOAS uses the Levenberg-Marqardt algorithm (Madsen et al., 2004) to fit the
shift and offset3 Note that the effects of offset and shift are not taken into account
in the slant column uncertainties, derived from the SVD. The error introduced is
however negligible for small values of offset and shift (Stutz and Platt, 1996).

3.3 Interpretation of DOAS measurements by
modeling the radiative transfer

The results of the DOAS analysis are the integrated concentrations of the absorbers
along the photon paths of the measured spectrum, relative to the same quantity in
a reference spectrum. These relative slant columns depend on the observation ge-
ometry, sun position, and atmospheric state. This can be seen on figure 3.6, which
presents the effect of the absorber altitude relative to the scattering point for a
ground-based MAX-DOAS measurement. To retrieve more interesting geophysical
quantities, it is thus necessary to model the radiative transfer in the atmosphere.
We first introduce theoretical notions on the transport of scattered sky-light then
describe how they are applied numerically to interpret the slant columns.

3The Levenberg-Marqardt iteration is a weighted mean of the steps given by two algorithms:
the steepest descent and the Gauss-Newton methods. The former uses the gradient of the cost
function and always converges, at least to a local minimum, but is slow. The latter approximates
the Hessian of the cost function and is less robust but converges faster. The weight coefficient is
adjusted at each iteration according to the value of the cost function.

33



Figure 3.6: Illustration of the profile dependence of the slant columns (Hönninger et al., 2004). If the absorber is
above the scattering point, the slant column decreases with the solar elevation but is independent of the telescope
elevation, if the absorber is below the scattering point, the opposite is true. Of course the reality is more complex
than this geometrical approximation due to multiple scatterings and the fact that several light paths contribute to
the measurements.
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3.3.1 The radiative transfer equation in a plane-parallel
atmosphere

We consider first the transport of uv-visible radiation inside a thin layer of an
atmosphere where the optical properties are constant. The primary source is sun
light hitting the top of atmosphere at zenith angle θ0 and azimuth φ0. This sun
light is scattered across the atmosphere in all directions. The light extinction
originates from absorption and scattering processes, defined by their respective
coefficients kabs and ksca. The scattering is furthermore described by a phase
function p representing the angular distribution after the scattering.

It is convenient to change the variables for the altitude inside the atmosphere
and for the zenith angle. The altitude is expressed with the vertical depth from
the top of the atmosphere, τ , integrating the extinction upward from the layer
altitude. The zenith angle is replaced by its cosine µ = cos θ. It is also convenient
to introduce the ratio of the scattering over the total extinction, referred to as the
single scattering albedo ω:

ω = ksca
kabs + ksca

(3.21)

The above description is illustrated in figure 3.7. Neglecting the thermal emis-
sions and the polarization effects, the variation of the intensity across the layer in
a given direction is written as (Liou, 2002):

µ
dI(τ, µ, φ)

dτ
=I(τ, µ, φ) (3.22)

− ω

4πp(µ, µ0, φ− φ0)e
−τ
µ0 F0

− ω

4π

∫ 2π

0

∫ 1

−1
p(µ, µ′, φ− φ′)I(τ, µ′, φ′)dµ′dφ′

This is the equation of radiative transfer for the scattered light radiative field in
the uv-visible. The first line corresponds to the Beer-Lambert law and describes
the attenuation of light in a medium of given extinction. The two others are
source terms that originate from single and multiple scattering, respectively. It is
an integrodifferential equation, reflecting the fact that the light at a given point
depends both on local and remote conditions. As such, it is not easy to solve
analytically.
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Figure 3.7: Transfer of scattered light in a plane-parallel layer: (1) attenuation
by extinction, (2) single scattering of the solar flux, (3) multiple scattering, (4)
represents thermal emissions from the layer, neglectable in the uv-visible (Liou,
2002).
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3.3.2 The discrete ordinates method for anisotropic scat-
tering in an inhomogeneous plane-parallel atmosphe-
re

The discrete ordinates method originates from the seminal work of Chandrasekhar
(1960), who was originally interested in stellar atmospheres. It consists in replac-
ing the integral by sums, to obtain a system of differential equations. We only
give the main ideas for anisotropic scattering here, the complete solution leads
to many difficulties and does not correspond to the main work presented here.
The interested reader should consult Chandra’s book or the technical report by
Stamnes et al. (2000) which digs into the technical details.

The atmosphere is described as plane-parallel but inhomogeneous: this means
that several layers are defined in the vertical dimension, in which the scattering
and absorption properties are constant. We first consider a single layer, which is
afterward extended to the full atmosphere.

The phase function is first expanded in its Legendre polynomials expansion
relative to the scattering angle, Θs, expressed as:

Θs = µµ′ +
√

(1− µ2)(1− µ′2) cos (φ− φ′) (3.23)

This is particularly convenient for pure Rayleigh scattering (p(Θs) = 3
4(1 +

cos2 Θs)) for which only two Legendre polynomials are enough. Considering the
more complicated patterns of figure 3.4, a useful analytical description is the
Henyey-Greenstein function, which also leads to a simple expression for the Leg-
endre coefficients:

PHG(cos Θs) = (1− g2)
(1 + g2 − 2g cos Θs)

=
∑

(2l + 1)glPl(cos Θs) (3.24)

In the above equation, the parameter g, referred to as the asymmetry factor,
varies between −1 (pure backward scattering) to 1 (pure forward).

The analytical expression of the intensity is not known, after all that is what we
try to get. Nevertheless, the symmetry of the problem naturally yields to expand
it in its Fourier cosine series:

I(τ, µ, φ) =
∑

I(τ, µ) cos (φ− φ0) (3.25)
Substituting these equations in equation 3.22 and using the orthogonality prop-

erties of the Legendre and Fourier decomposition, the problem takes the form of
a system of independent equations, one for each Fourier component. This Fourier
component is itself expanded replacing the integral on µ by a quadrature sum. The
new system of linear differential equations is solved in the different layers with the
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boundary conditions that the intensities are continuous at the layer interfaces and
determined at the top of the atmosphere by the given solar radiation and at the
bottom by the given ground albedo or the more accurate bidirectional reflectance
distribution function.

3.3.3 The radiative transfer model used:
UVSPEC-DISORT

The radiative transfer model we use is based on the LibRadtran package (Mayer
and Kylling, 2005) which itself implements the DISORT program (Stamnes et al.,
1988, 2000) to solve the radiative transfer equation. The code has been validated
in an intercomparison exercise involving six different radiative transfer models
(Hendrick et al., 2006a). The user defines the solar position, a geometry of ob-
servation including the altitude, and an atmosphere, including the temperature
and pressure profiles and the optically relevant trace gases abundances (O3, NO2
in the stratosphere). It is then possible to introduce a given absorber, its profile
and cross-section and study its absorption at a given wavelength (see the two next
sections).

One important difference with the description given above is the correction for
the spherical shape of the atmosphere. For zenith observations, discrepancies from
the plane parallel approximation can be neglected at small solar zenith angles but
as some of our measurements use a limb geometry, this aspect is important. Treat-
ing the radiative transfer in full spherical geometry is possible but implies heavy
computational costs. The calculations were performed instead with a common
trade-off, the so-called pseudo-spherical approximation, in which the direct-light
attenuation (e

−τ
µ0 F0) is replaced by its spherical counterpart, while the other terms

are treated in the plane-parallel approximation.
Beside this pseudo-spherical approximation, the assumptions in the radiative

transfer are the horizontal homogeneity and the perfect coherence of the scattering
(which neglects in particular the Ring effect). The model used does not take into
account the polarization either. The influence of polarization on the measurements
will be detailed in the next chapter.

3.3.4 Air mass factors and weighting functions
Given the possibility to reproduce numerically the radiative transfer in the atmo-
sphere, it is easy to isolate the effect of one specific absorber, by including and
removing it from the computation of the intensity. These two calculations give
two corresponding intensities, Iabs ans Inoabs, which define the optical depth of the
absorber. Writing the Beer-Lambert law of the scattered light enables to calculate
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the slant column corresponding to the simulated atmosphere and observation:

SC = 1
σ

ln Inoabs
Iabs

(3.26)

Dividing this simulated slant column by the model vertical column (V C) gives
the enhancement factor due to the slant path of light in the atmosphere, commonly
referred to as the Air Mass Factor (AMF):

AMF = SC

V C
(3.27)

The vertical columns from our DOAS measurements can now be retrieved,
dividing the measured slant columns by their simulated air mass factors. As noted
in section 3.1.3, this implies that the absorber does not significantly modify the
radiative transfer because the AMF must be independent of the absorber loading.
For weak absorbers like NO2, this assumption is usually realistic. This assumption
is checked for polluted conditions and limb geometry in chapter 6. It is important
to realize that if the absorber absolute abundance should not matter, the shape
of its vertical distribution has, on the contrary, a huge impact on the AMF, as
can be seen on figure 3.6. Note that modeling the radiative transfer also enables
to study the influence of other geophysical quantities on the AMF like the albedo
and the visibility. Uncertainties on these parameters can thus be propagated in
the error budget through their effect on the AMF. Air mass factors calculations
varying several parameters are shown for the ULM-DOAS instrument on figure 6.7
and for the Mobile-DOAS on figure 7.4, where we compare it to the geometrical
approximation of figure 3.6.

The AMF is useful to get a vertical column from a single measurement. How-
ever, the vertical distribution of an absorber - or of another geophysical parameter
- may also be retrieved if multiple measurements are performed in different ge-
ometries. This can be done from the ground with a zenith-sky instrument using
the variation of the solar zenith angles at twilight (e.g. Hendrick et al. (2004)),
or varying the elevation of the telescope (e.g. Hönninger et al. (2004)). Note that
these two configurations are not sensitive to the same layer of the atmosphere
(respectively, to the stratosphere and the lower troposphere). The amount of in-
formation in the measurements depends then on the different sensitivity of the
measurements to the altitude of the absorber. These sensitivities are expressed by
the so-called weighting functions. For a vertical distribution x = xi=1...n and given
an observation geometry and an atmospheric state, the weighting function WF is
expressed as:

WFi=1...n = ∂SCD

∂xi=1...n
(3.28)
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Weighting functions are calculated with UVSPEC-DISORT by successive per-
turbations on xi in the layers of the altitude grid. In chapter 5, We retrieve profiles
of extinction and NO2 using the limb DOAS measurements during the sounding,
i.e. varying the altitude of observation. Figure 5.5 presents some of the weighting
functions for this kind of measurements.

A careful reader may have noticed that the above discussion missed an impor-
tant point: in practice, a fitted DSCD is relative to a reference spectrum which
may itself contain absorption from the measured species. Therefore, a reference
column must in general be estimated and added to the result of the DOAS fit.
Dealing with this reference column is done in different ways for our different ex-
periments, using or not radiative transfer modeling. These methods are detailed
in the respective chapters.
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Chapter 4

Instrumental aspects in DOAS
measurements

This chapter presents common aspects of the DOAS apparatus developed in this
work, each instrument being presented more in detail in its respective chapter. The
first section follows the light path from the input optics to the spectrometer and the
detector. We give the geometrical relations along the optical axis characterizing
the set-up and describe more specifically the spectrometers used. The second
section characterizes the relevant properties of our instruments. This leads, in the
last section, to discuss the detection threshold and how it can be optimized.

4.1 Components of DOAS instruments

4.1.1 Input optics
In most scattered-light DOAS instruments, light is collected by an optical fiber
mounted behind a lens. The lens role is to reduce the field of view of the fiber. This
set-up was used for all the instruments developed in this work, except the ULM-
DOAS instrument presented in chapter 6, for which the fiber was directly collecting
the light. A black baffle was common to all the instruments to reduce stray light.
Commercial optics were used for all the instruments, so the choice in materials
and size were limited to the catalogs. Nevertheless, we give some theoretical
background here, useful to understand the different parts. The schematic 4.1
describes the geometry of the baffle-lens-fiber set-up.

The optical fibers of our instruments are multi-mode, step index silica. The core
is made of pure silica (SiO2) while the cladding is made of fluorine-doped silica and
a polymide protective buffer. The acceptance1 cone angle originates from Snell’s

1Here and in what follows, we consider the full cone angles, not the half angles, which are
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Figure 4.1: Input optics of scattered light DOAS instrument: lens, fiber, and baffle,
with the relevant dimensions (see text for details). The signal light is in blue while
the red line represents possible spatial stray light scattered in the housing (not
shown) if no baffle is present.

law at the limit of total internal reflection, derived from the two refractive indices
n1 and n2 of the fiber core and cladding, respectively. These numbers are not given
accurately by the manufacturers. Instead, they give the numerical aperture (NA)
to characterize the acceptance cone:

NA = n sin θfmax2 =
√
n2

1 − n2
2 (4.1)

In this formula, n represents the refractive index of the medium (taken as unity
for air) and θfmax the acceptance cone angle. In practice, all the fibers used in our
instruments have a standard numerical aperture of 0.22± 0.02, leading to a cone
angle of 25.4◦.

In scattered-light applications, the sensitivity increases with the optical path
length in the atmosphere, so the lens, if present, is put at its focal length (f) in
front of the fiber to collect a parallel beam of its diameter (D). The cone angle
(θlmax) of light behind the lens is thus:

also often used.
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Figure 4.2: Optical head of the Mobile-DOAS instrument (left) and Avantes colli-
mating lens (right).

θlmax = 2 arctan D

2f (4.2)

This cone angle should be at least as large as the acceptance cone angle of the
fiber to optimize the signal.

The field of view (FOV ) of a naked fiber is simply its acceptance cone angle.
With a lens, it is considerably reduced and given by the focal length (f) and the
fiber diameter (d):

FOV = 2 arctan d

2f ≈
d

f
(4.3)

As illustrated in figure 4.2, light originating from outside the theoretical field
of view can be scattered in the collimating optics, e.g. through reflections on
metallic parts. This light is dispersed with the signal light by the grating. We
refer to this as spatial stray light, contrasting with the spectral stray light due to
the spectrometer (Gottwald and Bovensmann, 2011). Spatial stray light modifies
the expected light path, leading to problems in the interpretation of the slant
columns densities. Moreover, if the spectral characteristics of the sources of signal
and stray light are different, the measured spectrum is distorted. Black baffles,
either in plastic or in paperboard, were added in front of the lens or directly on
the fiber for the ULM-DOAS. The field of view (θB) limited by the baffle is:

θB = 2 arctan (DB −D
2LB

) (4.4)
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where DB is the baffle diameter, LB its length, and D the lens diameter. The
baffle should not hide part of the beam (θB > FOV ). In practice, most of the
spatial stray light is removed with a small baffle.

Figure 4.2 illustrates the different elements of the input optics with the optical
head of the Mobile-DOAS (chapter 7). The lens used in both channels is shown on
the right with its housing: it is a commercial collimating silica lens from Avantes,
with a 6 mm diameter and a 8.7 mm focal length. Black baffles (internal diameter:
9 mm, length: 2 cm) are screwed on one end of the lens housing, while the 400µm
optical fibers are attached on the other end through the SMA connectors. These
dimensions lead to instrument and baffle fields of view of respectively 2.6◦ and
8.5◦. The housing are held by a custom aluminium structure manufactured in
our workshop, enabling to attach itself to a car window and align the channels
accurately with the ball-joint. Figure 5.2 shows the baffle and fiber of the ALS-
DOAS instrument.

4.1.2 Grating spectrometer
The acceptance angle of a spectrometer can be quite different from the one of
the fiber, as is the case for the ALS-DOAS instrument. It is usually expressed
as a f-number. For a lens of focal length f and diameter D, the f-number(f/])
is simply the ratio f/D. From equations 4.1 and 4.2 and taking unity for the
refractive index of air, the f-number can be related to the numerical aperture and
the acceptance cone as:

NA = sin arctan 1
2f/] = sin θfmax2 (4.5)

For a spectrometer, the entrance f-number is calculated from the focal length
of the first mirror (f1) and an equivalent diameter as seen from the entrance slit.
This equivalent diameter, D′, is expressed from the width (Wg) and height (Hg)
of the grating and from the incidence angle of the incoming light (α) as (Lerner
and Thevenon, 1998):

D′ = 2
√
WgHg cosα

π
(4.6)

Note that the angle of diffraction is different from the angle of incidence and
that the second focusing mirror in the spectrometer may have another focal length.
This leads to a different f-number for the spectrometer as seen from the detector.

In the ALS-DOAS instrument used during POLARCAT (chapter 5), the f-
number of the spectrometer is f/4, corresponding to an acceptance angle of 14.3◦,
much smaller than the fiber divergence of 25.4◦(f/2). The loss of brightness is
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Figure 4.3: Czerny-Turner set-up. The dashed red line represents spectral stray
light originating for instance from the second order of diffraction and scattered in
the (not shown) housing.

proportional to the square of the ratio of the f-numbers (Platt and Stutz, 2008),
which implies that 75% of the fiber light would not reach the grating and could
be source of stray light inside the spectrometer. Such stray light is referred to a
spectral and its effects are different than the spatial stray light discussed above.
Spectral stray light corresponds to light of a given wavelength scattered to a detec-
tor pixel corresponding to another wavelength (see figure 4.3). It deteriorates the
spectra leading to problems in the DOAS analysis. Therefore a f-number matcher
was added between the input optics and the spectrometer, seen in figure 4.4.

The matcher set-up looks like the inside of a Newtonian telescope working
backwards. The fiber light is reflected by a small off-axis 45◦ plane mirror toward
a concave mirror which reduces the cone of light to match the f-number of the
spectrometer.

From the mirror equation, we can express the angles of input (θf ) and output
(θs) of the f-number matcher as a function of the illuminated part of the mirror
(Dm) and its focal length (fm):

Dm

2fm
= tan θf2 + tan θs2 (4.7)

The grating spectrometers used in all our instruments are based on the popular
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Czerny-Turner set-up, shown in figure 4.3. This configuration uses two concave
mirrors and a plane reflective diffraction grating. The first mirror collimates the
light coming from the input slit towards the grating. The grating disperses the
light according to the wavelengths and the second mirror focuses this spectrum on
the detector.

The fundamental equation of gratings is:

sinα + sin β = knλ (4.8)

where λ is the wavelength of the light, α and β are respectively the incidence
and diffraction angles, which are illustrated in figure 4.3, k is the order of diffraction
and n is the groove density of the grating.

Figure 4.4: ARC spectrometer and matcher used for the POLARCAT campaign.
The red lines represent the optical path inside the instrument. The complete
instrument onboard the plane is shown in figure 5.2.

From equation 4.8, the angular dispersion (dβ/dλ) may be calculated. It is
converted with the focal length of the second mirror (f2) to a linear dispersion
(dx/dλ) where x is the position on the focal plane of the second mirror. Its
inverse, the reciprocal linear dispersion (dλ/dx) is more useful in practice:
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dλ
dx = cos β

knf2
(4.9)

The spectral resolution of the spectrometer, defined by its bandpass, is the
product of the linear dispersion and the image of the entrance slit width (Lerner
and Thevenon, 1998). The image of the entrance slit width (W ′) is, given its object
width (W ) and the previously defined parameters:

W ′ = W
cosα
cos β

f2

f1
(4.10)

This leads to the following expression for the bandpass (BP ):

BP = W cosα
f1kn

(4.11)

This equation expresses that the bandpass increases with the slit width. The
latter being directly related to the amount of light received at the detector, the
optimal slit width is a trade-off between the resolution and light requirements.
Equation 4.11 also indicates that it is difficult to achieve a high spectral resolution
with compact grating spectrometers, whose size is determined by their mirror focal
lengths.

Figure 4.5: Schematic of the Avantes spectrometer used for ULM-DOAS, Mobile-
DOAS, and SWING, from www.avantes.com.

Figures 4.4 and 4.5 show the two different Czerny-Turner spectrometers used
respectively in the ALS-DOAS instrument (chapter 5) and in the three more com-
pact instruments developed later on (chapters 6, 7, and 8). They illustrate in
particular the flexibility of the Czerny-Turner configuration, due to the use of two
separate mirrors. Note that for the ALS-DOAS, the theoretical bandpass from
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equation 4.11 corresponds to 0.5 nm, which is confirmed by measurements with a
Hg-Cd lamp (figure 4.8).

4.1.3 CCD and CMOS detectors
Two kinds of digital detectors are currently used in digital imaging: Charge Cou-
pled Device (CCD) and Complementary Metal Oxide Semiconductor (CMOS).
Both of them are based on linear or matrix arrays of metal oxide semiconduc-
tors (MOS). These MOS pixels convert individually incoming photons into elec-
tric charges through the photoelectric effect. The process is characterized by its
quantum efficiency, defined as the percentage of photons that create charges. The
difference between CCD and CMOS lies is the way the charges are read, as illus-
trated in figure 4.6. In a CCD, the charges are sequentially transferred across the
pixels to a unique charge-to-voltage converter, while in a CMOS, this conversion
is achieved for each pixel separately.

Figure 4.6: CCD and CMOS principles, from Litwiller (2005).

In addition, CCD and CMOS sensors can either be front or back-illuminated.
The two configurations are shown for a single pixel on figure 4.7, which also shows
the MOS set-up. In the front-illuminated design, light enters the CCD through
the ’M’ part of the MOS (Aikens et al., 1989), usually made of polycrystalline
silicon. This material is relatively transparent in the visible but opaque under
400 nm. Therefore, a better set-up for UV applications is to receive light directly
from the ’S’ part of the MOS, where the charges are kept. This back-illuminated
configuration has a better quantum efficiency, especially in the UV.
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Figure 4.7: CCD: front and back-illuminated configurations.

The detectors in our instruments are all CCDs. An ultra-compact spectrome-
ter using a CMOS, the Ocean Optics STS (f = 28 mm), was tested for the UAV
experiment. Its sensitivity is not compatible with this application, which requires
very short integration time. The CCD used in the ALS-DOAS instrument (chap-
ter 5) is a back-illuminated matrix (2048×512) while in the Avantes spectrometer
it is a linear array of 2048 pixels.

An important characteristics of a detector is its signal-to-noise ratio. The most
fundamental source of noise in counting photons originates from the quantum na-
ture of light and is thus independent of the quality of the detector. This shot noise
is analytically described by a Poisson distribution on the number of detected pho-
tons (N), leading to a standard deviation of

√
N . Considering a perfect detector

measuring N photons, its signal-to-noise-ratio (SNRshot) is thus:

SNRshot = N√
N

=
√
N (4.12)

Working with a CCD, two other sources of noise can be important. First, the
dark noise arises from electrons thermally generated inside the CCD. Their number
also follows a Poisson distribution and this source can be reduced by cooling the
detector, as is done for the PIXIS of the ALS-DOAS. Secondly, the read noise
arises from the charge-to-voltage and analog-to-digital conversions. This sources
depends on the quality of the electronics, in particular the pre-amplifier. The
signal-to-noise ratio for a CCD (SNRCCD) is expressed as:

SNRCCD = IQEt√
IQEt+Dt+N2

r

(4.13)

where I is the incident photon flux (photons/pixel/second), QE is the quan-
tum efficiency, t is the integration time(seconds), D is the dark current value
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(electrons/pixel/second), and Nr is the read noise (electrons rms/pixel) (http:
//learn.hamamatsu.com/articles/ccdsnr.html).

In practice, if the signal is high enough, the shot-noise often dominates the two
other sources. In this case, the measurement is said photon-noise limited. This
assumption is used for the simulations shown in figure 8.3.
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Table 4.1: Characteristics of the different spectrometers
ARC+Pixis Avantes STS

Czerny turner design Astigmatism-Corrected Symmetrical Asymmetric crossed
Focal length (mm) 150 75 28

Slit (µm) 100 50 25
Lines/mm 1200 600 600
Blaze(nm) 300 300 n/a
Size (mm3) 320x160x160 175x110x44 40x42x24
Weight (g) 4500+2270 716 68

Wavelength range (nm) 330-450 200-750 350-800
Resolution (FWHM in nm) 0.5 1.3 2.3

f-number f/4 n/a n/a
Detector type Back thinned 2D CCD Linear CCD Linear CMOS

Number of pixels 2048x512 2048 1024
Sampling ratio (pixels) 6 4.9 5.2

Pixel size (µm) 13.5x13.5 14x56 7.8x125
A/D resolution (bits) 16 16 14

Cooling Thermoelectric, up to -75◦ no no
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4.2 Characterization

4.2.1 Calibration, instrument function, and sampling ratio
The calibration means here the relationship between the detector pixels and the
wavelength. For commercial spectrometers like the Avantes, it is usually given
rather accurately by the manufacturer. It was nevertheless characterized for the
different spectrometers using the emission lines of a Hg-Cd lamp. This first cali-
bration is refined during the spectral analysis with QDOAS using the Fraunhofer
lines. The software aligns the spectrum with respect to a calibrated solar spec-
trum (Kurucz, 1995) convoluted at the resolution of the instrument. The process
is similar to the slant column fitting described in the previous chapter. It uses a
Levenberg-Marqardt iteration in which the shift between the solar and measured
spectrum is fitted as a non linear parameter. It is possible to fit at the same
time the spectral resolution using a predefined instrument function, e.g. a Gaus-
sian profile. Note also that in QDOAS, several sub-windows are defined inside
the spectrum. A value of the shift is fitted in each sub-window and these values
are fitted a second time as a polynomial to reconstruct an accurate wavelength
calibration(Fayt et al., 2011).

