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Long term stratospheric DIAL (Differential Absorption Lidar) ozone lidar (Light Detection and Ranging)

measurements have been performed at the Observatoire de Haute-Provence (OHP) since 1985 and as part of

the Network for the Detection of Stratospheric Changes (NDSC) since 1991. This paper provides a detailed

description of the DIAL lidar instrument implemented at OHP and a discussion of the ozone retrieval analysis.

The instrument includes the detection of atmospheric nitrogen Raman scattering wavelengths, which is required

for ozone measurements in the presence of strong volcanic aerosol loading. A comprehensive evaluation of the

error budget in the 10–50 km altitude range is performed with particular emphasis on the bias associated with

background and volcanic stratospheric aerosol. This bias is evaluated using ancillary measurements of the

aerosol size distribution obtained from 1991 to 1999 after the Mount Pinatubo volcanic eruption. Results show

that the bias associated with background aerosols is smaller than 1% above 13 km while the bias due to

volcanic aerosols reaches a maximum of 5% above 15 km in the DIAL Raman ozone retrieval. In background

aerosol conditions the total accuracy of the DIAL ozone vertical distribution at OHP ranges from 5% below

20 km to 15–30% above 45 km with a vertical resolution varying from 0.5 km to 5 km.

1. Introduction

The discovery of the Antarctic ozone hole in the early eighties
triggered multiple investigations into the ozone layer. The
understanding of the mechanisms responsible for the massive
ozone destruction in Antarctica emphasized the importance
of heterogeneous chemistry with respect to the stratospheric
ozone budget. It was shown in particular that the influence of
anthropogenic halogen compounds on stratospheric ozone was
a maximum in both the upper and lower stratosphere on a
global scale.1 Subsequent long-term trend studies showed that
ozone depletion was indeed highest in the lower stratosphere
and around 40 km, with trends in the former region providing
the largest contribution to total ozone decrease.2 In addition
substantial losses have been reported in the Arctic for various
winters during the nineties and in 1999–2000.3 The causes of
the mid-latitude ozone decrease are still under investigation:
apart from the impact of polar ozone losses on mid-latitude
regions through vortex erosion events and dilution after the
vortex final break-up, the decreasing trends can be linked to
heterogeneous chemical reactions on particulate matter such as
sulfate aerosols outside the polar vortex as well as to changes in
the basic stratosphere dynamics connected somehow to the
ozone destruction in the polar vortex. Resolving these issues
requires accurate long-term measurements of the ozone layer at
global scale and in the whole stratosphere. In response to the
Montreal protocol which underlined the necessity for careful
ozone monitoring around the globe, the Network for the
Detection of Stratospheric Changes (NDSC) was created in
1991. Supported by various national and international
agencies, this network is based on a set of ground-based
stations making use of state-of-the art and complementary
sensor technology, and accepting a very strict data protocol.
The objectives of NDSC are to establish a database of high
quality ground-based measurements likely to permit an early
detection of stratospheric ozone changes amidst the natural
ozone variability, and to calibrate satellite-borne sensors that
provide global coverage of the ozone field. The requirement for
reliable ground-based data was highlighted by several interna-
tional assessments of global ozone trends.2,4 While satellite

data provide global fields likely to reduce the statistical
variability of measured compounds, the drift of satellite
instruments and their limited lifetime prevent them from
providing reliable ozone trends on their own. A detailed
description of the instruments and measurements sites involved
in the NDSC can be found at the following website: http://
www.ndsc.ws.

The lidar was one of the first instruments to be selected in
the frame of NDSC for the measurement of ozone vertical
distribution and other atmospheric parameters such as
temperature, stratospheric aerosols or water vapour. The
Differential Absorption Lidar (DIAL) technique that is used
for ozone has the advantage of providing self-calibrated
measurements in the whole stratosphere with a reasonably
good vertical and temporal resolution, particularly in the lower
and middle stratosphere. Lidar measurements are complemen-
tary to ozone soundings which provide ozone profile measure-
ments from the ground to around 30 km.

