
The OASIS Observatory Using Ground-

Based Solar Absorption Fourier-Transform

Infrared Spectroscopy in the Suburbs

of Paris (Créteil-France)
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Abstract Ground-based Fourier-transform infrared (FTIR) solar absorption spec-

troscopy has led to a number of significant advances in our understanding of the

atmosphere by providing information on the vertical distribution of various trace

gases. Previously used to analyse solar absorption spectra measured at high-

resolution in unpolluted sites, the retrieval code PROFFIT has been adapted to

deal with spectra recorded at medium spectral resolution with a Bruker Optics

Vertex 80 FTIR spectrometer. As one of the major instruments of the experimental

observatory named OASIS (Observations of the Atmosphere by Solar Infrared

Spectroscopy), this instrument is dedicated to the study of air composition in the
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Université Paris-Est Créteil, Université Paris Diderot, Institut Pierre-Simon Laplace, 61
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suburbs of Paris. Accurate measurements of the most important atmospheric pol-

lutants are indeed essential to improve the understanding and modelling of urban air

pollution processes. Located in an urban region, OASIS enables to monitor key

pollutants such as NOx, O3, CO and VOCs. In this chapter, 5 years intercomparison

study with on-ground and satellite measurements for O3 and CO is reported,

demonstrating the performances of a medium-resolution ground-based instrument

and especially confirming its capability for tropospheric ozone monitoring.

Keywords Air quality in megacity, Carbon monoxide, IR spectroscopy, Ozone,

Remote sensing, Solar occultation
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programme
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OASIS Observations of the atmosphere by solar infrared spectroscopy

OMI Ozone Monitoring Instrument
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TCCON Total Carbon Column Observing Network
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1 Introduction

Ozone (O3) plays an important role in the Earth’s atmosphere. In the stratosphere,

its presence is vital for life on Earth because it absorbs harmful ultraviolet radiation

[1]; in the troposphere, it is involved in photochemical processes, a key parameter

for both air quality and climate issues [2]. In the boundary-layer, O3 is harmful to

humans [3], animals and vegetation [4]. In the upper troposphere, O3 impacts

radiative forcing [5–7]. O3 also controls the oxidizing capacity of the atmosphere

[8]. In addition to O3, carbon monoxide (CO) is also involved in tropospheric

photochemical processes: in fact O3 production takes place when CO and hydro-

carbons are photo-oxidized in the presence of nitrogen oxides (NOx). Also CO is an

excellent tropospheric air-mass tracer due to its rather long lifetime of 2 months on

average.

In the international Network for the Detection of Atmospheric Composition

Change (NDACC), around 20 high-quality, remote-sensing IR research stations

employ ground-based Fourier-transform infrared (FTIR) solar absorption spectros-

copy to observe and to analyse the physical and chemical states of the stratosphere

and upper troposphere and to assess the impact of stratospheric changes on the

underlying troposphere and on global climate. These high spectral resolution FTIR

stations are preferentially operated at remote sites far away from sources of air

pollution and often are located at high altitudes (e.g. Izaña, Jungfraujoch,

Zugspitze, Table Mountain, etc.) so that measurements of tropospheric ozone are

obviously limited at these stations. Hence, in order to perform air quality research in

large megacities, we have assessed the capability of a medium-resolution FTIR

solar absorption spectrometer for monitoring pollutants, especially O3 and CO. We

have demonstrated that such an observatory, named OASIS (Observations of the

Atmosphere by Solar Infrared Spectroscopy) installed in Créteil near Paris (France)

since 2008, is able to continuously monitor tropospheric ozone over Créteil with

good accuracy as documented by a first analysis of information content in OASIS

ozone retrievals [9].
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The purpose of the present study is to confirm and expand this preliminary result

by incorporating time series of total and tropospheric ozone during 5 years of

measurements from February 2009 to July 2013 and by intercomparing satellite

observations and in situ measurements. Another new aspect is to complement the

O3 observations with CO total columns (and its seasonal cycle) that are measured

simultaneously with O3 by taking advantage of the wide spectral range covered by

the OASIS instrument.

This chapter firstly describes in detail the OASIS instrumentation (Sect. 2) and

outlines the radiative transfer equation and the radiative transfer model and retrieval

code applied (Sect. 3). In this latter section, a discussion on the separation of

tropospheric and stratospheric columns of ozone based on the information content

analysis is included. The overall results derived from the OASIS measurements are

presented in Sect. 4 for the total columns of O3 and CO and for the tropospheric

ozone column. Also columns derived from OASIS measurements are compared

with correlative satellite and ground-based observations. Finally, Sect. 5 is devoted

to the conclusions.

2 OASIS Instrumentation

The OASIS observatory (48.79� N, 2.44� E, 56 m above sea level) was established

in 2008 with the installation of a medium-resolution, Vertex model Fourier-

transform infrared spectrometer manufactured by Bruker Optics (Ettlingen,

Germany). This instrument collects infrared atmospheric absorption spectra using

the sun as light source (Fig. 1) and monitors continuously the concentrations of

important atmospheric constituents, such as H2O, CO2, CH4, N2O, O2, NH3, OCS,

O3 and CO. The observatory comprises an automatized cupola (Sirius 3.5 “School

Model” observatory, 3.25 m high and 3.5 m in diameter) in which the upper part,

the dome, equipped with a mobile aperture, rotates in order to be aligned with the

solar tracker and the sun. The drive engine of the dome is fed by a battery recharged

by two solar panels.

