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Abstract

This thesis presents the development of four different remote-sensing in-
struments dedicated to atmospheric research and their use in field cam-
paigns 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 miniaturization 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 spec-
trometers and computers, together with custom built electronics circuits
and housings. The inversion strategies are optimized for each instru-
ment 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 NOo and aerosol extinction profiles
during the POLar study using Aircraft, Remote sensing, surface mea-
surements and models, of Climate chemistry, Aerosols and Transport
(POLARCAT). Tt revealed in particular that NOg, 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 expedi-
tion in April, October, and December 2009. This expedition provided
an opportunity to perform measurements from an ultralight between
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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 NOs columns mostly fall
within the confidence interval of satellite data but indicate that the NOy
columns over Riyadh may be underestimated by the Ozone Monitoring
Instrument (OMI). In addition, the ULM-DOAS data provided a confir-
mation 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 measurements which
was compared with a chemical transport model (CHIMERE). The geo-
metric approximation was not used to evaluate the database, since air
mass factors calculations indicate that the associated uncertainties are
larger than expected from previous studies. Finally, the UAV payload,
the Small Whiskbroom Imager for trace gases monitoriNG (SWING) was
tested from an ultralight aircraft in July and October 2012. One ma-
jor objective of the UAV measurements is the mapping of NOg 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 [bn Mu’adh, the scattered skylight still provides
new and interesting information on the earth atmosphere. It is in particu-
lar possible to retrieve trace gas abundances in the uv-visible through the
Differential Optical Absorption Spectroscopy (DOAS) (Platt and Stutz,
2008). The principle of differential absorption has been introduced for
the first measurements of the ozone total column in the 1920’s by Fabry
and Buisson (Dobson, 1968). However, modern DOAS measurements
really started in the 1970s with ground-based zenith-sky observations
of stratospheric gas columns (NO, (Noxon, 1975), ozone (Pommereau
and Goutail, 1988), OCIO (Solomon et al., 1989), ...). More recently,
DOAS was further developed for chemical investigations of the tropo-
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2 CHAPTER 1. INTRODUCTION

sphere, by means of the Multi-Axis DOAS (MAX-DOAS) technique
(Honninger et al., 2004), which by combining multiple viewing directions,
allows to derive information on 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 infrastruc-
tures such as the Network for the Detection of Atmospheric Composition
Change (NDACC)!. From the 1990s, the DOAS instruments were ma-
ture enough to be installed on satellites. These space-based experiments
(GOME, SCTAMACHY, OMI) are particularly valuable since they reveal
the global fields of important trace gases such as NO, (Boersma et al.,
2004), SO, (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 sta-
tions from NDACC or other networks are unevenly distributed with large
areas poorly sampled, such as Africa. On the other hand, satellites offer
global coverage but at the expense of poorer sensitivities and limited
ground resolutions. The best instrument in this last respect is currently
the Ozone Monitoring Instrument (OMI) whose pixel size is 13x24km?.
Such a scale is too coarse to study the high spatial frequencies of short-
lived species like tropospheric NO, 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 prac-
tical 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 understanding accurately the radiation transfer is only one part of

"http://ndacc-uvvis-wg.aeronomie.be/)
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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 NO, 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 instru-
ments from various mobile platforms to contribute to fill the gaps be-
tween ground-based and satellite data. Several mobile DOAS measure-
ments have already been reported from cars (e.g. Galle et al. (2003), Jo-
hansson et al. (2009b), Rivera et al. (2010), Wagner et al. (2010)) or air-
planes (e.g. Heue et al. (2005), Prados-Roman et al. (2011)), especially
since the advent of compact grating spectrometers. The instruments pre-
sented here are simple, low-cost, and miniaturized systems designed for
integration in ultralight and Unmanned Aerial Vehicles (UAVs), allowing
for measurements 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 1. Tropospheric NO, has been a common target for our in-
struments so we describe it in more detail. In chapter 2, the physi-
cal principles of DOAS and the algorithms used in practice to analyze
the spectra are introduced. Chapter 3 presents the general instrumen-
tal aspects of scattered light DOAS including their characterizations.
Chapter 4 presents the Airborne Limb Scanning DOAS (ALS-DOAS),
which was operated from the SAFIRE ATR-42 and contributed to the
POLARCAT project which studied the transport of pollution to Arc-
tic. This instrument was used to derive profiles of NO, and aerosols.
Chapter 5 presents a more compact instrument, the ULM-DOAS, which
was installed on an ultralight aircraft during an expedition between Aus-
tralia and Belgium. The measurements were used in particular to de-
rive tropospheric columns of NO, around megacities like Karachi and
Riyadh. In Chapter 6, we describe an instrument operated from a car,
the Mobile-DOAS, which was first used during the Cabauw Intercom-
parison Campaign of Nitrogen Dioxide measuring Instruments (CINDI)
campaign in the Netherlands and then routinely in Belgium. These mea-
surements shows the high horizontal gradients in polluted areas and the
large database makes them interesting for comparisons with chemistry
and transport models. Chapter 7 presents the development of a compact
imaging system dedicated to Unmanned Aerial Vehicles. Chapter 8 con-
cludes this study with an overview of the findings and the perspectives
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regarding the instruments and the data analysis.



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 (NO,), a
common target of the different instruments developed through this work.
We describe the importance of NO, both for the chemistry of the tropo-
sphere 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 (N,) and oxygen (O,) 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 (H,0), the latter lying close to the surface and highly variable (0
to 4 %). The volume mixing ratio (vinr) 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 (O,) is a relatively
abundant trace gas between 20 and 30 km altitude, with volume

5
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mixing ratios reaching a few ppm (see figure 2.3). This ozone layer
shields the Earth surface from energetic solar radiation. Since the
1980s, a depletion has been observed at high latitudes in spring,
most clearly visible above Antarctica. This phenomenon is now
explained by catalytic reactions involving 1 ppb of chlorine, orig-
inating from anthropogenic chlorofluorocarbons (CFCs). Interna-
tional legislation contributed to a drastic reduction of CFCs emis-
sions. 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
(H,0, CO,, CH4, N,O ...) 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, en-
abling 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 CO,
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 (Og, NO,, CO, SO,, ...) 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 problems are tightly linked. Indeed, the stratospheric cooling asso-
ciated with greenhouse gas increase may enhance ozone depletion, while
this depletion itself may lead to climate change (Kang et al., 2011). Cli-
mate change, in turn, affects the surface 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 abundance: the number density and the vertical column. The num-
ber density is given by the product of the volume mixing ratio and the
air density, and usually expressed in molecules/cm?. This unit is more
relevant than volume mixing ratio when dealing with the optical proper-
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Figure 2.1: Surface ozone effects on crop production. Adapted from Heck
et al. (1983).

ties of gases, such as those measured through this work. Integrating the
number density along the vertical gives a vertical column, expressed in
molecules/cm?. The total column of a molecule  is its number density
¢, integrated vertically over the full atmosphere:

TOA
Cy = /0 cr(2)dz (2.1)

For our applications, the top of the atmosphere (TOA) may be de-
fined 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 atmosphere. 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 pum, to compare
with the size of a raindrop usually around 1 mm.

Aerosols are involved in the chemistry of the Earth system in dif-
ferent ways. To give two examples, nitrate and sulfate aerosols lower
the pH of rain, while polar stratospheric clouds offer surface for hetero-
geneous reactions involved in ozone seasonal thinning. Regarding the
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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 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 en-
ergy 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 pos-
itive 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).

Black carbon

v
Surface +‘ Solar radiation +; Atmospheric
Albedo “| absorbed temperature

Snow and Ice
surface

A

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 always statistically distributed. An important optical quantity, both
for the Earth radiative budget and for our measurements, is the aerosol
extinction coefficient, expressed in km~!. 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 extinc-
tion of aerosols (€) and the aerosol optical thickness (AOT), calculated
as:

AOT = / " £(z)dz (2.2)
0



2.1. COMPOSITION AND DYNAMICS 9

The aerosol extinction profile was measured in the Arctic during the
POLARCAT campaign and the AOT was derived from satellite data in
order to analyze the measurements of the Earth Challenge expedition.

2.1.2 (General vertical structure

Below 100 km altitude, turbulent mixing dominates over molecular dif-
fusion. The vertical distributions of gases are thus determined by their
production’s place and lifetime rather than molecular weights. This ex-
plains 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 NO,,
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 NO,. Starting from the ground, the troposphere, where
most meteorological phenomena occur, is characterized by a generally
decreasing temperature (—6.5 K per km) up to the tropopause!’. The
tropopause marks an inversion: the temperature starts increasing with
altitude throughout the stratosphere, reaching a maximum at the strato-
pause (50 km). The high temperatures in the stratosphere originate from
the ozone absorption of ultraviolet solar radiation. A NO,, layer is also
present in the stratosphere, but is three orders of magnitude less dense
than the ozone layer. The actual ozone and NO, profiles vary greatly
with time and location, and for the latter the tropospheric contribution
dominates the total column 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 N, and O,.

The changes in temperature gradients lead to different vertical cir-
culation patterns. An air parcel rising in the atmosphere expands due
to the decrease in pressure. This expansion is associated with an adia-
batic cooling. If the temperature decreases strongly with altitude, as it
happens in the troposphere, the air parcel is still warmer than its sur-
roundings, thus less dense, and continues to rise. This configuration is
associated with convection transport and the atmosphere is said unsta-

!The 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 NO, profiles. Real
profiles vary with time and location, in particular, for the NO,, the
tropospheric contribution (red dashed curve) may dominate the total
column.

ble. 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 po-
tential 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 6 is calculated as:

P
P

where Py 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

6§ =T(-2)c (2.3)
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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.

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 di-
urnal cycle following the convection dependence with solar forcing. The
inversion strength itself depends on local meteorological 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 trans-
ported above the city across the Rocky Mountains.

Below the inversion, turbulence and convection efficiently mix the
air, dispersing 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 NO, profiles
may be much more heterogeneous close to the sources (Dieudonné, 2012).

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 ki the potential temperature starts to rise
constantly with altitude, indicating a stable free troposphere?, which

2The free troposphere is defined as the part of the troposphere which lies above
the boundary layer.
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Figure 2.4: Sounding performed over lasi, Romania (47.05N, 27.6E) be-
tween 12h42 and 13h07 UT on 16 July 2007.

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° latitude. The solar radiation at the equator yields
large convection systems associated with precipitations at the equator
whereas the other extremity of the cell is associated 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 Intertrop-
ical Convergence Zone (ITCZ), limits the air circulation between the two
hemispheres. From 60° toward higher latitudes, the polar cells reproduce
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Figure 2.5: Global circulation patterns in the Farth atmosphere, adapted
from Seinfeld and Pandis (1997).

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 ex-
perienced at mid-latitudes. The air originating 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 de-
pends on their lifetime, presented for important trace gases and aerosols
in figure 2.6. The trace gases studied in this work are NO,, tropospheric
ozone, and CO. In addition, we also measured aerosol extinction profiles.
Regarding NO,, 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 sta-
ble, which explains both its attractiveness for industrial applications and
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Figure 2.6: Transport times and ranges of atmospheric constituents
(Seinfeld and Pandis, 1997).

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 second, has a considerable
importance in atmospheric chemistry including in the NO, 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 quan-
tify NO, loadings in the troposphere, even if other geophysical quanti-
ties have been studied. Thus, this second part of geophysical background
looks into the effects of NO,, on air quality, its role in tropospheric chem-
istry, 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 NOg field seen from the OMI satellite instrument
in June 2010 (www.temis.nl).

2.2.1 NO; in air quality

NO, is a strong respiratory irritant at high concentrations, and the World
Health Organization recommends a maximum 1-hour concentration of
200 pg.m~3 and an annual average of 40 pg.m =3 (WHO, 2003). Ta-
ble 2.1 indicates how these concentrations are converted in vmr and
tropospheric vertical columns. The direct effects on the respiratory sys-
tem are not fully understood and epidemiological studies disagree on the
existence of a specific health effect at typical urban levels. Correlations
with the mortality rate were discovered, independently of other mea-
sured 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
NO, in the allergic response of asthmatic subjects (Barck et al., 2005).
Moreover, NO, is a precursor of other irritants which form particu-
larly 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
NO, in ozone formation will be detailed in the next section, but some
severe irritants are produced in the process, including aldehydes and


www.temis.nl

16 CHAPTER 2. THE EARTH ATMOSPHERE

Table 2.1: WMO recomendations for maximum levels of NO, for one
hour and yearly average exposition. The (tropospheric) vertical column
is calculated assuming a 500 m thick well-mixed boundary layer.

Dimension (unit) ‘ Max. 1-hour Max. l-year
Concentration (ug/m3) 200 40
Number density (molec./cm?) 2.6e!? 5.2e!!
Volume mixing ratio (ppb) 100 20
Vertical column (molec./cm?) 1.3¢!7 2.6el6

peroxyacyl nitrates.

Rain acidity also increases with NO, atmospheric concentration. Due
to dissolved CO,, rain water is naturally weakly acid, with a pH of about
5.6. NO, and sulfur dioxide (SO,) lower this value due to the formation
of nitric (HNO;) and sulfuric acids (H,SO,). The effects are observable
on vegetation and infrastructure. 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 NO, 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).

0+0,+M— 0, +M (2.4)

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

In the stratosphere, free oxygen atoms originate from the photolysis
of O,. 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 alti-
tudes. The free oxygen atom of reaction 2.4 originates in the troposphere
from the photolysis of NO,, (reaction 2.5), which happens at longer wave-
lengths than the photolysis of O,.

NO, + hv — NO + O* (2.5)

NO, itself is formed rapidly after NO through its reaction with O,

NO + 04 — NO, + O, (2.6)
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Due to this rapid conversion, NO and NO, are commonly referred to
as NO,.

This cycle between ozone and NO, enables to calculate a concen-
tration of ozone depending on the ratio of % and the reactions rate
constants. This calculation often underestimates the ozone concentra-
tion, because reaction 2.6 is not the only oxidation path from NO to
NO,.