Figure 4.8: Instrument function of the ALS-DOAS instrument measured with an
Hg-Cd lamp at 404.7 nm and fitted as a Gaussian using QDOAS. The crosses in
the measured function indicate the pixel centers.
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Figure 4.8 shows the instrument function of the ALS-DOAS instrument mea-
sured with the 404.7 nm line of a Hg-Cd lamp and fitted as a Gaussian with
QDOAS. This second solution was used for the DOAS analysis because the band-
pass increased towards the UV (from 0.5 nm to 0.7 nm FWHM), probably due to
a small misalignment. The instrument function of an Avantes spectrometer (1.3
nm FWHM) may be seen in figure 6.5 of chapter 6.

The sampling ratio is also visible on figure 4.8. It is defined as the number of
pixels inside the bandpass of the instrument, 5.8 in this case. The sampling ratio
originates from the sampling theorem and determines the ability of the discrete
pixels of the CCD to reproduce the spectral information. For a Gaussian instru-
ment function, the minimum sampling ratio should be 4.5 to avoid undersampling
and associated problems in the spectral analysis (Chance et al., 2005). It is obvi-
ous that the sampling ratio (S) may be roughly estimated with a typical bandpass
(BP ), the number of pixels of the detectors (nbpix), and the total spectral range
(R) as:

S = BP
nbpix
R

(4.14)

Using this equation and the values of table 4.1, the sampling ratio of the Avantes
and STS spectrometers are respectively 4.9 and 5.2.

4.2.2 Dark current, offset, and spectral stray light
To optimize the DOAS analysis, it is necessary to subtract from the recorded
spectrum a component, which is not part of the signal. This bias includes several
contributions: a fixed offset tuned by the CCD manufacturer to avoid negative
value for pixels, the dark current originating from thermal creations of electron-
hole pairs (see section 4.1.3), and possible spectral stray light (see section 4.1.2).

In theory, the first two sources of bias are easily determined from the datasheet
and the temperature. In some applications, the dark-current for a given measure-
ment is estimated by a CCD acquisition of the same integration time with the
shutter closed. For the third source of bias, an accurate characterization and cor-
rection method was proposed by Zong et al. (2006). It consists first in recording
at successive wavelengths the so-called spectral line-spread function, i.e., the re-
sponse across the pixel to a monochromatic excitation, which is a tunable laser in
Zong et al. (2006). The second step involves the building of a correction matrix
from the line-spread functions measurements.

We have implemented the method of Zong et al. with a Bentham double
monochromator and a broadband source. Figure 4.9 is an example of line-spread
function (LSF) measured with this set-up. In particular, our work has consisted in
the automation of the LSF measurements, which take a lot of time. Indeed, each
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Figure 4.9: Spectral stray light measurements in the lab with a double monochro-
mator: example of line-spread function.

LSF is reconstructed from four measurements, including a saturated version to
increase the signal away from the nominal wavelength and the dark currents. Un-
fortunately, the offset on the ALS-DOAS CCD was found to be too much unstable
and the stray-light matrix did not improve the DOAS fits.

The biases in the spectra were thus pragmatically corrected using an average
CCD values in the most UV section of the spectra and assuming it constant across
the spectral range. For the Avantes spectrometer, assuming no signal in the region
below 250 nm (see figure 4.10) is justified from the oxygen and ozone absorption.
For the ALS-DOAS, the bias was estimated from the signal between 332 and 335
nm where the BK7 port (see figure 5.2) is almost opaque.

4.2.3 Polarization response
The instrument polarization sensitivity can be a source of problems in DOAS
instrument. The scattered sky light is polarized differently with respect to the
position of the sun. Inside the instrument, the grating efficiency is highly sensitive
to the polarization state. If the resulting structure is smooth, it is filtered out
by the polynomial in the DOAS fit. But any grating presents Wood’s anomalies,
which are sharp polarization dependent discontinuities in the grating efficiency
(Stewart and Gallaway, 1962). If a Wood’s anomaly falls within a fitting window,
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Figure 4.10: Typical spectrum of scattered sky light as recorded by the Avantes
spectrometer. The signal between 200 and 250 nm is used to estimate the bias.

it must be properly taken into account (see McLinden et al. (2002) for a discussion
about the effect of polarization on the OSIRIS instrument).

Regarding the instruments used in this thesis, the polarization sensitivity is
reduced by the use of the optical fibers, which act as polarization scramblers.
Figure 4.11 shows the spectrum of a halogen lamp recorded with the Avantes
spectrometer. There seems to be a Wood’s anomaly between 600 and 630 nm,
but it is well outside the NO2 fitting window (see figure 4.10). Nevertheless, to
ensure that no polarization effect would affect the measurements, we have inves-
tigated the sensitivity to polarization in the lab with a Wollaston prism. For the
ULM-DOAS, this characterization is shown in our reply to the referee comments
(www.atmos-meas-tech-discuss.net/5/C1445/2012/). It indicates that the dif-
ferential structures introduced by the polarization sensitivity are inferior to 4 per
mil with the 5 m fiber. For the SWING instrument however, the fiber is only
25 cm long so the polarization problem is worth considering. Preliminary tests
seem to indicate that the polarization sensitivity remains acceptable but further
investigations are necessary to quantify it accurately. Note that if the polarization
structures are not correlated with the NO2 cross section, they can be accounted
for as the Ring effect, by treating them as a pseudoasbober.
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Figure 4.11: Spectrum of a halogen lamp as recorded by the Avantes spectrometer.
The structures between 600 and 630 nm are probably Wood’s anomalies but they
are outside the fitting window of NO2.

4.3 Detection limit and optimal spectral resolu-
tion

In a DOAS measurement, the detection threshold is determined by the root mean
square deviation of the residual (RMS). If no systematic structure appears in the
residual, the RMS indicates the standard deviation (σ) of a Poisson distribution
corresponding to the photons measured in the fitting window. For an absorber to
be clearly identified, its fitted differential optical depth (the signal) must therefore
be larger than the RMS (the noise). Depending upon the used definition used
for the detection threshold (1-σ, 2-σ), a multiple of the RMS is propagated to a
differential slant column density by dividing it with the value of a differential cross
section. The corresponding minimum vertical column can then be estimated with
the air mass factor. This is done in chapter 5 for the NO2 inside the maritime
boundary layer measured by the ALS-DOAS instrument.

A related problem consists in choosing the optimal spectral resolution to detect
an absorber. As explained in section 4.1.2, there is a trade-off between the resolu-
tion and the amount of light collected, because they both depend on the slit width
but in opposite way. This trade-off is important for DOAS measurements. On the
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Figure 4.12: Investigations on the optimal spectral resolution to detect NO2.

one hand, a wider slit enables to measure more photons and thus to improve the
signal-to-noise ratio (equation 4.12). On the other hand, the associated broadening
of the bandpass (equation 4.11) reduces the differential structures in the spectra
and thus the signal-to-noise ratio, as discussed in the previous paragraph.

Let us consider how the NO2 detection threshold varies with the slit width
relatively to a bandpass base value of 1 nm. Multiplying the slit width by α leads
to the same factor α for the number of detected photons. Assuming a photon
noise limited situation2, the signal-to-noise ratio is thus increased by

√
α. The

effect of α is analytically more complicated for the cross section. To estimate it,
the NO2 cross section is convoluted at various resolutions around 1 nm. Secondly,

2In practice, the signal on each pixel follows a different Poisson distribution
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the values of the convoluted cross section are plotted against the reference 1 nm
cross section. It is then possible to fit a slope which represents the change in the
amplitude of the differential structures. This method has the advantage that all
the points inside the fitting window are taken into account. Ordering the slopes
against α gives thus the variation of the signal-to-noise ratio due to the differential
structures, F (α). The resulting equation of the detection threshold (Dt) is thus:

Dt = 1
F (α)

√
α

(4.15)

Figure 4.12 presents the results with three versions of the NO2 cross section at
different spectral resolution. The minimum is at 1.3 nm which is fortunately the
resolution of the Avantes spectrometer. Note that Peng et al. (2008) did a similar
exercise for DOAS measurements of monoaromatic hydrocarbons. They use a
different approach based on the assumption that the throughput varies with the
square of the spectral resolution. It seems to us, following Lerner and Thevenon
(1998), that this assumption is only valid in the cases when the slit is circular or
the CCD pixels are binned.
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Chapter 5

Airborne DOAS measurements in
Arctic: vertical distributions of
aerosol extinction coefficient and
NO2 concentration

Writing about the future of technology, von Neumann (1955) described, together
with the greenhouse effect of CO2, a method to control the climate: by spreading
“microscopic layers of colored matter” on the icy surfaces of the poles, the albedo
would be reduced and hence more solar energy would be available to warm the
ground. In fact, the process was already ongoing in the 1950s, but unintentionally
through the transport of pollution. This was understood later on from the early
observations of Arctic haze in Alaska (Mitchell, 1957).

This chapter presents the Airborne Limb Scanning-DOAS and its contribution
to the Polar Study using Aircraft, Remote Sensing, Surface Measurements and Mo-
dels, of Climate, Chemistry, Aerosols, and Transport (POLARCAT) international
field campaign in April 2008. It is based on a study published in the POLARCAT
special issue of the Atmospheric Chemistry and Physics.

5.1 Geophysical context and previous airborne
DOAS experiments

Despite its remoteness, the Arctic troposphere is affected by trace gases and
aerosols emissions from mid-latitude regions. The Arctic Haze phenomenon is
a visible manifestation of this long-range transport (Shaw, 1995). The effects of
this pollution are specific to the area and may explain part of the enhanced warm-
ing observed there. Indeed, the dry arctic air makes the area more sensitive to
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non-water-vapor greenhouse gases’ increase. Furthermore, above the high-albedo
snow and ice surfaces, aerosols - even if only weakly absorbing - can lead to a warm-
ing, contrary to their global cooling effect (Law and Stohl, 2007, and references
therein). Climate change may further modify the arctic tropospheric composition.
For instance, if the summer sea ice continues its decline, ship traffic through the
Northern passages will become an important source of aerosols and NOx, the latter
also driving an increase in tropospheric ozone (Granier et al., 2006). Quantifying
such phenomena requires an accurate knowledge of the Arctic troposphere, which
motivates dedicated airborne missions.

Figure 5.1: Principle of the ALS-DOAS measurements during the POLARCAT
campaign.

Differential Optical Absorption Spectroscopy (DOAS) has been widely used
for atmospheric research (Platt and Stutz, 2008). First applied to the retrieval
of stratospheric gas columns using zenith-sky observations of solar scattered light,
the technique has been recently extended to the detection of tropospheric gases
by means of observations along multiple viewing directions (Multi-Axis DOAS;
Hönninger et al. (2004)). Such measurements also yield information on the vertical
distribution of the gases (Wittrock et al., 2004). The possibility to extend this
profiling technique to aerosol extinction was demonstrated (Wagner et al., 2004;
Frieß et al., 2006) and implemented by several groups (Irie et al., 2008; Clémer
et al., 2010a). The approach uses the (O2)2 collision complex, referred to hereafter
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as O4, which has strong absorption bands in the UV-Visible range. Aerosols affect
DOAS measurements of any absorber by modifying the light path but the effect
can be isolated for O4 since its vertical distribution is well-known. The vertical
resolution retrieved from the ground-based measurements remains poor however;
typically two independent layers can be retrieved close to the surface and only little
information in the free troposphere. On the other hand, satellite-borne instruments
using UV-visible limb radiance measurements date back to the Solar Mesosphere
Explorer (SME, Mount et al. (1984)). This geometry provides a good vertical
resolution in the stratosphere, but for tropospheric studies from satellites, nadir-
looking instruments have to be used, such as the Ozone Monitoring Instrument
(OMI, Levelt et al. (2006)), which are only sensitive to the total tropospheric
column. A way to overcome this limitation relies on operating a DOAS instrument
from aircraft, combining the multi-axis measurements at different altitudes. The
Airborne Multi-Axis DOAS (AMAXDOAS) instrument, recording simultaneously
scattered-light spectra at different angles from an airplane, has already measured
NO2 vertical distributions (Bruns et al., 2006) in a polluted region. Prados-Roman
et al. (2011) have used another airborne set-up with a single line-of-sight, parallel to
the ground, and derived BrO Arctic profiles from the ascent of the aircraft. The
instrument developed in this work, namely the Airborne Limb Scanning DOAS
(ALS-DOAS), combines the two set-ups with a single line-of-sight scanning the
horizon continuously. Its observation geometry is illustrated in figure 5.1.

The next section describes the technical aspects of the ALS-DOAS instrument
and its operation on the Safire ATR-42 during the POLARCAT-France spring
campaign. The methods used for the data analysis, i.e. the DOAS settings,
radiative transfer modeling, inversion schemes and error budget are presented in
section 5.3. These methods are applied in section 5.4 to two soundings performed
during the flights on 8 and 9 April 2008. Retrieved extinctions are compared with
Mie-scattering calculations performed on aerosol size distributions measured in
situ. In section 5.5, these results are interpreted using ancillary measurements of
CO and ozone mixing ratios, as well as backward trajectories calculations.

5.2 The ALS-DOAS instrument and its opera-
tion during a POLARCAT campaign

5.2.1 Instrumental description
The Airborne Limb Scanning DOAS (ALS-DOAS) was developed at BIRA-IASB
in the framework of this thesis and first used during the POLARCAT campaign.
Based on a grating spectrometer, it records limb-scattered sky light spectra at
several angles around the horizon, following the Multi-Axis DOAS (MAX-DOAS)
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Figure 5.2: The Airborne Limb Scanning Differential Optical Absorption Spec-
trometer (ALS-DOAS) onboard the Safire ATR-42 aircraft. A scanning telescope
collects scattered sky-light at different angles near the horizon, this light being
transmitted through an optical fiber to a grating spectrometer. A CCD detector
is used to record the spectra. See text for technical details.

principle (Hönninger et al., 2004).
Figure 5.2 shows the ALS-DOAS installed in the SAFIRE ATR-42 aircraft.

The entrance optic is composed of a 1◦ field-of-view telescope focusing the light
into an optical fiber. A 5-cm black paperboard baffle limits the stray light at the
entrance of the telescope. This telescope, standing behind a BK-7 glass port, is
mounted on a stepper-motor axis and scans continuously between -5◦ and 5◦ by
steps of 1◦. Between the fiber and the spectrometer, a Jobin Yvon optical interface
matches the fiber and spectrometer numerical apertures. The spectrometer is a
SpectraPro-150 (imaging Czerny-Turner set-up, 150 mm focal length) from Acton
Research Corporation, with a 100 µm entrance slit. The spectral range is 330-
450 nm, with a resolution of 0.4 nm full width at half maximum (UV) to 0.6 nm
(visible). A custom Terimide 7 thermal insulation limits the thermal effects on the
spectrometer and the matching interface. The detector, a back-illuminated Pixis
CCD 2048*512 pixels2 from Princeton Instruments, is cooled to -50 ◦C to increase
the signal-to-noise ratio on the spectra. The whole set-up including the computer
is mounted on a 19-inch (482.6 mm) rack. While measuring, the CCD integration
time is automatically adjusted to optimize the signal, typically between 0.4 and
1.3 seconds. Each measurement represents a 30 s average at a certain telescope
angle. The acquisition is controlled automatically and the instrument does not
need an operator onboard.
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Several tropospheric molecules absorb light in the spectral range of our instru-
ment and thus are potentially detectable: O3, NO2, HCHO, CHOCHO, O4, IO
and BrO. During the campaign, O4 and NO2 were most clearly identified. In addi-
tion, O3 was visible in the DOAS analysis, but attempts to isolate its tropospheric
contribution were unsucessful. Similarly, the presence of IO in the low altitude
spectra was investigated but no clear conclusions could be drawn.

5.2.2 The POLARCAT-France spring campaign
The POLARCAT-France spring campaign was part of the POLARCAT interna-
tional research activity (Polar Study using Aircraft, Remote Sensing, Surface Mea-
surements and Models, of Climate, Chemistry, Aerosols, and Transport), in the
framework of the International Polar Year (IPY). Based in Kiruna, Sweden (68◦N,
20◦E), the Safire ATR-42 aircraft performed twelve scientific flights between con-
tinental Norway and Svalbard between 30 March and 11 April 2008. Scientific ob-
jectives of the campaign included the study of pollution transport, aerosol/cloud
interactions and satellite validation. Various flight patterns were achieved in dif-
ferent weather conditions to fulfill these different research requirements. The air-
craft’s payload included remote sensing (e.g. Lidar, Radar) and in situ instruments
(e.g. aerosol sampler, cloud particle imager). In section 5.4, the aerosol size distri-
butions measured by the Scanning Mobility Particle Sizer (SMPS, (Villani et al.,
2008)) and by the Passive Cavity Aerosol Spectrometer Probe (PCASP 100-X
DMT) aboard the Safire ATR-42 are used to calculate aerosol extinctions and
compared with our retrievals. Together the instruments cover the size range be-
tween 0.02 and 3 µm. Section 5.5 also presents ozone and CO profiles from the
MOZART instrument (Nédélec et al. (2003), Ancellet et al. (2009)) and attenu-
ated backscatter ratio profiles at 532 nm and 1064 nm measured with the Lidar
as described in de Villiers et al. (2010).

The ALS-DOAS instrument recorded spectra continuously during the cam-
paign, except during the flight as0829 (7 April 2008) due to a computer problem.
This study focuses on the data collected during two soundings on 8 (flight as0831)
and 9 April 2008 (flight as0833), respectively at 71◦N, 22◦E and 70◦N, 17.8◦E.
Figure 5.3 displays these flight tracks and the position of the soundings. During
the first sounding, the plane was first flying at 6 km then started a spiral descent
(between 9h35 and 9h59 UTC), and reached the marine boundary layer where
it continued with a level flight at 300m. The sky was then cloud-free around the
plane, which simplifies the radiative transfer calculations and reduces considerably
the uncertainties in the results. During the second sounding, the plane, flying at 5
km altitude, started its descent at 9h44 UTC and reached its lowest altitude (250
m) at 10h04. Some clouds were present close to the sea surface.
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Figure 5.3: Tracks of the flights as0831 (8 April 2008) and as0833 (9 April 2008) of
the POLARCAT-FRANCE Spring campaign. Two soundings are studied in this
work, respectively at 71◦N, 22◦E and 70◦N, 17.8◦E.
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Table 5.1: DOAS analysis settings for the ALS-DOAS.

O4 NO2
Fitting window 340-370 nm 415- 446 nm

O4 Hermans (see text) Ibid.
NO2 Bogumil et al. (2003) Ibid.
O3 Bogumil et al. (2003) Ibid.
H2O - Harder and Brault (1997)
Ring Chance and Spurr (1997b) Ibid.

Polynomial order 3 5

5.3 Spectral analysis and profiling method
The data analysis consists of three steps: 1) quantification of O4 and NO2 molec-
ular absorptions in the spectra, 2) retrieval of the vertical distributions of aerosol
extinction and NO2 concentration from these measured absorptions and 3) error
budget.

The first step is achieved with the DOAS technique using the setttings pre-
sented in section 5.3.1. The second step involves a modeling of the atmospheric
radiative transfer to study the sensitivity of the measurements to aerosol extinction
and NO2 concentration and a regularization method to solve the inverse problem
of retrieving those quantities. This study uses the maximum a posteriori solution
as described in Rodgers (2000), which also provides a rigorous error analysis.

5.3.1 DOAS analysis
Table 5.1 lists the DOAS analysis settings used for the retrievals of O4 and NO2
DSCDs. These settings were implemented in the QDOAS software, developed
at Belgian Institute for Space Aeronomy (BIRA-IASB) (Fayt et al., 2011). The
molecular cross-sections references are in the table except for O4 for which the
Hermans version is used (http://www.aeronomie.be/spectrolab/o2.htm). The
Ring effect (Grainger and Ring, 1962a) originates from rotational Raman scatter-
ing by O2 and N2 and produces a filling-in of solar Fraunhofer lines in scattered
light. We fit a Ring pseudo-absorption as described in Chance and Spurr (1997b)
to take it into account.

Figure 5.4 presents a typical NO2 DOAS result. The spectrum was recorded
at 9h57 UTC when the aircraft was flying at 0.43 km altitude inside the marine
boundary layer during the flight as0831 (8 April 2008). The solar zenith and
relative azimuth angles were then respectively 64◦ and 223◦. The telescope angle
was -1◦ which corresponded to a range between -10◦ and +20◦ around the horizon,
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Figure 5.4: Example of a DOAS fit of a spectrum recorded on 8 April 2008, when
the plane was in the marine boundary layer. Black lines correspond to molecular
and Ring cross-sections scaled to the detected absorptions in the measured spec-
trum (green lines). Note that the pixels between 435.4 and 436.5 nm are damaged.
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due to the plane’s roll variations during the 30s of the measurement. The reference
spectrum was recorded on the same flight at high altitude (see Sect.4.1). The
figure shows the NO2 fit (panel a), the water vapor optical density (panel b) which
contributes significantly to the signal at the end of the analysis spectral window,
the Ring effect (panel c) and the fit residuals (panel d). Note that the pixels
between 435.4 and 436.5 nm are damaged and therefore not considered in the
DOAS fit.

5.3.2 Radiative transfer modeling
The Differential Slant Column Density (DSCD) obtained with the DOAS analysis
depends on the light path, which is different for every single observation due to
the telescope scanning and the variations in azimuth and altitude when the planes
performs a vertical sounding. Moreover, for scattered sky-light as in our exper-
iment, multiple unknown photon paths contribute to the signal simultaneously.
Modeling the radiative transfer in the atmosphere is thus necessary to define an
effective light path and interpret the measurements.

The radiative transfer model used here is UVspec/DISORT (Mayer and Kylling,
2005), presented in chapter 3. Considering the DOAS fitting windows, the calcu-
lations were done at 360 and 440 nm respectively for O4 and NO2. To calculate
the true Slant Column Density (SCD) from the DOAS DSCDs measurements, the
SCD in the reference spectrum (SCDref) must be estimated (cf section 5.4.1).

Some of the atmospheric state parameters, usually sources of uncertainties in
the retrieval of a particular geophysical quantity, were measured in-situ onboard
the plane, such as the temperature, pressure and ozone concentration. Their mea-
sured profiles are included in our model, completed higher up in the troposphere
and in the stratosphere with values extracted from the TOMSV8 climatology
(McPeters et al., 2007). The latter depends on the ozone total column, estimated
at 390 Dobson units in our case from the AURA AVDC values at Ny-Ålesund
and Tromsø (http://avdc.gsfc.nasa.gov/). The NO2 profile is built from the TM4
model (Boersma et al., 2007), the stratospheric part being scaled to reproduce
the stratospheric vertical column measured by the Ozone Monitoring Instrument
(OMI) instrument. The albedo of open-water can be calculated accurately as-
suming a Fresnel reflection (Brandt et al., 2005) which leads to an albedo value
of 0.1 for 65◦ solar zenith angle. This value depends on the refractive index of
water which is almost constant between 350 and 450 nm so the same albedo value
was used for the two wavelengths. The aerosol optical properties (extinction, ab-
sorption and asymmetry parameter) are estimated using the Optical Properties of
Aerosols and Clouds (OPAC) software package (see next section).

The observation geometry is not constant during a measurement due to the
circular flight pattern and the 30s accumulation time. In particular the relative
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Figure 5.5: Some of the weighting functions relative to the NO2 slant column
measurements of the 8 April 2008 in linear (left panel) and logarithmic (right
panel) scale. Beside the altitudes of observations are indicated the telescope line-
of-sight angles (0◦ is nadir, 90◦ horizontal).

azimuth angle varies by up to 30◦. To overcome this problem, each simulated
SCD at a single telescope angle corresponds to a weighted mean of 9 intermediary
SCDs equally distributed in the 30s measurement interval. The weights correspond
to the different relative radiances calculated in the respective intermediate SCD
geometries, defined by the orientations and altitudes of the aircraft, telescope
angles and solar positions.