2.1 Sun Tracker

The alt-azimutal solar tracker in OASIS is the A547N model manufactured by

Bruker Optics. To reach a tracking precision of�2 min of arc, the solar tracker uses

a quadrant diode to register deviations from the precalculated pointing direction of

the tracking system. The diode signal is then fed into the control loop of the tracker

under cloudless blue sky conditions. In case of overcast sky, the diode signal drops

down, and if it is under a minimal value, the sun tracker sustains tracking according

to astronomic calculation.
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The solar light that is analysed by the quadrant diode is decoupled from the

parallel beam a few cm in front of the entrance aperture by a small planar mirror, so

that only a small subsection of the full beam diameter is used. Both tracker mirrors

are coated with protected aluminium to cover the entire spectral range from 700 to

40,000 cm�1. However, we experienced corrosion problems with the Al mirrors.

Visible damage appeared on the mirror’s surface like white coatings after several

months of use. Likely these problems are due to high humidity levels and large

temperature excursions inside the cupola and maybe also to the presence of

corrosive pollutants in the urban area. In the near future, the replacement of the

current Al mirrors by bare gold-coated mirrors which cover the spectral range from

10 to 15,800 cm�1 will be tested. Moreover, two heaters have been installed to

generate a less hostile environment during the cold season: one heater diminishes

the overall humidity inside the cupola, the other one circulates dry air around the

two mirrors. Indeed, relative global humidity dropped from 80 to 30%.

Fig. 1 Interior view of the OASIS observatory showing the FTIR spectrometer and the sun tracker
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A software provided by Bruker controls the sun tracker from the OASIS com-

puter. The latter is also controlled by internet connection which permits the remote

control of all the instruments from any computer in the university LAN.

2.2 Fourier-Transform Infrared Spectrometer

As one of the major instruments of the OASIS observatory, the Fourier-transform

spectrometer is dedicated to the measurement of atmospheric spectra in solar

occultation geometry using the infrared spectral region in order to investigate the

air composition in the suburbs of Paris. The optical key element of the OASIS

spectrometer is a linear Michelson interferometer that records single-sided inter-

ferograms with a maximum optical path difference of 12 cm. Infrared solar absorp-

tion spectra are nominally recorded on a DTGS (deuterated triglycine sulphate)

detector using a potassium bromide (KBr) beam splitter to cover the spectral region

from 700 to 11,000 cm�1 (0.9–14.3 μm). It is a dry air purged spectrometer to

always maintain the humidity in the optical benchmark at values lower than 10%.

During low temperature conditions, the spectrometer is placed inside a wood

container with an additional heater.

To achieve a sufficiently high signal-to-noise ratio, each spectrum is produced

by co-adding 30, 12-cm optical path difference scans, resulting in one interfero-

gram recorded over a period of approximately 10 min (Fig. 2). Each interferogram

is Fourier-transformed into a spectrum without further numerical apodization

(i.e. unapodized/boxcar apodization).

Fig. 2 Ground-based atmospheric solar spectrum recorded with an entrance aperture diameter of

1.5 mm and a maximum nominal spectral resolution of 0.075 cm�1

26 P. Chelin et al.



2.3 Spectrometer Accuracy

Any quantitative trace gas retrieval depends on a proper knowledge of the spectral

characteristics of the instrument. For FTIR spectrometers, the Instrumental Line

Shape (ILS) is advantageously separated into one part which refers to the inherent

self-apodization due to the circular field stop. This contribution can be calculated

easily using the spectrometer’s field of view and the optical path difference of the

interferometer. The second component of the ILS can be described by a complex

modulation efficiency (represented by a modulation amplitude and a phase error,

both functions of the optical path difference) which result from misalignments and

optical aberrations [10]. In our case, the determination of the instrumental line

shape (ILS) is made with a 25 cm long gas cell (using CaF2 windows) filled with

OCS (carbonyl sulphide) at very low pressure, which is put in the interferometer’s

sample compartment (Fig. 3). To analyse the results and to obtain the modulation

efficiency and the phase error, the version 12 of the LINEFIT programme [11] is

used.

The zero transmittance baseline has also been checked in an atmospheric

spectrum on the ν2 fundamental band of H2O centred around 1,595 cm�1 that is

totally saturated as showed in Fig. 4. The accuracy on the zero transmittance is

better than 0.15% checked between 1,600 and 1,700 cm�1. This is important since it

demonstrates a very low nonlinearity of the detector.