In the presence of volatile organic compounds (VOCs) originating
from hydrocarbons, the hydroperoxyl radical (HO,) replaces ozone (see
reaction 2.11) in the oxidation of NO, enabling thus O4 to accumulate.
The oxidation of a hydrocarbon of general formula RH, where R is a
chain of carbon and hydrogen atoms (e.g. CHy 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 + H,0 (2.7)
R+ 0, +M — RO, + M (2.8)
RO, + NO — RO + NO, (2.9)
RO + 0, — R'CHO + HO, (2.10)
HO, + NO — OH + NO, (2.11)

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

RH + 40, + 2hv 222N9% RICHO + 20, + H,0 (2.12)

This oxydation chain is initiated by HO, (OH and HO,) and cat-
alyzed by NO,.

Examples of R'"CHO are formaldehyde (H,CO), or glyoxal (C,H,0,),
two measurable species in the UV-visible with the DOAS technique. The
catalyzed oxidation carries on with photolysis processes until the organic
compounds are fully converted into CO,. Note that the oxidation of CO
also produces tropospheric ozone, though the ozone production efficiency
is weaker than for hydrocarbons.

Termination occurs when HO, or NO, are removed, which happens
mostly through:
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NO, + OH + M —s HNO, + M (2.13)

or

HO, + HO, — H,0, + O, (2.14)

The above reactions point out the role of two parameters in ozone
production: the available light and the ratio of NO, to Volatile Organic
Compound (VOC). Light is necessary to photolyze NO, (reaction 2.5)
before ozone production. This explains both why the ozone maxima oc-
cur in summer during clear-sky days, and why NO,, abundance is higher
in winter, as it can be seen for China on figure 2.10. At the same time,
for NO, to act as a catalyst, NO, must be regenerated through reac-
tion 2.11. This mechanism is competitive with the termination of HO,
(reaction 2.14) when VOC concentrations are high. The ratio of VOC
to NO; is thus a second key-element in the ozone formation.

"VOC-Limited Regime"
VOC:NO, << 8
OH source < NO, source
VOC/NOy, = 8/1
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Figure 2.8: Isopleths of 1-hour maximum O concentrations (in ppm)
calulated as a function of initial VOC and NO, 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 NO,. It
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shows a complex relationship between these three variables with a NO,-
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 sym-
metric. An important consequence of the isopleths’ shapes is that in the
VOC-limited regime, a reduction of NO, may yield an enhancement in
ozone production. The VOC-limited regime is often encountered inside
cities. Brussels often experiences such an increase in ozone during week-
ends, when the traffic, the main source of NO,, 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
NO, and aerosols.

2.2.3 Sources and sinks of NO,

Table 2.2 lists the sources of NO, in teragrammes of nitrogen (1 tera-
gramme = 10'? 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, N, and O, are decomposed
and recombine, directly or indirectly in NO,. 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 fer-
tilized. 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 NO, present close to the ground is mostly anthropogenic.

Table 2.2: Global emissions of NO, in 2000, adapted from (Vlemmix,
2011).

Source Emission rate (Tg N/year)
Fossil fuel combustion 25.6
Lightning 6.2
Biomass burning 0.8
Soil 8.9
Biofuels 2.2
Aircraft 0.5
Stratosphere 0.1
Total 49.3

The main sink of NO; is the oxidation of NO, to HNO,, which takes
different paths during day and night depending on the presence of the
hydroxyl radical. During day time, ozone can be photodissociated and
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the free oxygen atoms combine with H,O 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 NO, is in this
case less direct and involves ozone:

NO, + 05 — NO, + O, (2.15)
NO, + NO, + M — N,O, + M (2.16)
N,Oj; + H,0 — 2HNO, (2.17)

An alternate NO, sink is its conversion to an organic form, namely
peroxyacetyl nitrate (PAN, C,H3;NO;). 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
NO,, since PAN is not as soluble in water as nitric acid. In fact, PAN
decomposition increases with temperature, releasing NO, further away
than expected from its natural lifetime of a few hours (figure 2.6).

2.2.4 Time and space patterns in the NO, field

With its short lifetime, NO, mostly stays close to its sources and inside
the boundary layer. Considering also that the sources described in the
previous section are mostly anthropogenic, it is not surprising to find the
highest NO,, loadings close to populated and industrial places. To illus-
trate that, figure 2.7 presents the average global NO, field derived from
satellite data of June 2010. It should be noted that the NO, distribution
largely varies with time, but the most populated places are always vis-
ible: 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 NO,.

Regarding the vertical distributions, figure 2.9 presents in-situ mea-
surements 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 ra-
tios vary with the soundings but the bulk of NO, is always close to the
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ground, except for the last one (2 July 2009) which shows the lowest
NO, levels.
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Figure 2.9: In-situ tropospheric NOs profiles during CINDI campaign.

The NO, 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 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
NO, over China was also detected from space (Lin and McElroy, 2011).
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In Europe and North America, NO, trends are overall weakly negative
(van der A et al., 2008; Konovalov et al., 2008; Stavrakou et al., 2008).
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Figure 2.10: Time series of NOgy column as seen from the satellite instru-
ments GOME and SCIAMACHY above China (Richter et al., 2005).

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



Chapter 3

Scattered-light DOAS

This chapter presents the methods used in this thesis to retrieve geo-
physical quantities 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 Absorp-
tion Spectroscopy (DOAS). The second section details 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 reac-
tions in the atmosphere through photodissociations of molecules such as
NO, and O4. At longer wavelengths, the radiative field interacts non-
destructively with matter through scattering and absorptions of pho-
tons. The latter phenomenon is the physical principle of our measure-
ment: molecules absorb photons around specific energies, which depend
on their molecular orbitals and the symmetries in atomic arrangement.
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 applica-
tions of spectroscopy from the radio waves to the gamma rays is given
by Svanberg (2004).

23
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The absorption of light by a molecule corresponds to allowed tran-
sitions in 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 rota-
tional states'. 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 sym-
metric like N, and O,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 ab-
sorb 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 tran-
sitions 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 natural 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 analytically 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

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

2Note that this description neglects other effects such as collision-induced absorp-
tions, which appears for instance to N, in the infrared.
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are composed of mixed rotation lines, centered around specific electronic
transitions.

Spectrometer

Light source
( Absorber of homogeneous ]
®L concentration cand J 4

cross section a(h)

lo(A)
P e

L

Figure 3.1: Absorption spectroscopy in the lab.

So far, we have only described the interaction processes between light
and matter qualitatively and at microscopic level. Theoretical spec-
troscopy can be used to interpret spectra as was done on Venus atmo-
sphere to discover a new CO, band (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 illustrated in fig-
ure 3.1. The Beer-Lambert law states that the intensity exponentially
decreases while crossing a medium of length L and concentration c:

I(A\) = Ip(N) exp (—o(A)cL) (3.1)

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

From the Beer-Lambert law, the optical thickness of a medium (1)
is defined as:

7(A) =1In =o(N)cL (3.2)

The optical thickness is the interesting measured quantity to get in-
formation on the molecule. Knowing L and c leads directly to the ab-
sorption cross-section and this is the basis of laboratory spectroscopic
studies. On the other hand, knowing L and o 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 NO,, the ro-vibronic system corresponds to transitions be-
tween the ground state and the first electronic level. The cross-section
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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).

exhibits high frequency structures superimposed on a broadband com-
ponent between 300 and 500 nm. The latter is responsible for the brown
color of NO,. All the species of figure 3.2 are detectable with the DOAS
technique. Among them, we have unambiguously identified with the
instruments NO,, O,, and H,0. DOAS measurements of two other
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 writing. The absorption of the O,—0, collision com-
plex, not shown on the figure, was also measured. It was used to infer
aerosol extinction profiles from the POLARCAT experiment (chapter 5)
and to filter the cloud free data acquired during the Earth Challenge
expedition (chapter 6). The O,—O, 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 in-
troduced in the previous chapter, and their absorption cross-sections are
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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 structured absorptions are the
basis of the DOAS method, but before entering in its detail, we will dis-
cuss 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:

1T

ﬁaeveral absorbers Rayleigh and Mie \
with different vertical

: scattering
profiles c,(z) and B
cross-section gi(7.) o
(%) Scattering point

S eﬂr dlﬁusx direct
Q@f light Sunlight ~ /

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 instru-
ment was directed toward the sun. Light recorded by the instru-
ment 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 depen-
dence of the scattering angular distribution (the phase function)
with the particle size.
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Figure 3.4: Scattering phase functions of visible light (A = 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).

2. Several absorbers are present. Not only may their absorption spec-
tra overlap (see figure 3.2) but their concentration is not constant
in altitude.

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 Ip(\) 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(\) =
To(VA(, ..) exp — / a0 9)els) + earlhs) + erh )lds (3.)

Ip(A\) and I(\) are respectively the intensities of the direct sun light
at the top of atmosphere and the scattered fraction measured by the
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instrument. A(A,...) represents the ratio of the scattered light in the ob-
servation geometry at the scattering point. The integral is carried along
the optical path of the measured photons in the atmosphere. The extinc-
tion coefficients eps and eg represent the Mie and Rayleigh scattering. In
fact, Rayleigh scattering is a limit case of Mie scattering for small parti-
cles 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 ¢;, 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
temperature and pressure under atmospheric conditions. Assuming a
constant cross-section, the optical depth of a given absorber 7; in a
scattered-light spectrum can thus be expressed as:

H) = / oi(0 5)cils) ds = oi(N) / cs(s) ds (3.4)

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

SC; = / cs(s) ds (3.5)

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

Integrating Rayleigh and Mie scatterings to their optical depth, equa-
tion 3.3 reduces to:

I(A) = Ip(\) A, ...) exp —[Z ai(N)SCi(\) + 1ar(N) + r(N)] - (3.6)

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

Ipcy A

In =L () = In ;ff ()\)-l-iz;ai()\)ASCi-i-ATM(/\)—I—ATR(/\) (3.7)
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DOAS is based on the observation that, on the one hand, the scat-
tering terms in the above sum vary slowly with A. Indeed, Rayleigh
scattering on molecules varies in A™*, and this wavelength dependence
decreases with the particle sizes. On aerosols, the Angstrém exponent o
describing the dependence (A~%) 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.

optical depth

o

cross section

o

wavelength

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

To disentangle these absorbers, one splits the cross-section in its con-
tinuous (0¢) and differential (¢’) contributions:

a(A) =d' (X)) +oo(N\) (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 polynomial.

1 IT@f(A) . g / - j
n =3 oi(NASCi+ Y a;N (3.9)
i=1 j=0

The above equation enables to retrieve the difference of slant col-
umn of an absorber between a measurement and a reference spectrum.
This relative slant column is usually referred to as a differential slant col-
umn 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 NO, 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 software, 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 scattering (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 scattering 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 O, and N, rota-
tional 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 scat-
tering, are neglected.
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A measured spectrum contains an elastic and a non-elastic part, the
latter originating from rotational Raman scattering (RRS):

Imeas = lelastic T IRRS’ (310)

The rotational Raman scattering (Igrs) represents only a few per-
cent of the total intensity Ipeqs- Thus, the logarithm of the sum 3.10,
which is the fitted quantity, may be approximated by its Taylor devel-
opment:

IrRrs IRRs

In Imeas = In (Ielastic(l +

)) =In Teiastic +

Ielastic elastic

(3.11)

The differential structures of the Ring optical depth can be calcu-
lated by convoluting the solar spectrum Iy and a rotational Raman cross
section of air based on N, and O, Raman spectra, and dividing the re-
sult 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  Io*ORRs
Ielastic IO

" C'Ring (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 NO,
(1le-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:

T=Ax (3.13)

Where 7 is a column vector of optical depths in the wavelength range
of the fitting window, A is a m x n matrix whose columns are the differ-
ential cross-sections o/ (\) and the powers of lambda taken into account
in the polynomial P()), and x a vector composed of the Differential
Slant Column Density (DSCD) of each absorber and of the polynomial
coefficients.
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i (A1) on(A1) 1T X . AT
gl (A o,(N2) 1 X . n

A 1(A2) (A2) 5 (3.14)
FN) o ) 1A LA

In practice, the number of lines of A is much larger than the num-
ber 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 [r — Ax|[T — Ax]T. This
least-square solution, x5, corresponds to the maximum likelihood solu-
tion if the errors on the measured 7 are normally distributed, which is a
reagonable assumption for physical measurements. In QDOAS, the so-
lution xjs 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 x5 as:

1
X)g = V- diag(;) Ut .1 (3.15)
J

The value of the cost-function at xjg, divided by the degree of freedom
of the problem (m —n), can be used to estimate the mean error o on the
elements of 7, since their normal distribution is assumed:

52 [T — Ax)[T — Axye)T (3.16)

m-—n

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

»=02.[VT. diag(i_) V] (3.17)

Wj

The above equation defines the covariance matrix of xj5. In QDOAS,
the error on the slant columns corresponds to the respective diagonal
element of 3:

OASCi = V/ Y (3.18)
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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 spec-
trum.

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

Lres (V) N N~
M IOt shift) — of fset(h) ; 0i(A)ASC; + ; a N (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

r(A, shift,of fset, ASCj,a;) =
InT(A+ shift) — of fset(A) + > of(NASC; + Y " a;N —InLep(N)
i=1 §j=0
(3.20)

Among the various algorithms to solve non-linear least-square prob-
lems, QDOAS uses the Levenberg-Marqardt algorithm (Madsen et al.,
2004) to fit the shift and offset® 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).

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.
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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, rela-
tive to the same quantity in a reference spectrum. These relative slant
columns depend on the observation geometry, sun position, and atmo-
spheric 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 geophys-
ical 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.

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 6y and
azimuth ¢g. 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 kqps and kgeq. 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, 7, integrating the
extinction upward from the layer altitude. The zenith angle is replaced
by its cosine u = cosf. It is also convenient to introduce the ratio of the
scattering over the total extinction, referred to as the single scattering
albedo w:

ksca
= — 3.21
“ kabs + ksca ( )

The above description is illustrated in figure 3.7. Neglecting the ther-
mal emissions and the polarization effects, the variation of the intensity
across the layer in a given direction is written as (Liou, 2002):
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Figure 3.6: Tlustration of the profile dependence of the slant columns(Honninger 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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Figure 3.7: Transfer of scattered light in a plane-parallel layer: (1) atten-
uation 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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W89 _r ) (3.22)
dr
- %P(%M(M ¢ - (bo)eﬁF(]
T
w 2 ! / / ! / / /
ey /_1p(u,u o —)I(r, ', ¢")dp'de

This is the equation of radiative transfer for the scattered light radia-
tive 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 extinc-
tion. The two others are source terms that originate from single and
multiple scattering, respectively. It is an integrodifferential equation, re-
flecting 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.