The objective of this paper is to describe DIAL stratospheric
ozone measurements which are performed at Observatoire de
Haute-Provence (OHP–43.9uN, 5.71uE) since 1985, in order to
study the short-term and long-term stratospheric ozone
variability at this location. It includes a detailed evaluation
of the measurement error budget, with particular emphasis on
errors that can affect the detection of long-term trends. It also
provides a comprehensive description of the OHP lidar system,
including the optical and electronic receiving systems that were
implemented in 1994 and had not been published previously.
The optical receiver is based on an original multiple-fibre
concept that was developed at CNRS for various lidar
instruments.5 The OHP DIAL lidar system was one of the
first to be accepted within the NDSC. It is part of the primary
Alpine station which includes also the Jungfraujoch Observa-
tory for Fourier Transform Infrared (FTIR) spectroscopic
measurements of several stratospheric compounds6 and the
Observatoire de Bordeaux for microwave measurements of the
ozone vertical distribution.7 The paper is organized as follows:
after the Introduction, Section 2 is devoted to a reminder of the
DIAL ozone technique and to the error budget evaluation.
Particular emphasis is put on the influence of stratospheric
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aerosols on the measurement. Since the stratospheric aerosol
optical depth can vary by two orders of magnitude after a
major volcanic eruption like the one of Mount Pinatubo in
June 1991,8 it is important to quantify this effect on a long-term
basis. The description of the OHP lidar system and the ozone
retrieval is presented in Section 3, while Section 4 provides a
short description of the stratospheric ozone lidar data base at
OHP. The conclusion focuses on the error sources that can
affect the retrieval of ozone long-term trends by lidar
measurements.

2. Principle of the ozone DIAL measurement

The lidar (Light Detection and Ranging) is an active remote
sensing instrument based on the interaction of laser light with
the atmosphere. According to the atmospheric parameter to be
measured, lidar systems use various light-matter interactions
such as Rayleigh, Mie and Raman scattering, absorption or
fluorescence.9 The use of pulsed laser sources enables range-
resolved measurements to be obtained. Lidar ozone measure-
ments are performed using the DIAL (Differential Absorption
Lidar) technique originally proposed by Shotland.10 This
technique requires the simultaneous emission of two laser
wavelengths characterized by a different ozone absorption
cross-section. The spectral range is chosen in the ultraviolet
where ozone absorption is most efficient, but the selected
wavelength pair differs according to the altitude range of the
measurements.11 Lidar measurements in the troposphere
require a strong UV absorption in order to detect the small
tropospheric ozone mixing ratios while for stratospheric
measurements, the objective is to reach the stratosphere and
measure the high ozone concentrations there.12,13 Further-
more, the simultaneous decrease in the upper stratosphere of
the ozone number density and the atmospheric number density
which provides the backscatter radiation has to be taken into
account. This leads to the need for powerful laser sources and
not too strongly absorbed wavelengths. Most teams working
on this subject use XeCl excimer laser sources for the absorbed
wavelength. These lasers emit directly in the UV at 308 nm14

and are very powerful (100 W is commonly reached with
current systems). For the non-absorbed wavelength, different
techniques are used among which the most common are the
generation of a wavelength at 353 nm corresponding to the first
Stokes radiation by stimulated Raman scattering in a cell filled
with hydrogen,15,16 the use of the third harmonic of a Nd:Yag
laser (355 nm),17,18 or the use of a XeF laser which provides a
wavelength at 351 nm.19,20

2.1 Ozone retrieval from the lidar signals

The ozone number density is retrieved from the lidar signals
according to the following equation:9
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where nO3
(z) is the ozone number density at altitude z, P(li,z) is

the number of detected photons at wavelength li backscattered
from altitude z, Pbi is the background radiation at wavelength
li, and DsO3