Fig. 3 Gas cell spectra recorded with OCS at low pressure for the determination of the ILS

parameters
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3 Radiative Transfer Equation and Retrieval Code

In order to retrieve the concentrations of the target species in the atmosphere, one

needs first to calculate a synthetic atmospheric spectrum using a radiative transfer

algorithm. This is done using the PROFile ForWarD (PROFFWD) model of the

PROFFIT 9.6 code [12] widely used by the NDACC community to retrieve trace

gases from high-resolution FTIR measurements.

3.1 Forward Calculation of a Synthetic Spectrum

When the sun is used as the external source, the radiative transfer model is based on

the integrated form of the Beer–Lambert law accounting only for absorption [13]:

Iν� lð Þ ¼ Iν� 0ð Þ � Tν� l; 0ð Þ ð1Þ

where Iν� 0ð Þ is the incident solar intensity at the top of the atmosphere (typically in

W cm�2 sr�1 (cm�1)�1 at the wavenumber eν (in cm�1), Iν� lð Þ is the intensity at the

position l (in cm) along the absorption path, and Tν� l; 0ð Þ is the atmospheric

transmittance between the positions l and 0. However, one can note that PROFFWD

takes into account (in the long-wave part of the spectrum, below 1,000 cm�1) also

the atmospheric emission which becomes a non-negligible correction to the pure

absorption spectrum.

Fig. 4 Atmospheric spectrum with zero transmittance in the ν2 band of H2O
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The transmittance is given in case of line spectra by the following equation:

Tν� l; 0ð Þ ¼ e�τν� l;0ð Þ ð2Þ

where the optical depth τν� l; 0ð Þ between l and 0 is defined by

τν� l; 0ð Þ ¼
X
i

X
j

Z l

0

Si
ν�
j
T l0ð Þð Þ �Φ eν � eνj, p l0ð Þ,T l0ð Þ� �� Ni l

0ð Þdl0 ð3Þ

where i characterizes the various absorbing species; Ni(l
0) is the local density of

molecules of species (in mol cm�3); Si
ν�j
is the intensity (in cm mol�1) of the line j of

the species i, with the line centre at eνj; and Φ eν � eνj, p l0ð Þ,T l0ð Þ� �
is the line profile

(in cm) that depends on pressure (Lorentz profile) and temperature (Doppler and

Lorentz profiles). For the species under consideration, the Voigt profile (the con-

volution of a Doppler and a Lorentz profile) is currently used and is commonly

calculated in the atmospheric radiative transfer models (however, note that

PROFFWD also supports non-Voigt line shapes and line mixing).

For the forward calculation of a theoretical spectrum, the spectroscopic refer-

ence data were taken from the HITRAN 2004 data base [14].

3.2 Retrieval Code

PROFFIT (PROFile FIT) [12] is the retrieval tool used to analyse the solar

absorption spectra measured with high-resolution ground-based FTIR spectrome-

ters. It is here adapted to the medium spectral resolution of the instrument. Note that

to achieve sufficient information content in the retrievals, the micro-windows have

to be widened as compared to high-resolution retrievals (as described in Sect. 3.3).

The retrieval of trace gas profiles from such spectra is an ill-posed problem and

needs a constrained nonlinear least squares fitting technique [15]. For this purpose,

an analytical altitude-dependent regularization method with the regularization

matrix containing first- and second-order Tikhonov constraints [16] is used,

together with altitude-dependent coefficients that are optimized to maximize the

information content of the retrievals.

For ozone, the a priori profile is taken from the mean annual McPeters clima-

tology [17] adapted to the location of the observatory (i.e. between 40� and 50� N).
It is worth noting that all retrievals are performed with the same a priori data set to

ensure that all the variability seen in the retrieved profiles comes from the mea-

surements. Furthermore, it was observed that the retrieved ozone profiles do not

significantly depend on the choice of the a priori profile since a change of a priori

profiles produced negligible differences on the results. For carbon monoxide and its

interfering species, the a priori profiles were taken from the MIPAS project
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[18]. They correspond to the mean annual profiles used for the inversion of MIPAS

satellite data for latitudes between 30� and 50� N.
The temperature and pressure profiles, interpolated on the same grid as the

species a priori profiles, are obtained from the Goddard Space Flight Center

(NCEP, National Center for Environment Prediction). For the radiative transfer

calculations, all profiles are discretized in 46 levels from the ground up to 85 km.

3.3 Spectral Windows and Analysis

Ozone and carbon monoxide concentrations shown in this chapter are derived from

the spectra measured by the OASIS observatory, corresponding to 203 clear-sky

days, from 25 February 2009 to 19 July 2013 at Créteil (France). Atmospheric

ozone is retrieved using the spectral window from 991 to 1,073 cm�1 (where the

interfering species are H2O, SO2 and NH3), while CO is retrieved in the spectral

region between 2,134 and 2,174 cm�1 (where the interfering species are H2O, CO2,

O3, N2O and OCS).

3.3.1 Ozone

Figure 5 shows a measured spectrum, the corresponding simulated spectrum and

the difference between observation and simulation for the spectral window used for

the ozone retrievals. As the radiance values are small below 1,000 cm�1, a quality

filter is introduced selecting only spectra with a signal-to-noise ratio higher than

30 measured between 960 and 990 cm�1 where there is a CO2 band.