3.3.2 The discrete ordinates method for anisotropic scat-
tering in an inhomogeneous plane-parallel atmo-
sphere

The discrete ordinates method originates from the seminal work of Chan-
drasekhar (1960), who was originally interested in stellar atmospheres.
It consists in replacing the integral by sums, to obtain a system of differ-
ential equations. We only give the main ideas for anisotropic scattering
here, the complete solution leads to many difficulties and does not cor-
respond 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 atmo-
sphere.

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

O = ' + /(1 — p2)(1 — ') cos (¢ — ¢') (3.23)

This is particularly convenient for pure Rayleigh scattering (p(©s) =
3(1 4 cos? ©,)) for which only two Legendre polynomials are enough.
Considering the more complicated patterns of figure 3.4, a useful analyt-
ical description is the Henyey-Greenstein function, which also leads to a
simple expression for the Legendre coefficients:
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2
Ppc(cos©,) = = 9(21_ 299 C)OS 55 3 (@20 +1)g' P(cos©,) (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 natu-
rally yields to expand it in its Fourier cosine series:

I(7,p.8) = ) 1(7, 1) cos (¢ — do) (3.25)

Substituting these equations in equation 3.22 and using the orthogo-
nality properties 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 in-
tegral on p by a quadrature sum. The new system of linear differential
equations is solved in the different layers with the 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, 2005a) which itself implements the DISORT pro-
gram (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 de-
fines the solar position, a geometry of observation including the altitude,
and an atmosphere, including the temperature and pressure profiles and
the optically relevant trace gases abundances (O3, NO, in the strato-
sphere). 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 cor-
rection for the spherical shape of the atmosphere. For zenith observa-
tions, discrepancies from the plane parallel approximation can be ne-
glected at small solar zenith angles but as some of our measurements use
a limb geometry, this aspect is important. Treating the radiative trans-
fer in full spherical geometry is possible but implies heavy computational



40 CHAPTER 3. SCATTERED-LIGHT DOAS

costs. The calculations were performed instead with a common trade-off,
the so-called pseudo spherical approximation, in which the direct-light

attenuation (e+~o Fo) 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 coher-
ence of the scattering (which neglects in particular the Ring effect). The
model used does not take into account the polarization either. The in-
fluence 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 atmosphere, 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, I 45 ans I,oqps, which
define the optical depth of the absorber. Writing the Beer-Lambert law
of the scattered light enables to calculate the slant column corresponding
to the simulated atmosphere and observation:

I
SC = Ly Lnoats (3.26)
o Iabs
Dividing this simulated slant column by the model vertical column
(VC) gives the enhancement factor due to the slant path of light in the
atmosphere, commonly referred to as the Air Mass Factor (AMF):

sc
AMF = 2~ 2
Ve (3:27)

The vertical columns from our DOAS measurements can now be re-
trieved, 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 NO,, 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 trans-
fer 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
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effect on the AMF. Air mass factors calculations varying several param-
eters 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 measure-
ment. However, the vertical distribution of an absorber - or of another
geophysical parameter - may also be retrieved if multiple measurements
are performed in different geometries. 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. Honninger et al. (2004)). Note that these two configura-
tions are not sensitive to the same layer of the atmosphere (respectively,
to the stratosphere and the lower troposphere). The amount of infor-
mation 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 distribu-
tion x = x;—1.., and given an observation geometry and an atmospheric
state, the weighting function W F' is expressed as:

WFiz1.n = ais(jD (3.28)

Weighting functions are calculated with UVSPEC-DISORT by suc-
cessive perturbations on x; in the layers of the altitude grid. In chapter 5,
We retrieve profiles of extinction and NO, using the limb DOAS mea-
surements during the sounding, i.e. varying the altitude of observation.
Figure 5.5 presents some of the weighting functions for this kind of mea-
surements.

A careful reader may have noticed that the above discussion missed
an important 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 experiments, using or not radiative
transfer modeling. These methods are detailed in the respective chapters.






Chapter 4

Instrumental aspects in
DOAS measurements

This chapter presents common aspects of the DOAS apparatus devel-
oped 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 re-
lations 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 op-
tical 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 de-
veloped 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. Commer-
cial optics were used for all the instruments, so the choice in materials
and size were limited to the catalogs. Nevertheless, we give some the-
oretical 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 sil-
ica. The core is made of pure silica (SiO,) while the cladding is made of
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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.

fluorine-doped silica and a polymide protective buffer. The acceptance!

cone angle originates from Snell’s law at the limit of total internal reflec-
tion, derived from the two refractive indices nq and no of the fiber core
and cladding, respectively. These numbers are not given accurately by
the manufacturers. Instead, they give the numerical aperture (N A) to
characterize the acceptance cone:

6
NA:nsin%: n? —n3 (4.1)

In this formula, n represents the refractive index of the medium
(taken as unity for air) and 0 ¢pq, 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 op-
tical path length in the atmosphere, so the lens, if present, is put at

'Here and in what follows, we consider the full cone angles, not the half angles,
which are also often used.
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baffle

collimating lens

optical fiber

Figure 4.2: Optical head of the Mobile-DOAS instrument (left) and
Avantes collimating lens (right).

its focal length (f) in front of the fiber to collect a parallel beam of its
diameter (D). The cone angle (0j,q:) of light behind the lens is thus:

D
Opmaz = 2 arctan 3 (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):

d d
FOV = 2arctan — ~ — (4.3)

2f  f

Ag illustrated in figure 4.2, light originating from outside the theoret-
ical 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 (6p) limited by the baffle
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Dp—D

Op = 2arctan (T
B

) (4.4)
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where Dp is the baffle diameter, Lp its length, and D the lens di-
ameter. The baffle should not hide part of the beam (0 > 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 400 um 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/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:

L Ymaa

21/t 2

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 (Wy) and height (Hg) of the grating and from the incidence angle
of the incoming light («) as (Lerner and Thevenon, 1998):

Do /WgHchosa (4.6)

Note that the angle of diffraction is different from the angle of in-
cidence 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).

N A = sinarctan (4.5)
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Figure 4.3: Czerny-Turner set-up. The dashed red line represents spec-
tral stray light originating for instance from the second order of diffrac-
tion and scattered in the (not shown) housing.

The loss of brightness is 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 detector 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 (0¢)
and output () of the f-number matcher as a function of the illuminated
part of the mirror (D,,) and its focal length (f,):
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& = tan H—f + tan %
2fm 2 2

The grating spectrometers used in all our instruments are based on
the popular Czerny-Turner set-up, shown in figure 4.3. This configura-
tion 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:

(4.7)

sina + sin 8 = knA (4.8)

where A is the wavelength of the light, o and [ 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.

from optical fiber to CCD

f-number matcher shutter spectrometer

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 (df/d\) may be calculated.
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It is converted with the focal length of the second mirror (f2) to a linear
dispersion (dx/d\) where z is the position on the focal plane of the
second mirror. Its inverse, the reciprocal linear dispersion (d\/dx) is
more useful in practice:

dA  cosf

de  knfs

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:

(4.9)

, cos a fa
= = 4.1
W Wcosﬁ f (4.10)
This leads to the following expression for the bandpass (BP):
W cos
BP = 4.11
fikn (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.

Focussing miror

Detector

SMA-entiance connector

Grating Collimating mirror
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 spectrom-
eters used respectively in the ALS-DOAS instrument (chapter 5) and in
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the three more compact 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 equation 4.11 corresponds to
0.5 nm, which is confirmed by measurements with a Hg-Cd lamp (fig-
ure 4.8).

4.1.3 CCD and CMOS detectors

Two kinds of digital detectors are currently used in digital imaging:
Charge Coupled Device (CCD) and Complementary Metal Oxide Semi-
conductor (CMOS). Both of them are based on linear or matrix arrays of
metal oxide semiconductors (MOS). These MOS pixels convert individ-
ually incoming photons into electric 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 illustrated 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.
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conversion N\
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) conversion

LB EEEE
BB REE
CELLE

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
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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.

Front-illuminated Back-illuminated
hv Vg Vg
| Poly-Si | | Poly-Si |
| Sio, | | S0, |

l depletion zone I __I [ depletion zone ISi-p

hvm N

Figure 4.7: CCD: front and back-illuminated configurations.

Si-p

The detectors in our instruments are all CCDs. An ultra-compact
spectrometer 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 (chapter 5) is a back-illuminated matrix
(2048 x512) 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 nature of light and is thus independent of the quality
of the detector. This shot noise is analytically described by a Poisson dis-
tribution on the number of detected photons (IV), leading to a standard
deviation of v/N. Considering a perfect detector measuring N photons,
its signal-to-noise-ratio (SN Rgpot) is thus:

SN Rgpor = \/NN =VN (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
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the electronics, in particular the pre-amplifier. The signal-to-noise ratio
for a CCD (SNRccp) is expressed as:

1Qgpt
VIQgt + Dt + N?

SNRccp = (4.13)

where [ is the incident photon flux (photons/pixel /second), Qg is the
quantum efficiency, t is the integration time(seconds), D is the dark cur-
rent value (electrons/pixel/second), and N, 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 dom-
inates 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.

4.2 Characterization

4.2.1 Calibration, instrument function, and sampling ra-
tio

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 neverthe-
less characterized for the different spectrometers using the emission lines
of a Hg-Cd lamp. This first calibration is refined during the spectral
analysis with QDOAS using the Fraunhofer lines. The software aligns
the spectrum with respect to a calibrated solar spectrum (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 in-
strument function, e.g. a Gaussian 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 shows the instrument function of the ALS-DOAS instru-
ment measured 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 bandpass increased towards the UV (from 0.5 nm to
0.7 nm FWHM), probably due to a small misalignment. The instrument
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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.

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 in-
formation. For a Gaussian instrument 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 obvious that the sam-
pling ratio (S) may be roughly estimated with a typical bandpass (BP),
the number of pixels of the detectors (nbp;, ), and the total spectral range
(R) as:

b T
S = BP”Tf (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.
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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 origi-
nating 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 measurement 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 correction method was proposed by Zong
et al. (2006). Tt consists first in recording at successive wavelengths the
so-called spectral line-spread function, i.e., the response 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.

1

10 T T T

10°F Stray-light E
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Figure 4.9: Spectral stray light measurements in the lab with a double
monochromator: example of line-spread function.

We have implemented the method of Zong et al. with a Bentham dou-
ble monochromator and a broadband source. Figure 4.9 is an example
of line-spread function (LSF) measured with this set-up. In particular,
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our work has consisted in the automation of the LSF measurements,
which take a lot of time. Indeed, each LSF is reconstructed from four
measurements, including a saturated version to increase the signal away
from the nominal wavelength and the dark currents. Unfortunately, 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.
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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.

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
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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 polar-
ization dependent discontinuities in the grating efficiency (Stewart and
Gallaway, 1962). If a Wood’s anomaly falls within a fitting window, it
must be properly taken into account (see McLinden et al. (2002) for a
discussion about the effect of polarization on the OSIRIS instrument).
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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 NO,.

Regarding the instruments used in this thesis, the polarization sen-
sitivity is reduced by the use of the optical fibers, which act as po-
larization 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
NO, fitting window (see figure 4.10). Nevertheless, to ensure that no
polarization effect would affect the measurements, we have investigated
the sensitivity to polarization in the lab with a Wollaston prism. For
the ULM-DOAS, this characterization is shown in our reply to the ref-
eree comments (Www.atmos-meas-tech-discuss.net/5/C1445/2012/).
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It indicates that the differential 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 NO, cross section, they can be
accounted for as the Ring effect, by treating them as a pseudoasbober.

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 RM.S indicates the standard de-
viation (o) of a Poisson distribution corresponding to the photons mea-
sured 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-o, 2-0), a multiple of the RM S 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 chap-
ter 5 for the NO, 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 resolution 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 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 NO, detection threshold varies with the slit
width relatively to a bandpass base value of 1 nm. Multiplying the slit
width by « leads to the same factor o for the number of detected photons.
Assuming a photon noise limited situation?, the signal-to-noise ratio is
thus increased by /a. The effect of «v is analytically more complicated for

2In practice, the signal on each pixel follows a different Poisson distribution
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Figure 4.12: Investigations on the optimal spectral resolution to detect
NO,.

the cross section. To estimate it, the NO,, cross section is convoluted at
various resolutions around 1 nm. Secondly, 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 « gives thus the variation of the signal-to-noise ratio
due to the differential structures, F'(«). The resulting equation of the
detection threshold (Dy) is thus:

Di=——— (4.15)
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Figure 4.12 presents the results with three versions of the NO, 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.



Chapter 5

Airborne DOAS

measurements in Arctic:
vertical distributions of
aerosol extinction coefficient
and NO»s concentration

Writing about the future of technology, von Neumann (1955) described,
together with the greenhouse effect of CO,, 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, Sur-
face Measurements and Models, 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.
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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 phe-
nomenon 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 warming observed there. Indeed, the dry
arctic air makes the area more sensitive to non-water-vapor greenhouse
gases’ increase. Furthermore, above the high-albedo snow and ice sur-
faces, aerosols - even if only weakly absorbing - can lead to a warming,
contrary to their global cooling effect (Law and Stohl, 2007, and ref-
erences therein). Climate change may further modify the arctic tropo-
spheric composition. For instance, if the summer sea ice continues its
decline, ship traffic through the Northern passages will become an im-
portant source of aerosols and NO,, 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 moti-
vates dedicated airborne missions.