As described in chapter 3, weighting functions are required to retrieve vertical
distributions. They are calculated here by perturbations on the predefined profiles
of extinction and NO2. In addition to the linear weighting functions (∂SCDO4

∂exti
,

∂SCDNO2
∂[NO2]i ), we also calculate logarithmic weighting functions (∂SCDO4

∂ ln exti ,
∂SCDNO2
∂ ln [NO2]i ).

This enables to constrain the retrievals to positive values (see next section).
Figure 5.5 shows typical NO2 weighting functions for the sounding of the flight

as0831 (8 April 2008). While the shapes are different for the linear and logarithmic
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Figure 5.6: Construction of the a priori aerosol extinction coefficient profile (red)
from the measured relative humidity (black). The extinction values are derived
for 350 nm from the software package OPAC, using the Arctic Spring predefined
aerosol type.

approaches, both indicate a sensitivity across the whole sounding altitude range.
The maximum sensitivity is achieved for viewing angles close to the horizon (90◦) at
the altitude of observations. This happens when the telescope angle compensates
the plane’s roll and is due to the enhanced light path in this layer. This indicates
that the optimal geometry for profiling applications is obtained during the ascents
or descents of the plane while maintaining the telescope parallel to the horizon.
The maximum absolute values vary in opposite way with the observation altitude:
they tend to increase for the linear case whereas they decrease for the logarithmic
one. In the first case, this is due to the reduced scattering at high altitude: as
aerosol and Rayleigh scattering decrease the light path increases. In the second
case, this effect, still present, is dominated by the decrease of sensitivity to the
logarithm for smaller concentrations, as most of the NO2 in the predefined profile
is assumed to be in the boundary layer. Indeed, for small [NO2] values, ∂ ln [NO2]
gets large and reduces thus the derivative ∂SCDNO2

∂ ln [NO2]i .
Dividing the linear weighting functions by the layers’ thickness defines the box

air mass factors (box AMF, (Wagner et al., 2007)). The box Air Mass Factor
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(AMF) scale is also displayed on figure 5.5 and can be compared with the same
quantity calculated for nadir looking satellites (e.g. by Zhou et al. (2009, Fig. 1))
and ground-based MAX-DOAS instruments (e.g. by Wittrock et al. (2004, Fig. 4)).
In the OMI case, Zhou et al. indicates a box air mass ranging from unity near the
ground to two in the high troposphere. Ground-based MAX-DOAS measurements
are most sensitive close to the ground, corresponding to quasi horizontal pointing,
when the light path enhancement is maximum. The box AMF, around 20, is then
comparable to airborne limb measurements. But this sensitivity decreases rapidly
with altitude contrary to our airborne set-up which enables to look at the horizon
from any altitude reachable by the plane. As a result, the airborne approach is
particularly well suited for the study of the free troposphere.

5.3.3 Retrieval of the geophysical quantities with a maxi-
mum a posteriori evaluation

The weighting functions express the sensitivity of a measurement to a vertical dis-
tribution x. For a set of measurements y yj=1...m, defining the weighting functions
matrix K as ∂SCDj

∂xi
enables to write, if x is close to the linearization point x0:

y− y0 = K(x− x0) + ε (5.1)
where y0 represents a measurement series at the linearization point x0, which

can be calculated with the radiative transfer model.
Due to the error ε, which represents instrument noise and model uncertainties,

the solution x̂ is a statistical estimate of the true state. The problem is generally
ill-posed and some regularization is required to retrieve x̂. This regularization is
achieved here with the maximum a posteriori solution as presented in Rodgers
(2000), often referred as “the optimal estimation” (for a semantic discussion, see
apendix B). It requires a priori knowledge of the quantity to retrieve and assumes
Gaussian statistics for this a priori and the error. The solution with maximum
probability after the measurements (a posteriori), due to the non-linearity of the
problem, must be reached by iterations, in our case with the Gauss-Newton algo-
rithm:

xi+1 =xi+ (5.2)
(S−1

a + KT
i S−1

ε Ki)−1[KT
i S−1

ε (y− F(xi))− S−1
a (xi − xa)]

where Sa and Sε are respectively the a priori and error covariance matrix, and
Ki the weighting functions matrix calculated with the vertical distribution xi .

After convergence, the solution is a weighted mean of the a priori knowledge
and the information coming from the measurement. The averaging kernels matrix
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A measures this weight, its trace being the number of independent information
retrieved, namely the Degrees Of Freedom of Signal (DOFS):

A = (Ki
TS−1

ε Ki + S−1
a )−1KT

i S−1
ε Ki (5.3)

The averaging kernels matrix also contains information about the vertical res-
olution of the retrieval: for a given level, it is estimated from the Full Width at
Half Maximum (FWHM) of the main peak of the corresponding averaging kernel.

To save computing time, the weighting function matrices Ki are not recalcu-
lated after each iteration, as suggested in Rodgers (2000). With this approxima-
tion, which seems reasonable since the real state is close to the linearization point,
the retrieval takes around one hour to converge. Moreover Sa is used here as a
tuning parameter. In practice, Sa is a diagonal matrix with coefficients Sa(i,i)
constructed respectively as βx2

a(i, i) or βln xa2(i, i) in the linear or logarithmic
retrieval, and β is adjusted to optimize the DOFS while preventing non-physical
values and oscillations in the retrieved profiles.

For both extinction and NO2 retrievals, vertical distributions corresponding to
a priori, linearization point and starting point of the Gauss-Newton iterations are
the same. Both soundings are retrieved independently. For the first sounding (8
April 2008), the chosen altitude grid extends from 0 up to 8 km in steps of 0.5 km
each, except for the lowest step which is 1 km thick. For the second sounding (9
April 2008), clouds prevent modelling of the radiative transfer in the lower part
of the atmosphere and, therefore, the grid starts at 3 km and the layers are 1 km
thick up to 8 km.

The a priori on aerosol extinction profiles are constructed with the software
package OPAC (Optical Properties of Aerosol and Clouds, Hess et al. (1998)).
OPAC assumes ten types of spherical particles that can be mixed to reproduce
typical aerosol conditions and provides their optical properties in the solar and
terrestrial spectral range as a function of relative humidity. Conveniently, one
of these predefined mixtures corresponds to the Arctic spring, and the relative
humidity was measured in situ during the flight. Figure 5.6 shows an a priori
extinction profile built from the OPAC output at 350 nm, the closest wavelength
in OPAC to the O4 360 nm absorption band, together with measured relative
humidity.

For the NO2 retrieval, the extinction profile at 360 nm retrieved fromO4 DSCDs
is corrected to take into account the scattering reduction in the visible with the
Angström coefficients given by OPAC. The a priori NO2 vertical distribution is
extracted from the corresponding TM4 vertical distributions available with the
DOMINO (Dutch OMI NO2) product (http://www.temis.nl/airpollution/
no2col/no2regioomi_v2.php).

The assumption of Gaussian statistics, needed to establish equation 5.2 is re-
alistic for the instrument noise but less obvious for the quantity to retrieve. For
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Figure 5.7: Error contributions for the extinction profile of the 8 April 2008 re-
trieved in logarithmic scale, estimated from the diagonal elements of the error
covariance matrices.

positive geophysical quantities with large variability around a small mean, a signif-
icant part of the probability density lies in the negative range which is unphysical.
Retrieving the logarithm of the quantity, i.e. assuming a lognormal probability
distribution, can overcome the problem. It implies calculating logarithmic weight-
ing functions, as described in the previous section. This has been done already,
e.g. for water vapor (Schneider et al., 2006), and CO (Deeter et al., 2007). For
these two species, the authors further indicate that in situ measured statistics are
closer to lognormal distributions. The results of both methods are compared in
section 5.4.

5.3.4 Error analysis
The uncertainties in the retrieval originate from three sources: the instrument
noise, the uncertainties in the model parameters which are not retrieved (e.g.
albedo) and the finite vertical resolution of the retrieval. The error from the
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model itself is neglected, which seems reasonable from previous intercomparison
exercises (Hendrick et al., 2006b).

The two first sources limit the accuracy in relating a profile x to a set of
measurements y and correspond to the measurement error ε in Eq. (5.1). The
associated error covariance matrix is calculated from the noise covariance (SN)
and the model parameters covariance (Sb) according to:

Sε = SN + KbSbKT
b (5.4)

where Kb is the matrix of sensitivities to the model parameters, constructed
by perturbations on these parameters. The interest of including the uncertainties
on the forward model parameters is discussed in apendix B.

The noise covariance SN is built with the square of the error in the slant
columns, which is an output of the DOAS analysis depending on the fit residuals.
Note that the off-diagonal elements are set to zero.

Retrieving O4 profiles in a similar experiment, Prados-Roman et al. (2011)
identified the albedo and the asymmetry parameter as major sources of model
parameter errors. Therefore, uncertainties on these parameters are introduced
with respective standard deviations of 0.02 and 0.01. To take into account the O4
cross-section uncertainties (see Sect. 5.4.1), another error source was introduced
corresponding to 2 % of the measured DSCD. For the NO2 retrieval, the considered
uncertainties are on the albedo (σ = 0.02) and on the aerosol extinction, with
standard deviations estimated from our extinction retrieval.

The measurement error, with its covariance Sε is propagated in the retrieval
with the gain matrix G defined as (KTS−1

ε K + S−1
a )−1KTS−1

ε , representing the
relationship between the retrieval and the signal. The corresponding retrieval error
covariance is thus expressed as:

SR = GSεGT (5.5)

The retrieval is a smoothed version of the true profile. This finite vertical
resolution is the third error source and is calculated as:

SS = (A− I)Svar(A− I) (5.6)

where Svar is the natural variability covariance and I the identity matrix. Nat-
ural variability is often difficult to quantify. For the extinction, it is estimated
from aerosol optical thickness (AOT) measurements between 1995 and 1999 at
Ny-Ålesund (Herber et al., 2002). This study presents statistics for measurements
at 532 nm for different seasons and conditions. The background (no Arctic Haze)
spring value is 0.067 ± 0.017. Considering this, the variability covariance matrix is
built assuming standard deviations of 0.005 in all the layers with relative humidity
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larger than 50%, no correlation is considered between the layers. For NO2, natural
variability in the free troposphere is derived from the TOPSE aircraft campaign.
Stroud et al. (2003) give statistics for the NOx measurement during the campaign:
a mean and standard deviation of 17±13 ppt. Interestingly the median is also
calculated and its value, 15 ppt, is smaller than the mean, which is typical of a
lognormal distribution. We use the standard deviation of these NOx measure-
ments. Again, no off-diagonal elements are added to the variability covariance
matrix. Figure 5.7 displays the different error sources and their propagation in
the aerosol extinction retrieval on 8 April 2008. The error profiles for each param-
eter represent the square root of the diagonal elements of its covariance matrix.
It is noteworthy that the main error source on the measurements, the albedo, is
insignificant after the retrieval. The total uncertainty appears dominated by the
smoothing error.

5.4 Results for the soundings on 8 and 9 April
2008

This section presents the O4 and NO2 DSCD measured during the flights as0831
(8 April 2008) and as0833 (9 April 2008) and the corresponding retrieved aerosol
extinction and NO2 concentration profiles, for which are compared the linear and
logarithmic approach. Between these two steps, we make sure the measurements
are qualitatively reproduced by the radiative transfer model and use the latter to
infer in particular the residual columns in the reference spectrum and a detection
limit for NO2.

5.4.1 Residual columns and O4 DSCD scaling factor
DSCD measurements are relative to the slant column in a reference spectrum. De-
termination of this reference column is thus necessary for any further quantitative
discussion on geophysical quantities. O4 and NO2 DSCDs presented in the follow-
ing are relative to their respective columns in the same spectrum, selected at the
top of the as0831 sounding, near 6 km altitude. The telescope angle was then 0◦.
For both species the reference slant column is estimated comparing high altitude
DSCD measurements with calculated SCDs. We make the assumption that the
geophysical quantities to be retrieved do not affect significantly the slant column
calculation at high altitude, which we believe is a reasonable hypothesis based on
sensitivity tests using the radiative transfer model.

O4 DSCD measurements are commonly corrected with ad hoc scaling factors
to retrieve extinction. During an intercomparison exercise involving four MAX-
DOAS instruments, Zieger et al. (2010) reported scaling factors from 0.75 to 0.83.
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Figure 5.8: Determination of the residual column density and of the O4 DSCD
scaling factor. DSCD measurements at high altitude, where aerosols scattering can
be neglected, are plotted versus simulated absolute SCD. The linear regression fits
simultaneously the residual slant column density in the reference spectrum (the
intercept, SCDref ) and the DSCD correcting factor (the slope).
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Spectra obtained at high altitudes give an opportunity to estimate accurately
such a scaling factor. Indeed, the O4 vertical distribution depends only on the air
density, which can be calculated from pressure and temperature measured onboard
the plane. Moreover, aerosol scattering, the major uncertainty source in O4 SCD
calculations, can be neglected above 6 km and this is confirmed by comparing
measurements and simulations.

To quantify the O4 residual slant column in the reference spectrum (SCDref )
and the DSCD correction factor(α), we apply a linear regression between measured
DSCD and calculated SCD in the same geometries:

SCD = α ·DSCD + SCDref (5.7)

Figure 5.8 shows the fit results for two O4 DSCD series measured when the
aircraft was flying above 5.5 km. The modeled atmosphere neglects aerosol scat-
tering but uses the in situ measurements (pressure, temperature, ozone) during the
sounding. The O4 vertical distribution is calculated from the observed pressure
and temperature. This leads to a scaling factor α of 0.89. DSCD measurements
used to retrieve the aerosol extinction coefficient were therefore scaled by this
value, which is higher than the values reported by Zieger et al., but closer to the
direct-sun measurements of Spinei1.

For NO2 measurements, the same high-altitude series is used to estimate a
reference SCD, without fitting a correction factor on the cross-section. This leads
to a NO2 reference column of 7.81 × 1015 molec/cm2. Aerosol optical effects
are also neglected and the NO2 profile used is taken from the TM4 model (see
Sect. 5.3.2).

5.4.2 Measured versus simulated slant columns
In Fig. 5.9, O4 and NO2 measured DSCDs are compared with simulations for the
spectra recorded between 9h16 and 10h01 UTC during the as0831 flight. The upper
panel shows the aircraft altitude and the telescope line-of-sight angle. During the
period considered, the aircraft was flying at high altitude (6 km) before descending
to the marine boundary layer and continuing with a level flight at 300m. The two
lowest panels display the measured and simulated O4 and NO2 DSCD series. The
telescope kept scanning during the whole period, which explains the variations in
the DSCDs. These oscillations are qualitatively reproduced by the simulations,
which indicates the radiative transfer in the model atmosphere approximates the
measurements correctly. The O4 slant column series are closer to the simulations

1http://www.knmi.nl/omi/documents/presentations/2010/ostm15/OSTM15_AIS_
Spinei_O2-O2_Cross_Sections.pdf
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than the NO2, especially at high altitude, due to the weak aerosol extinction there
and the known vertical distribution of O4

The oscillations are anticorrelated for the two species during the high altitude
part. This is due to the fact that the NO2 signal at that altitude is dominated
by the stratospheric contribution (see Sect. 5.4.3), and thus maximum when the
telescope points upward, while the O4 concentration is largest at the ground, and
so DSCD is highest when the telescope looks downward. The altitude dependence
is also different for the two species. The O4 DSCD, beside the oscillations, sys-
tematically increases during the descent, which is expected from the increase of
air density. In the boundary layer where the aerosol extinction limits the optical
path, the DSCD decreases again. In contrast, the NO2 is stable during the descent
but increases only in the boundary layer, indicating a very low NO2 concentration
in the free troposphere and higher values close to the sea surface.

Deviations between measured and simulated DSCDs indicate differences be-
tween the true state of the atmosphere and the radiative transfer parameters used.
This is visible at the end of the two DSCD series, corresponding to the bound-
ary layer. In this region, aerosol extinction is no longer negligible and the NO2
concentration is higher than the one in the model atmosphere.

5.4.3 NO2: Influence of the stratosphere and detection
limit

For NO2, the SCD simulations reveal a substantial influence of stratospheric NO2
overhead although the measurements were performed in the troposphere. This
effect can be clearly identified in Fig. 5.10, which compares measured NO2 DSCDs
during the sounding and simulations with and without taking into account the
stratospheric part. The effect is particularly visible at higher altitudes where
discrepancies between the measurements and simulations without the stratospheric
part are larger than discrepancies when taking into account the stratosphere. Since
the NO2 concentration is low in the free troposphere, the signal originates mostly
from the stratosphere and the boundary layer, where a NO2 layer is detected (see
previous section). The stratospheric influence is largest when the telescope points
upward, towards the stratosphere, whereas the opposite is valid for the boundary
layer.

To constrain the stratospheric NO2 content in the simulations, we have used
measurements of stratospheric NO2 columns obtained from the OMI satellite in-
strument, which was flying above the sounding area, precisely at 9h42m on the
orbit 19850. Assimilated vertical stratospheric column (2.91 × 1015 molec/cm2)
from the DOMINO data product (see Sect. 5.3.3) have been used to scale to the
TM4 vertical distribution in the stratosphere.
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Figure 5.9: DSCD measurements during the as0831 flight (8 April 2008). The
upper panel shows the plane altitude (blue) and the telescope line-of-sight angle
(green, 0◦ is nadir, 90◦ horizontal). On the middle and bottom panels, measured
DSCD, respectively of O4 and NO2, are compared with simulations. Oscillations
on the DSCD series are caused by the telescope scanning. Discrepancies between
measured and simulated DSCD are larger in the boundary layer, where true aerosol
extinction and NO2 concentration are different from the model.
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Figure 5.10: Influence of the stratosphere on NO2 tropospheric observations. Mea-
sured NO2 DSCD during the sounding (blue) are compared with simulations
(green) neglecting the stratosphere (left) or not (right). The latter agrees bet-
ter with the observations.

79



The minimum detectable DSCD corresponds to an optical density of two times
the DOAS fit residual root mean square deviation (RMSD). Converting this min-
imum DSCD to a vertical column density requires knowledge of the enhancement
factor between the Vertical Column Density (VCD) and the DSCD, namely the
AMF, which can be derived from simulations. The detection limit is thus 2RMSD

AMFσ

where σ is the NO2 cross-section value. With a RMSD of around 2.1 × 10−4

(Fig. 5.4) and an AMF in the boundary layer of around 10, the minimum de-
tectable vertical column is 7.3 × 1013 molec/cm2. Assuming a homogeneous layer
1 km thick, this corresponds to a concentration of 6.6 × 108 molec/cm3 and a
volume mixing ratio of 27 ppt. Taking the NO/NO2 ratio of 0.5 given by Rid-
ley et al. (2000) in similar conditions, this leads to a total NOx mixing ratio of
40 ppt. These detection limits are below the 50 ppt achieved with commercial
airborne chemiluminescent analyzers (Ancellet et al., 2009), but above the 2 ppt
mentionned by Ridley et al. (2000) for a custom-made instrument using also the
chemiluminescence technique.

5.4.4 Retrievals of aerosol extinction coefficient and NO2
concentration

Preliminary retrievals demonstrated the difficulty to reproduce quantitatively the
measurements corresponding to the telescope pointing slantwise downward when
the aircraft is at low altitude. A similar problem has been mentioned for DOAS
ground-based measurements in the same region (Wittrock et al., 2004). Increasing
the albedo improves the situation for these points but deteriorates it for the others.
Wittrock et al. suggested that the presence of thin clouds might explain the
problem. Such clouds were not noticed during this part of the flight so the problem
could arise from another cause, e.g. a small BRDF effect on the albedo. The
measurements below the horizon were not considered for the retrievals.
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Figure 5.11: Comparison of the aerosol extinction profile retrieval using linear (left) and logarithmic (right) weighting
functions for the sounding of the as0831 flight (8 April 2008). For the same a priori, the logarithmic retrieval agrees
better with an extinction profile calculated from in situ size distribution. Averaging kernels indicate also a higher
sensitivity of the retrieval to the true state in the logarithmic case.
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Figure 5.11 shows the retrievals of the vertical distribution of aerosol extinction
coefficient for the sounding at 71◦N, 22◦E on 8 April 2008. The panels a and
b correspond to the linear retrieval, i.e., assuming Gaussian statistics on the a
priori, the panels c and d to the logarithmic retrieval and the lognormal a priori
(see Sect. 5.3.3). Averaging kernels (panels a and c) are different for the two
methods. They do not represent the same quantity in linear and logarithmic scale
but indicate that the logarithmic retrieval is more strongly constrained by the
measurements than the linear one, the DOFS being respectively 4.6 and 2.06. For
the linear case, the averaging kernels get very close to zero above 3 km altitude,
where the a priori extinction is 0.001. The retrieved profiles are similar below 3 km
altitude, with an extinction in the boundary layer of 0.04±0.005 km−1. Above 3
km altitude the linear retrieval, due to the averaging kernels, remains close to the
a priori profile, whereas the logarithmic retrieval exhibits a layer with enhanced
extinction (0.01±0.003 km−1) around 4 km altitude.
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Figure 5.12: Comparison of the NO2 profile retrieval using linear (left) and logarithmic (right) weighting functions
for the sounding of the as0831 flight (8 April 2008). The two panels show the respective averaging kernels and
retrieved profiles. The results are very close, contrary to the aerosol extinction retrieval.
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For the linear case, the loss of sensitivity to the measurements above 3 km is
explained by the low a priori extinction in these layers. As mentioned in Sect. 5.3.3,
the a priori covariance matrix (Sa) used is diagonal, each element being the variance
of the aerosol extinction in the considered layer. Tuning these variances to optimize
the retrieval is a trade-off: large variances lead to small constraints of the a priori
compared to the measurements and thus higher DOFS. On the other hand large
variances imply consideration of negative values of the probability density function
as non-negligible if their square roots (the standard deviation) gets close to the
mean, i.e the a priori extinction in xa. This is the case for small a priori extinction
values, i.e. the ones above 3 km altitude. Negative aerosol extinction values are
non-physical and not supported by the model. It was thus necessary when building
the Sa matrix to set variances small enough to avoid negative values, especially
above 3 km altitude, reducing the sensitivity in these layers.

Figure 5.11 also presents the extinction profile calculated from the measured
aerosol size distribution (see section 5.2.2) using a Mie scattering model (Mätzler,
2002; Bond et al., 2006). The complex refractive index is assumed constant for
the calculation. The value, 1.5+0.01i, is taken from Tomasi et al. (2007). One
of the aerosol samplers, the PCASP which measures the aerosol size distribution
between 0.1 and 3 µm, could not be completely calibrated during the campaign.
The missing calibration mainly affects aerosol extinction calculated for the marine
boundary layer, where large sea-salt aerosols may be present. Nevertheless, the Mie
calculation provides information about the shape of the true profile. The enhanced
extinction layer at 4 km altitude in the Mie calculated profile is obtained only with
the logarithmic retrieval. The same holds true for the second flight, indicating
that an assumed lognormal probability density function (pdf) for the distribution
of extinctions is well suited.
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Figure 5.13: Retrieved extinction and NO2 profiles for the sounding of the as0833 flight (9 April 2008). Under 3 km
high, the radiative transfer is too strongly affected by clouds to enable quantitative retrievals. Around 4 km high,
an enhanced layer is measured for both extinction and NO2.
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A drawback of the logarithmic retrieval scheme with respect to the linear one is
a slower convergence, it generally takes five iterations for the former as compared
to two for the latter. This may come from a smaller degree of linearity in the
logarithmic statement of equation (5.1) as mentioned by Schneider et al. (2006)
for water vapor retrievals from ground-based infrared spectra. A second limitation
comes with a likely underestimation of the errors, when the retrieved extinction
is low, e.g., for altitude above 5 km (see Fig. 10). This is due to the logarithmic
behavior toward small values (see Sect. 5.3.2). Indeed, in figures 5.11, 5.12 and
5.13, error bars correspond to the square root of the diagonal elements of the total
error covariance matrix. Converting a logarithmic error covariance (Slnx) to a
linear one (Sx) often implies a Taylor expansion leading to the simple expression
Slnx = xSxx, as detailed in (Dubovik et al., 1995). It is clear from this expression
that for small values the associated covariance is small. For this retrievals, we do
not apply the Taylor expansion and use the exponential of the logarithmic error,
but the problem is the same. These problems and a more detailed analysis of
what the lognormal assumption can bring to the extinction retrieval from DOAS
measurements deserve further attention, but this is outside the scope of this study.