Retrievals are characterized by the averaging kernel matrix which represents their

sensitivity to the true atmospheric state and also by the degrees of freedom (DOF)

which are the trace of this matrix [15]. The DOF of a given atmospheric layer reaches

unity when the retrieval contains sufficient information to consider that the partial

column in this layer is quasi-independent from the others. Figure 6 shows typical

averaging kernels of OASIS retrievals. From the ground up to 8 km (empty square

symbols) and from 8 to 17 km (solid square symbols), the DOF reaches 1.03 and 1.08,

respectively, showing that these two partial columns can be separated. Typical degrees

of freedom obtained through OASIS retrievals reach at least 3, which is a surprisingly

good result for a spectrometer of medium resolution, given that an NDACC system

(using very high-resolution spectrometers) reaches DOF around 4 [19, 20].

To validate the separation of tropospheric and stratospheric ozone columns,

stratospheric and tropospheric ozone column time series are compared and the

correlation between these two partial columns is evaluated (Fig. 7). The total

uncertainties of tropospheric ozone, including statistical, systematical and smooth-

ing errors, are estimated to about 13–15% (depending on the solar elevation angle

and the meteorological conditions), while the uncertainty of the stratospheric ozone

column is estimated to about 3%. In Fig. 7, one can see that stratospheric (solid

circle symbols) and tropospheric (empty square symbols) ozone time series do not
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present the same structures and that a correlation coefficient of 0.39 is observed for

the 203 measurements. The averaging kernels, which reflect the vertical sensitivity

of the retrievals, show that the retrieved tropospheric amounts (integrated from the

ground to 8 km) have a small stratospheric contribution through vertical transport,

and vice versa (Fig. 7). Viatte et al. [9] demonstrated by a first analysis of the

Fig. 6 OASIS typical averaging kernels in partial column from ground to 8 km and 8–17 km in

empty and solid square symbols, respectively, corresponding to the spectra in Fig. 5

Fig. 5 Spectral window for the ozone retrievals recorded with OASIS on 31 March 2009 at 12:58

p.m. (UT). Black: the measured spectrum. Red: the calculated spectrum. Blue: the difference

between the measured and calculated spectra
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information content in OASIS ozone retrievals that using a medium-resolution

instrument, tropospheric ozone can be monitored separately from stratospheric

ozone since degrees of freedom reach unity in those two partial atmospheric layers.

Fig. 7 Upper plot: times series of tropospheric (empty square symbols) and stratospheric (solid
circle symbols) ozone columns derived from OASIS measurements from 25 February 2009 to 19

July 2013 at Créteil (France). Lower plot: stratospheric ozone related to tropospheric ozone

derived from OASIS spectra
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In this work, the performance for tropospheric ozone monitoring by OASIS is

confirmed by 5 years time series.

3.3.2 Carbon Monoxide

Carbon monoxide is simultaneously measured with ozone due to the wide spectral

range covered by the DTGS detector from 700 to 11,000 cm�1.

The absorption of carbon monoxide is too weak to justify a retrieval of a vertical

profile. Instead, only the CO total column is determined using the spectral window

from 2,134 to 2,174 cm�1 (Fig. 8). A single parameter, the scaling factor, is

retrieved which scales the whole a priori profile for all altitudes. Since in this

spectral range, radiance values are roughly twice higher than in the 10 μm window,

a quality filter selects spectra only for signal-to-noise ratio larger than 50. The total

uncertainty of CO total columns, including statistical, systematical and smoothing

errors, is estimated to 4.5%.

4 Results

In this section, the performances of a mid-resolution ground-based instrument are

demonstrated to retrieve separately stratospheric and tropospheric ozone and

carbon monoxide total columns through 203 measurement days from 25 February

Fig. 8 Upper plot: spectral window for the carbon monoxide retrievals recorded with OASIS on

16 December 2009 at 13:28 p.m. (UT). Black: the measured atmospheric spectrum. Red: the
calculated spectrum. Blue: the difference between the measured and calculated spectra. Lower
plot: pure CO absorption spectrum
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2009 to 19 July 2013. For each trace species, seasonal variability at mid-latitude

was derived. Also comparisons of data from different sources were performed using

coincidence criteria based on space and time. More precisely all measurements

were referred to a precise location around Creteil: satellite data were selected using

a 2� latitude and 2� longitude belt, i.e. between 47.8� and 49.6� N and 1.6� and 3.4�

E for GOME-2 and OMI, and between 47.7� and 49.7� N and 1.0� and 4.0� E for

IASI for ozone comparisons, and between 47.5� and 49.5� N and 1.5� and 3.5� E for

MOPITT for CO comparisons. For the temporal criterion, daily mean total and

partial columns were derived from ground-based measurements. A significantly

stricter temporal criterion of 1 h would be indeed insufficient for capturing small-

scale ozone variations: ozone variability is rather fast and local in urban regions

[21], but the number of coincidences with satellite data would decrease too much

using this restrictive selection. For this reason, the above-mentioned criteria (spatial

and temporal) are typically used for O3 retrievals at the cost of increased scatter, in

agreement with criteria found in the literature [22–25].