(z) corresponds to the differential ozone absorption
cross-section sO3
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sections depend on atmospheric temperature and thus on
altitude. dnO3
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where b(li,z) is the total atmospheric backscatter coefficient
at wavelength li and altitude z, Da(z) is the differential

atmospheric extinction a(l1,z) 2 a(l2,z) linked to Rayleigh and
Mie scattering and S

e
Dsene zð Þis the differential extinction by

other atmospheric compounds.
In the DIAL technique, the laser wavelengths are chosen so

that the term dnO3
(z) represents less than 10% of the term

derived from the slope of the lidar signals in the altitude range
of interest. The derivation of the ozone number density from
the laser signals shows thus that the DIAL technique is a self-
calibrated technique which does not need the evaluation of
instrumental constants.

2.2 Accuracy and spatial resolution of the measurements

In the altitude range where both laser beams are contained in
the telescope field of view, the accuracy of DIAL ozone
measurements depends on the accuracy of the ozone absorp-
tion cross-sections used in the retrieval, on the laser line width
since eqn. (1) is formulated for monochromatic radiations, on
the estimation of dnO3

(z), and on the linearity of the acquisition
device. The precision of the measurement is defined by the
statistical error due to the random character of the detection
process which basically follows the Poisson statistics.9

2.2.1 Precision of DIAL ozone measurements and vertical
resolution. According to the Poisson statistics, the statistical
error in ozone is given by the following formula, derived from
the formulation of Mégie and Menzies:21
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where DZ is the initial range resolution of the acquisition
system, Pi,j corresponds to the lidar signal at wavelength i from
altitude zj, cj are the coefficients of the derivative filter used
to differentiate the signals, Ni is the number of laser shots
at wavelength li and Pbi is the background radiation at
wavelength li.

Due to the rapid decrease of the signal-to-noise ratio in the
high stratosphere, it is necessary to degrade the vertical
resolution of the measurement in order to limit the statistical
error at this altitude range, to reasonable values. The final
statistical error es(z) on the measurement is the result of a
compromise between the experimental system characteristics,
the duration Ta of the measurement, and the final vertical
resolution DZf according to the following relation, derived
from eqn. (3), and the linear dependence of the lidar signals to
the telescope area A, the emitted laser power Po and the vertical
range over which the lidar signal is averaged:

es(z)!(ADZ3
f PoTa){1=2 (4)

For the vertical resolution, most teams choose low pass filters
with varying number of points as a function of altitude. The
DIAL stratospheric ozone lidar profiles are thus generally
characterised by a vertical resolution varying from several
hundred metres in the lower stratosphere, to several kilometres
around 50 km.

2.3 Measurement accuracy

The errors in the measurement linked to the ozone absorption
cross section and to the laser line width have previously been
evaluated for lidar ozone measurements in the upper strato-
sphere.22 The absolute value of the ozone absorption cross
sections in the Huggins band below 320 nm are known with a
¡3% accuracy and their relative precision over the same
spectral range is reported to be better than 1–2%.23 The
influence of the laser line width was estimated to introduce a
small error of the order of ¡0.8% that can be reduced to less
than 0.2% if the laser spectral emission is monitored. These
estimates are valid for ozone measurements in the whole

58 J. Environ. Monit., 2003, 5, 57–67



stratosphere. The sensitivity of the ozone absorption cross-
section to the local temperature and the Rayleigh extinction
term in dnO3

(z) are determined using daily pressure–tempera-
ture profiles provided by nearby radiosondes or meteorological
analyses using assimilated satellite data or temperature lidar
measurement in the upper altitude range. Interferences due to
absorption by other minor constituents have also to be
considered. In the 300–350 nm spectral range, the main other
absorbers are SO2 and NO2. The SO2 mixing ratio usually
decreases rapidly above the planetary boundary layer so this
constituent does not interfere with DIAL stratospheric ozone
measurements. However, major volcanic eruptions can inject
massive amounts of SO2, with number densities reaching
1011 cm23 up to 25 km and 15u in latitude from the eruption
site.24 Since the SO2 absorption cross sections are of the same
order as the ozone ones, the corresponding error on DIAL
ozone measurements could then reach a few percent. However,
the residence time of SO2 in the stratosphere is reported to be
around 30–40 days,25 so massive injection of SO2 in the
stratosphere do not perturb durably DIAL stratospheric ozone
measurements. The error linked to NO2 absorption can be
estimated using NO2 climatological profiles. The NO2 mixing
ratio reaches a maximum value of about 1028 around 35 km
at northern mid-latitudes26 and the NO2 differential absor-
ption cross section sNO2