Figure 5.12 shows the retrievals of the vertical distribution of the NO2 con-
centration during the same sounding on 8 April 2008. In this case, the linear
and logarithmic approaches yield similar results. The averaging kernels indicate a
fairly constant sensitivity for the whole sounding with typical DOFS of 5.3 and 5.7
for the linear/logarithmic case. Three zones are distinguishable: (a) the bound-
ary layer with a NO2 concentration of 1.9±0.3 × 109 molec/cm3, (b) the lower
free troposphere with around 3±1 × 108 molec/cm3 between 1 and 4 km altitude
and (c) the higher troposphere with negligible concentrations. In the boundary
layer the corresponding NO2 volume mixing ratio is 66±19 parts per trillion (ppt),
well above the detection limit of 40 ppt calculated in the previous section. No in
situ measurements are available for comparison but integrating the profile leads
to a tropospheric column of 1.99 × 1014 molec/cm2. The OMI tropospheric col-
umn extracted from the DOMINO product at the sounding time above the area
is 1.705±6.146 × 1014 molec/cm2. This value is close to the ALS-DOAS mea-
surement but it lies inside its own error bars, which indicates that such low NO2
concentrations can barely be detected by OMI.

Figure 5.13 presents the extinction and NO2 retrievals for the sounding at 70◦N
17.8◦E on 9 April 2008. The radiative transfer was complicated by clouds close
to the surface, so the retrieved profiles start at 3 km altitude. The logarithmic
approach is used for the extinction retrieval. The DOFS value is low (0.27) nev-
ertheless the retrieved profile is distinctly different from the a priori and exhibits
an extinction maximum, 0.025±0.005 km−1 at 4 km altitude, which is also visible
in the extinction calculated from the size distribution. A maximum in the NO2
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concentration of 1.95±0.2 × 109 molec/cm3 is also observed at the same altitude.
For this NO2 retrieval, the DOFS value is 1.44.

5.5 Interpretation of the retrieved profiles
Figure 5.14 shows in situ measurements of ozone and CO during the two soundings
studied here, together with total attenuated backscatter ratio (R) measured with
the lidar at 532 and 1064 nm. This quantity, described in de Villiers et al. (2010,
Appendix. A), tends to unity when aerosol loading decreases. For the second
sounding, the lidar profile was measured above 69.6◦N, 19◦E around 11h40 UTC
i.e. two hours and 60 km off the sounding mainly since later the cloud cover
mentioned in the previous section prevented a co-located measurement. CO can
serve as a pollution tracer due to its long life time (around 20 days in the free
troposphere (Forster et al., 2001)) and has both anthropogenic and natural sources,
many of them correlated to the sources of NO2 and aerosols. The first sounding
(8 April 2008) exhibits anticorrelated variations of ozone and CO volume mixing
ratio (vmr) around the altitude where is visible the extinction enhancement in the
free troposphere. The layer around 3.7 km altitude shows an increase of 15 ppb CO
over the level at 3 km altitude (150 ppb); this corresponds to a reduction of ozone
of the same order of magnitude. At 4.2 km altitude, the situation is opposite:
a layer with higher ozone vmr (40 parts per billion (ppb) over the level of 3 km
altitude) corresponds to a 25 ppb reduction of CO vmr. Above 4.5 km altitude,
weaker structures are still visible in the ozone profile. The lidar profile clearly
shows the boundary layer, with R values for 1064 nm of 2.8 at 0.8 km altitude,
and other layers in the free troposphere, in particular at 4.3 km altitude, where
R is around 1.8. During the second sounding (9 April 2008), ozone is increasing
smoothly from 50 to 60 ppb with height, but CO presents two layers with enhanced
vmr, around 2.7 km (+35 ppb) and from 3.5 km to 5 km (+50 ppb). These layers
are correlated with enhancement of the R values (respectively 2.3 and 1.8)
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Figure 5.14: Ozone and CO in situ measurements together with lidar total attenuated backscatter ratio during
the two soundings. On the second one (9 April 2008) a layer with enhanced CO above 3.7km indicates pollution
transport.
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Figure 5.15: Back-trajectories for the two soundings’ positions calculated for altitudes of 3.6, 4 and 4.4 km. During
flight as0833 (9 April 2008), the air masses are clearly influenced by polluted zones, i.e. the boundary layer in central
Europe.
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Anticorrelations between higher ozone concentration and CO have been ob-
served in previous aircraft measurements (Koike et al. (1997), Zahn et al. (2000),
Stohl et al. (2007)). They have been explained by a stratospheric origin of the
observed air or mixing with stratospheric air. The extinction layer around 4 km
detected by the ALS-DOAS during the first sounding is unlikely to come from the
stratosphere since the background extinction observed is one order of magnitude
smaller (Vanhellemont et al., 2010) and no major volcanic eruptions were reported
before the period of the campaign. From the lidar profile, it is not obvious if
the structure at 3.7 km altitude with higher CO corresponds to the ALS-DOAS
extinction maximum. Indeed, this is probably at the altitude of the R maximum,
4.3 km, even if it appears lower with the low vertical resolution of the ALS-DOAS
retrieval achieved at this altitude, seen from the width of the averaging kernels in
Fig. 5.11. On the second flight, the situation is clearer: a layer with high CO vmr
and backscatter ratio occurs where the retrieved profiles of extinction and NO2
are maximum.

Figure 5.16: Potential vorticity on 8 April 2008

Figure 5.15 presents backward air mass trajectories for both flights calculated
using the HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory)
model (Draxler and Hess, 1998) with the GDAS meteorological data serving as
input. To understand the vertical variability around 4 km altitude in the two
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Figure 5.17: CO and NO2 source contributions for the altitude with maximum CO
concentration in the two soundings. Europe appears the dominant source and its
influence is much larger on the second sounding (9 April 2008).

cases, the calculations start at 3.6, 4 and 4.4 km altitude for both soundings
and consider a period of 10 days. HYSPLIT back trajectories calculated for the
first sounding suggest a potential mixing of high and low altitude air masses: the
air at 4 km appears to come from the boundary layer close to Iceland and is
sandwiched between two air masses originating from higher up in the atmosphere.
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At 4.4 km height, the air originates from above the North pole and stayed mainly
above 7 km altitude during the last 10 days, which agrees with the high measured
ozone mixing ratios. A stratospheric intrusion is also consistent with the ECMWF
potential vorticity2 and potential temperatures visible on figure 5.16. Indeed, two
vorticity filaments are visible at 70 and 75◦N, which both may well be associated
with a stratospheric intrusion. The measurements of the first sounding can thus be
explained by a mixing of stratospheric and boundary layer air masses. HYSPLIT
results for the second sounding are again easier to interpret: the air mass at 4 km
altitude originate from the central European boundary layer, where it has been
lifted two days before the measurements. This back-trajectory explains the more
polluted air mass of the second flight in the free troposphere, with higher CO and
aerosol extinction, compared to the corresponding air mass in the first sounding.

The presence of the short-lived NOx in the Arctic is usually explained by per-
oxyacetic nitric anhydride (PAN) decomposition (Stroud et al., 2003), from local
sources like ships (Wittrock et al., 2004) or snow photochemistry (Honrath et al.,
1999). The back-trajectories of Fig.14 tend to eliminate the last two options for the
free tropospheric NO2 observed during the second flight. The air does not come
from a close marine or snow-covered boundary layer. Considering PAN decomposi-
tion, which occurs mostly in summer (Beine and Krognes, 2000), the temperature
at the altitude of the detected layer, 255 K is too low for it to be significant (Stroud
et al., 2003). These considerations and the correlations between the CO, aerosol
extinction and NO2 layer suggest that this NO2 was directly transported from pol-
lution source regions in Europe. The lifetime of NO2 depends on the meteorological
conditions, its main diurnal sink being the reaction with OH, and at night, the
hydrolysis of N2O5 on aerosols (Evans and Jacob, 2005). This lifetime can however
be approximated by a decreasing exponential depending on the surrounding air
mass temperature. According to the study of Dils (2008), this lifetime is 2.14 days
with an in situ temperature of 255 K. This result is close to the lifetime of NOx

presented in Stroud et al. (2003), which is above 2.5 days. The back-trajectory of
the second flight indicates that the air mass was in a polluted boundary layer 2
days before the measurement, which supports the idea of transported NO2.

We also ran the Lagrangian Particle Dispersion Model FLEXPART version
8 (Stohl et al., 2005) 20 days backward from short segments along all campaign
flights. The output of these calculations are emission sensitivities (Stohl et al.,
2003), which can be used to interpret transport processes and to identify potential
pollution source regions. When ignoring removal processes and multiplying the
emission sensitivities with emission flux densities of CO and NOx, we obtain maps

2Potential vorticity (PV) is a fluid analogy for solid body angular momentum. PV increases
with altitude and the tropopause can be defined as the height of 2 PV-units. Higher PV values
in the troposphere may indicate a stratospheric intrusion.
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of source contributions, identifying the areas where pollution sources contributed
to the sampled air mass. The emission data was taken from the EDGAR v32
database (Olivier et al., 2005) globally but EMEP emissions were used for Europe.
Browsing the source contributions along the soundings, local maxima are found
for the CO source contributions close to the altitude where the in situ sounding
vmr are the largest. For the second flight, the NO2 source contribution is maximal
at 4 km altitude. According to Fig. 15, NO2 is released in the same regions as CO,
namely over Europe, especially over Poland. The total simulated CO mixing ratio
of 57 ppb accumulated for 20 days prior to the sounding is close to the measured
CO enhancement over the background. During the first flight, the simulated CO
tracer enhancement is less than 9 ppb, in agreement with the small measured
CO enhancements. In this case, CO sources located in Northwestern Europe are
responsible for the detected CO enhancement. Notice that the simulated total
NO2 tracer measurements are much larger than the measured NO2, because the
model accumulates emissions over 20 days without considering removal processes.
In reality, only a fraction of the NOx emitted over the last 20 days is transported
to the measurement location and only a fraction of it is present as NO2.

Figure 5.18: Footprint emission sensitivity for the air in the boundary layer of the
8 April 2008 sounding, where enhanced NO2 is measured.
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Considering the boundary layer NO2 observed during the first flight, footprint
emission sensitivities shown in Fig. 5.18 indicate that the surface areas influencing
the air mass are Northern Lapland, parts of the Kola peninsula and Barents Sea.
While FLEXPART does not indicate a large CO or NO2 source contribution from
these areas, transport times from the Kola Peninsula were less than 1 day and
even the small (1 ppb) simulated NO2 tracer mixing ratio (originating mostly
from the Kola Peninsula) is much larger than the measured NO2 mixing ratio.
Furthermore, emissions on the Kola Peninsula are notably uncertain, with known
errors in the emission inventories. In particular, NOx emissions transported from
Nikel which is located on the western Kola Peninsula are apparently too low and
appear erroneously attributed in the inventories to emissions of Murmansk (Prank
et al., 2010). Emissions from the smelters are sulfur-rich, so that it is likely that
the observed aerosols are mainly sulfate. The smelter emissions are relatively poor
in CO, so the small measured CO enhancements are not contradictory to this
source.

5.6 Conclusions on our participation to POLAR-
CAT

We have retrieved vertical distributions of the aerosol extinction coefficient and
NO2 concentration using a recently developed airborne DOAS instrument flown
on board the ATR-42 during the POLARCAT-France campaign in spring 2008
between continental Norway and Svalbard. The instrument recorded scattered
skylight spectra at the horizon, in which NO2 and O4 absorption structures were
identified. The latter were used to infer aerosol extinction profiles at 360 nm, which
were included in the NO2 profile retrievals. The results were then interpreted using
ancillary in situ chemical measurements and transport models back-trajectories.

For a sounding performed on 8 April 2008, the retrieved extinction is 0.04±0.005
km−1 in the boundary layer and a smaller extinction layer (0.01±0.003 km−1) ap-
pears at 4 km altitude. NO2 is also present in the boundary layer, its retrieved
concentration being 1.9±0.3 × 109 molec/cm3. For a sounding performed on the 9
April 2008, a layer with enhanced extinction and NO2 was detected at 4 km alti-
tude, with respective values of 0.025±0.005 km−1 and 1.95±0.2 × 109 molec/cm3.

For both soundings, the extinctions inferred for the free troposphere match
layers of enhanced CO which indicates pollution transport. The magnitudes are
however very different. The small extinction detected in the first sounding is
explained from back-trajectories indicating a mixture of stratospheric air and pol-
luted air transported from Northwestern Europe, whereas for the second sounding
the air masses originated mostly from central Europe. The aerosols and NO2 seen
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in the boundary layer during the first flight seem to originate from metal smelters
and industry near Nikel on the Kola peninsula. The NO2 layer at 4 km altitude
observed during the second flight seems to have been directly transported from
central Europe with the CO and aerosols.

The instrument and the inversion method successfully fulfilled the scientific ob-
jectives of the study, yielding quantitative insights into the chemical composition
and aerosol content of the Arctic troposphere, with a vertical resolution unachiev-
able from ground or satellite, especially in the free troposphere. The logarithmic
approach used for the aerosol extinction, which yielded better agreement with an-
cillary data in the two studied cases, should be further investigated as it could also
improve ground-based retrievals. The experiment could be repeated in other areas
to measure profiles of potentially all species detectable with the DOAS technique
in the spectrometer spectral range. The high sensitivity could be further increased
by adding a feedback on the scanning telescope3 to maintain it parallel to the hori-
zon. We believe interesting future applications could concern molecules for which
fewer observations are available, such as IO which deserves further investigations
due to its importance in ozone chemistry.

3Such a configuration has since then been implemented by Baidar et al. (2012), the results
are indeed promising.
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Chapter 6

DOAS measurements of NO2
from an ultralight aircraft

From the experience gained from the Airborne Limb Scanning DOAS (ALS-DOAS),
we have developed a more compact instrument, the Ultralight Motorized-DOAS
(ULM-DOAS), primarily targeted to measure tropospheric NO2 from an ultra-
light aircraft. This chapter describes this instrument and its operation during the
Earth Challenge expedition in November and December 2009. It is based on a
study published in Atmospheric Measurement Techniques.

6.1 Motivation
Nitrogen dioxide (NO2) is a key species both in atmospheric chemistry, through
its role in the ozone cycle, and as an indicator of air quality. In the troposphere,
its main sources are anthropogenic and related to fossil fuel combustion in car
engines, thermal power stations and industries (Jacob, 1999). NO2 contributes
to the photochemical smog seen above many cities and its effects on health have
motivated the definition of acceptable exposure thresholds. The World Health
Organization (WHO, 2003) recommends a maximum 1-h exposure concentration
of 200µg/m3 and an annual average of 40µg/m3.

The tropospheric NO2 loading can be remotely retrieved using its absorp-
tion bands in the ultraviolet-visible and the Differential Optical Absorption Spec-
troscopy (DOAS) technique (Platt and Stutz, 2008). This is achieved from space
by nadir-looking satellite-borne sensors like Ozone Monitoring Instrument (OMI)
(Levelt et al., 2006) or Global Ozone Monitoring Experiment 2 (GOME-2) (Munro
et al., 2006). These measurements are particularly valuable since they offer a global
picture of the NO2 field. However, their spatial resolution is limited by the pixel
size (13 × 24 km2 for OMI, 80 × 40 km2 for GOME-2), which does not resolve
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fine-scale patterns. Satellite data also suffer from instrument drifts and require
validation involving mostly ground-based DOAS instruments (e.g. Kramer et al.,
2008; Herman et al., 2009; Pinardi et al., 2010; Shaiganfar et al., 2011), airborne
in-situ measurements (Bucsela et al., 2008; Boersma et al., 2008) or, less frequently,
airborne DOAS instruments (Heue et al., 2005). An aircraft is able to cover the
spatial extent of a pixel in a short time, but such an experiment is expensive and
requires dedicated aircraft.

Figure 6.1: Geometry of our ULM-DOAS measurements compared to a nadir-
looking satellite instrument like OMI.

Ultra-light aircraft are well suited for NO2 studies. Their ceiling is relatively
low, but, at least in polluted zones, most of the NO2 is close to the surface.
Aircraft modifications are much easier than on normal planes since they do not
require certifications from the aeronautics authorities. Ultra-light aircraft have so
far been used to study the actinic flux (Junkermann, 2001), the aerosol profiles
(Chazette et al., 2007; Raut and Chazette, 2008) and formaldehyde distribution
(Junkermann, 2009).

97



The Earth Challenge expedition (De Maegd, 2010), which took place in 2009,
involved four ultralight aircraft flying from Australia to Belgium. It provided
an opportunity to develop and test a new compact DOAS instrument, namely
the ULM-DOAS. In comparison with previous airborne DOAS experiments (e.g.
Bruns et al., 2006; Prados-Roman et al., 2011; Merlaud et al., 2011), the optical
set-up is very simple. The instrument records the scattered light intensity at the
horizon within a large field of view without any telescope or scanner. However,
this measurement geometry optimizes the sensitivity to boundary layer NO2 while
it limits the errors due to aircraft attitude (pitch, roll, and yaw) instabilities.

In the next section, we describe the technical aspects of the ULM-DOAS instru-
ment and the Earth Challenge expedition. The methods used for the data analysis,
i.e. the DOAS settings, radiative transfer modeling, and inversion schemes, are
presented in section 6.3. Section 6.4 investigates the sensitivity of the measure-
ments to geometrical and geophysical parameters and how uncertainties on these
parameters are propagated in an error budget. The methods and error analysis
are applied in section 6.5 to derive tropospheric NO2 above interesting areas for
which few local measurements have been reported. The measurements are com-
pared with OMI and GOME-2 data for the days where it is possible. In addition
to NO2 tropospheric columns, the ULM-DOAS also confirm the presence of a soil
signature recently reported in GOME-2 spectra.

6.2 The ULM-DOAS instrument and the Earth
Challenge expedition

6.2.1 Instrument description
Figure 6.2 shows the ULM-DOAS, which was developed at the Belgian Institute for
Space Aeronomy (BIRA-IASB) in the framework of this thesis and first used during
the Earth Challenge expedition. The light is collected by a 400µm-diameter optical
fiber, which, during operation, is attached under a wing of the aircraft, pointing
forward to the horizon. There is no focusing element at the entrance of the fiber,
hence the field of view is directly related to the numerical aperture of the fiber,
which corresponds to 25◦ (figure 6.1). This choice is motivated in section 6.4. A
black plastic baffle (figure 6.3) is added to limit the stray light. The other extremity
of the fiber is screwed to the spectrometer, which lies inside a 27×27 cm2 aluminum
box together with a PC-104 that controls it. The spectrometer is an AvaSpec-2048
with a 50µm entrance slit and a 600 l/mm grating, blazed at 300 nm. It covers
the spectral range from 200 to 750 nm at a resolution of approximately 1.2 nm
Full Width at Half Maximum (FWHM) at 460 nm. Figure 6.5 shows the slit
function in the NO2 fitting window. The instrument sensitivity to polarization is
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under 4 per mil. The detector is not temperature-stabilized and the typical shift
variation during a flight is 0.2 nm. Both the spectral resolution and the shift are
characterized in the DOAS analysis (section 6.3.1). A GPS antenna is connected
to the PC-104 for georeferencing the measurements. The whole set-up is powered
by the aircraft’s 12V.

Figure 6.2: The ULM-DOAS instrument. Inside the box are a compact UV-Vis
spectrometer and a PC-104. Light is collected directly by the optical fiber and a
GPS is used to geolocalize the measurements. The whole system is powered with
12V.

While measuring, the instrument is recording spectra continuously at an inte-
gration time of 5ms. The noise is reduced by averaging a series of 10 accumulations
on the Charge Coupled Device (CCD) to produce a spectrum. These spectra are
transferred to the computer and filtered by the acquisition program, removing
those with too low or saturated signal. A second averaging is then applied to a
spectra series of 5 s to produce a final measurement point, the process being re-
peated continuously. The dark current is estimated from the mean of the signal in
the range of 280–300 nm, where the atmosphere is opaque due to ozone absorption.
Preliminary DOAS analyses (see section 6.3.1) with preconvoluted cross-sections
are done in real time and saved on a USB key attached to the aluminum box. This
allows for easy monitoring of the behavior of the instrument, especially when no
scientists are present, as was the case during the Earth Challenge expedition.
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Figure 6.3: Input optics of the ULM-DOAS instrument installed under the wing of
the ultralight aircraft. The fiber collects directly the scattered light without any
focusing element. The black plastic baffle limits the spatial stray light.

6.2.2 The Earth Challenge expedition
Earth Challenge was a 27 000 km expedition between Australia and Belgium on-
board four ultralight aircraft, which took place in April and November 2009
(De Maegd, 2010). The team left from Sydney (Australia) on 5 April 2009 and
reached Bangkok (Thailand) on 30 April 2009 with 37 flights. The second stage
started from Bangkok, after the monsoon season, on 30 October 2009 and ended
after 21 flights in Charleroi (Belgium) on 5 December 2009. The objective of the
7 pilots team, beside reaching Belgium, was to draw the public’s attention to major
environmental problems, such as sea level rising, pollution and climate change, in
cooperation with the World Wildlife Fund (WWF). The project was supported by
BIRA-IASB, which used this opportunity to develop and test the new instrument
described in the previous section.

The aircraft used were four Coyote RANS-S6. Their cruise speed is 180 km/h
and they can reach an altitude of 4.8 km with a payload (including pilots) of
300 kg. The range is around 700 km, but additional 50 l oil tanks were added for
the longest flights of the expedition, e.g. the 874 km crossing of the Gulf of Oman
between Gwadar (Pakistan) and Dubaï (United Arab Emirates).

Figure 6.4 shows the second part of the expedition superimposed on a monthly-
averaged map of GOME-2 NO2 tropospheric measurements during November 2009.
The circled numbers correspond to the areas further studied in this work. Except
for India and the Po Valley, they correspond to places where few local NOx mea-
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Figure 6.4: Flight tracks of the Earth Challenge expedition on a NO2 GOME-
2 map. The numbers correspond to the measurements presented in this paper:
(1) Chittagong (Bangladesh, 4 November 2009), (2) Rajasthan (India, 15 Novem-
ber 2009), (3) Karachi (Pakistan, 16 November 2009), (4) Riyadh (Saudi Ara-
bia, 24 November 2009), (5) Benghazi (Libya, 27 November 2009), (6) Po Valley
(Italy, 2 December 2009). The cross west of Riyadh indicates a sand storm (see
section 6.5.3).

surements have been reported in the literature. For some of them, e.g. megacities
like Karachi and Riyadh, high pollution levels are expected to be found. During
the first part, instrument problems prevented the making of measurements after
Brisbane (Australia).

6.3 Spectral analysis and NO2 column retrieval
This section describes the three steps of the data analysis: the DOAS fit, which
retrieves integrated concentration along the photon path, the air mass factor cal-
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culation used to derive a geophysical interpretation from the DOAS fit, and finally
the propagation of the different uncertainties in the error budget.

6.3.1 DOAS analysis
Molecular absorption of NO2 is commonly retrieved in UV-visible atmospheric
spectra using the DOAS technique (Platt and Stutz, 2008). This method relies on
the fact that, for certain molecules including NO2, the absorption cross-sections
vary much more rapidly with wavelength than the scattering effects (Rayleigh and
Mie). In practice, a measured spectrum (I(λ)) is divided by a reference (Iref(λ))
to remove solar Fraunhofer structures and reduce instrument effects. The slow
variations in the logarithm of this ratio are filtered out with a low-order polynomial
(P (λ)), and the remaining absorption structures are fitted in a least-square sense
with high-pass filtered laboratory cross-sections (σ′i(λ)). The equation of DOAS,
originating from the Beer–Lambert law, can thus be written as:

ln I(λ)
Iref(λ) = −

∑
i

σ′i(λ) ·DSCDi + P (λ) (6.1)

In the above equation the index i represents one particular absorber. DOAS
analysis results are, for each considered absorber, in the form of Differential Slant
Column Density (DSCD), i.e. the differences between the concentration integrated
along the optical path of the measurement (SCD, slant column density) and the
corresponding quantity in the reference spectrum (SCDref):

DSCD = SCD − SCDref (6.2)

Table 6.1 lists the DOAS analysis settings used for the retrieval of NO2 DSCDs.
These settings were implemented in the QDOAS software, developed at BIRA-
IASB (Fayt et al., 2011). The Ring effect is fitted as a pseudo-absorption as
described in Chance and Spurr (1997b).