4.1 Ozone Total Columns

4.1.1 Seasonal Variability of OASIS Ozone Total Columns

Daily and monthly ozone total columns are given on Fig. 9 derived from the

203 days measurements between 25 February 2009 and 19 July 2013. Note that

Fig. 9 Daily and monthly means (respectively in solid square and solid circle symbols) of ozone
total columns from OASIS derived from 203 days measurements between 25 February 2009 and

19 July 2013. Error bars of 3% are added for daily means
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the total uncertainty of ozone total columns derived from OASIS measurements,

including statistical, systematical and smoothing errors, is estimated to 3%. The

existence of a seasonal variability of the total column ozone content is shown with

respective maximum values observed in February–March and minimum values

observed in October due to the Brewer–Dobson circulation at mid-latitude.

This ozone variability is well known [26] and defined as the stratospheric mean

meridional circulation due to dynamics in stratosphere coupled with stratosphere–

troposphere exchange. The results are also in very good agreement with the

climatology from McPeters [17].

4.1.2 Comparison of OASIS Total Ozone Columns with IASI Products

IASI (Infrared Atmospheric Sounding Interferometer, Clerbaux et al. [27, 28]) is a

nadir-viewing Fourier-transform spectrometer designed for operation on the mete-

orological MetOp satellites (ESA/EUMETSAT). The first instrument was launched

in orbit aboard the satellite MetOp-A on 19 October 2006 and started operational

measurements in June 2007. It measures the thermal infrared radiation emitted by

the Earth’s surface and the atmosphere. IASI is a Michelson-type Fourier-transform

spectrometer, with a spectral resolution of 0.5 cm�1 after a Gaussian apodization.

The MetOp-A satellite flies in a polar sun-synchronous orbit and covers each

geographic region at least twice per day (at 09:30 and 21:30 LT – local time). At

the nadir point, the size of one view is 50� 50 km. It consists of four individual

ground pixels with 12 km diameter each (at the nadir point). The ozone total

columns derived from the OASIS instrument are compared with the data obtained

from the IASI retrievals which are performed between 980 and 1,073 cm�1, using a

physical method regularization (analytical) algorithm [29]. Figure 10 shows the

time series of O3 total columns retrieved by IASI (solid circle symbols) and OASIS

(solid square symbols).

Relative differences were calculated as follows:

X data� OASIS datað Þ
OASIS data

� 100 ð4Þ

The mean relative difference (MRD), for the 173 coincidences, between ozone

total columns derived from OASIS and IASI, is�5.9 (�4.3)% showing a very good

agreement between those two sets of data. The correlation coefficient for the

regression plot of IASI columns against OASIS measurements (Fig. 11) is 0.92.

4.1.3 Comparison of OASIS Total Ozone Columns with OMI

and GOME-2 Observations

In this section, comparisons are performed between OASIS measurements and two

satellite observations both derived from the UV spectral region (OMI and
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Fig. 11 O3 total columns derived from IASI measurements as a function of OASIS data

Fig. 10 Time series of O3 total columns retrieved by IASI (solid circle symbols) and OASIS (solid
square symbols) on 173 days from 25 February 2009 to 12 December 2012
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GOME-2). The Ozone Monitoring Instrument, OMI [30], is one of the four sensors

aboard the EOS-Aura satellite (launched in July 2004). It is a nadir-viewing

imaging spectrograph that measures the solar radiation backscattered by the Earth’s

atmosphere and surface between 290 and 340 nm with a spectral resolution of about

0.5 nm. O3 total column data, measured from ground to approximately 80 km, are

retrieved using both the TOMS (Total Ozone Mapping Spectrometer) technique

(developed by NASA) [31] and a DOAS (Differential Optical Absorption

Spectroscopy) technique developed at KNMI. The OMI O3 products used in the

present study are from the level 3 Aura/OMI data based on the level 2 OMDOA

product that uses a DOAS multiwavelength algorithm [32]. The O3 total column

uncertainty from OMI is estimated to 3% [31]. Furthermore, recent validations of

OMI O3 products have been performed [17, 33–35]. In Figure 12, the mean relative

difference (MRD), for 162 coincidences, between ozone total columns derived

from OASIS (solid square symbols) and OMI (solid diamond symbols), is �6.6

(�3.0)% showing very good agreement between those two sets of data with

correlation coefficient of 0.96 (Fig. 13).