\
6 km

2500 km

v

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

Differential Optical Absorption Spectroscopy (DOAS) has been wide-
ly used for atmospheric research (Platt and Stutz, 2008). First applied to
the retrieval of stratospheric gas columns using zenith-sky observations
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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; Honninger 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;
Friefs et al., 2006) and implemented by several groups (Irie et al., 2008;
Clémer et al., 2010a). The approach uses the (O3)2 collision complex,
referred to hereafter 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 Oy since its
vertical distribution is well-known. The vertical resolution retrieved from
the ground-based measurements remains poor however; typically two in-
dependent 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 ge-
ometry 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 air-
plane, has already measured NOgy vertical distributions (Bruns et al.,
2006) in a polluted region. Prados-Roman et al. (2011) have used an-
other 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 in-
strument 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
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of CO and ozone mixing ratios, as well as backward trajectories calcula-
tions.

Spectrometer with

thermal insulation BK7 port

Scanning telescope

Optical fiber

Figure 5.2: The Airborne Limb Scanning Differential Optical Absorp-
tion Spectrometer (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.

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, fol-
lowing the Multi-Axis DOAS (MAX-DOAS) principle (Honninger 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
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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 pm 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 match-
ing interface. The detector, a back-illuminated Pixis CCD 2048*512
pixels? from Princeton Instruments, is cooled to -50 °C to increase the
signal-to-noise ratio on the spectra. The whole set-up including the com-
puter 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.

Several tropospheric molecules absorb light in the spectral range of
our instrument and thus are potentially detectable: O3, NOo, HCHO,
CHOCHO, Oy4, 10 and BrO. During the campaign, O4 and NOy were
most clearly identified. In addition, O3 was visible in the DOAS analysis,
but attempts to isolate its tropospheric contribution were unsucessful.
Similarly, the presence of 10 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
international research activity (Polar Study using Aircraft, Remote Sens-
ing, Surface Measurements 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 per-
formed twelve scientific flights between continental Norway and Svalbard
between 30 March and 11 April 2008. Scientific objectives of the cam-
paign included the study of pollution transport, aerosol/cloud interac-
tions and satellite validation. Various flight patterns were achieved in dif-
ferent weather conditions to fulfill these different research requirements.
The aircraft’s payload included remote sensing (e.g. Lidar, Radar) and
in situ instruments (e.g. aerosol sampler, cloud particle imager). In sec-
tion 5.4, the aerosol size distributions 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 between (.02
and 3 pum. Section 5.5 also presents ozone and CO profiles from the
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MOZART instrument (Nédélec et al. (2003), Ancellet et al. (2009)) and
attenuated backscatter ratio profiles at 532 nm and 1064 nm measured
with the Lidar as described in de Villiers et al. (2010).

Sounding 1, 2008/04/08'¢

..;\‘

vy v B X .
¢ Sounding 2, 2008/04/09 -

Yehox

#° =Kiruna

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.

The ALS-DOAS instrument recorded spectra continuously during the
campaign, except during the flight as0829 (7 April 2008) due to a com-
puter problem. This study focuses on the data collected during two
soundings on 8 (flight as0831) and 9 April 2008 (flight as0833), respec-
tively 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 con-
tinued 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 sound-
ing, 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
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present close to the sea surface.

5.3 Spectral analysis and profiling method

The data analysis consists of three steps: 1) quantification of O4 and
NOs molecular absorptions in the spectra, 2) retrieval of the vertical
distributions of aerosol extinction and NOs concentration from these
measured absorptions and 3) error budget.

The first step is achieved with the DOAS technique using the setttings
presented in section 5.3.1. The second step involves a modeling of the
atmospheric radiative transfer to study the sensitivity of the measure-
ments to aerosol extinction and NOg 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 Oy
and NOs DSCDs. These settings were implemented in the QDOAS
software, developed at Belgian Institute for Space Aeronomy (BIRA-
TASB) (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 scattering by Oq
and Ng 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 NOg 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 420° around the horizon, due to the plane’s roll vari-
ations 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 NOs 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.


http://www.aeronomie.be/spectrolab/o2.htm
http://www.aeronomie.be/spectrolab/o2.htm
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Table 5.1: DOAS analysis settings for the ALS-DOAS.

Oy NOg
Fitting window 340-370 nm 415- 446 nm
Oy Hermans (see text) Ibid.
NO; Bogumil et al. (2003) Ibid.
O3 Bogumil et al. (2003) Ibid.
H»0 - Harder and Brault (1997)
Ring Chance and Spurr (1997b) Ibid.
Polynomial order 3 )
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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 spectrum (green lines). Note that the pixels
between 435.4 and 436.5 nm are damaged.

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 experiment, 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, 2005b), presented in chapter 3. Considering the DOAS
fitting windows, the calculations were done at 360 and 440 nm respec-
tively for O4 and NOy. To calculate the true Slant Column Density
(SCD) from the DOAS DSCDs measurements, the SCD in the reference
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spectrum (SCDref) must be estimated (cf section 5.4.1).

Some of the atmospheric state parameters, usually sources of uncer-
tainties in the retrieval of a particular geophysical quantity, were mea-
sured in-situ onboard the plane, such as the temperature, pressure and
ozone concentration. Their measured profiles are included in our model,
completed higher up in the troposphere and in the stratosphere with
values extracted from the TOMSVS climatology (McPeters et al., 2007).
The latter depends on the ozone total column, estimated at 390 Dob-
son units in our case from the AURA AVDC values at Ny-Alesund and
Tromsg (http://avdc.gsfc.nasa.gov/). The NOg 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 Mo-
nitoring Instrument (OMI) instrument. The albedo of open-water can be
calculated accurately assuming 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, absorption
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 partic-
ular the relative 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, de-
fined by the orientations and altitudes of the aircraft, telescope angles
and solar positions.

As described in chapter 3, weighting functions are required to re-
trieve vertical distributions. They are calculated here by perturbations

on the predefined profiles of extinction and NOs. In addition to the linear

o ) 8SCDo, 9SCDno .
weighting functions (=5~ BN ), we also calculate logarithmic

dSCDo, 9SCDNo,
Olnext; * dIn[NO2];
retrievals to positive values (see next section).

weighting functions ( ). This enables to constrain the

Figure 5.5 shows typical NOg weighting functions for the sounding of
the flight as0831 (8 April 2008). While the shapes are different for the
linear and logarithmic 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
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Figure 5.5: Some of the weighting functions relative to the NOy slant
column measurements of the 8 April 2008 in linear (left panel) and log-
arithmic (right panel) scale. Beside the altitudes of observations are
indicated the telescope line-of-sight angles (0° is nadir, 90° horizontal).

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 NOs in the predefined profile is

assumed to be in the boundary layer. Indeed, for small [NOj]| values,

01n [NO2] gets large and reduces thus the derivative %.

Dividing the linear weighting functions by the layers’ thickness de-
fines the box air mass factors (box AMF, (Wagner et al., 2007)). The box
Air Mass Factor (AMF) scale is also displayed on figure 5.5 and can be
compared with the same quantity calculated for nadir looking satellites
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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.

(e.g. by Zhou et al. (2009, Fig. 1)) and ground-based MAX-DOAS in-
struments (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 max-
imum a posteriori evaluation

The weighting functions express the sensitivity of a measurement to a

vertical distribution x. For a set of measurements y y;j—1. ,, defining

the weighting functions matrix K as 858?1 enables to write, if x is close
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to the linearization point Xg:

Yy —yo =K(x—x0) +¢ (5.1)

where yg represents a measurement series at the linearization point
Xg, which can be calculated with the radiative transfer model.

Due to the error e, which represents instrument noise and model
uncertainties, the solution X is a statistical estimate of the true state.
The problem is generally ill-posed and some regularization is required
to retrieve X. 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 algorithm:

Xi+1 =Xi+ (52)

(Sa' + K{STTKy) KIS Ny — F(xi) — S5 (xi — Xa)]

where S, and S, are respectively the a priori and error covariance ma-
trix, and Kj the weighting functions matrix calculated with the vertical
distribution x; .

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

A = (K;TS7'K; + S;1) KIS TK; (5.3)

The averaging kernels matrix also contains information about the
vertical resolution 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 K; are not
recalculated after each iteration, as suggested in Rodgers (2000). With
this approximation, which seems reasonable since the real state is close to
the linearization point, the retrieval takes around one hour to converge.
Moreover S, is used here as a tuning parameter. In practice, S, is
a diagonal matrix with coefficients S,(i,i) constructed respectively as
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Ba2(i,i) or Blnz,%(i,i) in the linear or logarithmic retrieval, and f is
adjusted to optimize the DOFS while preventing non-physical values and
oscillations in the retrieved profiles.

For both extinction and NOg retrievals, vertical distributions corre-
sponding to a priori, linearization point and starting point of the Gauss-
Newton iterations are the same. Both soundings are retrieved indepen-
dently. 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 at-
mosphere 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 op-
tical properties in the solar and terrestrial spectral range as a function of
relative humidity. Conveniently, one of these predefined mixtures corre-
sponds 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
04 360 nm absorption band, together with measured relative humidity.

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

The assumption of Gaussian statistics, needed to establish equa-
tion 5.2 is realistic for the instrument noise but less obvious for the
quantity to retrieve. For positive geophysical quantities with large vari-
ability around a small mean, a significant 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 weighting func-
tions, 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.


http://www.temis.nl/airpollution/no2col/no2regioomi_v2.php
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5.3.4 Error analysis

8 T T 8 8 x .
—DOAS —DOAS
—albedo ——albedo

7r——asymmetry 7 T 7 ——asymmetry
——cross-section ——cross-section

6 6 —smoothing
total
— 5
£
<
8 4
=
<
3
2
1
0 - ; - 0 . . 0 - & .
0 2 4 6 0 0.2 0.4 0 2 4 6
Observation errors Retrieval errors Retrieval errors
(x10*" molec?/cm®) (log(km™)) (x102 km™)

Figure 5.7: Error contributions for the extinction profile of the 8 April
2008 retrieved in logarithmic scale, estimated from the diagonal elements
of the error covariance matrices.

The uncertainties in the retrieval originate from three sources: the in-
strument 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 model itself is neglected, which seems reasonable from
previous intercomparison exercises (Hendrick et al., 2006Db).

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

S =Sn + KbSng‘ (5.4)

where Ky, is the matrix of sensitivities to the model parameters,
constructed by perturbations on these parameters. The interest of inclu-
ding the uncertainties on the forward model parameters is discussed in
apendix B.
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The noise covariance Sy 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 Oy4 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 NO; retrieval, the considered uncertainties
are on the albedo (o = 0.02) and on the aerosol extinction, with standard
deviations estimated from our extinction retrieval.

The measurement error, with its covariance S, is propagated in the
retrieval with the gain matrix G defined as (KTS7 1K + S;1)"1KTS 1,
representing the relationship between the retrieval and the signal. The
corresponding retrieval error covariance is thus expressed as:

Sr = GS.GT (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 ~T)S,er(A — 1) (5.6)

where Syar is the natural variability covariance and I the identity
matrix. Natural variability is often difficult to quantify. For the extinc-
tion, it is estimated from aerosol optical thickness (AOT) measurements
between 1995 and 1999 at Ny-Alesund (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 as-
suming standard deviations of 0.005 in all the layers with relative hu-
midity larger than 50%, no correlation is considered between the layers.
For NOg, natural variability in the free troposphere is derived from the
TOPSE aircraft campaign. Stroud et al. (2003) give statistics for the
NO, measurement during the campaign: a mean and standard devia-
tion 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 NO, measurements.
Again, no off-diagonal elements are added to the variability covariance
matrix. Figure 5.7 displays the different error sources and their propaga-
tion in the aerosol extinction retrieval on 8 April 2008. The error profiles
for each parameter represent the square root of the diagonal elements of
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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 NOg DSCD measured during the flights
as0831 (8 April 2008) and as0833 (9 April 2008) and the corresponding
retrieved aerosol extinction and NOg 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 NOs.

5.4.1 Residual columns and O, DSCD scaling factor

DSCD measurements are relative to the slant column in a reference spec-
trum. Determination of this reference column is thus necessary for any
further quantitative discussion on geophysical quantities. O4 and NOsg
DSCDs presented in the following 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 mea-
surements 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.

04 DSCD measurements are commonly corrected with ad hoc scal-
ing 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. Spectra obtained at high altitudes give
an opportunity to estimate accurately such a scaling factor. Indeed, the
04 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 com-
paring measurements and simulations.

To quantify the O4 residual slant column in the reference spectrum
(SCDy,cf) and the DSCD correction factor(e), we apply a linear re-
gression between measured DSCD and calculated SCD in the same
geometries:
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Figure 5.8: Determination of the residual column density and of the
04 DSCD scaling factor. DSCD measurements at high altitude, where
aerosols scattering can be neglected, are plotted versus simulated ab-
solute SCD. The linear regression fits simultaneously the residual slant
column density in the reference spectrum (the intercept, SCD,..f) and
the DSCD correcting factor (the slope).

SCD = a- DSCD + SCD,f (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 scattering 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 a 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 Spineil.

For NOg measurements, the same high-altitude series is used to es-
timate a reference SCD, without fitting a correction factor on the cross-

section. This leads to a NOg reference column of 7.81 x 10*® molec/cm?.

"http://www.knmi.nl/omi/documents/presentations/2010/0stm15/0STM15_
AIS_Spinei_02-02_Cross_Sections.pdf


http://www.knmi.nl/omi/documents/presentations/2010/ostm15/OSTM15_AIS_Spinei_O2-O2_Cross_Sections.pdf
http://www.knmi.nl/omi/documents/presentations/2010/ostm15/OSTM15_AIS_Spinei_O2-O2_Cross_Sections.pdf

5.4. RESULTS 79

Aerosol optical effects are also neglected and the NOg 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 simula-
tions for the spectra recorded between 9h16 and 10h01 UTC during the
as0831 flight. The upper panel shows the aircraft altitude and the tele-
scope line-of-sight angle. During the period considered, the aircraft was
flying at high altitude (6 km) before descending to the marine bound-
ary layer and continuing with a level flight at 300m. The two lowest
panels display the measured and simulated O4 and NOy 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 col-
umn series are closer to the simulations than the NOs, especially at high
altitude, due to the weak aerosol extinction there and the known vertical
distribution of Oy4

The oscillations are anticorrelated for the two species during the high
altitude part. This is due to the fact that the NOg 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, systematically 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 NOg is stable during the
descent but increases only in the boundary layer, indicating a very low
NO3 concentration in the free troposphere and higher values close to the
sea surface.