Figure 6.6 presents a typical NO2 DOAS result. The corresponding analyzed
and reference spectra originate from the same flight on 2 December 2009, but
the former was recorded in the Po Valley while the latter above a clean zone at
higher altitude. The first four panels show the simultaneously fitted absorptions
of NO2 (panel a), water vapor (panel b), the (O2)2 collision complex referred to
as O4 (panel c), and ozone (panel d) in the form of optical densities relative to
the reference spectrum. The lowest panel displays the fit residuals. The four
absorbers are clearly detected, and NO2 optical density is particularly high (1%
peak-to-peak), which is expected in the Po Valley, one of the most polluted areas
in Europe regarding NO2 (see figure 6.4).
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Figure 6.5: Slit function measured in the lab using a Hg lamp and fitted from the
spectra.

6.3.2 Air mass factors calculation
The DOAS analysis per se provides only a qualitative insight into the NO2 field.
Indeed, beside being relative to a reference column, a DSCD depends on the light
path through the atmosphere. A more relevant geophysical quantity is the NO2
concentration integrated vertically along the atmosphere, i.e. the NO2 Vertical
Column Density (VCD). The Air Mass Factor (AMF) is defined as the ratio be-
tween the slant and vertical column densities:

AMF = SCD/V CD (6.3)

In the following, we describe our assumptions to derive the tropospheric VCD
from Eq. (6.3) and the practical calculations of a tropospheric AMF.

6.3.2.1 Assumptions for the tropospheric column retrieval

The slant column is first splitted in its tropospheric and stratospheric components:

SCD = AMFtropoV CDtropo + AMFstratoV CDstrato (6.4)
Using the above expression for the slant column density in equation 6.2 leads

to the following formula for the measured DSCD:
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Figure 6.6: Example of a DOAS fit; the spectrum was recorded in the Po Valley.
Black lines correspond to molecular cross-sections scaled to the detected absorp-
tions in the measured spectrum (green lines).

DSCD =AMFtropo · V CDtropo + AMFstrato · V CDstrato (6.5)
−(AMFtroporef · V CDtroporef + AMFstratoref · V CDstratoref )
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Table 6.1: DOAS analysis settings for the ULM-DOAS.
Fitting window 431–495 nm
NO2 Vandaele et al. (1998)
O4 Hermans

http://www.aeronomie.be/spectrolab/o2.htm
H2O Harder and Brault (1997)
O3 Burrows et al. (1999)
Ring Chance and Spurr (1997b)
Polynomial order 3

Equation 6.5 may be simplified if the reference spectrum is well chosen. Due
to its short lifetime in the troposphere, VCDtroporef column can be assumed to
be null far enough from the NO2 emission sources, e.g. above the deserts or the
oceans. If on the other hand the reference spectrum is taken the same day when
the Sun is high enough, stratospheric contributions cancel each other, since the
stratospheric NO2 is slowly varying during the day and the stratospheric AMF is
constant. Equation 6.5 can be thus approximated as:

DSCD = AMFtropo · V CDtropo (6.6)

From Eq. (6.6) it is possible to retrieve VCDtropo, assuming independence between
a given AMFtropo and VCDtropo. This is usually done and implies that the NO2
loading is optically thin enough that it does not influence the radiative transfer.
The resulting AMF still depends then on the NO2 profile but not on its absolute
value. This hypothesis is used in the following after having checked its validity
(see next section).

6.3.2.2 Radiative transfer: assumptions on NO2 and aerosol extinction
profiles

The radiative transfer model used in this study is UVspec/DISORT (Mayer and
Kylling, 2005). Setting a grid 10 km high, the stratospheric contribution is ne-
glected, as discussed in the previous section.

Considering the DOAS fitting window (see section 6.3.1), calculations are done
at 460 nm. The GPS data recorded with the spectra allow for an accurate calcu-
lation of the Sun’s position and the aircraft’s heading. To take into account the
numerical aperture of the optical fiber, each SCD is the weighted mean of 13 SCDs
at uniformly distributed angles between −12 and 12 degrees around the horizon.
The weights correspond to the different radiances calculated in the respective in-
termediate Slant Column Density (SCD) geometries.
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Figure 6.7: Air mass factor versus altitude (black) for an idealized NO2 tropo-
spheric profile (red) well mixed in the boundary layer and of negligible concen-
tration in the free troposphere. The calculations were done at 460 nm, setting an
albedo of 0.1, a relative azimuth and solar zenith angle of 90◦ and 45◦, respectively,
and a surface visibility of 20 km.

The NO2 and aerosol profiles in the model both correspond to a well-mixed
boundary layer and negligible concentrations and extinction in the free tropo-
sphere (for the NO2, see figure 6.7). The boundary layer heights are interpolated
from European Centre for Medium-Range Weather Forecasts (ECMWF) forecasts
at the time and heights of the measurements, except for Riyadh (see section 6.5.1).
In clean areas, these assumptions may not be realistic enough, as was showed by
the ALS-DOAS measurements during Polar Study using Aircraft, Remote Sen-
sing, Surface Measurements and Models, of Climate, Chemistry, Aerosols, and
Transport (POLARCAT), where we detected a NO2 layer in the free troposphere.
On the other hand, in urban areas, larger concentrations are found close to the
ground than higher up in the boundary layer (Dieudonné, 2012). The measure-
ments presented in this study were recorded in polluted zones but not directly
above cities, where turbulent dispersion lead to homogeneous vertical distribution
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(Vinuesa and Galmarini, 2009). Considering NO2, Heland et al. (2002) studied the
effect of the profile’s shape comparing aircraft in-situ and OMI data, concluding
that it was relatively weak. Boersma et al. (2009) also assumed a homogeneous
boundary layer to compare in-situ surface NO2 concentrations with SCIAMACHY
(SCanning Imaging Absorption SpectroMeter for Atmospheric CartograpHY) and
OMI columns. This is also confirmed by the few tropospheric NO2 lidar measure-
ments available (Volten et al., 2009). Considering aerosol extinction, the many
lidar profiles available in polluted zones (e.g. Landulfo et al., 2003; Guibert et al.,
2005) indicate a maximum extinction in the boundary layer, even if the shape
is less step-like. In practice, we derive aerosol optical thickness at 550 nm from
Moderate Resolution Imaging Spectroradiometer (MODIS) retrieved from Gio-
vanni (GES-DISC Interactive Online Visualization ANd aNalysis Infrastructure),
Acker and Leptoukh, 2007) and divide it by the Boundary Layer Height (BLH) to
get the extinction coefficient. This extinction coefficient is then scaled at 460 nm
using the Angstrom coefficient as described in Nebuloni (2005), and derive vis-
ibility at this wavelength from the Koschmieder law (Koschmieder, 1926). The
same approach to estimate the visibility will be used for the GEOS-R satellite
(NOAA-NESDIS, 2010).

Figure 6.7 shows the variation of the AMF with the observation’s altitude
for the idealized profile considered in the model. In the calculations, the solar
zenith angle was 45◦, the visibility 20 km, and the albedo 0.1. These numbers
are representative of the conditions of the campaign. The AMF and thus the
sensitivity are maximum when the aircraft flies at 500m altitude, where the AMF is
around 5.6. The AMF then decreases sharply when the plane crosses the boundary
layer. This indicates that this parameter is important for the accuracy of our
measurements.

Figure 6.7 also indicates the typical horizontal resolution of our measurements,
directly related to the product of the AMF and the boundary layer height with our
assumptions on the profile. Flying inside the NO2 layer, the horizontal resolution
is close to 5 km. This rather large number arises from the limb geometry.

For the retrievals, air mass factors are interpolated in look-up tables calculated
for each flight around the places of interest (see figure 6.4). The parameters in the
look-up tables are aircraft’s altitude, relative azimuth, solar zenith angle, boundary
layer height, visibility, and albedo. For a given flight, the first three parameters
vary according to the GPS data, while the last three are set constant.

6.4 Sensitivity studies and error analysis
Figure 6.8 shows the variation of the air mass factor for the visibility, pitch angle
and albedo in the typical ranges of the flights. Surface visibility plays the largest
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Figure 6.8: Air mass factor versus surface visibility (red), albedo (blue) and pitch
angle (black). The last two parameters only have small effects due to the limb
observation geometry and the large field of view, respectively. The calculations
were done at 460 nm for an altitude of 0.5 km, setting a relative azimuth and solar
zenith angle of 90 ◦ and 45◦, respectively, and with a 1 km thick homogeneous
boundary layer.

role in the AMF variation, which is understandable from the limb geometry of
our measurements. For the same reason, albedo very weakly affects the air mass
factor. Indeed, most of the detected photons are scattered before reaching the
ground, as illustrated in figure 6.1, and thus not affected by its reflectivity. This
is very different from nadir-looking satellites, for which the albedo uncertainty
matters much more in the final error budget, as can be seen in Boersma et al.
(2004). Finally, the small effect of the pitch angle is due to the large field of view:
the multiple lines of sight smooth the variation in aircraft attitude.

Figure 6.9 displays an effect that is often neglected in DOAS studies, i.e. the
influence of the studied absorber on the radiative transfer and thus the AMF
itself. When the absorber’s column, in our case NO2, is high enough, it can not

108



Figure 6.9: Air mass factor versus slant column density. NO2 loading starts to
influence significantly the radiative transfer above 5×1016 molec/cm2. The calcula-
tions were done at 460 nm for an altitude of 0.5 km, setting a relative azimuth and
solar zenith angle of 90◦ and 45◦, respectively, and with a 1 km thick homogeneous
boundary layer.

be considered as optically thin and reduces the air mass factor. The effect is
visible from 5 × 1016 molec/cm2, corresponding to an optical density of 0.02. We
believe this error should be considered when accurate error budgets are necessary,
since it could play a larger role than the cross-section uncertainties, for instance,
which are often taken into account. In particular, low-elevation Multi-Axis DOAS
(MAX-DOAS) measurements in polluted regions are likely to be affected by this
error.

Table 6.2 indicates the uncertainties considered in this study and their effect
on the relative air mass factor. The accuracy of the ECMWF boundary layer
heights was investigated by Palm et al. (2005), who concluded that the BLH were
200–400m underestimated. We thus consider an error of 300m for this parameter.
This is the major source of error in our measurements, leading to 15% uncertainty
on the AMF. Considering the albedo, Kleipool et al. (2008) derived an absolute
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uncertainty of 0.01 to 0.02 for the OMI albedo used in our AMF calculation. We
use 0.05, as this parameter’s role is not critical anyway (1% on AMF). The uncer-
tainty in the visibility is set to 6 km. This value originates from the propagation
in Koschmieder’s law of the 300m uncertainty for the BLH already mentioned and
a typical uncertainty of 0.1 for the aerosol optical thickness (AOT), which was
derived from a comparison between MODIS Aqua and CALIPSO (Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations) (Kittaka et al., 2011). Fi-
nally, the error due to the effect of NO2 on the radiative transfer leads to 1%
uncertainty on the AMF, a small effect, but comparable to the errors due to the
pitch and the albedo.

Table 6.2: Error contributions to the air mass factor (AMF).
∆ parameters ∆AMF

AMF
Boundary layer height 300m 15%
Visibility 6 km 12%
Correlation between
BLH and visibility 0.95 14%
Pitch 2◦ 2%
SCD 5× 1014 molec/cm2 1%
Albedo 0.05 1%

In practice, the error on the tropospheric column is derived from Eq. (6.6) as:

σVCDtropo =

√√√√(σDSCD

AMF

)2
+ σ2

AMF

(
DSCD
AMF2

)2

(6.7)

In this equation, the error on the DSCD (σDSCD) is an output of the DOAS analysis
(Fayt et al., 2011). The error on the AMF is the quadratic sum of the different
errors discussed previously. Note that the correlation between the boundary layer
height and the visibility is taken into account, introducing an adequate term in
Table 6.2. The correlation coefficient is estimated from the values of the BLH and
visibility in Table 6.3.

6.5 Results
This section presents the results for the flights of figure 6.4. First, our measure-
ments are compared with satellite data (OMI and GOME-2) for the flights when
these are available at the locations of our flights, and indicate the NO2 loading
above other interesting hot spots. Then, the measurements are used to estimate
a flux for an isolated point source, Riyadh. Finally, we confirm a soil signature
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in the spectra that closely matches results from a previous study on satellite data
(Richter et al., 2011).

6.5.1 Comparisons with satellites

Figure 6.10: ULM-DOAS (red) and OMI (blue) measurements over Rajasthan,
India (15 November 2009). ULM-DOAS data were recorded between 07:26 and
08:47UTC and cover the latitude range from 25.79◦ to 24.39◦. The NO2 field is
rather uniform.

Figures 6.10, 6.11, and 6.12 compare OMI (DOMINO (Dutch OMI NO2) ver-
sion 2.0, Boersma et al., 2011) and GOME-2 (TM4NO2A version 2.1, Boersma
et al., 2004) data with our ULM-DOAS measurements, above Rajasthan (15 Novem-
ber 2009), the Po Valley (2 December 2009), and Saudi Arabia (24 November 2009).
The flight conditions are detailed in lines 2, 6, and 4 of Table 6.3, respectively.
These three areas represent an interesting sample of the global tropospheric NO2
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field above land. Indeed, the first two areas indicate rather homogeneous tropo-
spheric NO2 loadings, but absolute values are one order of magnitude higher in
the Po Valley than in Rajasthan. In Saudi Arabia, the situation is very different,
since one megacity, Riyadh, is surrounded by desert with very few NO2 sources.
This yields high columns close to the city, rapidly decreasing to reach negligible
values further away above the desert.

The agreement between ULM-DOAS and satellite data is qualitatively good for
the three days, but better quantitatively above Rajasthan and Italy than above
Saudi Arabia. Above Rajasthan (figure 6.10), the tropospheric NO2 columns seen
from the aircraft span from 0.1 ± 0.1 to 3 ± 1 × 1015 molec/cm2, whereas from
OMI 0.5 ± 0.6 to 1.7 ± 1 × 1015molec/cm2. This discrepancy might be explained
by a dilution effect; indeed OMI is not able to resolve spatial structures at scales
smaller than 20 km. Most of the points are, however, inside the error bars. Consid-
ering the Po Valley (figure 6.11), OMI data are unfortunately affected by the row
anomaly (Boersma et al., 2011), but the GOME-2 measurement and our airborne
measurements are very close, around 2.6 ± 0.6 × 1016 molec/cm2. Note that the
two peaks at longitude 10.1◦ and 10.4◦ E are coincident to O4 DSCD higher values
and are thus probably due to enhancement in the light path owing to scattering
in clouds.

Figure 6.12 indicates a positive bias between ULM-DOAS measurements and
satellite data in the region where the NO2 columns are highest. In the case of
GOME-2, this can be explained by the dilution effect considering the size of the
pixels, and partly by the 3 h time difference. Considering OMI data, these effects
are expected to be much smaller, since the two measurements are almost simulta-
neous and the spatial resolution of OMI is much better than GOME-2. For this
area, standard MODIS Aqua data are not available and we had to use the MODIS
Deep blue product AOT, i.e. 0.2, to estimate the visibility. There is an Aeronet
station close to Riyadh (Sabbah and Hasan, 2008), but the data set is discon-
tinuous for the period of the flight, and the only AOT measurement point, 0.45,
leads to a reduced AMF and thus an even higher bias between our measurements
and OMI. Note that offsets could also originate from an error in the boundary
layer height, which is close to the observation altitude (see Table 6.3), or from a
non-negligible part of the AOT in the free troposphere. The latter would increase
the AMF for the ULM-DOAS measurements, while simultaneously reducing the
satellite AMF, thus partly reducing the observed bias. For this area only, we use
the GDAS (Global Data Assimilation System) archived boundary layer height in-
stead of the ECMWF, which is surprisingly low for this day and leads to even
larger discrepancies between OMI data and our measurements. This persistent
bias and the fact that no validation has been achieved, to our knowledge, over
deserts leads us to point out the necessity of other measurements to check for a
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Figure 6.11: ULM-DOAS (red) and GOME-2 (blue) measurements over Italy
(2 December 2009). ULM-DOAS data were recorded between 10:29 and 12:14UTC
and cover the latitude range from 44.58◦ to 45.54◦. The zone west of 10◦ E is the
Po Valley.

possible underestimation of OMI data in similar areas.
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Table 6.3: Conditions and results of the campaign. See figure 6.4 for the places and dates of the measurements.
We give the main parameters for calculating the air mass factor (AMF), i.e. the surface visibility (Vis.), the solar
zenithal angles (SZA) and relative azimuth (rel Az.), the boundary layer height (BLH), the albedo (Alb.) and the
altitude of the aircraft (Alt.). The tropospheric column (VCDtropo) is the typical value found while overflying the
areas.

Meas. Vis. SZA rel Az. BLH Alb. Alt. AMF VCDtropo Conc.
(km) (◦) (◦) (km) (%) (km) (molec/cm−2) (µg/m3)

1 n/a 38 140 1.3 6 0.3 n/a n/a n/a
2 24 45–51 16 2.1 10 0.6 4.4 0.25± 0.8× 1016 1
3 20 59 25 1.6 11 0.15 4.9 2.4± 0.8× 1016 10
4 15 46–64 70 1.1 14 1.25 2.1 2± 0.6× 1016 15
5 23 57 125 1.5 8 0.5 5.8 2.3± 0.8× 1016 10
6 10 67 145 0.4 6 0.65 2.1 2.2± 0.8× 1016 40
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Figure 6.12: ULM-DOAS (red), OMI (blue), and GOME-2 (black) measurements
over Saudi Arabia (24 November 2009). ULM-DOAS data were recorded between
09:07 and 12:03UTC and cover the latitude range from 25.18◦ to 24.79◦. Horizon-
tal blue and black lines correspond to ULM-DOAS data averaged over OMI and
GOME-2 pixel extensions, respectively. ULM-DOAS tropospheric NO2 measure-
ments are larger in this case than the ones seen by both satellites.

Figure 6.13 helps to interpret the patterns seen in the pink box of figure 6.12.
It presents the OMI pixels around Riyadh, superimposed on a map with Riyadh
extent, the main wind direction retrieved from GDAS and the ULM-DOAS flight
track. The color code is the same for OMI and ULM-DOAS data. The megacity
occupies an area slightly smaller than three OMI pixels, and the aircraft was flying
70 km northwest of it when it detected the highest NO2 columns. ULM-DOAS and
OMI data are both understandable from the wind direction as a pollution plume of
the city, which would have, compared to this source, a relatively similar horizontal
extent. It is thus possible to calculate the NO2 flux, integrating horizontally the
column and then multiplying by the projection of the wind vector on the normal
to the flight track. Such a calculation leads to a flux of around 140 mol/s. Note

115



that to obtain this value, we added the ghost part of the plume west of 46.7◦ E,
depicted in green in figure 6.12. Due to that and the wind uncertainties, we find
it difficult to estimate the associated error. Nethertheless, the value is relatively
close to the one derived by Beirle et al. (2011) from satellite, i.e. 187 ± 14mol/s.
This points out that, providing accurate wind data, our instrument would be useful
to estimate flux from megacities. This has been done from cars (e.g. Johansson
et al., 2009a), but an aircraft covers an exhaust plume in a much shorter time and
is thus less sensitive to temporal variations of the NO2 field.

Figure 6.13: Map of Riyadh surrounding, with ULM-DOAS and OMI NO2 data
superimposed. Riyadh agglomeration is delimited by the black polygon. The arrow
indicates the wind direction according to the GDAS archive.
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6.5.2 Other interesting measurements
Table 6.3 summarizes the main results of the campaign and the conditions of the
measurements. The numbers representing the measurements are related to fig-
ure 6.4. We do not estimate the uncertainty on the mass concentration, which
would be correlated to the uncertainty on the boundary layer height, because even
if our measurements have a finer spatial resolution than satellites, the real NO2
field can be much more heterogeneous than seen by our instrument. These con-
siderations also apply to our measured vertical columns, but they are less relevant
in the context of comparing with satellite data.

Figure 6.14: Picture of Chittagong ship cemetery taken during the expedition.
The visibility is obviously low. Courtesy of Michel de Maegd.

In addition to the measurements described in the previous section, we report
the measured NO2 tropospheric column close to three large cities, Chittagong (1),
Karachi (3) and Benghazi (5). The latter two are usually visible from OMI and
the corresponding MODIS Aqua AOT is available for both. Karachi is one of
the largest cities in the world regarding population (15 million inhabitants). We
estimate the tropospheric NO2 column during the landing on an airport 15 km
east of the city center to be 2.4±1×1016 molec/cm2. Benghazi is a comparatively
much smaller city. Nevertheless we also detected high NO2 loadings there, around
2.3±0.8×1016 molec/cm2. Such high columns are certainly linked to the industries
of the city and particularly to its refineries.

117



Figure 6.14 is a picture taken by the pilots during the campaign, while flying
above Chittagong. It shows one of the city’s main industries, i.e. one of the
largest ship cemeteries in the world. The picture coincided with high measured
slant columns, around 4 × 1016 molec/cm2. However, we did not convert these
values to vertical columns, since no AOT data were available for the day of the
flight. It is, however, obvious from the picture that the visibility is quite small,
probably under 5 km. This probably results from a combination of a heat fog and
of aerosols from the city. Therefore we can expect the AMF to be very small,
which suggests that the NO2 pollution was probably very high in this region.

6.5.3 Soil signature above desert
Richter et al. (2011), while improving GOME-2 NO2 retrieval, empirically derived
a soil signature visible in the spectra corresponding to desert areas. The inclusion
of this signature yielded an improvement in the DOAS fit, mostly visible in regions
with bare soils, e.g. the Sahara and the Arabic peninsula. Richter et al. (2011)
also found a similar spectral shape in a lab experiment using sand. They never-
theless pointed out that more measurements were necessary to solidly confirm the
attribution to a soil effect, particularly due to possible correlations with O4.

Figure 6.15 shows the fit of the soil signature (A. Richter, personal commu-
nication, 2011) together with O4 in a spectrum recorded above Saudi Arabia on
24 November 2009. The DOAS settings, except for the fitting window, are given
in Table 6.1. The reference spectrum was recorded in Italy on 2 December 2009,
which leads to a larger signal of the soil signature than using a reference spectrum
from Saudi Arabia. This is understandable if the signature really originates from
bare soil, which is present all along the flight on 24 November 2009, and thus in
all the spectra, but not in Italy.

Figure 6.16 displays the time series of the DOAS fit results for the soil signature
(upper panel) and the RMS (root mean square) fit with and without the soil
signature (lower panel). Several episodes of enhanced soil signal are visible, the
largest one just before 11:30UTC. In the lower panel we see that these episodes
appear as increased RMS time series if the DOAS fit does not include the soil
signature (green curve). If the soil signature is taken into account (blue curve),
the RMS is relatively constant over the flight.

The episodes just discussed are coincident with a sand storm that was reported
by the pilots while approaching Medina. This reinforces our confidence that the
soil signature identified by Richter et al. (2011) has indeed a geophysical origin,
and that it can be detected on suspended sand particles. Using a reference spec-
trum recorded over the Gulf of Oman to analyze other flight spectra, we detected
smaller low visibility episodes associated with soil signature in Rajasthan, Egypt
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Figure 6.15: Soil signature in the spectra over the Arabian desert (upper panel).
For comparison, the O4 signature is displayed in the lower panel.

and Pakistan, but not over Italy. Note that the soil signature, due to its broad-
band structure, is partly hidden in the DOAS fit using a higher order polynomial.

6.6 Conclusions on our participation to Earth
Challenge

We presented a new airborne instrument designed for tropospheric NO2 column
measurement, the ULM-DOAS. It was operated during the Earth Challenge expe-
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Figure 6.16: Time series of the soil signature signal (upper panel) and root mean
square of the DOAS fit (lower panel), with (blue curve) and without (green curve)
the soil signature in the fit. The spectra were recorded above Saudi Arabia when
the pilots reported their crossing of a sand storm.

dition, which took place in 2009 between Australia and Belgium. The ULM-DOAS
was designed to fit onboard the ultralight aircraft of the expedition and to be fully
automatic. The set-up is simple without any attitude stabilization, and related
uncertainties are minimized by the use of a large field of view. The limb geome-
try of the instrument makes it suitable for low-flying aircraft and maximizes the
sensitivity to boundary layer NO2.

Measurements during the Earth Challenge expedition are consistent with OMI
and GOME-2 data and are interesting on their own, since very few validation
campaigns were performed in the countries overflown. Highest NO2 loadings were
detected above megacities such as Karachi (2.4±0.8×1016 molec/cm2) or Benghazi
(2.3 ± 0.8 × 1016 molec/cm2). Our measurements also confirm the recent finding
of a soil signature above desert.