The Global Ozone Monitoring Experiment-2 (GOME-2) aboard MetOp-A is a

scanning spectrometer that captures light reflected from the Earth’s surface and

backscattered by aerosols and the atmosphere. The measured spectra are mainly

used to derive ozone total columns and vertical profiles in the same UV region

(290–340 nm) than OMI, as well as concentrations of nitrogen dioxide, bromine

monoxide, water vapour, sulphur dioxide, and other trace gases and also cloud

properties and aerosols. The O3 columns used here are from the level 3 data of

Fig. 12 Time series of O3 total columns retrieved by OMI (solid diamond symbols) and OASIS

(solid square symbols) on 162 days from 25 February 2009 to 19 July 2013
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GOME-2, i.e. geophysical parameters that have been spatially and/or temporally

resampled from level 2 data. The O3 algorithm retrieval, GOME Data Processor

(GPD), version 4.2 has been applied and is based on two methods: the DOAS

(Differential Optical Absorption Spectroscopy) method [36] and the iterative

AMF/VCD (Air-Mass Factor/Vertical Column Density) computation [37]. Total

ozone columns derived from this algorithm have been validated using ground-based

networks [38]. Error analysis indicates an accuracy and precision of O3 total

columns of 3.6–4.3% and 2.4–3.3%, respectively [39]. A very good agreement

between ozone total columns derived from OASIS (solid square symbols) and

GOME-2 (solid triangle symbols) (Fig. 14) was found with a mean relative differ-

ence (MRD), for 186 coincidences, of �7.3 (�3.0)% and correlation coefficient of

0.96 (Fig. 15).

The FTIR measures systematically higher O3 total columns that the UV instru-

ments (OMI and GOME-2), which may be due to inconsistencies in the spectro-

scopic parameters also observed in laboratory UV/IR intercomparison experiments

[40–42]. But also when compared with IASI observations, OASIS measures higher

ozone columns, however, with a lower MRD. One can then suspect that the OASIS

O3 total columns may be slightly high biased.

Fig. 13 O3 total columns derived from OMI observations as a function of OASIS data
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Fig. 15 O3 total columns derived from GOME-2 observations as a function of OASIS data

Fig. 14 Time series of O3 total columns retrieved by GOME-2 (solid triangle symbols) and

OASIS (solid square symbols) on 186 days from 25 February 2009 to 19 July 2013
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4.1.4 Comparison Between Two Ground-Based Measurements: OASIS

and SAOZ

The SAOZ (Système d’Analyse par Observation Zénithale, Pommereau and

Goutail [43]) instrument is part of the NDACC international network. It has been

developed at Service d’Astronomie in the late 1980s following the discovery of the

ozone hole in Antarctica. The SAOZ, which measures the absorption by the

atmosphere of scattered sunlight at the zenith in the visible region (450–600 nm

in the Chappuis band for ozone) at 1 nm resolution during twilight using the DOAS

technique, allows the continuous monitoring of the daily integrated ozone columns.

Data were collected from the SAOZ Paris instrument, located at the University of

Pierre and Marie Curie in Paris (48.84� N, 2.35� E), using an improved retrieval,

called SAOZ version V2 [44] as recommended by the NDACC. The total accuracy

in ozone retrievals from SAOZ V2 is estimated to around 5.9%. The mean relative

difference (MRD), for 177 coincidences, between ozone total columns derived

from OASIS and SAOZ, is�4.6 (�2.8)% showing a very good agreement between

those two sets of ground-based measurements (Fig. 16). The correlation coefficient

for the regression plot of SAOZ columns against OASIS ones (Fig. 17) is 0.96.

In order to resume all these results concerning intercomparisons of ozone total

columns, Table 1 collects the number of coincidences N, the correlation coefficients
of the linear regression R, and the bias between measurements derived from the

OASIS observatory and from satellite or local instruments. In addition to very good

Fig. 16 Time series of O3 total columns retrieved by SAOZ (solid star symbols) and OASIS (solid
square symbols) on 177 days from 25 February 2009 to 22 July 2013
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correlation coefficients between 0.92 and 0.96, these comparisons show the good

quality of the OASIS measurements with mean relative difference always consis-

tent with the data precision of all the independent data.

4.2 Tropospheric Ozone Columns

In Sect. 3.3.1, the performance for tropospheric ozone monitoring using the OASIS

instrument was discussed. Indeed the DOF reaches 1.03 for the partial column

integrated from ground to 8 km. In this paper, using 5 years of OASIS measure-

ments, we are then capable of studying the seasonal variability of tropospheric

ozone.

Table 1 Summary of the comparison between O3 total columns derived from OASIS and from

various satellites or local data. “N” is the number of daily averaged total ozone columns for the

coincidences, “MRD” is the mean relative difference (in %) with the relative rms at 1σ, “R” is the
correlation coefficient of the linear regression and the relative slope of the linear regression is

given in the last line

IASI OMI GOME-2 SAOZ

N 173 162 186 177

R 0.92 0.96 0.96 0.96

MRD in % (rms 1σ) �5.9 (�4.3) �6.6 (�3.0) �7.3 (�3.0) �4.6 (�2.8)

Slope 0.94 0.93 0.91 0.87

Fig. 17 O3 total columns derived from SAOZ V2 measurements as a function of OASIS data
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4.2.1 Seasonal Variability of Tropospheric Ozone Columns

Figure 18 shows monthly means of tropospheric ozone measured by the OASIS

instrument derived from 203 days between 25 February 2009 and 19 July 2013. In this

figure, one can observe a seasonal cycle with a small summer maximum in May/June

and a winter minimum in October/November. The summer maximum is well correlated

to the maximum of photochemical production of ozone in the lower troposphere. Other

part can come from vertical transport from stratosphere as highlighted by the OASIS

averaging kernels showing that tropospheric ozone has a small stratospheric contribution.