(l1) 2 sNO2
(l2) is of the order of 23 6

10219 cm2. The error linked to NO2 absorption on ozone
measurements reaches thus a maximum value of 0.4% between
25 and 30 km and does thus not need to be corrected.

2.3.1 Error due to volcanic aerosols and use of Raman
scattering. The most important error source for DIAL ozone
measurement in the lower stratosphere is associated with the
presence of volcanic aerosols. In conditions of large aerosol
loading in the stratosphere, the DIAL ozone profile is locally
perturbed at the altitude of the aerosol cloud. If the influence of
aerosols is not taken into account, the bias on the ozone
retrieval is expressed as follows:
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ea(z) is linked to the spectral variation of the atmospheric
backscatter and extinction coefficients. The backscatter
(extinction) coefficient is equal to the sum of the molecular
and aerosol backscatter (extinction) coefficients. In the absence
of aerosols, the backscatter coefficient is proportional to the
atmospheric number density and the first term of eqn. (5)
cancels out.

In the presence of volcanic aerosol, ea(z) is dominated by the
backscatter term of eqn. (5), directly linked to vertical gradients
in the aerosol profile.27 In case of large stratospheric aerosol
loading, as just after a major volcanic eruption, this error can
exceed 100% in layers characterized by strong aerosol
gradients. ea(z) can be evaluated by computing the aerosol
backscatter ratio for the reference wavelength using the Klett
method with an assumed backscatter to extinction ratio.28 The
evaluation of ea(z) requires then the estimation of the aerosol
backscatter and extinction coefficients spectral variation using
ancillary measurements of the aerosol size distribution and the
Mie theory. However, small deviations in the assumed size
distribution can induce large variations in the spectral variation
of the backscatter coefficient and the error on the correction
can still exceed 100% in the case of very strong aerosol
loading.29

A better way to address this problem is to detect the lidar
signals corresponding to the first Stokes shift from Raman
scattering by atmospheric nitrogen of the emitted wave-
lengths.30 If laser sources emitting at 308 nm and 355 nm are
used, the corresponding Raman wavelengths are 331.8 nm and
386.7 nm respectively. The ozone number density is then

determined from the lidar signals received at the l1R and l2R

Raman wavelengths according to the following equation:
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the lidar and background signals received at the Raman
wavelength liR. The correction term dnO3R

(z) is expressed as
follows:
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where: DseR ~ se(l1) 2 se(l2) 1 se(l1R) 2 se(l2R)
The advantage of this method is to suppress the aerosol

contribution to the backscatter component of the lidar
equation but its drawback is a loss of accuracy due to the
much smaller Raman scattering efficiency: in the spectral range
considered here, the Raman scattering cross-section is 3 orders
of magnitude less than the Rayleigh scattering cross-section. In
order to compensate this effect, one has to degrade the vertical
resolution of the corresponding measurement following the
compromise expressed in eqn. (4). The error on the Raman
ozone profiles linked to the aerosol extinction has been shown
experimentally to be less than 5% from measurements
performed one year after the eruption of Mount Pinatubo.31