Compared to satellite data, our instrument is able to detect higher spatial fre-
quency patterns in the NO2 field (around 5 km compared with an OMI pixel width
of 13 km). We believe it is well suited for tropospheric NO2 column validation, of-
fering a low-cost alternative to larger aircraft measurements. Such measurements
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are also well suited for flux measurements from extended sources, providing ac-
curate wind data. The measurement accuracy would benefit from the addition of
a compact PTU (pressure, temperature, relative humidity) sensor, indicating the
aircraft position relative to the boundary layer, and of a small lidar to accurately
measure simultaneously the extinction profile.
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Chapter 7

Mobile-DOAS measurements

The Cabauw Intercomparison Campaign of Nitrogen Dioxide measuring Instru-
ments (CINDI) took place in the Netherlands during summer 2009, between the
two stages of the Earth Challenge expedition. CINDI provided another opportu-
nity to develop an instrument for measurements of NO2. The new instrument is
operated from a car and we refer to it as a mobile DOAS system, to respect the
terminology of previous studies.

This chapter is based on an article in preparation for the special issue on the
CINDI campaign in Atmospheric Measurement Techniques. Two other mobile
instruments have been of particular importance for the origin of this PhD: a LI-
DAR used, e.g. to detect SO2 from the volcanic plume of Mount Etna (Weibring
et al., 2003) and a FTIR which, in particular, quantifies alkenes from oil refineries
(Mellqvist et al., 2010).

7.1 State-of-the-art of mobile trace gases mea-
surements

Two kinds of DOAS instruments are now used from cars, defined by their observa-
tion geometry: zenith-only and multi-axis (MAX) systems. Both of them quantify
trace gases absorption in scattered sky-light and they both have, for instance, en-
abled estimations of flux from given sources by driving around them in stable wind
conditions. Zenith mobile DOAS system are simple and robust apparatus, which
enables estimation of large sources like megacities (e.g. NO2 and H2CO from Mex-
ico (Johansson et al., 2009b)) or extended industrial complexes (e.g. NO2 and SO2
around Texas refineries (Rivera et al., 2010)). Multi-axis mobile system reported
so far use a compact motorized scanner. Looking closer to the horizon enhances
the sensitivity to the lowest layers of the troposphere, where lies the bulk of short-
lived pollutants (Hönninger et al., 2004). Such mobile MAX-DOAS measurements
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Figure 7.1: Geometry of the Mobile-DOAS measurements.

are reported in Europe (Wagner et al., 2010), (Ibrahim et al., 2010), and around
Dehli, India (Shaiganfar et al., 2011).

The originality of the work presented here consists, first, in the newly developed
instrument, secondly, in the data analysis strategy, and thirdly and most impor-
tantly, in the large measurements database. The instrument follows the MAX-
DOAS principle, but using two spectrometers measuring scattered light spectra in
parallel at different elevation angles. This reduces the problem of inhomogeneities
in the trace gases field observed from mobile MAX-DOAS instruments (Wagner
et al., 2010). To retrieve the vertical tropospheric columns, previous mobile MAX-
DOAS studies (Wagner et al., 2010; Ibrahim et al., 2010; Shaiganfar et al., 2011)
assume that the light path can be approximated from the observation geometry -
the so called geometrical approximation- leading to an error of 15%. We show with
radiative transfer calculations that this uncertainty may be underestimated. As a
consequence, we do not use the geometrical approximation. Regarding the mea-
surements database, a common characteristics of all the aforementioned studies
is their short timespan. Measurements are typically performed during expensive
field campaigns of a few weeks at most, in which the number of interesting days is
even further reduced by meteorological conditions. In contrast, we took advantage
of the business travels of a maintenance engineer across Belgium in 2010 and 2011
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Figure 7.2: The Mobile-DOAS in Hoek Van Holland during CINDI.

to perform Mobile-DOAS observations whenever the weather enabled it.
We describe in the next section the Mobile-DOAS instrument and its data

analysis scheme, primarily targeted to boundary layer NO2. In section 3, we
report the first operation of the new instrument during the CINDI campaign in
summer 2009. In section 4, we present the routine measurements of 2010-2011.
The scientific interest of the dataset is first illustrated by comparing them with a
chemical transport model.

7.2 Description of the Mobile-DOAS
Figure 7.1 presents the observation geometry of the BIRA-IASB Mobile-DOAS
instrument. The scattered light spectra are recorded simultaneously in the zenith
direction and 30◦ above the horizon, following the MAX-DOAS approach. The
system originates from the ULM-DOAS instrument (see chapter 6) and its techni-
cal details are described in (Piters et al., 2012). It is based on two similar compact
Avantes spectrometers. The entry slit of each spectrometers is 50µm, the focal
length 75 mm and the grating is a 600 l.mm−1, blazed at 300 nm. The CCD de-
tector is a Sony 2048 linear array. An optical head (see figure 4.2), mounted on
the car window, holds the two telescopes with fused silica collimating lenses of
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focal length 8.7 mm, leading to a field of view of 2.6◦(see chapter 4). Two 400µm
optical fibers, protected with chrome plated brass, connect the telescopes to the
spectrometers. The spectrometers are controlled by a laptop and a GPS antenna
is used for georeferencing the measurements. The whole set-up is powered by the
12V car battery through an inverter. The optical head, fibers, and GPS antenna
can be seen on figure 7.2 taken in Hoek Van Holland during the CINDI campaign.

While measuring, the instrument is recording spectra continuously from the two
directions. The integration time is fixed during a measurement sequence and is
typically around 5 ms. The signal-to-noise ratio is increased by averaging a series
of 10 accumulations on the CCD to produce an intermediate spectrum. These
intermediate spectra are transferred to the computer and filtered by the acquisition
program, removing those with too low or saturated signal. A second averaging is
then applied to a spectra series of 8s to produce a final spectrum, the process being
repeated continuously. The spatial resolution of the measurements depends on the
car speed. At 60 km.h−1, each measurement represents an horizontal integration
on 133 m. The DOAS settings are similar to the one used for the ULM-DOAS
spectra (see table 6.1 in chapter 6).

7.3 Retrieval scheme for NO2 vertical columns
This section presents the methods used to estimate the tropospheric vertical col-
umns of NO2 from the DOAS fits corresponding to the spectra recorded in the
two directions. We establish first the relationships holding between the DOAS
measurements and the vertical columns if the NO2 field is the same for the two
channels. The commonly used geometrical approximation is then ruled out from
considerations on the NO2 profile and radiative transfer simulations. Finally, a
method to take into account the NO2 field inhomogeneities is proposed together
with its error budget.

7.3.1 Case of a homogeneous NO2 field
The DOAS analysis extracts from the spectra of the two channels the integrated
absorption of NO2 along the light path, relative to a reference spectrum, namely
the differential slant column densities (DSCDs). This quantity is related to the
tropospheric vertical column (V CDtropo) through the tropospheric air mass factor
(AMFtropo), the reference column (SCres), and the stratospheric slant column
(SCstrato). The reference spectra are specific to each spectrometer but they are
recorded at the same time in the same geometry so SCres is the same in the two
channels. Moreover, for ground-based Max-DOAS observations, the light path in
the stratosphere, and thus SCstrato can be considered constant with respect to the

125



viewing angle (Hönninger et al., 2004). Neglecting the horizontal variation of the
NO2 field, the DSCDs can thus be expressed as:

DSCD(zen) = AMFtropo(zen)V CDtropo + SCDstrato − SCDres (7.1)

and
DSCD(30◦) = AMFtropo(30◦)V CDtropo + SCDstrato − SCDres (7.2)

V CDtropo is directly extracted, combining these two equations, as:

V CDtropo = DSCD(30◦)−DSCD(zen)
AMFtropo(30◦)− AMFtropo(zen) (7.3)

7.3.2 Realism of the geometrical approximation?
A convenient way to derive the tropospheric column from equation 7.3 is the so-
called Geometrical Approximation (GA), described by Hönninger et al. (2004). It
consists in expressing AMFtropo as 1

sinα , where α is the viewing angle relative to
the ground. This method assumes that the last scattering event occurs above the
absorber layer. It leads, in our case, to a very convenient equation:

V CDtropo = DSCD(30◦)−DSCD(zen) (7.4)

The GA is widely used due to its simplicity, both for static MAX-DOAS in-
struments (e.g. Brinksma et al. (2008), Celarier et al. (2008)) and Mobile-DOAS
studies (all the aforementioned mobile DOAS studies, Shaiganfar et al. (2011) in-
troducing however an azimuth dependent correction for large NO2 VCDs.) Several
studies (e.g. Pinardi et al. (2008), Vlemmix et al. (2010)) have compared the GA
with radiative transfer calculations, varying parameters such as the sun position,
NO2 and aerosol layer height, or visibility. They indicate that the GA can lead
to biases up to 50% compared to calculated AMFs in some configurations. For
zenith-only, the reader is referred to Chen et al. (2009), who shows that the real
AMF may exceed 2, corresponding to a bias larger than 100%. The larger differ-
ence for the zenith-sky is understandable by the high albedo (0.18) used by Chen
et al. (2009), but also by the fact that in MAX-DOAS, the investigated quantity is
the differential AMF. This quantity (in our case: AMFtropo(30◦)−AMFtropo(zen))
is more stable since the two AMFs are correlated. Considering only mobile Max-
Doas measurements (Wagner et al. (2010), Ibrahim et al. (2010), Shaiganfar et al.
(2011)), the error due to the GA is assumed to lie between 15 and 20%. The 15%
also originates from radiative transfer simulations (Ibrahim et al., 2010), assuming
in particular a NO2 layer under 200 m altitude.
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Table 7.1: Parameters and ranges used in the air mass factors calculations.
Wavelength(nm) 460
Direction Zenith,30◦
Surface visibility(km) 5, 10, 15, 20, 25, 30
NO2 mixing height(m) 100, 300, 500, 700, 900
Relative azimuth(◦) 0, 30, 60, 90, 120, 150, 180
Solar zenith angle(◦) 20,30, 40, 50, 60, 70, 80, 90
Albedo 0.01, 0.03, 0.05, 0.07, 0.09, 0.11, 0.13, 0.15

This last assumption of a surface-near NO2 loading is hardly trustable outside
cities. In semi-rural areas, NO2 tends to be well mixed in the boundary layer as is
shown by LIDAR and sonde measurements in Cabauw (Volten et al. (2009); Sluis
et al. (2010), see also figure 2.9, and as is predicted by diffusion models (Vinuesa
and Galmarini, 2009)). Note that using a scanning DOAS system, it is possible
to identify the points where the GA is the most unrealistic. This is done adding
a third off-axis measurement to equations 7.1 and 7.2, as described in Brinksma
et al. (2008) and Wagner et al. (2010). On the contrary, only two angles are
accessible with our Mobile-DOAS instrument. Given these different arguments,
we used calculated AMFs instead of the GA.

Table 7.1 presents the parameters used in the radiative transfer model UVspec-
/DISORT to calculate the tropospheric air mass factors. Contrary to what we
did for Earth Challenge, we do not study the sensitivity of the AMF to a given
parameter fixing the other ones. Instead, we calculate the AMFs for each possible
configuration of parameters and study their resulting distributions. This choice
is motivated by the difficulty to know these parameters accurately. In particular,
very close to the sources, the height of the NO2 layer may well be very low as
suggested by Dieudonné (2012). If so, using the boundary layer height as was
done for Earth Challenge data could be largely inaccurate.

Figure 7.3 shows the general distributions of zenith, 30◦AMFs, and differential
AMFs. According to the GA, the latter should be close to one, its mean value is
1.18 on the figure. Moreover, the standard deviation of the distribution around
this mean is 0.28, indicating that biases of 50% may easily occur using the GA,
and that the assumed 20% of the previous studies is quite optimistic. The left
panel also indicates that scattering inside the NO2 layer should not be taken into
account even for zenith-only instrument. Indeed, the mean of the zenith AMF
is 1.33 and should also be 1 according to the GA. Note that the larger standard
deviation of the 30◦AMF is due to its dependency on the relative azimuth, contrary
to the zenith AMF.
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Figure 7.3: Distribution of air mass factors calculated with the parameters of
table 7.1(left) and of the resulting differential air mass factor (right).
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Figure 7.4: Distribution of Mobile-DOAS air mass factors for four different positions of the sun, calculated with the
parameters given in table 7.1.
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Figure 7.4 also shows AMF distributions, but around given sun positions. It
indicates in particular that the GA is unrealistic for the differential AMF (1.8
instead of 1) for a relative azimuth of 90◦and a solar zenith angle of 60◦. Such a
sun position can not be disregarded from astronomical considerations at Europe’s
latitudes.

The calculated air mass factors were used to create a look-up table, depending
only on the sun position compared with the instrument. The look-up table contains
in addition to the AMFs, the standard deviation as shown in figure 7.4. This
solution is expected to reduce the biases in our measurements.

7.3.3 Solution for the NO2 field inhomogeneities
The two channels of the instrument point to different elevations, thus to different
air masses. This is not problematic in areas where the NO2 is constant. How-
ever, since a major objective of these Mobile-DOAS experiments is the study of
horizontal gradients, the problem must be addressed as accurately as possible.

Wagner et al. (2010) proposed a method based on the idea that equation 7.3
could be considered true if a large number of points were averaged. Combining
then equation 7.3 with equation 7.1, the offset SCres − SCstrato can be expressed
from DSCD(zen) and DSCD(off). Only SCstrato varies in this offset, and only
smoothly with time if the measurements are not close to twilight. SCres−SCstrato
can thus be fitted as a low order polynomial, and used in equation 7.1 to derive the
vertical column. The method has been applied to following mobile MAX-DOAS
studies (Ibrahim et al., 2010; Shaiganfar et al., 2011).

Figure 7.5 illustrates a problem which can arise with the method when dealing
with a small number of measurements. It presents NO2 vertical columns derived
from Mobile-DOAS measurements performed inside Brussels on 2 April 2011. In
this case, the quantity SCres − SCstrato is not well enough represented by the fit
(lower panel) due to the short timespan of the measurements. This leads to an
unphysical result: the stratospheric contribution appears maximum in the middle
of the day, around 12.6 UT. This problem propagates in the VCD (blue curve,
upper panel). It becomes important at the edge of the fitting window when the
fit is less constrained. This is visible in the offset with the green curve, probably
more realistic, which was calculated as described below.

The method we propose to take into account the field inhomogeneities uses
another approach. It is based on the idea that compared to a scanning system
with one single channel, our measurements are simultaneous in two directions. The
sampled air masses, if not exactly the same, are thus closer than for a scanning
system. This implies that equation 7.3 applies more often and that fewer points are
necessary to make a correct average for equation 7.3, again compared to a scanning
system. Instead of fitting SCres−SCstrato as a polynomial, we decompose V CDtropo
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Figure 7.5: Comparisons of two methods for correcting inhomogeneities: (blue)
fitting the stratospheric contribution as a polynomial (Wagner et al., 2010) and
(green) reconstructing the VCD as described in the text.

in two components according to their spatial gradients:

V CDtropo = V CD0
tropo + V CD′tropo (7.5)

In equation 7.5, V CD0
tropo is the smooth component of V CDtropo whereas

V CD′tropo is the structured one. We use a sliding average as a filtering method.
Noting 〈〉n the sliding average on n points, V CD0

tropo is calculated as:

V CD0
tropo =

〈
DSCD(30◦)−DSCD(zen)

AMFtropo(30◦)− AMFtropo(zen)

〉
n

(7.6)

The structured component of V CDtropo can be estimated from:

V CD′tropo = DSCDzen − 〈DSCDzen〉n
AMFzen

(7.7)
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The number of points to consider in the sliding average is not critical: above
100, our method gives very similar results as the one proposed by Wagner et al.
(2010). This can be seen on figure 7.5, except at the beginning of the measure-
ments series, for the reason given above. Leaving aside the technical aspects, the
difference of our method compared to fitting SCres − SCstrato is that we do not
assume a relationship between all points of a measurement, but only on the n
points of the sliding average.

7.3.4 Error budget
The errors originate from the DSCDs and the AMFs. The DSCDs errors are
random and reduce in the sliding average with the square root of the number
of measurements. Considering typical fit residuals and the uncertainties in AMF
previously described, we thus neglect the DSCD error in equation 7.6. The ran-
domness argument can not be applied to the air mass factor, since its uncertainty
depends on parameters which are expected to be correlated, for instance the vis-
ibility of the height of the layer of NO2. This leads to the following error for the
smooth part of the column:

σV CD0
tropo

=
V CD0

tropo

∆AMF
σ∆AMF (7.8)

Considering equation 7.7, the DSCD error matters since it is an individual
measurement. The propagation of uncertainties leads to:

σV CD′tropo =
√

σ2
DSCD

AMFZen
+ V CD′tropo
AMFzen

σ2
AMFzen (7.9)

There is a correlation between AMFzen and ∆AMF but its either positive or
negative according to the relative azimuth so we do not take it into account and
sum the two error components in quadrature.

7.4 Participation to the CINDI campaign
The CINDI Campaign (Piters et al., 2012) took place in June-July 2009 at the
Cabauw Experimental Site for Atmospheric Research (CESAR, 51.97◦N, 4.93◦E,
at sea level). Its main scientific purpose was an intercomparison of MAX-DOAS
instruments for tropospheric NO2 (Roscoe et al., 2010), which was achieved from
15 to 30 June 2009. In addition to DOAS systems, NO2 was also measured by the
LIDAR described by Volten et al. (2009) and in-situ, by chemiluminescence, both
from ground by a commercial system and by the newly developed sondes described
by Sluis et al. (2010). The sondes profiles can be seen in figure 2.9.
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The BIRA-IASB Mobile-DOAS was operated after the intercomparison on the
local roads around Cabauw and on the highways between Utrecht and Rotterdam.
The motivation, beside testing the newly developed instrument, was to study the
variability of the NO2 field inside one OMI pixel (13 × 24 km2). Unfortunately,
for the best measurements days, when the Mobile-DOAS and OMI measurements
are coincident, the latter are affected by the row anomaly (see http://www.knmi.
nl/omi/research/product/rowanomaly-background.php). The Mobile-DOAS
dataset collected during CINDI is thus not optimal for such a comparison, nev-
ertheless it reveals accurately the NO2 horizontal gradients around the CESAR
site.

As an example, figures 7.6 and 7.7 present NO2 tropospheric columns measured
in the afternoon of 14 July 2009, between CESAR and Utrecht. Figure 7.7 also
shows the vertical column derived from the static MAX-DOAS at 13H04, when
the Mobile-DOAS was still at the CESAR site. A description of the MAX-DOAS
instrument is given by Clémer et al. (2010b). Note in particular that the radiative
transfer is based on LIDORT (Spurr, 2008) instead of DISORT in our case, and uses
an optimal estimation scheme to retrieve the NO2 profile. The two measurements
are very close, around 3 ± 1 × 1015 molec/cm2. This gives confidence in the NO2
loading derived from the Mobile-DOAS instrument.

7.5 Routine measurements in Belgium
After the CINDI campaign, Mobile-DOAS measurements were performed on a
routine basis between March 2010 and August 2011. The instrument was installed
on the car of a maintenance engineer traveling mostly across Belgium, but also
to Germany, Luxembourg and France. This was possible thanks to the highly
automated acquisition program and the ease of installation, on any car with a
window and a 12V socket. Combining this with the measurements performed
during CINDI yielded a large database.

Table 7.2 details the number of measurements collected with the MobileDOAS
during CINDI and the routine measurements. Altogether, this represents a total
of over 460 h, covering 18700 km. An advantage of the routine measurements
compared to a campaign is that the instrument can be started only in good me-
teorological conditions. The data from 2011 are in particular almost completely
cloud free.
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Table 7.2: Mobile-DOAS measurements between 2009 and 2011.
CINDI 2009 2010 2011 Total

Date range 07/01-08/06 04/03-10/21 02/17-07/01 -
Number of days 13 64 63 140
Distance (km) 2353 8920 7498 18771
Time (h) 47 199 217 463

Figure 7.6: Mobile-DOAS measurements on 14 July 2009 from Cabauw to Utrecht:
map.
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Figure 7.7: Mobile-DOAS measurements on 14 July 2009 from Cabauw to Utrecht:
time series.
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Figure 7.8: Some of the 2011 Mobile-DOAS measurements taken into account in the comparison with CHIMERE.
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7.6 Comparison with Chimere Model
CHIMERE (Vautard et al., 2001) is a European scale Eulerian chemistry transport
model. The full settings are described by Lambert et al. (2011). Note in particular
that the emission inventory originates from EMEP (2002). The ground resolution
in latitude and longitude is 0.5◦x 0.5◦, which corresponds roughly to 55x35 km2 in
Belgium.

We selected a subset of 2011 cloud-free measurements to study their relation-
ship with CHIMERE model output. They correspond to 29 days between 22
February 2011 and 2 June 2011. The measurements cover mostly Belgium, but
also highways in Germany and particularly Aachen and Cologne, and in France up
to Nantes and the Atlantic coast. Figure 7.8 shows some representative days. The
populated areas in Northern Belgium appear much more heavily NO2 polluted
than the much less dense southern part of the country. Many local high spots
correspond to large cities such as Liege and Cologne.

Figure 7.9 shows the scatter plot of CHIMERE model output and Mobile-
DOAS measurements of tropospheric NO2. The latter were calculated as a mean
of the measurements crossing a 4-D CHIMERE pixel. The three panels correspond
to three different criteria on the minimum of Mobile-DOAS measurements inside
a CHIMERE pixel. These panels indicate that the comparison is rather stable
regarding the number of points taken into account. From the figure, the criterion
of 100 points seems to be a good trade-off. The correlation coefficient is 0.71, while
the slope is 0.63, which may indicate a positive bias of the model. This correlation
can be compared with the correlation of 0.88 reported for in-situ measurements
in Belgium (Lambert et al., 2011). The investigated period was 01/03/2007 to
9/02/2008. Note that the instrument is static and installed in Houtem (51.016◦,
2.581◦), which is a background station for air quality monitoring. This last aspect
may explain the better correlation of these in-situ measurements with CHIMERE.
On the other hand, it is well established that the NO2 trends are negative in
Western Europe (see Castellanos and Boersma (2012) and section 2.2 for further
references). This is in agreement with the observed bias between the Mobile-DOAS
and CHIMERE. However, the Mobile-DOAS errors (see section 7.3.4) still have to
be propagated in the scatter plot before drawing conclusions.
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Figure 7.9: Comparison of tropospheric NO2 columns derived from the Mobile-DOAS data and from the Chimere
model. The three panels correspond to three different criteria on the minimum of Mobile-DOAS measurements
inside a CHIMERE pixel. These Mobile-DOAS points are averaged for the comparison.
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7.7 Conclusion on the Mobile-DOAS
measurements

A large database of Mobile-DOAS observations was built during the CINDI cam-
paign in July 2009 and routine measurements in 2010 and 2011. The measure-
ments were interpreted in term of vertical columns with a new analysis strategy.
In particular, we did not use the geometrical approximation on the air mass factor.
During CINDI, tropospheric NO2 columns derived from this experiment show good
agreement with a more sensitive MAX-DOAS instrument. Considering the mea-
surements which were collected in spring 2011, preliminary comparisons with the
CHIMERE model indicate a negative bias compared to CHIMERE which, if con-
firmed, may be explained by the decreasing trends of NO2 in Western Europe. The
progress with respect to the geometric approximation should be evaluated against
other datasets like OMI data or IRCEL-CELINE1 in-situ air quality samplings.

1http://www.irceline.be/
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Chapter 8

Development of a compact
payload for trace gases imaging
from unmanned aerial vehicles

This chapter presents the development and first tests of a UAV payload dedicated
to atmospheric research. Such a project was actually the original motivation of
this thesis (De Mazière et al., 2006) but delayed for technical reasons.

8.1 Interest of UAV measurements
Unmanned Aerial Vehicles (UAVs) are useful platforms for atmospheric research.
The most obvious applications involve measurements in dangerous environments,
e.g. inside a typhoon (Lin, 2006) or a volcanic plume (McGonigle et al., 2008).
Compared to traditional aircraft, UAVs can probe the troposphere at lower alti-
tudes, which makes them particularly interesting for profiling applications (Martin
et al., 2011; Corrigan et al., 2008). Their relative low cost also enables to use sev-
eral aircraft together (Ramana et al., 2007).