The OASIS variability is in very good agreement with recent results on climatology of

pure tropospheric profiles and column contents of ozone and carbon monoxide using the

MOZAIC (Measurements of OZone and water vapour by in-service AIrbus airCraft

programme, Marenco et al. [45]) results in the mid-northern latitudes from 1994 to 2009

[46]. Indeed the monthly averaged pure tropospheric columns of ozone, based on the

ascent and descent phase of MOZAIC flights, strictly from the surface to the altitude of

the dynamical tropopause exhibit for Paris and Germany a summer maximum with 35.6

DU and a winter minimum with 24.3 DU.

4.2.2 Comparison of OASIS Tropospheric Ozone Columns with IASI

Product

The capabilities of IASI to monitor total and tropospheric ozone have been dem-

onstrated previously [9, 25, 29, 47]. Note that IASI has indeed a good sensitivity to

lower atmospheric layers under conditions of higher surface temperatures and

Fig. 18 Monthly means (solid square symbols) of the OASIS tropospheric ozone column (inte-

grated from ground to 8 km) derived from 203 days between 25 February 2009 and 19 July 2013

42 P. Chelin et al.



larger thermal contrast conditions [29]. This is why the comparisons in this paper

focus on measurements acquired during the summer/fall months in 2009 and 2010.

Figures 19 and 20 show rather good correlations between the two sets of data with

coefficient of 0.63 for 2009 and 2010 and with mean relative differences of �5.7

(�15.3)% in 2009 for 34 coincidences, and of 1.3 (�11.0)% in 2010 for 25 coinci-

dences. Concerning the other years, results are not shown because comparisons

with IASI are not statistically representative. It must be acknowledged that IASI

and OASIS have different averaging kernels which reflect differing vertical sensi-

tivities, due to different observation geometries, spectral scenes and analysis

methods. OASIS retrievals are slightly more sensitive to tropospheric ozone com-

pared to IASI given values of DOF in the troposphere (1.03 compared to 0.92).

4.2.3 Comparison of OASIS Tropospheric Ozone Columns

with Surface Ozone Measurements from Airparif

In order to verify the quality of tropospheric ozone columns derived from OASIS,

the OASIS time series are compared with surface ozone data delivered by the

Airparif in situ network. Indeed, Fig. 6 shows that OASIS ozone retrievals are

strongly sensitive to the variability of the lower atmospheric layers. The AirParif

network was created in 1979 and approved by the Ministry of Environment to

monitor air quality over Paris by analysing major pollutants (such as ozone, SO2,

CO, NOx, particles, etc.) in various sites of Ile-de-France. Concerning the compar-

ison with OASIS ozone data, the nearest station in Champigny-sur-Marne, 10 km

Fig. 19 Tropospheric ozone columns derived from IASI observations as a function of OASIS data

for summer/fall 2009
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away from the OASIS observatory was selected among the 24 stations monitoring

ozone. Time series of daily tropospheric ozone columns derived from OASIS (solid

square symbols) and in situ measurements of O3 provided by Airparif (solid star

symbols) for the 198 coincidence days (25 February 2009 to 22 July 2013) are given

in Fig. 21.

Although measurements from both sites are not quantitatively comparable, the

correlation coefficient calculated for the regression plot of Airparif surface ozone in

μg m�3 against OASIS measurements in DU is 0.68 (Fig. 22). This result confirms

that a large part of the tropospheric ozone columns derived from OASIS is dom-

inated by photochemical production in the lower troposphere. In addition, twelve

sharp maxima are observed by OASIS and Airparif showing that OASIS is also able

to monitor high-pollution episodes (arrows, Fig. 21).

Future work plans to compare tropospheric ozone measured by OASIS every

10 min to the tropospheric chemistry–transport model CHIMERE [48] to study

diurnal variability. Indeed ground-based FTIR measurements made by OASIS are a

cost-effective approach for pollutant diurnal variations monitoring compared to

satellite observations with their low time dependence, low vertical resolution, cloud

screening, etc.

Fig. 20 Tropospheric ozone columns derived from IASI observations as a function of OASIS data

for summer/fall 2010
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Fig. 22 Surface ozone (μg/m3) derived from Airparif station as a function of OASIS tropospheric

ozone column (DU)

Fig. 21 Time series of tropospheric ozone from OASIS (solid square symbols) and ozone surface
concentrations from in situ measurements of the Airparif network (solid star symbols) on 198 days
from 25 February 2009 to 22 July 2013. The Aiparif station location is Champigny-sur-Marne

(10 km away from OASIS observatory). Arrows represent high pollution episodes measured by

OASIS and also observed by Airparif
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4.3 CO Total Columns

In addition to ozone, carbon monoxide (CO) was also retrieved from OASIS

measurements. As already mentioned in Sect. 3.3.2, only carbon monoxide total

columns were measured by retrieving a scaling factor to scale the whole a priori

profile for all altitudes.