However, in order to detect ozone long-term trends which are
estimated as several percent per decade in the mid-latitude
lower stratosphere,3 it is still necessary to evaluate quite
precisely the influence of stratospheric aerosol on the ozone
measurements, even if Raman wavelengths are used at the
altitude of the volcanic aerosol cloud. To this aim, we have
used an ensemble of measurements of atmospheric aerosol size
distributions performed in Laramie (USA) by Deshler et al.32

using balloon-borne optical particle counter instruments before
and after the Mount Pinatubo eruption. These measurements
sampled the aerosol cloud originating from the volcanic
eruption. They were continued after the sedimentation of the
aerosol cloud around the end of 1995, in order to survey the
evolution of background aerosol. From the measured aerosol
size distribution, fitted to log-normal size distributions, the
extinction and backscatter aerosol coefficients were computed
for the 308 and 355 nm emitted wavelengths and for the
corresponding 1st Stokes nitrogen Raman wavelengths, using a
routine based on Mie theory and proposed by Bohren and
Huffman.33 This study allowed us to evaluate the effect of
background aerosol on Rayleigh and Raman DIAL ozone
retrievals and to study the temporal evolution of the bias linked
to the presence of the Mount Pinatubo volcanic aerosol cloud.
The bias associated with background stratospheric aerosol is
represented in Fig. 1 for DIAL ozone Raman and Rayleigh
retrievals. The background aerosol errors are averaged on the
1997–1999 period. For the Rayleigh signals, the errors linked to
aerosol backscatter and extinction are shown separately. These
errors sum up and the total reaches a maximum of 0.9% around
16 km. For the Raman retrieval, the error, only due to aerosol
extinction, is slightly larger than the corresponding error in the
Rayleigh retrieval, in relation with the larger spectral range of
the wavelengths used in that case. This study shows thus that
the bias linked to background aerosol on DIAL ozone retrieval
does not exceed ¡1% above 13 km.

Fig. 2 displays the temporal evolution at various altitude
ranges of the bias introduced by the presence of Mount
Pinatubo volcanic aerosol cloud on the ozone retrieval using
the Raman wavelength pair. The error on DIAL Rayleigh
ozone is not considered since only Raman DIAL signals should
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be used in the presence of volcanic aerosol. After the eruption,
the stratospheric aerosol optical depth at 308 nm reached a
maximum of 0.18 in the beginning of 1992, as compared to a
mean value of 5.5 6 1023 in the background aerosol period. In
the 15–20 km range the aerosol extinction error does not exceed
5% but it can reach larger values lower down, due to both
strong aerosol loading and low ozone amounts in that altitude
range. The change of sign between 20 and 16 km is due to the
fact that the aerosol extinction Angstrom coefficient appears to
be negative from the end of 1991 to the end of 1992 above
18 km. The Angstrom coefficient describes the spectral
variation of the aerosol extinction coefficient aa(l1,z). It is
defined as follows:

m(z)~
ln(aa(l1,z)=aa(l2,z))

ln(l1=l2)
(8)

For this study, m(z) was computed between 308 nm and
355 nm. In 1992, it reached a minimum value of 20.5 as
compared to 1.5 during the background aerosol period. The
variation of the Angstrom coefficient can be explained by the
larger size of the particles after the volcanic eruption. At 18 km
for example, the measured size distributions are monomodal
during the background aerosol period with a mode radius of

about 8 6 1022 mm, while in 1991–1992, the size distributions
were bimodal with mode radii of 0.2 and 0.6 mm.26 The rate of
decrease of the bias on the Raman DIAL ozone profiles is
directly linked to the sedimentation rate of the particles, which
is altitude-dependent.34 The bias decreases with a rate of about
1% per year at 15 km and 4% per year at 20 km, corresponding
to the more rapid decline of the volcanic aerosol cloud at this
altitude. This study demonstrates that spurious trends of a few
percents per year and of opposite sign as a function of altitude
can be introduced by the presence of volcanic aerosol clouds in
the stratosphere on Raman DIAL ozone time series. Care must
thus be taken when using data obtained in strong aerosol
loading conditions, e.g. during the two year period after the
eruption.