Regarding air quality, a trace gases mapping system operating from an UAV
would be useful to quantify emissions from moving point sources, for instance,
NO2 and SO2 exhausts by ships, as is already done from traditional planes (Berg
et al., 2012), but at a lower cost. Other useful applications could involve satellite
and model validation studies. From the ground it is not possible to cover the full
extent of a satellite pixel in a reasonnable time, and horizontal gradients can only
be measured along roads, as was done with the Mobile-DOAS (see chapter 7). On
the other hand, the spatial scale of state-of-the-art local chemistry and transport
models can reach down to 100 m (Cosemans and Mensink, 2005). Space based
instruments are not able to validate such models, nor will they be in the near
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Figure 8.1: Principle of whiskbroom imaging (Sabins, 1997).

future. Again, this is possible from traditional planes. Popp et al. (2012) have
recently presented high resolution (50x120 m2) maps of tropospheric NO2 columns
derived over Zurich with the APEX instrument. But the same cost argument
applies in favor of trying similar experiments from a UAV.

The above considerations, and the opportunity of a dedicated platform through
a collaboration with the University of Galati, Romania (see figure 8.7), led us to
develop a new instrument, compact enough for a UAV, but with imaging capa-
bilities. Once again the primary target is NO2 but application to SO2 is foreseen
as well. The instrument, namely the Small Whiskbroom Imager for trace gases
monitoriNG (SWING), has been tested in Belgium from an ultralight aircraft and
the first flights from UAV are expected in early 2013. Another whiskbroom in-
strument has recently been operated from a UAV for DOAS measurements, the
Airborne Compact Atmospheric Mapper (ACAM, Kowalewski and Janz (2009)).
It has already measured NO2, formaldehyde, and even tropospheric ozone above
Houston. However, the platform used is much larger and the payload is over 20
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kg, compared to the 900 g allowed in our case.
The next section introduces the principle of whiskbroom imaging and what kind

of resolution is achievable from a UAV platform flying at 4 km with a spectrometer
fitting the requirements. Section 3 details the technical aspects of the payload.
Finally, we present the first SWING measurements from an ultralight aircraft in
section 4.

8.2 Whiskbroom imaging from a UAV

8.2.1 Geometry of whiskbroom imaging
Whiskbroom scanning is a common set-up for remote sensing from aircraft, e.g.
for the AVIRIS instrument (Green et al., 1998), or from satellite, e.g. GOME-2
(Munro et al., 2006) and IASI (Clerbaux et al., 2009)). It consists in collecting the
light reflected by a mirror scanning across the flight direction. A single detector
is thus needed to produce images of the ground.

Figure 8.1 illustrates the geometry of whiskbroom scanning. The most impor-
tant dimensions are the platform altitude (h), the angular field of view (A), defined
as the full angle the scanner can perform, and the instantaneous field of view (ω),
defined as the field of view of the instrument when all motion is stopped.

The angular field of view and the altitude define the swath (S), i.e. the width
of the imaged line perpendicular to the platform movement:

S = 2h tan A+ ω

2 (8.1)

Within the swath, the pixels size depends on the instantaneous field of view,
the altitude, and the angle of the scanner (Θ). In the direction of the platform
movement, the pixel size depends furthermore on the speed of the aircraft (v) and
the integration time (τD). The respective expression are the along-track pixel size
(Palong_track) and the cross-track pixel size (Pcross_track)

Pcross_track = h tan (Θ + ω

2 )− h tan (Θ− ω

2 ) (8.2)

and

Palong_track = 2h tan ω2 sec Θ + vτD (8.3)

This change in pixel extent along the swath is referred to as the panoramic
distortion (Breuer and Albertz, 2000).

In our case, the altitude reachable with the platform is 4 km at a speed of 60
km/h. Assuming respectively 120◦ and 2◦ for the angular and instantaneous fields
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Figure 8.2: Ground cover for a flight altitude of 3 km and an angular field of view
of 100◦.
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of view leads thus to a swath of 14,4 km and a nadir pixel of approximately 150
m at one second of integration time. These parameters would not be optimal for
the ground cover but it is intended to give the orders of magnitude. Figure 8.2
presents another possible configuration, in which the aircraft is flying at 3 km
altitude. The angular and instantaneous fields of view are respectively 100◦ and
2.6◦, and the time per pixel is 0.3 s.

8.2.2 Choice of the spectrometer and simulations of obser-
vations

A major feature of whiskbroom imaging is its inherent short integration time. Two
spectrometers were tested for possible use in SWING: the Avantes AvaSpec-2048
already used in the ULM-DOAS and an Ocean Optics STS. The latter is very
compact, with a focal length of 28 mm (see table 4.1 for its main characteristics).
The tests were performed from the roof of our observatory pointing nadir to be
closer to airborne measurements. It turned out that the STS spectrometer was
not sensitive enough for our application. In addition, its spectral resolution (2.3
nm) was not optimal for NO2 retrieval (see chapter 3) so the Avantes spectrometer
was selected.

To estimate the ground resolution achievable with the Avantes, we performed
simulations of measurements above a polluted zone, namely the Antwerp agglom-
eration in Belgium. High resolution NO2 field forecasted around this area were
taken from the PROMOTE air quality forecast service (http://promote.vito.
be/webtool/) which is based on the IFDM model (Cosemans and Mensink, 2005).
Only surface concentrations were available so the columns were roughly built as-
suming an homogeneous boundary layer of 500 m.

The relationship between the pixel size (Ps) and the integration time (τD) used
in these simulations is as follow:

τD = P 2
s

vS
(8.4)

where v and S are again respectively the speed of the aircraft and the swath.
This does not take into account the panoramic distortion for instance. The ob-
jective of the simulations is to estimate the level of horizontal details due to the
trade-off between spatial resolution and signal-to-noise ratio.
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Figure 8.3: Simulations of NO2 measurements from an UAV at different pixel size. The figure illustrates the trade-off
between the ground resolution and the signal-to-noise ratio. Also shown are the pixel extents from current (GOME-2,
OMI) and near-future (TROPOMI) satellite instruments, and the model field used as an input in the simulations.
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The baseline for the noise level of the Avantes spectrometer was estimated from
the Earth Challenge data, which is more representative of the UAV conditions than
the measurements from the roof previously described. The typical error on the
fitted NO2 DSCD was scaled for the shorter integration times and for the different
geometry assuming photon-noise limited conditions and using relative intensities
calculated with UV-Spec.

Figure 8.3 presents the NO2 model field used as an input and corresponding
simulated observations for three different ground resolutions: 100 m, 200 m, and
500 m. The figure also shows, for a comparison, the pixel size of the current and
near-future satellites GOME-2 (80× 40 km2), OMI (80× 40 km2), and TROPOMI
(7× 7 km2). An interesting pattern for its horizontal gradients is the South West
part of the Antwerp ring-road. It appears in the model field highly polluted and
it is surrounded by cleaner areas due to the wind direction. According to the
simulations, the noise level for a 100 m pixel still enables to distinguish the road
from the background. In comparison, for a 500 m pixel, the image is much less
noisy but the small scale of the road is almost completely diluted in the broader
pixels. In real conditions, flying directly above such a perfect NO2 source may
be difficult in the near-future due to clearances reasons. The intermediate value
of 200 m for the ground resolution below the aircraft represents thus, from these
simulations, a good compromise.

8.3 Instrument and platform description
The Small Whiskbroom Imager for trace gases monitoriNG (SWING) was devel-
oped at BIRA-IASB in the framework of this thesis. This section presents the
instrument in more technical details than the previous chapters did because of
the miniaturization effort that was necessary to respect the size and weight con-
straints. We start by describing the overall instrument principle, then its different
components and their implementation. Finally we show the UAV platform and
discuss the payload integration.

Figure 8.4 illustrates the principle and different parts of the instrument. Light
is collected by an optical fiber and a lens facing a mirror installed on a motor shaft.
The motor scans in the nadir direction (± 60◦ max. from the vertical direction).
It is also possible to record spectra in the zenith direction by rotating the scanning
mirror at 90◦ relatively to nadir, pointing to a zenith mirror. This possibility is
useful to estimate the contribution of the total column of NO2 which lies above the
platform. The PC controls the spectrometer and the motor, via a driving circuit
based on a microcontroller. A GPS antenna is also connected to the PC. The
whole system is powered by 5V.

In practice, the spectrometer is an AvaSpec-2048 Avantes, like the ULM-DOAS
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Figure 8.4: Scheme of the SWING payload.

instrument (see chapter6). The computer is also a PC-104 but it is powered by
5V to use the same input voltage as the scanning driver, avoiding thus the need
of a power converter inside the payload. The other useful characteristic of this
PC-104 for our application is the integrated 2 GB solid sate drive, which is enough
for a minimal operating system (Debian Squeeze in text mode), the acquisition
program, and the data storage. This solution was chosen to save the space of a
hard drive and reduce the risk of disk failures experienced with the ULM-DOAS.
The lens is the collimating set-up from Avantes already used in the Mobile-DOAS
and shown on figure 4.2. This choice was motivated by the compact housing of the
lens, which made it easily integrable. The fiber is a 400µm-diameter leading to
an instantaneous field of view of 2.5◦. Compared to the ULM-DOAS fiber, there
is no chrome plated brass outer tubing around this fiber and its length is 26 cm.
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Figure 8.5: Electronic scheme of the scanning mechanism.
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A Hitec servomotor was selected for the scanning system, contrary to the step-
per motor used for the ULM-DOAS instrument. Compact servomotors are widely
used in leisure radio-controlled aircraft, which makes them both worth consider-
ing for a UAV application and affordable. Such a motor is characterized by an
integrated position feedback mechanism controlled by Pulse Width Modulation
(PWM). The angular position of the shaft is tuned by varying the width of a peri-
odic (50 Hz) pulse between roughly 0.8 and 2 msec. Contrary to a stepper motor,
the angular resolution of a servomotor is not limited by its hardware.

Figure 8.5 presents the electronic circuit of the scanning system. It is inspired
from a device designed to control several servomotors individually (Roll, 2000).
The communication with the PC is achieved via RS-232 through a serial port and
the DB9 connector. A MAX-233 converts the RS-232 signals to TTL ones, which
are then suitable for the PIC microcontroller. This converter was a MAX-232
in the original scheme of Roll (2000). Using a MAX-233 reduces the number of
external capacitors needed outside the integrated circuit compared to a MAX-232,
and thus the total size of the electronic board. In operation, the PC sends three
ASCII bytes coding a position. This information is converted to a pulse width
by the microcontroller which continuously sends the pulse to the servomotor at
a frequency of 50 Hz. The PIC also returns the received bytes to the PC, which
enables to detect communication problem, and thus pointing errors.
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Figure 8.6: The SWING instrument. The size is 27x12x12 cm3 for 920 g, the power consumption is 6 W at 5 V.
The right panel shows the scanning system in more details.
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Figure 8.7: The Unmanned Aerial Vehicle built by Reev River Aerospace and
dedicated to the SWING payload. It is electrically-propelled and can reach 3 km
altitude with its 2.5 m wingspan. The typical speed is 60 km/h.

Figure 8.6 shows the instrument with its open housing. To fit the total size and
weight, the cover of the AvaSpec spectrometer was removed and the optical bench
uncoupled from the acquisition card. This was also done for the GPS antenna,
whose chip is fixed above the scanning system. The spectrometer is connected to
the PC with a dedicated right-angle USB cable. Considering the application, the
windows are not in BK7 or fused silica but in a plastic material suitable for optical
applications (Zeonex). Except the scanner support which is aluminium made, the
structural parts and the housing are in plastic material. They were manufactured
by 3d printing, which optimized their weight and shape.

Everything included, the weight, size and power consumption of SWING are
respectively 920g, 27x12x12 cm3, and 6W.

Figure 8.7 shows the UAV dedicated to the SWING payload in a lab of the
university of Galati, Romania. The latter is fixed on the back of the aircraft, in
measurement position. This UAV was customly-built for the experiment by Reev
River Aerospace. It is electrically powered, with a wingspan of 2.5 m and it can
reach an altitude of 3 km during 2 hours. The typical speed is 60 km/h and tracks
can be preprogrammed. At the time of writing (January 2013), the aircraft was
in test phase in Romania. We expect the first flights with SWING to take place
in Spring 2013.
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8.4 Test flights from an ultralight aircraft in Bel-
gium

To test the instrument overall stability, several test flights were performed in Bel-
gium from an ultralight aircraft, in July and October 2012. The platform was a
motorized deltaplane, contrary to the 3-axis ultralight used during Earth Chal-
lenge (chapter 6). This platform was selected for the ease of installation of a
nadir-looking instrument underneath the aircraft.

Figure 8.8 includes two pictures taken on 28 October 2012, in the Avernas
aerodrome (50.71◦N, 5.07◦E), where the aircraft is based. The SWING payload
is fitted under the seat of the pilot and is visible on the ground and in flight.
The left picture also shows the network cable (red) used to communicate with the
instrument and download the data, and the 5V power supply cable (blue), which
was connected to a motorcycle battery (not visible in the picture).

Figure 8.9 presents a NO2 map derived from the flight performed on 28 October
2012 between 13h05 and 13h25 UT. The pilot flew from the aerodrome to the city
of Landen (50.75◦N, 5.07◦E) and back. The wind was blowing from the west.
Note that the NO2 tracks do not represent the spatial extent corresponding to the
instantaneous field of view. No information was available on the aircraft attitude
so the georeferencing is highly inaccurate. The tracks are thus drawn with a
constant width, assuming that the platform remains horizontal. They only provide
some insight about the NO2 field below the aircraft. The amount of noise in the
measurements can be estimated from the right panel of the figure, which shows the
NO2 DSCDs (blue) and their errors (red) during the beginning of the flight, when
the aircraft was flying in straight direction (blue dashed ellipse). It is obvious that
the integration time should be longer in this configuration. However, the higher
NO2 loadings visible on the east of Landen may well be explained by the city
exhaust carried along the wind direction.
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Figure 8.8: Installation of SWING on an ultralight and illustration of the test flight on 28 October 2012.
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Figure 8.9: First SWING measurements from an ultralight aircraft on 28 October 2012.
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8.5 Conclusions and perspectives
In this thesis, we concentrated on developing the payload and testing it using
several flights of an ultralight aircraft. Although first results are encouraging and
consistent with expected performances, several improvements are necessary. The
scanning loop can be improved. Currently, the PC sends the position command
in ASCII at each step. Less time would be lost in serial communication if the
scanning loop was moved to the microcontroller. The PC would then only read
the angular position sent by the PIC to record it with the spectra. This would
eliminate at least some of the missed steps. The RS-232 baud rate could also be
increased. Concerning the data analysis, a full processing chain has to be developed
to generate quality assessed NO2 columns. This includes the DOAS analysis, the
georeferencing, and the air mass factor estimation for each individual pixel. We
expect the first test flights in Romania in spring 2013.
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Chapter 9

Conclusions and perspectives

This thesis has consisted in the development and use of four innovative instru-
ments dedicated to atmospheric research, namely the Airborne Limb Scanning
DOAS (ALS-DOAS), Ultralight Motorized-DOAS (ULM-DOAS), Mobile-DOAS,
and Small Whiskbroom Imager for trace gases monitoriNG (SWING). These in-
struments are all based on uv-visible spectrometers installed on mobile platforms.
They all measure the absorption of trace gases in the scattered skylight using
the Differential Optical Absorption Spectroscopy (DOAS) technique, but with dif-
ferent observation geometries. Their characteristics and uses are summarized in
table 9.1.

Three of these instruments (ALS-DOAS, ULM-DOAS, and Mobile-DOAS) have
already demonstrated their capacity to provide original contributions to atmo-
spheric research, leading to two publications in the peer-reviewed literature. The
findings of these three instruments are, moreover, complementary. The ALS-
DOAS, which operates from a traditional aircraft dedicated to scientific research
(the Safire ATR-42), measures profiles of trace gases and aerosol extinction with
a high sensitivity. It is particularly valuable for investigations in the clean free
troposphere. The ULM-DOAS, installed on an ultralight, measures NO2 tropo-
spheric columns at a relatively low spatial resolution but with the flexibility of
movement and speed of an ultralight. This makes the instrument a good tool to
study the average columns in semi-rural areas or the exhaust plumes of cities. The
Mobile-DOAS, installed on a car, also measures columns but at a finer resolution
and along roads, which reveals accurately the sharp horizontal gradients inside a
city.

The SWING payload, developed for a dedicated UAV, will produce high spatial
resolution maps of tropospheric NO2 columns, combining thus the advantages of
the ULM-DOAS and Mobile-DOAS.
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Geophysical findings

Low levels of aerosol extinction and NO2 were detected off the North coast
of Norway in April 2008 (Merlaud et al., 2011). Back-trajectories and in-situ
CO indicate that the aerosols are probably of anthropogenic origin. On 8 April
2008, the free troposphere appeared to be affected both by pollution transport
from Northwestern Europe, responsible for extinction values around 0.01 km−1

and by a stratospheric intrusion. In the boundary layer, the observed aerosol
extinction (0.04 km−1) and NO2 (1.9 × 109 molec/cm3) seem to originate from
metal smelters and industry near Nikel on the Kola peninsula. On 9 April 2008,
long-range transport from central Europe is more clearly visible with a polluted
layer in the free troposphere, with respective values for NO2 and aerosol extinction
of 0.025 km−1 and 1.95 × 109 molec/cm3.

During the Earth Challenge expedition in November and December 2009, tro-
pospheric columns of NO2 were measured between Thailand and Belgium, above
areas were local measurements have been reported (Merlaud et al., 2012). The
highest NO2 loading was detected above Karachi (2.4 × 1016 molec/cm2. Mea-
surements agreed relatively well with the satellite data (Ozone Monitoring Instru-
ment (OMI) and Global Ozone Monitoring Experiment 2 (GOME-2)) except in
the exhaust plume of Riyadh were our NO2 columns were 40% larger than those
seen by OMI. The spectra recorded while crossing a sand storm also confirm the
recent finding of a soil signature above desert.

A large database of Mobile-DOAS measurements was built from the Cabauw
Intercomparison Campaign of Nitrogen Dioxide measuring Instruments (CINDI)
campaign in July 2009 to July 2011. These measurements, performed in Benelux,
Germany, and France, are primarily intended to estimate the NO2 tropospheric
columns. During CINDI, they show a good agreement with a more sensitive Multi-
Axis DOAS (MAX-DOAS) instrument. The database is valuable for instance to
study the horizontal gradients at several scales: from the clean forestry regions of
the Ardennes to the cities of Brussels and Antwerp, and from the Sonian Forest
to the Uccle observatory. Preliminary comparisons with the CHIMERE model
indicate a negative bias compared to CHIMERE which, if confirmed, may be
explained by the decreasing trends of NO2 in Western Europe. A paper on these
results in preparation.

Lessons learned on instrumental aspects

Passive DOAS instruments based on compact spectrometers are good can-
didates for miniaturization compared to other spectroscopic techniques used in
atmospheric research, such as Fourier Transform Infrared Spectroscopy (FTIR)
or Light Detection And Ranging (LIDAR) systems. Compared specifically to
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compact devices like acousto-optic tunable filters or Fabry-Perot interferometers,
research-grade grating spectrometers are available off-the-shelf, which simplifies
the instrument development and reduces the overall price.

For the ALS-DOAS instrument, the Terimide 7 thermal isolation was a very
cost-effective choice. The baffle for spatial stray light on the input optics was
found to be very important. There was no baffle on the ALS-DOAS telescope
during the first flights of the campaign and that led to problems in the DOAS
analyses. Vibrations were found to be a source of problems from an ultralight
aircraft, as was experienced with the ULM-DOAS and SWING instruments. A
solid state drive improves the reliability of the instrument, but only to a limited
extent. Considering the operating system, Linux is a good choice for compact
applications because it enables to get rid of most of the unnecessary pieces of
software and particularly the Graphical User interface (GUI).

The development of these instruments would not have been possible without
the workshops of Belgian Institute for Space Aeronomy (BIRA-IASB). The pos-
sibility to interact with skilled people at all stages of the manufacturing process
was fundamental for this work. This aspect was important for the miniaturization
effort, but also due to the sharp deadlines that were always respected. Similarly,
the acquisition software is a crucial part of the instruments. It required experi-
enced and motivated computer scientists more than the last fancy programming
languages. None of the measurements ever failed because of a software deficiency.

Lessons learned on data analysis

The logarithmic approach used to analyze the Polar Study using Aircraft, Re-
mote Sensing, Surface Measurements and Models, of Climate, Chemistry, Aerosols,
and Transport (POLARCAT) data yielded aerosol extinction profiles more consis-
tent with independently measured size distributions. Regarding the NO2 profile,
the logarithmic and linear approaches led to similar results. It should be noticed
that, for retrievals based on DOAS measurements, the forward model is linear with
respect to the concentration. Retrieving the logarithm of the concentration breaks
this linearity and may do more harm than good, even if the distribution is closer
to a lognormal. In these retrievals, the forward model parameters errors were in-
cluded in the measurement uncertainty. This is not always done but it could be
important in several applications. It was also shown from the POLARCAT data
that the stratosphere must be accounted for when retrieving tropospheric profiles
of NO2 in pristine areas. The method we proposed to estimate a scaling factor
for the O4 cross section was applied by Baidar et al. (2012) in a similar airborne
DOAS experiment.

The data analysis strategy used for Earth Challenge was very simple, following
the simplicity of the instrument itself. Nevertheless, it led to reasonable results
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when compared to satellite measurements. The spatial resolution of the mea-
surements is, like in the ALS-DOAS case, limited by the limb geometry of the
ULM-DOAS. However, the instrument is able to detect higher spatial frequency
patterns in the NO2 field than the the OMI satellite (around 5 km compared with
an OMI pixel width of 13 km). A common assumption of scattered-light DOAS
studies is the independence of the radiative transfer with respect to the absorber
loading. It was shown that this assumption should be checked for NO2 in pol-
luted regions, since it could lead to larger errors than other sources usually taken
into account in the error budget. This is important in particular for ground-based
MAX-DOAS application in urban areas.

Regarding the Mobile-DOAS experiment, we showed that the commonly used
geometrical approximation led to larger errors than what is assumed in other
similar experiments, but that these errors were significantly reduced by taking
into account the solar position. We also proposed a new method to reconstruct
the high-frequency parts of the tropospheric NO2 field from MAX-DOAS data.
This method yields in general similar results compared to the solution of Wagner
et al. (2010), but it does not imply the fit of an unphysical parameter in the cases
when the duration of measurements of a given day is reduced.
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Table 9.1: Main characteristics and use of the instruments developed in the framework of the thesis. The dectection
limit (2σ) is calculated with a typical air mass factor for the given instrument and a 1 km thick boundary layer.

ALS-DOAS ULM-DOAS Mobile-DOAS SWING
Platforms SAFIRE ATR-42 Ultralight aircraft Car Ultralight, UAV
Campaigns POLARCAT EARTH CHALLENGE CINDI Test flights

Places Arctic (Norway) Thailand to Belgium The Netherlands, Belgium Belgium
Dates April 2008 Nov-Dec 2009 July 2009, 2010-2011 July, Oct. 2012

Geophysical Profiles of Columns of NO2 Columns of NO2 Maps of NO2
outputs extinction, NO2 Soil signature (to be achieved)

Geometries and Scanning around Limb large FOV Zenith and 30◦ Whiskbroom
field of view (FOV) limb, FOV = 1◦ FOV = 25◦ FOV = 2.6◦ FOV = 2.6◦
Air Mass Factors 10 to 40 2 to 7 0.5 to 2 1.5 to 3.5
Spatial Resolutions 1 km (vertical) 5 km (horizontal) 150 m (horizontal) 200x200m2

Weights 16 kg 2.5 kg 5 kg 920 g
Power Consumptions 85 W 12 W 20 W 6 W
Detection Limits 30 ppt 300 ppt 1 ppb 3 ppb
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Perspectives

Vertical distribution of halogen oxides in the troposphere with an
upgraded ALS-DOAS

Halogen oxides are key species in ozone chemistry. Specifically regarding BrO
and IO in the troposphere, several elements are currently controversial. The
hotspots of BrO, visible on satellite data, have been explained differently by Salaw-
itch et al. (2010) and Theys et al. (2011), respectively from stratospheric or tro-
pospheric origin. It has also been suggested that forest fires could be a source of
BrO (Pommier et al., 2012). Considering IO, very little information is available
on its vertical distribution. The first airborne DOAS profiles of IO were recently
performed with the CU AMAX-DOAS instrument Dix and Volkamer, 2010; Dix
et al., 2011. They are inconsistent with both satellite data and model predictions,
revealing high concentrations of IO in the free troposphere. This motivates further
investigation.