Deviations between measured and simulated DSCDs indicate differ-
ences between the true state of the atmosphere and the radiative transfer
parameters used. This is visible at the end of the two DSCD series, cor-
responding to the boundary layer. In this region, aerosol extinction is
no longer negligible and the NOs concentration is higher than the one in
the model atmosphere.
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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 NQOg, are com-
pared 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 NOs concentration are different from the model.
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5.4.3 NO,: Influence of the stratosphere and detection
limit

For NOs, the SCD simulations reveal a substantial influence of strato-
spheric NOg overhead although the measurements were performed in the
troposphere. This effect can be clearly identified in Fig. 5.10, which com-
pares measured NOy 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
NOg concentration is low in the free troposphere, the signal originates
mostly from the stratosphere and the boundary layer, where a NOo 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 NOs content in the simulations, we
have used measurements of stratospheric NOgy columns obtained from
the OMI satellite instrument, which was flying above the sounding area,
precisely at 9h42m on the orbit 19850. Assimilated vertical stratospheric
column (2.91 x 10 molec/cm?) from the DOMINO data product (see
Sect. 5.3.3) have been used to scale to the TM4 vertical distribution in
the stratosphere.

The minimum detectable DSCD corresponds to an optical density of
two times the DOAS fit residual root mean square deviation (RMSD).
Converting this minimum DSCD to a vertical column density requires
knowledge of the enhancement factor between the Vertical Column Den-
sity (VCD) and the DSCD, namely the AMF, which can be derived from
simulations. The detection limit is thus 2}5{‘;;5 where o is the NOg
cross-section value. With a RMSD of around 2.1 x 10~* (Fig. 5.4) and
an AMF in the boundary layer of around 10, the minimum detectable
vertical column is 7.3 x 10'® molec/cm?. Assuming a homogeneous layer
1 km thick, this corresponds to a concentration of 6.6 x 10® molec/cm?
and a volume mixing ratio of 27 ppt. Taking the NO/NOg ratio of 0.5
given by Ridley et al. (2000) in similar conditions, this leads to a total
NO, 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.
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Figure 5.10: Influence of the stratosphere on NOy tropospheric observa-
tions. Measured NO2 DSCD during the sounding (blue) are compared
with simulations (green) neglecting the stratosphere (left) or not (right).
The latter agrees better with the observations.

5.4.4 Retrievals of aerosol extinction coeflficient and NO,
concentration

Preliminary retrievals demonstrated the difficulty to reproduce quanti-
tatively the measurements corresponding to the telescope pointing slant-
wise 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 situ-
ation 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 prob-
lem could arise from another cause, e.g. a small BRDF effect on the
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albedo. The measurements below the horizon were not considered for
the retrievals.

Figure 5.11 shows the retrievals of the vertical distribution of aerosol
extinction coefficient for the sounding at 71°N, 22°FE 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 ¢ 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 0.0440.005
km~!. 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™!)
around 4 km altitude.

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 men-
tioned in Sect. 5.3.3, the a priori covariance matrix (S,) used is diagonal,
each element being the variance of the aerosol extinction in the consid-
ered 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 vari-
ances 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 x,. 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. Tt was thus necessary when building the S, 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 scat-
tering model (Métzler, 2002; Bond et al., 2006). The complex refractive
index is assumed constant for the calculation. The value, 1.540.01i, 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 pum, could
not, be completely calibrated during the campaign. The missing calibra-
tion mainly affects aerosol extinction calculated for the marine boundary
layer, where large sea-salt aerosols may be present. Nevertheless, the Mie
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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.



85

‘[RASLIJOI UOI}OUIIXD [OSOIOR 9} 0} ATRITUOD ‘980D ATOA 9T S}[NSAI AYJ,
"so[go1d poAdLIjol puR S[PUILY Sulderoar aar3dadsal o) moys sppued om) oy T, (8007 1Ay §) 1S TEROSL oY) Jo SUrpunos
o[} 10J suorouny Surysem (1Y) oruryjureso) pur (1J9]) Ieaul] Sursn [RAdLI)oL a[gotd )N o) Jo uostredwo)) :z1°G 2angig

(cwoyosjow go1) "ou0d ZON sjewlay| Buibelany (cwosoajow 4o|) “ouo2 ZoN s|auwlay Buibelsny
[4 <l L S0 0 L <0 0 Z Sl L S0 0 L S0 0

o

T 0 T

T 0

unig’o
T 7 ) p—
ugs’|
4§ HWMSZTZ—
WG,z —
. uNgZ'e
UNGZy — 3
pardURl — uMgz'g— | LS =30P paroLIel — wsGz g—| €5 =Sjop
toud e (P) uyGg/ G— (0) uoud e (a) -1 unigsg—o/| (B)
i . _ _ —8 ! 8 T : : : —8 : 8
alwypehor Iesur

=
(wny) spnyyy
(wny) spnyyy

WASZ ¥y —

5.4. RESULTS



86 CHAPTER 5. ALS-DOAS

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.

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 be-
havior 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 el-
ements of the total error covariance matrix. Converting a logarithmic
error covariance (Sipx) to a linear one (Sx) often implies a Taylor ex-
pansion leading to the simple expression Sjhx = 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 NOq
concentration 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 boundary layer with a NOg concentration of
1.940.3 x 10 molec/cm?, (b) the lower free troposphere with around
341 x 10® molec/cm3 between 1 and 4 km altitude and (c) the higher
troposphere with negligible concentrations. In the boundary layer the
corresponding NOg 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 x 10'* molec/cm?. The
OMI tropospheric column extracted from the DOMINO product at the
sounding time above the area is 1.7054:6.146 x 10'4 molec/cm?. This
value is close to the ALS-DOAS measurement but it lies inside its own
error bars, which indicates that such low NOs concentrations can barely
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be detected by OMI.

Figure 5.13 presents the extinction and NOg retrievals for the sound-
ing at 70°N 17.8°E on 9 April 2008. The radiative transfer was com-
plicated by clouds close to the surface, so the retrieved profiles start at
3 km altitude. The logarithmic approach is used for the extinction re-
trieval. The DOFS value is low (0.27) nevertheless the retrieved profile
is distinctly different from the a priori and exhibits an extinction max-
imum, 0.02540.005 km ™' at 4 km altitude, which is also visible in the
extinction calculated from the size distribution. A maximum in the NOy
concentration of 1.9540.2 x 10? molec/cm? is also observed at the same
altitude. For this NOs 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 tro-
posphere (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 (vinr) 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 (435 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 5.15: 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 observed 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 (Van-
hellemont et al., 2010) and no major volcanic eruptions were reported
before the period of the campaign. From the lidar profile, it is not ob-
vious 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 backscat-
ter ratio occurs where the retrieved profiles of extinction and NQOy are
maximum.

F 0.5

altitude(m)

-0.5

latitude(®)

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 In-
tegrated Trajectory) model (Draxler and Hess, 1998) with the GDAS
meteorological data serving as input. To understand the vertical vari-
ability around 4 km altitude in the two cases, the calculations start at
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Figure 5.17: CO and NOj 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).

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 at-
mosphere. 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
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intrusion is also consistent with the ECMWF potential vorticity? and
potential temperatures visible on figure 5.16. Indeed, two vorticity fil-
aments 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 NO,, in the Arctic is usually explained
by peroxyacetic nitric anhydride (PAN) decomposition (Stroud et al.,
2003), from local sources like ships (Wittrock et al., 2004) or snow pho-
tochemistry (Honrath et al., 1999). The back-trajectories of Fig.14 tend
to eliminate the last two options for the free tropospheric NOs observed
during the second flight. The air does not come from a close marine or
snow-covered boundary layer. Considering PAN decomposition, 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 NOg layer suggest that this NOy was di-
rectly transported from pollution source regions in Europe. The lifetime
of NOy depends on the meteorological conditions, its main diurnal sink
being the reaction with OH, and at night, the hydrolysis of NoOg on
aerosols (Evans and Jacob, 2005). This lifetime can however be approx-
imated 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 NO, presented in Stroud et al. (2003), which is above
2.5 days. The back-trajectory of the second flight indicates that the air
mags was in a polluted boundary layer 2 days before the measurement,
which supports the idea of transported NOs.

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 sen-
sitivities (Stohl et al., 2003), which can be used to interpret transport
processes and to identify potential pollution source regions. When ig-
noring removal processes and multiplying the emission sensitivities with

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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emission flux densities of CO and NO,, we obtain maps of source contri-
butions, 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 NOj source contribution is maximal at 4 km altitude. According
to Fig. 15, NOg 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 Furope are responsible for the detected CO en-
hancement. Notice that the simulated total NOs tracer measurements
are much larger than the measured NOg, because the model accumulates
emissions over 20 days without considering removal processes. In reality,
only a fraction of the NO, emitted over the last 20 days is transported
to the measurement location and only a fraction of it is present as NOs.
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Figure 5.18: Footprint emission sensitivity for the air in the boundary
layer of the 8 April 2008 sounding, where enhanced NO» is measured.
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Counsidering the boundary layer NO2 observed during the first flight,
footprint emission sensitivities shown in Fig. 5.18 indicate that the sur-
face 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 NOs source contribution from these areas, transport times
from the Kola Peninsula were less than 1 day and even the small (1 ppb)
simulated NOg tracer mixing ratio (originating mostly from the Kola
Peninsula) is much larger than the measured NOg mixing ratio. Fur-
thermore, 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 invento-
ries 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 coeffi-
cient and NOs 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
NOg and O4 absorption structures were identified. The latter were used
to infer aerosol extinction profiles at 360 nm, which were included in the
NOg; 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 0.0440.005 km ™" in the boundary layer and a smaller extinction layer
(0.01£0.003 km~1!) appears at 4 km altitude. NOj is also present in
the boundary layer, its retrieved concentration being 1.940.3 x 10°
molec/cm3. For a sounding performed on the 9 April 2008, a layer with
enhanced extinction and NOgy was detected at 4 km altitude, with re-
spective values of 0.02540.005 km~! and 1.9540.2 x 10% 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 mix-
ture of stratospheric air and polluted air transported from Northwestern
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Europe, whereas for the second sounding the air masses originated mostly
from central Europe. The aerosols and NOg seen in the boundary layer
during the first flight seem to originate from metal smelters and industry
near Nikel on the Kola peninsula. The NO» layer at 4 km altitude ob-
served 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 objectives of the study, yielding quantitative insights into the
chemical composition and aerosol content of the Arctic troposphere, with
a vertical resolution unachievable from ground or satellite, especially in
the free troposphere. The logarithmic approach used for the aerosol
extinction, which yielded better agreement with ancillary 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 telescope?
to maintain it parallel to the horizon. 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.



Chapter 6

DOAS measurements of NO»-
from an ultralight aircraft

From the experience gained from the Airborne Limb Scanning DOAS
(ALS-DOAS), we have developed a more compact instrument, the Ul-
tralight Motorized-DOAS (ULM-DOAS), primarily targeted to measure
tropospheric NO, from an ultralight 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 (NO,) 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). NO, 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 200 pg/m?
and an annual average of 40 ug/m?.

The tropospheric NO, loading can be remotely retrieved using its ab-
sorption bands in the ultraviolet-visible and the Differential Optical Ab-
sorption Spectroscopy (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 Mo-
nitoring Experiment 2 (GOME-2) (Munro et al., 2006). These mea-
surements are particularly valuable since they offer a global picture of

97
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the NO, field. However, their spatial resolution is limited by the pixel
size (13 x 24km? for OMI, 80 x 40km? for GOME-2), which does not
resolve fine-scale patterns. Satellite data also suffer from instrument
drifts and require validation involving mostly ground-based DOAS in-
struments (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.

~705 km

~1 km

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 NO, studies. Their ceiling is
relatively low, but, at least in polluted zones, most of the NO, is close
to the surface. Aircraft modifications are much easier than on normal
planes since they do not require certifications from the aeronautics au-
thorities. Ultra-light aircraft have so far been used to study the actinic
flux (Junkermann, 2001), the aerosol profiles (Chazette et al., 2007; Raut
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and Chazette, 2008) and formaldehyde distribution (Junkermann, 2009).

The Earth Challenge expedition (De Maegd, 2010), which took place
in 2009, involved four ultralight aircraft flying from Australia to Bel-
gium. It provided an opportunity to develop and test a new compact
DOAS instrument, namely the ULM-DOAS. In comparison with previ-
ous 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 NO,
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 instrument 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. Sec-
tion 6.4 investigates the sensitivity of the measurements 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 NO, above interesting areas
for which few local measurements have been reported. The measure-
ments are compared with OMI and GOME-2 data for the days where it
is possible. In addition to NO, 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 400 ym-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 x 27 cm? aluminum box together with a PC-104 that controls
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it. The spectrometer is an AvaSpec-2048 with a 50 ym entrance slit and
a 6001/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
NO, fitting window. The instrument sensitivity to polarization is 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 12'V.

Aluminium Box

12V car ni
connector containing
spectrometer
and PC
Optical GPS
fiber Receiver

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 integration 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 5s to produce a
final measurement point, the process being repeated continuously. The
dark current is estimated from the mean of the signal in the range of
280-300nm, where the atmosphere is opaque due to ozone absorptiomn.
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
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instrument, especially when no scientists are present, as was the case
during the Earth Challenge expedition.

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 27000 ki expedition between Australia and Bel-
gium onboard four ultralight aircraft, which took place in April and
November 2009 (De Maegd, 2010). The team left from Sydney (Aus-
tralia) on 5 April 2009 and reached Bangkok (Thailand) on 30 April 2009
with 37 flights. The second stage started from Bangkok, after the mon-
soon 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 environ-
mental problems, such as sea level rising, pollution and climate change,
in cooperation with the World Wildlife Fund (WWF'). The project was
supported by BIRA-TASB, 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 180km/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 1 oil tanks were added for the longest flights of the expedition, e.g.
the 874km crossing of the Gulf of Oman between Gwadar (Pakistan)
and Dubal (United Arab Emirates).
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Figure 6.4: Flight tracks of the Earth Challenge expedition on a NO,
GOME-2 map. The numbers correspond to the measurements presented
in this paper: (1) Chittagong (Bangladesh, 4 November 2009), (2) Ra-
jasthan (India, 15 November 2009), (3) Karachi (Pakistan, 16 Novem-
ber 2009), (4) Riyadh (Saudi Arabia, 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).