2.3.2 Evaluation of the residual error on the measurements.
For long-term ozone trends detection from DIAL ozone
measurements, it is also necessary to evaluate quite precisely
the residual error that characterizes the measurement after
estimating dnO3

(z) and the temperature sensitivity of the ozone
absorption cross-section. The residual error is directly linked to
the precision of the parameters and ancillary measurements
used in the ozone retrieval. It can be considered as random.
Fig. 3a and 3b present the residual errors on the Rayleigh and
Raman DIAL ozone measurements associated with the relative
precision of the ozone absorption cross-sections and their

Fig. 1 Bias due to the presence of background aerosol on DIAL ozone
measurements. See text for explanation.

Fig. 2 Temporal evolution of the bias due to Mount Pinatubo volcanic
aerosol on Raman DIAL ozone retrieval.

Fig. 3 Residual error on DIAL ozone retrieval after correction of the
systematic error linked to ozone absorption coefficients, Rayleigh
extinction and background aerosol.
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temperature dependence, the Rayleigh extinction and the pre-
sence of background aerosol. The evaluation of the residual
error was made by assuming a 2% and a 5% error on the
atmospheric number density for the Rayleigh extinction esti-
mation, a relative precision of 1.5% for the ozone absorption
cross-section, a constant error of 5 K on the temperature profile
for the evaluation of their temperature dependence and an
error of 50% in the evaluation of the background aerosol biases
displayed in Fig. 1. Fig. 3a and 3b show that above 20 km, the
residual error on the DIAL ozone retrieval is dominated by the
error linked to the uncertainty on ozone absorption cross-
sections. The error linked to their temperature dependence is of
the order of 1%. Considering an extreme 10 K error on the
temperature profile yields a maximum corresponding error of
2.2% at 50 km. Below 20 km, the residual error is dominated by
the error due to Rayleigh extinction which reaches 3% at 10 km
in the Rayleigh DIAL case and 5% in the Raman DIAL case
for the assumed 2% error on the number density. The difference
between both wavelength pairs is due to the larger spectral
range of the Raman wavelengths, which results in a larger
differential Rayleigh extinction cross-section. The rapid
decrease of the residual error from 10 to 20 km is due to the
rapid increase of the ozone mixing ratio in this altitude range.
The 2% error on atmospheric number density is an upper value
below 20 km if radiosondes are used to infer the pressure–
temperature profile above the station, since radiosonde
manufacturers report constant pressure and temperature
error of respectively 0.5 hPa and 0.2 uC.35 These values yield
an error on the number density ranging from 0.5% at 10 km to
about 4% at 30 km, but one has also to take into account the
difference in location and time between the lidar measurement
and the radiosounding. In the upper stratosphere, a 5% error in
the number density estimation can be assumed, depending on
the pressure–temperature profile used, since biases larger than
2–5 K have been reported for various temperature analyses.
However, the Rayleigh extinction residual error is still less than
0.5% in this altitude range for both wavelength pairs. These
results show that Rayleigh and Raman DIAL ozone measure-
ments are affected by a total residual error not exceeding 5%
above 12 km. The residual error increases rapidly below this
altitude, so DIAL ozone measurements using this wavelength
pair are less well suited for long-term ozone trend studies in the
upper troposphere–lowermost stratosphere.

2.4 Instrumental error sources

In addition to errors associated with the ozone retrieval, several
experimental artefacts can alter the linearity of the lidar signals
and thus introduce biases in the retrieved ozone concentration.
The main problems encountered with the DIAL technique are
the following:

Alignment errors. In order to obtain a correct ozone
measurement, the axis of the laser beams and the receiving
telescope must be aligned and the telescope and laser emission
fields of view must overlap. Any error in the alignment
procedure will affect the slope of the signals and then the
retrieved ozone number density.