Both BrO and IO vertical distributions could be measured with an improved
version of the ALS-DOAS. For the former, the BK-7 port should be replaced by a
fused silica version to increase the signal in the UV. In fact, this port already exists
but it was not used during the campaign for technical reasons. For the latter, the
Charge Coupled Device (CCD) should be changed to get rid of the dead pixel,
currently hiding an IO absorption band. The main improvement would however
consist in adding a feedback on the telescope elevation to compensate the aircraft
roll. This was done with the CU AMAX-DOAS (Baidar et al., 2012) and yielded
promising results in terms of sensitivity and vertical resolution.

Probability distribution functions of aerosol extinction in the free
troposphere

The idea of retrieving a positive geophysical quantity through its logarithm has
been applied in several studies. Two of them have motivated this choice by inves-
tigations of the probability density functions (PDFs) of the quantity to retrieve.
Working with ground-based FTIR measurements of water vapor, Schneider et al.
(2006) have analyzed 4 years of daily ptu-sondes. It turned out that the lognormal
assumption for the water vapor PDFs was more realistic than the normal one, ex-
cept in the first 100 m above the surface. Deeter et al. (2007), who were retrieving
CO from the MOPITT satellite instrument, have used 16 years of ground level
CO observations all over the globe. The PDFs were again better represented by a
lognormal, especially in clean areas.

To our knowledge, a similar exercise has not yet been done for the aerosol
extinction in the free troposphere. This could help future airborne DOAS exper-
iments to retrieve aerosol and trace gases profiles. It might also be applied to
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ground-based DOAS observations but the possible improvement is less clear since
the extinction is probably more normally distributed in the boundary layer. There
exists long-term lidar observations of aerosol extinction (e.g. Cao et al. (2012)) or
measurements from high-altitude observatories (Andrews et al., 2011) which could
be studied but both mostly represent mid-latitude continental conditions. For the
Indian Ocean, which is of particular interest for BIRA-IASB, the lidar database
from the Kerguelen Aerosols Measurement from African Sources and plUmes Tra-
jectory Reverse Analysis campaign (KAMASUTRA) campaign (Duflot et al., 2011)
would be very valuable. If the extinctions PDFs are found to be better represented
by a lognormal, the next step could involve simulations of measurements to com-
pare in detail the advantages and drawbacks of the two approaches (normal and
lognormal). This should be done with LIDORT, for which we have determined the
logarithm inputs (see appendix A). Using LIDORT would in particular improve
one aspect of the retrieval: the weighting functions could be recalculated at each
iteration. From these simulations, it would in particular be possible to decide
whether it is worth to apply the lognormal method to ground-based observations.

ULM-DOAS operated with other compact instruments

The main drawback of the ULM-DOAS in its current status is its high sensitiv-
ity to the altitude of the NO2 layer. To upgrade the instrument, ancillary geophys-
ical information are necessary. Adding the NO2 sondes developed at KNMI (Sluis
et al., 2010) would enable to derive NO2 profiles during the same flights. These
sondes also have a Vaisala PTU sensor which would be useful to derive the bound-
ary layer height. Another candidate is a compact lidar such as the one described
by Chazette et al. (2007), which has been designed to operate from an ultralight.
The lidar measures the aerosol extinction coefficient which is another important
source of uncertainty in the air mass factor of the ULM-DOAS. With these im-
provements, the ULM-DOAS would be an extremely valuable tool for atmospheric
research and particularly air quality studies. Operating from an ultralight is much
cheaper than from a normal plane, and the flight clearances are less tiresome than
from an UAV.

Use and expansion of the Mobile-DOAS database

The database constructed from 2009 is probably the largest of its kind and
offers a wide range of applications. Comparison of tropospheric NO2 columns
with the CHIMERE model are ongoing and will be the subject of a near future
publication. Mobile-DOAS measurements could also be compared with satellite
data or with the Belgian in-situ network IRCEL-CELINE. Besides tropospheric
NO2, no serious attempt has been made to derive other geophysical quantities.
Other absorbers should be investigated in the spectra. Using similar spectrometers,
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Sinreich et al. (2007) have detected glyoxal (CHOCHO) and Wagner et al. (2013)
recently reported measurements of water vapor total columns. Formaldehyde could
also be measured as demonstrated during the CINDI campaign (Pinardi et al.,
2013).

These measurements should be continued on the same opportunistic approach,
i.e. using the daily car journeys of a volunteer. One issue that should not be
neglected is the rational organization of the database and the automation of scripts
to check the data regularly and quickly, and to create detailed logfiles. These long-
term research activities are not considered enough, as was noted by (Nisbet, 2007)
about Keeling work on CO2 measurements at Mauna Loa observatory. But they
have revealed both the increase in greenhouse gases and the ozone depletion.

SWING: improvements and flights

Arguably, the most promising development in this thesis is SWING. It repre-
sents the final achievement of a miniaturization effort that started with the ALS-
DOAS on the ATR-42, with its 12 kg. However, some work remains to match the
performance expected from simulations. The scanning loop should be improved to
increase the spatial coverage. Too much time is lost in the serial communication
with the PC. Currently, the PC sends the position information in ASCII at each
steps, as was done with the ALS-DOAS. This can be improved by moving the
scanning loop to the PIC microcontroller. In this way, the PC will only read the
angular position sent by the PIC to record it with the spectra. This will probably
eliminate most of the failed steps. Some more milliseconds could be gained by in-
creasing the RS-232 baud rate. More advanced microcontrollers have an integrated
and configurable UART module (Universal Asynchronous Receiver/Transmitter)
which takes care of the serial communication, and an integrated clock. Changing
the PIC is thus another upgrade to consider.

We expect the first test flights in Romania this spring (2013). Once it has been
demonstrated that SWING is able to detect tropospheric NO2 from the UAV at
reasonnable concentrations, more specific applications will be possible. One of the
foreseen projects consists in monitoring ship exhausts around La Reunion Island,
similarly to an earlier airborne DOAS experiment from a traditional plane (Berg
et al., 2012). Flying above Antwerp or another Belgian like city would be very
interesting but may take some time to get clearances. Monitoring SO2 emissions
from volcanoes would also be feasible, with a dedicated spectrometer. This has
recently started to be done for CO2 (McGonigle et al., 2008). One should first look
at the volcanoes monitored within the NOVAC network of ground-based DOAS
instruments (Galle et al., 2010), due to the possibility of intercomparisons. Initial
contacts have been taken along these lines with the Popocatépetl observatory in
Mexico. In a longer term, SWING-UAV measurements may become part of exist-
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ing monitoring systems of volcanoes. This application would be both scientifically
sound and practically useful to reduce volcanic hazards, both for volcanologists
and population.
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Appendix A

Logarithmic weighting functions
for LIDORT

A.1 Motivation
In the radiative transfer model LIDORT (Spurr, 2008), weighting functions are
calculated for a given parameter αn using as inputs the normalized partial deriva-
tives of the optical properties of a layer n compared to this parameter. These
properties are the optical depth ∆n, single scattering albedo ωn and Legendre
polynomial expansion coefficients of the phase functions βl,n. The inputs to calcu-
late the weighting functions are thus:

αn
∆n

∂∆n

∂αn
(A.1)

αn
ωn

∂ωn
∂αn

(A.2)

αn
βl,n

∂βl,n
∂αn

(A.3)

When retrieving a trace gas or an aerosol extinction profile, it is natural to
choose for α the concentration or the vertical column in a layer or the aerosol
extinction. Using for the inversion a regularization method like the maximum
a posteriori solution (MAP), unphysical negative values are sometimes retrieved,
which can only be avoided by strengthening the weight of the a priori, thus losing
information coming from the measurements. A way to overcome this problem is to
work with weighting functions relative to the logarithm of the quantity to retrieve,
either the gas loading or the aerosol extinction. With the MAP solution, this
means assuming the density of probability to be lognormal instead of normal. This

165



has been applied for water vapor (Schneider et al., 2006) and CO (Deeter et al.,
2007) retrievals from FTIR spectra. From these two studies, it was concluded
that the logarithmic approach not only improved the retrievals, but also that the
lognormal a priori is closer to in-situ measured distributions. In chapter 5, we use
the logarithmic approach to retrieve aerosol extinction from airborne limb radiance
measurements. Results obtained are in better agreement with validation data than
for the linear case.

We describe in Sect. 2 the inputs needed for an absorber and in Sect. 3 for the
aerosol extinction.

A.2 Jacobian inputs for an absorber
The total optical depth ∆n of a layer n is defined as:

∆n = Gn +Rn + En (A.4)

where Gn is the gas optical depth absorption, Rn the Rayleigh optical depth
and En the aerosol optical depth.

In the linear approach, a specific gas optical depth absorption is calculated as:

Gn = Unσn (A.5)

where Un is the partial vertical column of the considered gas in the layer n
in molec/cm2 and σn its molecular absorption cross-section in cm2/molec. In re-
ality there are usually several absorbers so Eq. A.5 is a sum over these different
absorbers, but since we are interested in the derivative compared to the concen-
tration of one specific gas this is not important here.

A.2.1 Optical depth derivative
Let lnUn = Vn then

Gn = eVnσn (A.6)

We notice that:

∂∆n

∂Vn
= ∂(eVnσn +Rn + En)

∂Vn
= eVnσn = Gn (A.7)

Substituting this into Eq. A.1 yields:

Vn
∆n

∂∆n

∂Vn
= VnGn

∆n

(A.8)
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A.2.2 Single scattering albedo derivative
The single scattering albedo is by definition the ratio of the scattering optical
depth by the total optical depth:

ωn = Rn + zEn
∆n

(A.9)

where z is the single scattering albedo for aerosols. Using the chain rule:

∂ωn
∂Vn

= −Rn + zEn
∆2
n

∂∆n

∂Vn

= −Rn + zEn
∆n

1
∆n

∂∆n

∂Vn

= − ωn∆n

∂∆n

∂Vn
(A.10)

Thus, in Eq A.2:
Vn
ωn

∂ωn
∂Vn

= − Vn∆n

Gn (A.11)

A.2.3 Phase function coefficients derivative
The lth coefficient in the Legendre expansion of the phase function is given by:

βl,n =
Rnβ

Ray
l,n + zEnβAerl,n

Rn + zEn
(A.12)

Nothing depends on the gas concentration so this derivative vanishes.

Vn
βl,n

∂βl,n
∂Vn

= 0 (A.13)

A.3 Jacobian inputs for the aerosol extinction
Let fn = ln(En) then

En = efn (A.14)

We notice that:

∂En
∂fn

= efn = E\ (A.15)
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From Eq. A.4 we find:

∂∆n

∂En
= 1 (A.16)

A.3.1 Optical depth derivative
From the chain rule, Eq. A.15 and Eq. A.16:

∂∆n

∂fn
= ∂∆n

∂En
∂En
∂fn

= ∂∆n

∂En
En

= En (A.17)

Thus:

fn
∆n

∂∆n

∂fn
= fn

∆n

En (A.18)

A.3.2 Single scattering albedo derivative
We must apply the quotient rule on Eq. A.9. We notice first that, from Eq. A.15:

∂(Rn + zEn)
∂fn

= zEn (A.19)

Then:

∂ωn
∂fn

= zEn∆n − En(Rn + zEn)
∆2
n

= 1
∆n

(zEn − ωn)

(A.20)

Thus:

fn
ωn

∂ωn
∂fn

= fn
ωn

En
∆n

(z − ωn) (A.21)

168



A.3.3 Phase function coefficients derivative
We must apply the quotient rule on Eq. A.12. We notice that, from Eq. A.15:

∂(Rnβ
Ray
l,n + zEnβAerl,n )
∂fn

= zEnβAerl,n (A.22)

Combining with Eq. A.19, Eq. A.12 and Eq. A.9:

∂(Rnβ
Ray
l,n

+zEnβAerl,n

Rn+zEn )
∂fn

=
zEnβAerl,n (Rn + zEn)− zEn(Rnβ

Ray
l,n + zEnβAerl,n )

(Rn + zEn)2

= zEn
Rn + zEn

(βAerl,n − βl,n)

= zEn
ωn∆n

(βAerl,n − βl,n) (A.23)

Thus:

fn
βl,n

∂βl,n
∂fn

= fn
βl,n

zEn
ωn∆n

(βAerl,n − βl,n) (A.24)

A.4 Perspectives
The logarithmic approach described above has not yet been implemented in LI-
DORT. A perspective of this work is the study of the added value of the logarithmic
approach to the retrieval of aerosol extinction and trace gases. A first step could be
the characterization of the distribution functions of aerosol extinction at different
altitudes in the troposphere. This can be done for instance using lidar measure-
ments such as those presented by Duflot et al. (2011) for the Indian Ocean. If the
lognormal shape appears dominant, as can be expected at least in the free tropo-
sphere, implementing the above formulas in LIDORT would both be geophysically
realistic and time-efficient.
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Appendix B

Two remarks on the inverse
problem

Given the state of a physical system and the physical laws involved, it is possible to
predict accurately the result of a measurement1. The inverse problem of estimating
some aspects of the state from measurements is more difficult, in particular because
the relationship between the state and the measurements is often surjective. This
implies, independently of the measurement noise, that the problem is ill-posed and
that a regularization of some sort is necessary to select a solution. In practice,
measurements are often represented as linear and discrete and expressed as:

y = Kx + ε (B.1)

This equation describes the forward model, which represents the physics of
the measurements. The issue is to retrieve a state vector x̂ (e.g. a profile of
concentration) which fits the measurements y (e.g. radiances) within the mea-
surement errors ε, considering the physical model (K). The inverse problem arises
in many areas of science. In geophysics, Tikhonov (1963) and Backus and Gilbert
(1968) proposed two different methods to deal with the inverse problem, respec-
tively based on the stability or the norm of the results. In atmospheric sciences,
(Rodgers, 1976) did pioneer work, which were at first intended to retrieve tem-
perature profiles from satellite measurements. In chapter 5, I have used his much
quoted textbook (Rodgers, 2000)2, but differently than many previous studies did.

1In the cases when quantum and chaos effects can be neglected, and if the physical laws and
their mathematical formulations are accurate enough.

2Often referred to as “the optimal estimation”. This expression does not appear in the book.
The solution of Tikhonov and the one of Backus-Gilbert are also optimal estimations. The (in this
case ‘the’ seems justified) non optimal method is described by Tarantola (2006). What is meant
by “the optimal estimation” is in fact the maximum a posteriori solution, i.e. a regularization
based on prior probabilities on the solution.
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This appendix explains this choice in the first remark. The issue is worth consid-
ering for other applications, like satellite validation. The second remark deals with
a method used in geophysics which could be of interest in atmospheric retrievals
as well.

B.1 Impact of the unretrieved forward model pa-
rameters

A major advantage of Rodgers (2000) compared to other textbooks on the inverse
problem (e.g. Milman (2000); Tarantola (2004)) is that it deals with the different
sources of error in detail. In particular, the uncertainties on the forward model
parameters (Sb, in the formalism of Rodgers) are taken into account. The forward
model parameters are all the variables of the forward model which are not retrieved,
such as the ground albedo when the experiment is targeted to retrieve NO2 profiles.
These parameters are propagated to the final error budget with their measurement
sensitivity (Kb). But if we consider again the forward model (equation B.1), it
seems natural to include the forward model parameters as well in the measurement
error ε, because they may affect the measurements y by definition. This is actually
stated by Rodgers (2000) on page 61: “The perturbation in the retrieval when [the
forward model parameters] are ignored ... can be significant. If it is, the proper
procedure is to either include the parameters in the state vector, or to treat them
as extra sources of error, and replace ... Sε by ...”. There is then a typing error
in the book for the formula. The correct equation is, with Sn representing the
instrumental noise:

Sε = Sn + KbSbK>b (B.2)

The forward model parameters are explicitly considered to estimate the final
errors in many papers (e.g. Barret et al. (2002); Coheur et al. (2005); Hendrick
et al. (2007); Vigouroux et al. (2009); Senten et al. (2008); Theys (2010)), but the
same studies do not include them in the measurement error. This approach may
be valuable, as is discussed below, but not for a single profile retrieval, as was the
case during POLARCAT.

Figure B.1 presents a simulation of a NO2 profile measurements based on a
airborne DOAS instrument in limb geometry. The profile is retrieved using the
sounding of the plane, as was done with the ALS-DOAS during POLARCAT
(chapter 5). Errors on the visibility (10km) and on the albedo (0.1) were introduced
by calculating the weighting functions and the slant columns with different values
of these two forward model parameters. In the upper panel, their effect is neglected
on the measurements, while they are introduced in Sε in the lower panel. The dofs
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of the signal is reduced in the lower panel but it also shows a better agreement with
the NO2 profile in this case. It can be argued that the retrieval sensitivity to the
measurement is reduced due to the larger error (Sε). In many practical cases, the
a priori covariance (Sa) is poorly known and used as a tuning parameter to select
a stable solution. It is all the more so important to use a realistic uncertainty on
the measurements, i.e. including Sb. This also appears more logical when Sb is
used in the error budget. Using a larger uncertainty on the measurement reduces
the risk of overfitting. Whereof one cannot speak...
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Figure B.1: Simulations of a NO2 profile measurements illustrating the importance of the forward model parameters
(here, the visibility and the albedo) for the retrieval.
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The same line of reasoning should apply in particular when comparing in-
dividual measurements with space-based observation recorded during a satellite
overpass. Note that leaving aside the effect of the forward model parameters in Sε
is justified when averaging a large number of retrievals. The instrument noise is
likely to be random, whereas the forward model parameters are often systematic
(e.g. spectroscopic parameters). But as mentioned by Rodgers (p. 51), this di-
chotomy is not sharp. It could be valuable to introduce only the random forward
model parameters in Sε, if they can be identified.

B.2 Inequality-constrained maximum a posteri-
ori solution

In some retrieval applications, e.g. when ancillary information are available, it may
be interesting to limit the range of solutions to a given interval. Doicu et al. (2010)
have recently proposed a retrieval method for ozone profiling from satellites which
is based on an inequality constrained version of the Tikhonov regularization. The
ozone vertical columns corresponding to the retrieved ozone profile is forced to a
given interval [cmin, cmax]. Their study indicates that the method is promising.

By using the logarithm of the quantity of interest in a maximum a posteriori
solution, the retrieval is constrained to positive values. It is possible to include
inequality constraints in the maximum a posteriori by another change of variables,
which has been proposed by Kim et al. (1999), who were primarily interested in
geophysical issues. Given a quantity m (e.g. a NO2 concentration at a given
altitude) and an interval [a, b] in which m is supposed to lie, the change of variable
is:

x← ln m− a
b−m

(B.3)

This solution does not seem to be used for atmospheric retrievals. It may be
worth testing. Of course, the inherent risk of this method is to overconstrain the
solution. This may lead, in extreme cases, to miss a black swan (Taleb, 2008).
But as for the normal case, the averaging kernels, if properly calculated, could
indicate how much information originates from the measurement in the retrieval.
The problems is the opposite of overfitting but it also requires an accurate error
estimation.
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Appendix C

Contributions to the scientific
literature

Hereafter follows a list of publications I have written or co-authored in the frame-
work of this thesis.

C.1 Peer-reviewed
• Vigouroux et al., Ground-based FTIR and MAX-DOAS observations of for-

maldehyde at Réunion Island and comparisons with satellite and model data,
Atmos. Chem. Phys., 9, 9523-9544, doi:10.5194/acp-9-9523-2009, 2009

• Roscoe et al, Intercomparison of slant column measurements of NO2 and O4
by MAX-DOAS and zenith-sky UV and visible spectrometers, Atmos. Meas.
Tech., 3, 1629-1646, doi:10.5194/amt-3-1629-2010, 2010

• Merlaud et al., Airborne DOAS measurements in Arctic: vertical distribu-
tions of aerosol extinction coefficient and NO2 concentration, Atmos. Chem.
Phys., 11, 9219-9236, doi:10.5194/acp-11-9219-2011, 2011

• Piters et al., The Cabauw Intercomparison campaign for Nitrogen Dioxide
measuring Instruments (CINDI): design, execution, and early results, Atmos.
Meas. Tech., 5, 457-485, doi:10.5194/amt-5-457-2012, 2012

• Merlaud et al., Equations for Solar Tracking, Sensors, 12, 4074-4090,
doi:10.3390/s120404074, 2012

• Merlaud et al., DOAS measurements of NO2 from an ultralight aircraft dur-
ing the Earth Challenge expedition, Atmos. Meas. Tech., 5, 2057-2068,
doi:10.5194/amt-5-2057-2012, 2012

175



• Pinardi et al., MAX-DOAS formaldehyde slant column measurements during
CINDI: intercomparison and analysis improvement, Atmos. Meas. Tech., 6,
167-185, doi:10.5194/amt-6-167-2013, 2013

• Constantin et al., Measurements of tropospheric NO2 in Romania using a
zenith-sky mobile DOAS system and comparisons with satellite observations,
Accepted for publication in Sensors, 2013

C.2 Proceedings and technical documents
• De Mazière et al., Regional monitoring of tropospheric NO2 and CO using

Remote Sensing from High Altitude Platforms - preliminary concepts, Second
International Workshop: The Future of Remote Sensing, Antwerp, Belgium,
17-18 October 2006

• Covasnianu et al., Tropospheric exploration above Moldavia province: trace
gas measurements-ATR42 flight as0729 on the 16th July 2007, Present En-
vironment And Sustainable Development, 2, 101-110, 2008

• Constantin et al., Measurements of tropospheric NO2 in a Romanian Region
using a mobileDOAS system, 5th Workshop on Optoelectronic Techniques
for Environmental Monitoring, Magurele, Romania, 28-30 September 2011

• Fayt et al., QDOAS Software User Manual, Belgian Insitute for Space Aeron-
omy, Brussels, Belgium, 2011

• Fussen et al., The Picasso Mission 4S ESA symposium, Portoroz, Slovenia,
4-8 June 2012

C.3 Popular science
• Merlaud et al., Earth Challenge: une aventure scientifique au service de

l’environnement, Science Connection, January 2010
(in Dutch: Earth Challenge, een menselijk en wetenschappelijk avontuur
voor het milieu)

• Merlaud and Maggiolo, La scintillation des étoiles: 1. A l’oeil nu, aspects
historiques et physiques, Ciel Et Terre, 127, 72-76, 2011
(in Dutch, Fonkelende sterren met het blote oog: historische en fysische
aspecten, Heelal, August 2012)
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• Maggiolo and Merlaud, La scintillation des étoiles: 2. L’optique adaptative,
Ciel Et Terre, 127, 104-107, 2011
(in Dutch, Fonkelende sterren: adaptieve optica, Heelal, November 2012)
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Acronyms

ALS-DOAS Airborne Limb Scanning DOAS.

AMF Air Mass Factor.

AOT aerosol optical thickness.

BIRA-IASB Belgian Institute for Space Aeronomy.

BLH Boundary Layer Height.

CCD Charge Coupled Device.

CFC chlorofluorocarbon.

CINDI Cabauw Intercomparison Campaign of Nitrogen Dioxide measuring In-
struments.

CMOS Complementary Metal Oxide Semiconductor.

DOAS Differential Optical Absorption Spectroscopy.

DOFS Degrees Of Freedom of Signal.

DSCD Differential Slant Column Density.

ECMWF European Centre for Medium-Range Weather Forecasts.

FOV field of view.

FTIR Fourier Transform Infrared Spectroscopy.

FWHM Full Width at Half Maximum.

GA Geometrical Approximation.
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GOME-2 Global Ozone Monitoring Experiment 2.

ITCZ Intertropical Convergence Zone.

KAMASUTRA Kerguelen Aerosols Measurement from African Sources and plUmes
Trajectory Reverse Analysis campaign.

LIDAR Light Detection And Ranging.

MAX-DOAS Multi-Axis DOAS.

MODIS Moderate Resolution Imaging Spectroradiometer.

NDACC Network for the Detection of Atmospheric Composition Change.

OMI Ozone Monitoring Instrument.

OPAC Optical Properties of Aerosols and Clouds.

POLARCAT Polar Study using Aircraft, Remote Sensing, Surface Measure-
ments and Models, of Climate, Chemistry, Aerosols, and Transport.

ppb parts per billion.

ppm parts per million.

ppt parts per trillion.

SCD Slant Column Density.

SVD Singular Value Decomposition.

SWING Small Whiskbroom Imager for trace gases monitoriNG.

TOA top of the atmosphere.

UAV Unmanned Aerial Vehicle.

ULM-DOAS Ultralight Motorized-DOAS.

VCD Vertical Column Density.

vmr volume mixing ratio.

VOC Volatile Organic Compound.
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