4.3.1 Seasonal Variability of CO Total Columns

Figure 23 shows daily and monthly means of CO total columns measured by the

OASIS instrument derived from 202 days measurements between 25 February 2009

and 12 July 2013. In this figure, one can observe a seasonal cycle with a winter

maximum in February/March and a summer minimum in August/September. This

variability and the sharp depletion in May/June also observed by Zbinden et al. [46]

for European pure tropospheric CO cycles are evidence of powerful OH cleansing

efficiency regulated by NOx [49]. The very good agreement between OASIS

and the Zbinden CO climatology is also seen for the quantitative results with a

1.9–2.7� 1018 mol cm�2 cycle. This result confirms for the first time the good

quality of CO total columns measured by the OASIS medium-resolution

instrument.

Fig. 23 Daily and monthly means (respectively in solid square and solid circle symbols) of CO
total columns from OASIS derived from 202 days between 25 February 2009 and 12 July 2013.

Error bars of 4.5% are added for daily means
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4.3.2 Comparison of OASIS CO Total Columns with MOPITT

Observations

MOPITT (Measurements of Pollution in the Troposphere) is an instrument flying

on the NASA’s Earth Observing System Terra spacecraft, measuring tropospheric

carbon monoxide (CO) on the global scale since 2000. MOPITT measurements

enable scientists to analyse the distribution, transport, sources and sinks of

CO. MOPITT is a nadir-sounding instrument with a 22 km nadir resolution, 3 km

vertical resolution and 640 km swath width which measures upwelling infrared

radiation at 4.7 μm and 2.2–2.4 μm. It uses correlation spectroscopy to derive total

columns and profiles of carbon monoxide in the lower atmosphere. For the com-

parison with OASIS, MOPITT data are derived from the inversion code version

3 which has not been yet validated but compared to the Jungfraujoch (Switzerland)

station data of the NDACC: error on MOPITT CO total column has been evaluated

to about 7.9% [50].

Figure 24 shows time series of daily CO total ozone columns derived from

OASIS (solid square symbols) and MOPITT observations (empty triangle symbols)

for the 87 coincidence days (03 March 2009 to 22 July 2013). The mean relative

difference (MRD), for these 87 coincidences is 3.9 (�6.3)% showing a very good

agreement between the two sets of measurements. The correlation coefficient for

the regression plot of MOPITT columns against OASIS measurements is 0.90

(Fig. 25).

Fig. 24 Time series of CO total columns retrieved by MOPITT (empty triangle symbols) and
OASIS (solid square symbols) on 87 days from 03 March 2009 to 22 July 2013
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5 Conclusions

In this chapter, a new ground-based medium spectral resolution Fourier-transform

spectrometer (OASIS) installed in an urban region was presented showing its

capabilities of retrieving atmospheric trace gases (particularly ozone and carbon

monoxide). A detailed description of the OASIS observatory and its different

subsystems has been given. Total columns of ozone and carbon monoxide and

also tropospheric ozone columns have been derived from about 200 days of clear-

sky OASIS measurements from February 2009 to July 2013 using the PROFFIT

retrieval code adapted to the medium spectral resolution of the instrument.

First, ozone total columns over OASIS were compared to satellite and ground-

based measurements showing the good quality of the OASIS measurements with

mean relative difference always consistent with the data precision and very good

correlation coefficients (between 0.92 and 0.96). Furthermore, the performance of

OASIS for tropospheric ozone monitoring is demonstrated showing that the

retrieved tropospheric amounts (integrated from the ground to 8 km) have a small

stratospheric contribution through vertical transport, and vice versa. This latter

result is confirmed by the observed seasonal cycle of OASIS tropospheric ozone

with a small summer maximum in May/June and a winter minimum in October/

November, very well correlated to recent results on climatology of tropospheric

ozone profiles using MOZAIC [46]. Moreover, when comparing the OASIS tropo-

spheric ozone with in situ surface data of the Airparif network, a good correlation

coefficient of 0.68 indicates that a large part of the tropospheric ozone columns

derived from OASIS is dominated by photochemical production in the lower

troposphere.

Fig. 25 CO total columns derived from MOPITT observations as a function of OASIS data
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Finally, in addition to ozone, carbon monoxide (CO) total columns were also

retrieved from OASIS measurements. The very good agreement between OASIS

measurements and a reference CO climatology [46] in the mid-northern latitudes

was shown.

Future work has already begun to analyse the diurnal variations of tropospheric

ozone and CO and to perform comparisons with atmospheric chemistry–transport

models. Also, using the large spectral domain (700–11,000 cm�1) recorded by the

OASIS spectrometer, tests will be performed to assess the capability of OASIS to

monitor also greenhouse gases such as CH4 and CO2. In this case, we will use the

wide spectral coverage of the OASIS instrument to record the 1.27 μm O2 band

which is necessary to get accurate results (see TCCON (Total Carbon Column

Observing Network) [51]. Finally, given the moderate costs and the compactness of

a system such as OASIS, deployment of analogous systems nearby large megacities

might be envisaged in support of satellite and air quality studies in many regions of

the world.
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