Signal-induced noise in the photomultiplier tubes. This effect
is due to the high intensities originating from the scattering of
the laser light in the first few kilometres. It results in a slowly
decreasing signal which is superposed on the background light.
This problem is detectable at high altitude ranges, above 40 km,
where the signal-to-noise ratio is low. It can induce high or low
biased ozone concentrations depending on which wavelength is
the most affected by the signal induced noise. In order to avoid

the signal-induced noise effect, it is necessary to include
mechanical choppers in the experimental set-up, since electro-
nic obscuring of the photomultiplier tubes is not sufficient to
tackle this problem.

Saturation of the acquisition systems. At low altitude ranges,
the photon counting systems cannot handle the high intensities
received by the photomultiplier tubes (PMT). Most lidar teams
use two or more amplification stages in order to cover the
whole altitude range. This procedure preserves the linearity of
the signal by switching from one channel to the other. In that
respect, the use of Raman channels is very useful, since their
low intensity allows the linearity of the Rayleigh channels to be
checked in the lower altitude range.

Bias introduced by the algorithm in the high altitude
ranges. As mentioned earlier, it is necessary in the DIAL
technique to use a low-pass filter in order to take into account
the rapid decrease of the signal-to-noise ratio in the higher
altitude range. The usual method is to use a filter whose
number of points varies with altitude, which defines a final
vertical range resolution profile. Above 40 km or more,
depending on the power of the laser sources, the use of a large
number of points introduces a bias in the ozone retrieved
quantity. Recent simulations performed in the frame of the
NDSC by various lidar teams allowed this bias to be quantified
for a given instrumental configuration. This bias can reach 10%
at 45 km.36

3. The OHP DIAL instrument

Systematic stratospheric DIAL ozone measurements began at
OHP in 1986. From 1986 to 1993, a relatively simple lidar
system was used, including XeCl and Nd:Yag laser sources, an
80 cm diameter Cassegrain telescope and two counting
channels linked to a PC microcomputer for the acquisition.17

In order to improve the temporal resolution and accuracy of
the ozone lidar measurements, the instrumental set-up was
completely modified in 1993. A new optical detecting system
was implemented, based on a multiple-fibre collector concept
which was designed initially for the transportable lidar ELSA
that was used during the European Arctic EASOE campaign in
the winter 1991/1992.29 This concept was thereafter applied to
various lidar systems built by Service d’Aéronomie. The
following sections provide a detailed description of the lidar
system which is still in operation at OHP.

3.1 Laser transmitter

The ozone-absorbed laser radiation is provided by a Xenon
Chloride Lambda Physik EMG 200 excimer laser emitting at
308 nm. An unstable resonator cavity is used to reduce the laser
divergence to 0.6 mrad. The reference line is obtained from
the third harmonic (355 nm) of a Continuum Nd:Yag laser
emission at 1.06 mm. Both lasers operate at 50 Hz. The output
energy of the excimer laser is 200 mJ per pulse. The output
energy of the Nd:Yag laser is adapted to provide a return signal
equivalent to the on-line signal at 40 km altitude, which results
in an emitted pulse energy of approximately 40 mJ. In addition,
two beam expanders are used to reduce the divergence of both
lasers to 0.2 mrad and 0.1 mrad at 308 nm and 355 nm
respectively.

3.2 Optical and electronic receiving systems

A schematic view of the lidar layout is displayed in Fig. 4. The
optical receiving system consists of four similar F/3 mirrors of
0.53 m diameter, which correspond to an equivalent receiving
surface of 1.06 m diameter. Both laser beams are emitted in the
centre of the collecting area so that each mirror acts as the
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receiver of an elementary lidar but the whole system is quasi-
coaxial. The light is collected by four optical fibres of 1 mm
diameter mounted in the focal plane of each mirror. The fibre
mounts can be moved manually in the vertical direction for
focusing. They are motorized in the X–Y directions to position
the fibres exactly on the image of the scattered light. The optical
fibres transmit the backscattered light to the optical analysing
device which includes imaging optics, a mechanical chopper
and a spectrometer designed for the wavelength separation.