Figure 6.4 shows the second part of the expedition superimposed on
a monthly-averaged map of GOME-2 NO, 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 NO, measurements have been re-
ported 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).
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6.3 Spectral analysis and NO, 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 calculation 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 NO, is commonly retrieved in UV-visible atmo-
spheric spectra using the DOAS technique (Platt and Stutz, 2008). This
method relies on the fact that, for certain molecules including NO,, the
absorption cross-sections vary much more rapidly with wavelength than
the scattering effects (Rayleigh and Mie). In practice, a measured spec-
trum (I(\)) is divided by a reference (Iref(A)) to remove solar Fraunhofer
structures and reduce instrument effects. The slow variations in the log-
arithm of this ratio are filtered out with a low-order polynomial (P())),
and the remaining absorption structures are fitted in a least-square sense
with high-pass filtered laboratory cross-sections (o}())). The equation
of DOAS, originating from the Beer—-Lambert law, can thus be written
as:
I(A)

Iref()\)

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 ref-
erence spectrum (SCDyef):

In == 0oj(\)-DSCD; + P(}) (6.1)

7

DSCD = SCD — SC Dy (6.2)

Table 6.1 lists the DOAS analysis settings used for the retrieval of
NO, 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 NO, DOAS result. The correspond-
ing 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 NO, (panel a), water va-
por (panel b), the (O2)2 collision complex referred to as O, (panel c),
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Figure 6.5: Slit function measured in the lab using a Hg lamp and fitted
from the spectra.

and ozone (panel d) in the form of optical densities relative to the ref-
erence spectrum. The lowest panel displays the fit residuals. The four
absorbers are clearly detected, and NO, 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 NO, (see figure 6.4).

6.3.2 Air mass factors calculation

The DOAS analysis per se provides only a qualitative insight into the
NO, 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 NO,, concentration integrated vertically along
the atmosphere, i.e. the NO, Vertical Column Density (VCD). The Air
Mass Factor (AMF) is defined as the ratio between the slant and vertical
column densities:

AMF = SCD/VCD (6.3)

In the following, we describe our assumptions to derive the tropo-
spheric VCD from Eq. (6.3) and the practical calculations of a tropo-
spheric AMF.
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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 absorptions in the measured spectrum (green lines).

6.3.2.1 Assumptions for the tropospheric column retrieval

The slant column is first splitted in its tropospheric and stratospheric

components:

SCD = AMFtropoVCDtropo + AMFstratoVCDstrato

(6.4)
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Table 6.1: DOAS analysis settings for the ULM-DOAS.
Fitting window 431-495 nm

NO, Vandaele et al. (1998)

Oy Hermans
http://www.aeronomie.be/spectrolab/o2.htm

H50 Harder and Brault (1997)

O3 Burrows et al. (1999)

Ring Chance and Spurr (1997b)

Polynomial order 3

Using the above expression for the slant column density in equa-
tion 6.2 leads to the following formula for the measured DSCD:

DSCD =AM Fi1opo - VC Diropo + AM Fitrato - V C Dstrato (6.5)
_(AMFtroporef : VCDtroporef + AMFstratoref . VCDstratoref)

Equation 6.5 may be simplified if the reference spectrum is well cho-
sen. Due to its short lifetime in the troposphere, VCDyyopo,,, column
can be assumed to be null far enough from the NO, 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, strato-
spheric contributions cancel each other, since the stratospheric NO,, is
slowly varying during the day and the stratospheric AMF is constant.
Equation 6.5 can be thus approximated as:

DSCD = AM Fopo - VCDiropo (6.6)

From Eq. (6.6) it is possible to retrieve VCDypopo, assuming indepen-
dence between a given AMFyopo and VCDyropo. This is usually done
and implies that the NO, loading is optically thin enough that it does
not influence the radiative transfer. The resulting AMF still depends
then on the NO, 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 NO,; and aerosol
extinction profiles

The radiative transfer model used in this study is UVspec/DISORT
(Mayer and Kylling, 2005b). Setting a grid 10 km high, the stratospheric
contribution is neglected, as discussed in the previous section.
Considering the DOAS fitting window (see section 6.3.1), calculations
are done at 460nm. The GPS data recorded with the spectra allow for
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Figure 6.7: Air mass factor versus altitude (black) for an idealized NO,
tropospheric profile (red) well mixed in the boundary layer and of negli-
gible concentration 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.

an accurate calculation 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 13SCDs at uniformly distributed angles
between —12 and 12 degrees around the horizon. The weights correspond
to the different radiances calculated in the respective intermediate Slant
Column Density (SCD) geometries.

The NO, and aerosol profiles in the model both correspond to a well-
mixed boundary layer and negligible concentrations and extinction in the
free troposphere (for the NO,, see figure 6.7). The boundary layer heights
are interpolated from European Centre for Medium-Range Weather Fore-
casts (ECMWF) forecasts at the time and heights of the measurements,
except for Riyadh (see section 6.5.1). In clean areas, these assump-
tions may not be realistic enough, as was showed by the ALS-DOAS
measurements during Polar Study using Aircraft, Remote Sensing, Sur-
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face Measurements and Models, of Climate, Chemistry, Aerosols, and
Transport (POLARCAT), where we detected a NO, 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 measurements presented in this study were
recorded in polluted zones but not directly above cities, where turbu-
lent dispersion lead to homogeneous vertical distribution (Vinuesa and
Galmarini, 2009). Considering NO,, 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 as-
sumed a homogeneous boundary layer to compare in-situ surface NO,
concentrations with SCTAMACHY (SCanning Imaging Absorption Spec-
troMeter for Atmospheric CartograpHY) and OMI columns. This is also
confirmed by the few tropospheric NO, lidar measurements 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 thick-
ness at 550nm from Moderate Resolution Imaging Spectroradiometer
(MODIS) retrieved from Giovanni (GES-DISC Interactive Online Visu-
alization ANd aNalysis Infrastructure), Acker and Leptoukh, 2007) and
divide it by the Boundary Layer Height (BLH) to get the extinction co-
efficient. This extinction coefficient is then scaled at 460 nm using the
Angstrom coefficient as described in Nebuloni (2005), and derive visibil-
ity 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 calcula-
tions, 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
500 m 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 mea-
surements, directly related to the product of the AMF and the boundary
layer height with our assumptions on the profile. Flying inside the NO,
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).
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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 ef-
fects 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.

The parameters in the look-up tables are aircraft’s altitude, relative az-
imuth, 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 visibil-
ity plays the largest 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 de-
tected photons are scattered before reaching the ground, as illustrated in
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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.

Optical Depth
O.OIO'I 0.0|05 0.101 0.05 0.1
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Figure 6.9: Air mass factor versus slant column density. NO, load-
ing starts to influence significantly the radiative transfer above 5 X
10'6 molec/cm?. 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.

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 NO,, is
high enough, it can not be considered as optically thin and reduces the
air mass factor. The effect is visible from 5 x 10'® molec/cm?; corre-
sponding 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
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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 con-
cluded that the BLH were 200-400 m 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. Consid-
ering the albedo, Kleipool et al. (2008) derived an absolute 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
uncertainty in the visibility is set to 6 km. This value originates from the
propagation in Koschmieder’s law of the 300 m 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 Satel-
lite Observations) (Kittaka et al., 2011). Finally, the error due to the
effect of NO, 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).
A parameters AAME

AMF
Boundary layer height 300m 15%
Visibility 6 km 12%
Correlation between
BLH and visibility 0.95 14 %
Pitch 2° 2%
SCD 5 x 10" molec/cm? 1%
Albedo 0.05 1%

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

oDSCD \ 2 DSCD\ 2
UVCDW:\/ (i) 7w <AMF (6.7

In this equation, the error on the DSCD (opscp) 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 correla-
tion between the boundary layer height and the visibility is taken into
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account, introducing an adequate term in Table 6.2. The correlation
coefficient is estimated from the values of the BLH and visibility in Ta-
ble 6.3.

6.5 Results

This section presents the results for the flights of figure 6.4. First, our
measurements 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 NO, 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 in the spectra that closely
matches results from a previous study on satellite data (Richter et al.,
2011).

6.5.1 Comparisons with satellites

Figures 6.10, 6.11, and 6.12 compare OMI (DOMINO (Dutch OMI NO,)
version 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 November 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 NO, field above land.
Indeed, the first two areas indicate rather homogeneous tropospheric
NO, 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 NO, 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 qualita-
tively good for the three days, but better quantitatively above Rajasthan
and Italy than above Saudi Arabia. Above Rajasthan (figure 6.10), the
tropospheric NO, columns seen from the aircraft span from 0.1 £ 0.1
to 3 & 1 x 10" molec/cm?, whereas from OMI 0.5 & 0.6 to 1.7 + 1 x
10%molec/cm?. This discrepancy might be explained by a dilution ef-
fect; indeed OMI is not able to resolve spatial structures at scales smaller
than 20km. Most of the points are, however, inside the error bars.
Considering 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 x 10'%molec/cm?. Note that the two peaks at longitude 10.1°
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Figure 6.10: ULM-DOAS (red) and OMI (blue) measurements over Ra-
jasthan, India (15 November 2009). ULM-DOAS data were recorded
between 07:26 and 08:47 UTC and cover the latitude range from 25.79°
to 24.39°. The NO, field is rather uniform.

and 10.4° E are coincident to O, DSCD higher values and are thus prob-
ably due to enhancement in the light path owing to scattering in clouds.

Figure 6.12 indicates a positive bias between ULM-DOAS measure-
ments and satellite data in the region where the NO, columns are high-
est. In the case of GOME-2, this can be explained by the dilution effect
considering the size of the pixels, and partly by the 3h time difference.
Considering OMI data, these effects are expected to be much smaller,
since the two measurements are almost simultaneous and the spatial res-
olution 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 discontinuous for the period of the flight, and the only AOT mea-
surement point, 0.45, leads to a reduced AMF and thus an even higher
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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 12:14 UTC and cover the latitude range from 44.58° to 45.54°. The
zone west of 10° E is the Po Valley.

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 instead 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 possible underestimation
of OMI data in similar areas.

Figure 6.13 helps to interpret the patterns seen in the pink box of fig-
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Figure 6.12: ULM-DOAS (red), OMI (blue), and GOME-2 (black) mea-
surements over Saudi Arabia (24 November 2009). ULM-DOAS data
were recorded between 09:07 and 12:03 UTC and cover the latitude range
from 25.18° to 24.79°. Horizontal blue and black lines correspond to
ULM-DOAS data averaged over OMI and GOME-2 pixel extensions, re-
spectively. ULM-DOAS tropospheric NO, measurements are larger in
this case than the ones seen by both satellites.

ure 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 NO, 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 NO,, flux, integrat-
ing 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 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.
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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 NO, field.

Figure 6.13: Map of Riyadh surrounding, with ULM-DOAS and OMI
NO, data superimposed. Riyadh agglomeration is delimited by the black
polygon. The arrow indicates the wind direction according to the GDAS
archive.

6.5.2 Other interesting measurements

Table 6.3 summarizes the main results of the campaign and the condi-
tions of the measurements. The numbers representing the measurements
are related to figure 6.4. We do not estimate the uncertainty on the
mass concentration, which would be correlated to the uncertainty on the
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boundary layer height, because even if our measurements have a finer
spatial resolution than satellites, the real NO, field can be much more
heterogeneous than seen by our instrument. These considerations 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 ex-
pedition. The visibility is obviously low. Courtesy of Michel de Maegd.

In addition to the measurements described in the previous section, we
report the measured NO, 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 NO,
column during the landing on an airport 15km east of the city center to
be 2.4+ 1 x 10'% molec/cm?. Benghazi is a comparatively much smaller
city. Nevertheless we also detected high NO, loadings there, around
2.3 + 0.8 x 109 molec/cm?. Such high columns are certainly linked to
the industries of the city and particularly to its refineries.

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 x 10'® molec/cm?. However,
we did not convert these values to vertical columns, since no AOT data
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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 NO,, pollution was probably very high in this region.

6.5.3 Soil signature above desert

Richter et al. (2011), while improving GOME-2 NO, retrieval, empir-
ically 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 Sa-
hara and the Arabic peninsula. Richter et al. (2011) also found a similar
spectral shape in a lab experiment using sand. They nevertheless pointed
out that more measurements were necessary to solidly confirm the at-
tribution to a soil effect, particularly due to possible correlations with
Oy.

Figure 6.15 shows the fit of the soil signature (A. Richter, personal
communication, 2011) together with O, 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 11:30 UTC. 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 sus-
pended sand particles. Using a reference spectrum recorded over the
Gulf of Oman to analyze other flight spectra, we detected smaller low
visibility episodes associated with soil signature in Rajasthan, Egypt
and Pakistan, but not over Italy. Note that the soil signature, due to its
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Figure 6.15: Soil signature in the spectra over the Arabian desert (upper
panel). For comparison, the O, signature is displayed in the lower panel.

broad-band structure, is partly hidden in the DOAS fit using a higher
order polynomial.

6.6 Conclusions on Earth Challengenge

Conclusions on our participation to Earth Challenge

We presented a new airborne instrument designed for tropospheric
NO, column measurement, the ULM-DOAS. It was operated during the
Earth Challenge expedition, which took place in 2009 between Australia
and Belgium. The ULM-DOAS was designed to fit onboard the ultra-
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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.

light 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 geometry of the
instrument makes it suitable for low-flying aircraft and maximizes the
sensitivity to boundary layer NO,.

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 NO, loadings were detected above megacities such as Karachi
(2.4 + 0.8 x 106 molec/cm?) or Benghazi (2.3 £ 0.8 x 106 molec/cm?).
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 frequency patterns in the NO, field (around 5 km compared with
an OMI pixel width of 13km). We believe it is well suited for tropo-
spheric NO,, column validation, offering a low-cost alternative to larger
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aircraft measurements. Such measurements are also well suited for flux
measurements from extended sources, providing accurate 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.



Chapter 7

Mobile-DOAS measurements

The Cabauw Intercomparison Campaign of Nitrogen Dioxide measuring
Instruments (CINDI) took place in the Netherlands during summer 2009,
between the two stages of the Earth Challenge expedition. CINDI pro-
vided another opportunity to develop an instrument for measurements
of NO,. 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 LIDAR used, e.g. to detect SO, from the volcanic
plume of Mount Etna (Weibring et al., 2003) and a FTIR which, in
particular, quantifies alkenes from oil refineries (Mellgvist 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
observation 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, enabled 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. NO, and H,CO from Mexico (Johans-
son et al., 2009b)) or extended industrial complexes (e.g. NO, and SO,
around Texas refineries (Rivera et al., 2010)). Multi-axis mobile sys-
tem reported so far use a compact motorized scanner. Looking closer
to the horizon enhances the sensitivity to the lowest layers of the tropo-
sphere, where lies the bulk of short-lived pollutants (Honninger et al.,

123
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Figure 7.1: Geometry of the Mobile-DOAS measurements.

2004). Such mobile MAX-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 importantly, in the large measurements database. The instru-
ment 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 ob-
served 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 geomet-
rical approximation. Regarding the measurements 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 ad-
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Figure 7.2: The Mobile-DOAS in Hoek Van Holland during CINDI.

vantage of the business travels of a maintenance engineer across Belgium
in 2010 and 2011 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 NO,. 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-TASB Mobile-
DOAS instrument. The scattered light spectra are recorded simultane-
ously in the zenith direction and 30° above the horizon, following the
MAX-DOAS approach. The system originates from the ULM-DOAS in-
strument (see chapter 6) and its technical details are described in (Piters
et al., 2012). Tt is based on two similar compact Avantes spectrometers.
The entry slit of each spectrometers is 50 pm, the focal length 75 mm and
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the grating is a 600 L. mm~!, blazed at 300 nm. The CCD detector 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 focal length 8.7 mm, leading to a field of view of 2.6°(see chapter 4).
Two 400 um 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 measure-
ments. 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 mea-
surement 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, re-
moving 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 mea-
surements depends on the car speed. At 60km.h~!, 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 NO, vertical columns

This section presents the methods used to estimate the tropospheric ver-
tical columns of NO, from the DOAS fits corresponding to the spectra
recorded in the two directions. We establish first the relationships hold-
ing between the DOAS measurements and the vertical columns if the
NO, field is the same for the two channels. The commonly used geomet-
rical approximation is then ruled out from considerations on the NO,
profile and radiative transfer simulations. Finally, a method to take into
account the NOs field inhomogeneities is proposed together with its error
budget.

7.3.1 Case of a homogeneous NO, field

The DOAS analysis extracts from the spectra of the two channels the
integrated absorption of NO, along the light path, relative to a refer-
ence spectrum, namely the differential slant column densities (DSCDs).
This quantity is related to the tropospheric vertical column (V CDyyopo)
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through the tropospheric air mass factor (AM Fy,op0), the reference col-
umn (SC,es), and the stratospheric slant column (SCgtraro). The ref-
erence spectra are specific to each spectrometer but they are recorded
at the same time in the same geometry so SCi.s is the same in the two
channels. Moreover, for ground-based Max-DOAS observations, the light
path in the stratosphere, and thus SCyrqto can be considered constant
with respect to the viewing angle (Honninger et al., 2004). Neglecting the
horizontal variation of the NO, field, the DSCDs can thus be expressed
as:

DSCD(zen) = AM Fyopo(2en)V C Diyropo + SC Dstrato — SCDyes (7.1)
and
DSCD(3OO) = AMFtropo(3oo)VCDtropo + SCDgirato — SCDes (72)

VO Dyropo is directly extracted, combining these two equations, as:

DSCD(30°) — DSCD(zen)

VCDiropo =
OO AM Fyropo(30°) — AM Fipopo(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 Honninger
et al. (2004). It consists in expressing AM Fiyopo as ﬁ, where « 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:

VCDiyopo = DSCD(30°) — DSCD(zen) (7.4)

The GA is widely used due to its simplicity, both for static MAX-
DOAS instruments (e.g. Brinksma et al. (2008), Celarier et al. (2008))
and Mobile-DOAS studies (all the aforementioned mobile DOAS studies,
Shaiganfar et al. (2011) introducing however an azimuth dependent cor-
rection for large NO, VCDs.) Several studies (e.g. Pinardi et al. (2008),
Vlemmix et al. (2010)) have compared the GA with radiative trans-
fer calculations, varying parameters such as the sun position, NO, 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
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100%. The larger difference 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: AM Fiyopo(30°) — AM Firopo(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 NO, layer under 200 m
altitude.

Table 7.1: Parameters and ranges used in the air mass factors calcula-
tions.

Wavelength(nm) 460

Direction Zenith,30°

Surface visibility(km) | 5, 10, 15, 20, 25, 30

NO, 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 NO,, loading is hardly trustable
outside cities. In semi-rural areas, NO, 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. Con-
trary 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 cal-
culate 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 NO, layer may well be very low as suggested
by Dieudonné (2012). If so, using the boundary layer height as was done
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for Earth Challenge data could be largely inaccurate.
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Figure 7.3: Distribution of air mass factors calculated with the param-
eters of table 7.1(left) and of the resulting differential air mass factor
(right).

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 NO, 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.

Figure 7.4 also shows AMF distributions, but around given sun po-
sitions. It indicates in particular that the GA is unrealistic for the dif-
ferential 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
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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 NO; 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 NO,,
is constant. However, 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
SChes — SCstrato can be expressed from DSCD(zen) and DSCD(of f).
Only SCstrato varies in this offset, and only smoothly with time if the
measurements are not close to twilight. SCpes — SClstrato 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 NO,
vertical columns derived from Mobile-DOAS measurements performed
inside Brussels on 2 April 2011. In this case, the quantity SCpes—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 scan-
ning 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 — SCsirato @s a polynomial, we decompose V CDyyopo in
two components according to their spatial gradients:

VCDiropo = VCD}, o, + VCD, (7.5)

tropo
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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 equation 7.5, VCD?TOPO is the smooth component of V' CDyqp0
whereas VCDy,,,, is the structured one. We use a sliding average as a
filtering method. Noting (), the sliding average on n points, VCDJ,,,

is calculated as:

DSCD(30°) — DSCD(zen) (76)
AM Fyopo(30°) — AM Fypopo(zen) / )

The structured component of VC Dy;opo can be estimated from:

VCD?ropo = <

DSCD,ep, — (DSCD,en)n
VCDlyp = T ; (7.7

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 be-
ginning of the measurements series, for the reason given above. Leaving
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aside the technical aspects, the difference of our method compared to fit-
ting SChres — 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 FError 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 randomness 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 visibility of the height of
the layer of NOs. This leads to the following error for the smooth part
of the column:

VCDi(f)ropo
OVCDY o = "AAME CAAMF (7.8)

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

ovceDp,

tropo

7 VCD,
= UDSCD tropo 2 7 9
\/AMFZen + AMernUA]\/[ern ( - )

There is a correlation between AMF,,,, and AAMF 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 inter-
comparison of MAX-DOAS instruments for tropospheric NO, (Roscoe
et al., 2010), which was achieved from 15 to 30 June 2009. In addition
to DOAS systems, NO, 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.
The BIRA-TASB Mobile-DOAS was operated after the intercompar-
ison on the local roads around Cabauw and on the highways between
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Figure 7.6: Mobile-DOAS measurements on 14 July 2009 from Cabauw
to Utrecht: map.

Utrecht and Rotterdam. The motivation, beside testing the newly de-
veloped instrument, was to study the variability of the NO, field inside
one OMI pixel (13 x 24km?). 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,

nevertheless it reveals accurately the NO, horizontal gradients around
the CESAR site.

As an example, figures 7.6 and 7.7 present NO,, 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.


http://www.knmi.nl/omi/research/product/rowanomaly-background.php
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Figure 7.7: Mobile-DOAS measurements on 14 July 2009 from Cabauw
to Utrecht: time series.

(2010b). Note in particular that the radiative transfer is based on LI-
DORT (Spurr, 2008) instead of DISORT in our case, and uses an optimal
estimation scheme to retrieve the NO, profile. The two measurements

are very close, around 3 + 1 x 10'® molec/cm?. This gives confidence in
the NO, 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 pos-
sible thanks to the highly automated acquisition program and the ease
of installation, on any car with a window and a 12V socket. Combin-
ing 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
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the routine measurements compared to a campaign is that the instrument
can be started only in good meteorological conditions. The data from
2011 are in particular almost completely cloud free.

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

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 km? in Belgium.

We selected a subset of 2011 cloud-free measurements to study their
relationship 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. Fig-
ure 7.8 shows some representative days. The populated areas in North-
ern Belgium appear much more heavily NO, 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 NO,. The latter were cal-
culated 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 (.88 reported for
in-situ measurements in Belgium (Lambert et al., 2011). The investi-
gated 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
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station for air quality monitoring. This last aspect may explain the bet-
ter correlation of these in-situ measurements with CHIMERE. On the
other hand, it is well established that the NO, 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 be-
tween 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.

7.7 Conclusion on the Mobile-DOAS
measurements

A large database of Mobile-DOAS observations was built during the
CINDI campaign in July 2009 and routine measurements in 2010 and
2011. The measurements were interpreted in term of vertical columns
with a new analysis strategy. In particular, we did not use the geo-
metrical approximation on the air mass factor. During CINDI, tropo-
spheric NO,, columns derived from this experiment show good agreement
with a more sensitive MAX-DOAS instrument. Considering the measure-
ments which were collected in spring 2011, preliminary comparisons with
the CHIMERE model indicate a negative bias compared to CHIMERE
which, if confirmed, may be explained by the decreasing trends of NO,
in Western Europe. The progress with respect to the geometric approx-
imation should be evaluated against other datasets like OMI data or
IRCEL-CELINE! in-situ air quality samplings.

"http://wuw.irceline.be/


http://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 orig-
inal motivation of this thesis (De Maziére 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 dan-
gerous 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 altitudes, which makes them partic-
ularly interesting for profiling applications (Martin et al., 2011; Corrigan
et al., 2008). Their relative low cost also enables to use several 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, NO, and SO, 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
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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 future. Again, this is possible from traditional planes.
Popp et al. (2012) have recently presented high resolution (50x120 m?)
maps of tropospheric NO,, 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 plat-
form 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 capabilities. Once again the primary target is
NO, but application to SO, 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 instrument
has recently been operated from a UAV for DOAS measurements, the
Airborne Compact Atmospheric Mapper (ACAM, Kowalewski and Janz
(2009)). It has already measured NO,, formaldehyde, and even tropo-
spheric ozone above Houston. However, the platform used is much larger
and the payload is over 20 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 air-
craft, e.g. for the AVIRIS instrument (Green et al., 1998), or from satel-
lite, e.g. GOME-2 (Munro et al., 2006) and TAST (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 important 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 (w), defined as the field of view of the
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Figure 8.1: Principle of whiskbroom imaging (Sabins, 1997).

instrument when all motion is stopped.
The angular field of view and the altitude define the swath (.5), i.e.
the width of the imaged line perpendicular to the platform movement:

A+ w

S = 2htan (8.1)

Within the swath, the pixels size depends on the instantaneous field
of view, the altitude, and the angle of the scanner (0). In the direction
of the platform movement, the pixel size depends furthermore on the
speed of the aircraft (v) and the integration time (7p). The respective
expression are the along-track pixel size (Palong_tmck) and the cross-track
pixel size (Pcross_track)

Prross track = htan (© + g) — htan (© — g) (8.2)

and

Puatong track = 2htan % sec© + vTp (8.3)
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This change in pixel extent along the swath is referred to as the
panoramic distortion (Breuer and Albertz, 2000).

Figure 8.2: Ground cover for a flight altitude of 3 km and an angular
field of view of 100°.

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 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 ob-
servations

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
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from the roof of our observatory pointing nadir to be closer to airborne
measurements. [t turned out that the STS spectrometer was not sensi-
tive enough for our application. In addition, its spectral resolution (2.3
nm) was not optimal for NO, 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 agglomeration in Belgium. High resolution NO,, field fore-
casted around this area were taken from the PROMOTE air quality
forecast service (http://promote.vito.be/webtool/) which is based on
the IFDL model (Cosemans and Mensink, 2005). Only surface concen-
trations were available so the columns were roughly built assuming an
homogeneous boundary layer of 500 m.

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

_ P
-~ vS

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 objective of the simulations is to estimate the level
of horizontal details due to the trade-off between spatial resolution and
signal-to-noise ratio.

The baseline for the noise level of the Avantes spectrometer was es-
timated 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 NO, 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 NO, model field used as an input and corre-
sponding 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 x 40 km?),
OMI (80 x 40 km?), and TROPOMI (7 x 7km?). 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

™D (8.4)
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NO, 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 developed at BIRA-IASB in the framework of this thesis. This sec-
tion 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 constraints. We start by describing the over-
all instrument principle, then its different components and their imple-
mentation. Finally we show the UAV platform and discuss the payload
integration.

GPS

! I
zenith p-controller PC

mirror, ...

\ y—| motor Spectrometer
lens and baﬁeAsc§nnng
mirror

AL

Figure 8.4: Scheme of the SWING payload.

S5V

Figure 8.4 illustrates the principle and different parts of the instru-
ment. 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 NO, which lies above the plat-
form. 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.
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In practice, the spectrometer is an AvaSpec-2048 Avantes, like the
ULM-DOAS 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 400 ym-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 stepper motor used for the ULM-DOAS instrument. Compact
servomotors are widely used in leisure radio-controlled aircraft, which
makes them both worth considering for a UAV application and afford-
able. 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 periodic (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.
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Figure 8.5 presents the electronic circuit of the scanning system. It is
inspired from a device designed to control several servomotors individu-
ally (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 micro-
controller. 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.

Optical fiber Zenith window ) _
Spectrometer & Zenith mirror  Servomotor

Acquisition Microcontroller Nadir window

card Baffle Sc:’:mning
mirror
PC-104 Lens

Figure 8.6: The SWING instrument. The size is 27x12x12 cm? for 920
g, the power consumption is 6 W at 5 V. The right panel shows the
scanning system in more details.

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
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(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 cm?, and 6W.

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 8.7 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.

8.4 Test flights from an ultralight aircraft in Bel-
gium
To test the instrument overall stability, several test flights were per-

formed in Belgium from an ultralight aircraft, in July and October 2012.
The platform was a motorized deltaplane, contrary to the 3-axis ul-
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Figure 8.8: Installation of SWING on an ultralight and illustration of
the test flight on 28 October 2012.

tralight used during Earth Challenge (chapter 6). This platform was
selected for the ease of installation of a nadir-looking instrument under-
neath 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 NO, 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 NO, 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 NO, field below the aircraft. The amount of noise in
the measurements can be estimated from the right panel of the figure,
which shows the NO, 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
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longer in this configuration. However, the higher NO, loadings visible
on the east of Landen may well be explained by the city exhaust carried
along the wind direction.

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 improve-
ments 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 in-
creased. Concerning the data analysis, a full processing chain has to be
developed to generate quality assessed NO, 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 innova-
tive instruments 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 instruments are all based on uv-visible
spectrometers installed on mobile platforms. They all measure the ab-
sorption of trace gases in the scattered skylight using the Differential
Optical Absorption Spectroscopy (DOAS) technique, but with different
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 atmospheric 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 sen-
sitivity. It is particularly valuable for investigations in the clean free
troposphere. The ULM-DOAS, installed on an ultralight, measures NO,,
tropospheric columns at a relatively low spatial resolution but with the
flexibility of movement and speed of an ultralight. This makes the in-
strument 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 NO, columns, combining
thus the advantages of the ULM-DOAS and Mobile-DOAS.

155
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Geophysical findings

Low levels of aerosol extinction and NO, 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~' and by a stratospheric intrusion.
In the boundary layer, the observed aerosol extinction (0.04 km~!) and
NO, (1.9 x 10° molec/cm?) 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 NO, and aerosol
extinction of 0.025 km~! and 1.95 x 10? molec/cm?.

During the Earth Challenge expedition in November and December
2009, tropospheric columns of NO, were measured between Thailand and
Belgium, above areas were local measurements have been reported (Mer-
laud et al., 2012). The highest NO, loading was detected above Karachi
(2.4 x 1016 molec/cm?. Measurements agreed relatively well with the
satellite data (Ozone Monitoring Instrument (OMI) and Global Ozone
Monitoring Experiment 2 (GOME-2)) except in the exhaust plume of
Riyadh were our NO, 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 In-
struments (CINDI) campaign in July 2009 to July 2011. These mea-
surements, performed in Benelux, Germany, and France, are primarily
intended to estimate the NO,, 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 NO,
in Western Europe. A paper on these results in preparation.

Lessons learned on instrumental aspects

Passive DOAS instruments based on compact spectrometers are good
candidates for miniaturization compared to other spectroscopic tech-
niques used in atmospheric research, such as Fourier Transform Infrared
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Spectroscopy (FTIR) or Light Detection And Ranging (LIDAR) systems.
Compared specifically to compact devices like acousto-optic tunable fil-
ters 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 baflle 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-
TASB). The possibility 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 dead-
lines that were always respected. Similarly, the acquisition software is a
crucial part of the instruments. It required experienced 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, Remote Sensing, Surface Measurements and Models, of Cli-
mate, Chemistry, Aerosols, and Transport (POLARCAT) data yielded
aerosol extinction profiles more consistent with independently measured
size distributions. Regarding the NO, profile, the logarithmic and lin-
ear approaches led to similar results. It should be noticed that, for re-
trievals based on DOAS measurements, the forward model is linear with
respect to the concentration. Retrieving the logarithm of the concen-
tration 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 included 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 NO, in pristine
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areas. The method we proposed to estimate a scaling factor for the O,
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 when compared to satellite measurements. The spatial
resolution of the measurements 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 NO, 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 NO,
in polluted 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 com-
monly used geometrical approximation led to larger errors than what
is assumed in other similar experiments, but that these errors were sig-
nificantly reduced by taking into account the solar position. We also
proposed a new method to reconstruct the high-frequency parts of the
tropospheric NO,, 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.

Perspectives

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

Halogen oxides are key species in ozone chemistry. Specifically re-
garding BrO and 10 in the troposphere, several elements are currently
controversial. The hotspots of BrO, visible on satellite data, have been
explained differently by Salawitch et al. (2010) and Theys et al. (2011),
respectively from stratospheric or tropospheric origin. It has also been
suggested that forest fires could be a source of BrO (Pommier et al.,
2012). Considering 10, very little information is available on its verti-
cal distribution. The first airborne DOAS profiles of 10 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 10 in the free
troposphere. This motivates further investigation.
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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 De-
vice (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 log-
arithm has been applied in several studies. Two of them have motivated
this choice by investigations of the probability density functions (PDFs)
of the quantity to retrieve. Working with ground-based FTIR measure-
ments 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, except 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 air-
borne DOAS experiments to retrieve aerosol and trace gases profiles. It
might also be applied to ground-based DOAS observations but the pos-
sible improvement is less clear since the extinction is probably more nor-
mally distributed in the boundary layer. There exists long-term lidar ob-
servations 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 Trajectory Reverse Analysis campaign (KAMASU-
TRA) 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 compare in de-
tail the advantages and drawbacks of the two approaches (normal and
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lognormal). This should be done with LIDORT, for which we have de-
termined the logarithm inputs (see appendix A). Using LIDORT would
in particular improve one aspect of the retrieval: the weighting func-
tions 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
sensitivity to the altitude of the NO, layer. To upgrade the instrument,
ancillary geophysical information are necessary. Adding the NO, son-
des developed at KNMI (Sluis et al., 2010) would enable to derive NO,
profiles during the same flights. These sondes also have a Vaisala PTU
sensor which would be useful to derive the boundary layer height. An-
other 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 impor-
tant source of uncertainty in the air mass factor of the ULM-DOAS.
With these improvements, the ULM-DOAS would be an extremely valu-
able 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 NO,,
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 NO,, no serious attempt has been made
to derive other geophysical quantities. Other absorbers should be inves-
tigated in the spectra. Using similar spectrometers, Sinreich et al. (2007)
have detected glyoxal (CHOCHO) and Wagner et al. (2013) recently re-
ported 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
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not considered enough, as was noted by (Nisbet, 2007) about Keeling
work on CO, 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 represents 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 scan-
ning 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 proba-
bly eliminate most of the failed steps. Some more milliseconds could be
gained by increasing the RS-232 baud rate. More advanced microcon-
trollers have an integrated and configurable UART module (Universal
Asynchronous Receiver/Transmitter) which takes care of the serial com-
munication, 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 NO,
from the UAV at reasonnable concentrations, more specific applications
will be possible. One of the foreseen projects comnsists 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 SO, emissions
from volcanoes would also be feasible, with a dedicated spectrometer.
This has recently started to be done for CO, (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 existing
monitoring systems of volcanoes. This application would be both scien-
tifically sound and practically useful to reduce volcanic hazards, both for
volcanologists and population.



Appendix A

Logarithmic weighting
functions for LIDORT

A.1 Motivation

In the radiative transfer model LIDORT (Spurr, 2008), weighting func-
tions are calculated for a given parameter «,, using as inputs the normal-
ized partial derivatives of the optical properties of a layer n compared
to this parameter. These properties are the optical depth A,,, single
scattering albedo w, and Legendre polynomial expansion coefficients of
the phase functions 3;,. The inputs to calculate the weighting functions
are thus:

oy OA
L Al
A, Oay, (A1)
oy, Ow
S A2
wy, Oay, (4-2)
(079 aﬁl n
— A.
ﬁl,n Oay, ( 3)

When retrieving a trace gas or an aerosol extinction profile, it is nat-
ural to choose for a 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 val-
ues are sometimes retrieved, which can only be avoided by strengthening
the weight of the a priori, thus losing information coming from the mea-
surements. 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
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assuming the density of probability to be lognormal instead of normal.
This has been applied for water vapor (Schneider et al., 2006) and CO
(Deeter et al., 2007) retrievals from FTIR spectra. From these two stud-
ies, 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 A, of a layer n is defined as:

Ap = Gy + By + &n (A.4)

where G, is the gas optical depth absorption, R, the Rayleigh optical
depth and E, the aerosol optical depth.

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

G, = U,o, (A.5)

where U, is the partial vertical column of the considered gas in the
layer n in molec/cm? and o, its molecular absorption cross-section in
cm?/molec. In reality 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 concentration of one specific gas this is not
important here.

A.2.1 Optical depth derivative

Let InU,, = V,, then
Gn=e"0, (A.6)

We notice that:

oA, 0o, + R, + &)

v, v, =con =Gy (A7)
Substituting this into Eq. A.1 yields:
Vi 0A, VG,
A, OV, T A (4.8)
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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:

R, + 2&,

. (A.9)

Wp =

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

Own B R, + z&, OA,

Vy A2 OV,

_ Ra+26 1 0A,

N A, A, 0V,
wp, OA

—_nZon A.10
Ay, OV, ( )

Thus, in Eq A.2:
VopOw, Vg

A.2.3 Phase function coeflicients derivative

The 1** coefficient in the Legendre expansion of the phase function is
given by:

L il (A12)

bn = R, + 2&, ’

Nothing depends on the gas concentration so this derivative vanishes.

Vn 8/Bl,n

_n = Al
5l,n aV'n 0 ( 3)

A.3 Jacobian inputs for the aerosol extinction
Let f, =1In(&,) then
Ep=eln (A.14)

We notice that:

—t=eln =8 (A.15)
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From Eq. A.4 we find:

oA,
0&n

=1 (A.16)

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

0N,  OA, OF,
oA,
08, En
_¢, (A.17)
Thus:
Fo 05y fn
A Of, AT (A1

A.3.2 Single scattering albedo derivative

We must apply the quotient rule on Eq. A.9. We notice first that, from
Eqg. A.15:

8(%; ) _ e, (A.19)
Then:
Own  2EnAp — En(Ry + 2Ep)
Ofn A2
1
= —(2&, — wn)
(A.20)
Thus:
o Don _ Jo En
on s on D (z —wn) (A.21)
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A.3.3 Phase function coeflicients derivative

We must apply the quotient rule on Eq. A.12. We notice that, from
Eq. A.15:

8(R”BlR7CLLy + Zg” lA'rfT) er
s 7 L = 2En Bl (A.22)

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

Rnﬁl]?;y'i‘zgnﬁAer Ray

8(?&117”) _ z2En f},fr(Rn +z2E,) — Zg"(Rnﬁl,n + Zgnﬂfj‘fr)
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= zEn Aer
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Zgn er
Thus:
fn OBin fn z&n "
Bin 0fn  Bim = Bin A24
Bin 0fn  Bin wnAn< in = Bin) (A.24)

A.4 Perspectives

The logarithmic approach described above has not yet been implemented
in LIDORT. 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 measurements 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 tro-
posphere, implementing the above formulas in LIDORT would both be
geophysically realistic and time-efficient.






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 measurement!. 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 reg-
ularization of some sort is necessary to select a solution. In practice,
measurements are often represented as linear and discrete and expressed
as:

y=Kx+e¢ (B.1)

This equation describes the forward model, which represents the phy-
sics of the measurements. The issue is to retrieve a state vector X (e.g.
a profile of concentration) which fits the measurements y (e.g. radi-
ances) within the measurement errors €, 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, respectively based on the sta-
bility or the norm of the results. In atmospheric sciences, (Rodgers, 1976)
did pioneer work, which were at first intended to retrieve temperature
profiles from satellite measurements. In chapter 5, I have used his much
quoted textbook (Rodgers, 2000)2, but differently than many previous

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

20ften 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
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studies did. This appendix explains this choice in the first remark. The
issue is worth considering 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 (Sp, 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 NO, profiles.
These parameters are propagated to the final error budget with their
measurement sensitivity (Kp). 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 €, 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 ... S¢ by ...”. There is
then a typing error in the book for the formula. The correct equation is,
with S, representing the instrumental noise:

S. = Sn + KpSpK}, (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 PO-
LARCAT.

Figure B.1 presents a simulation of a NO,, profile measurements based
on a airborne DOAS instrument in limb geometry. The profile is retrieved

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 maz-
1mum a posteriort solution, i.e. a regularization based on prior probabilities on the
solution.
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using the sounding of the plane, as was done with the ALS-DOAS dur-
ing 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 measure-
ments, while they are introduced in S, in the lower panel. The dofs of the
signal is reduced in the lower panel but it also shows a better agreement
with the NO, profile in this case. It can be argued that the retrieval
sensitivity to the measurement is reduced due to the larger error (S,).
In many practical cases, the a priori covariance (S,) 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 Sy,. This also appears more logical when Sy, is used in the
error budget. Using a larger uncertainty on the measurement reduces
the risk of overfitting. Whereof one cannot speak...

The same line of reasoning should apply in particular when comparing
individual measurements with space-based observation recorded during a
satellite overpass. Note that leaving aside the effect of the forward model
parameters in S, 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 dichotomy is not sharp. It could be
valuable to introduce only the random forward model parameters in S,
if they can be identified.

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

In some retrieval applications, e.g. when ancillary information are avail-
able, it may be interesting to limit the range of solutions to a given in-
terval. 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 cor-
responding to the retrieved ozone profile is forced to a given interval
[¢min, Cmaz|. 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 NO, concentration at a given altitude) and an interval
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Figure B.1: Simulations of a NO, profile measurements illustrating the importance of the forward model parameters
(here, the visibility and the albedo) for the retrieval.
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|a, b] in which m is supposed to lie, the change of variable is:

m—a
T < In

(B.3)

b—m

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 averag-
ing 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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Acronyms

ALS-DOAS Airborne Limb Scanning DOAS
AMF Air Mass Factor

AOT aerosol optical thickness

BIRA-TASB Belgian Institute for Space Aeronomy

BLH Boundary Layer Height

CCD Charge Coupled Device
CFC chlorofluorocarbon

CINDI Cabauw Intercomparison Campaign of Nitrogen Dioxide mea-
suring Instruments

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

GOME-2 Global Ozone Monitoring Experiment 2
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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 Meas-
urements and Models, of Climate, Chemistry, Aerosols, and Trans-
port

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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