The chopper consists of a 40 W cooled motor which drives a
blade of 140 mm diameter and 20 mm width, rotating at
24000 rpm in primary vacuum. The 1 mm fibres are assembled
together on a line in a specially designed mount which enables a
sharp opening of the lidar signal in 5.7 ms. A field lens is used to
adapt the output beams to the entrance slit of the F/10
spectrometer. A layout of the spectrometer is displayed in
Fig. 5. It comprises a Jobin Yvon 3600 groove per mm
holographic grating providing a dispersion of 0.3 nm mm21

Fig. 4 Schematic view of the OHP lidar system.

Fig. 5 Layout of the spectrometer used to separate the lidar signals.
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and characterised by an efficiency of 52%. The overall trans-
mission of the spectrometer ranges from 40 to 46% depending
on the wavelength.

The detected wavelengths are 308 nm, 355 nm and the
corresponding 1st Stokes wavelengths in the nitrogen vibrational
Raman spectrum (331.8 nm and 386.7 nm). At the output of the
monochromator, the elastically backscattered signals at 308 nm
and 355 nm are separated into a low and a high altitude channel
in the proportion 0.08/0.92 in order to account for the dynamic of
the lidar signals in the measurement altitude range, so that in
total, the lidar set up includes 6 optical channels. The optical
signals are detected by 18 mm wide side-on bialkali photo-
multiplier tubes (Hamamatsu R2693P), characterised by a
quantum efficiency of y20% in the 300–400 nm spectral
range. The PMTs were selected for a current amplification of
107 at 1000 V voltage operation. The signal is amplified by a
150 MHz bandwidth amplifier to yield an anode current that
corresponds to a pulse amplitude above the 1.2 V counting
threshold. The amplification results in a broadening of the
PMT pulses of up to 5 ns which helps avoid pulse wiggles.
Furthermore, electronic gating of the PMT used for the high-
energy Rayleigh signal detection was implemented in order to
suppress eventual residual signal-induced noise in these channels.

Photon counting is used to process the electronic lidar
signals. The counting boards were designed at CNRS. They use
high speed counters (300 MHz) which are operated with 1024
time gates of 1 ms corresponding to a sampling vertical
resolution of 150 m. For each channel, two counters work in
parallel to avoid dead time between two memory bins. Despite
the quality of the counters, overlapping pulses of finite
duration limit the linearity of the counting system. The
maximum count rate that can be used without modifying
the signal linearity by more than 10% is in fact limited to 40–
60 counts per ms, i.e. 5 times less than the capacity of the
counters. As mentioned previously, this problem which affects
essentially the Rayleigh signals in the altitude range of interest,
is handled by the use of two optical channels for each Rayleigh
signal. The whole experiment is controlled by a 486 Compaq
PC. The master clock is set at 800 Hz and is provided by the
mechanical chopper or by a quartz crystal in case of chopper
breakdown. The clock triggers the lasers at 50 Hz with a 5 ms
time delay between the firing of the excimer and the Nd:Yag
lasers, in order to avoid possible cross-talk between the
received signals. The trigger of the counter is set by the laser
light pulse, which is detected by a fast photodiode and
converted into a transistor-transistor-logic signal. The six
counting channels are transferred simultaneously to the
computer with an output–input 8 MHZ, 16 bit board. For
each channel, the acquisition time of 1024 ms allows a good
estimation of the background signals on more than 600 ms. The

chopper opens at 8 km, providing full energy lidar signals for
ozone retrieval from 9 km. The number of average shots can be
selected by the operator. For routine experiments, the data are
averaged over 10000 shots, which corresponds to a temporal
resolution of 200 s. The corresponding files are stored on the
PC hard disk and sent electronically the day after the
experiment to the main laboratory for further data processing.

With this configuration, the stratospheric ozone measure-
ment can range from 10 to 50 km. As compared to the initial
lidar system, the present system allows a better temporal
resolution, a better accuracy in the presence of volcanic
aerosols, as well as a better reliability of the measurements in
the high stratosphere in relation with the quasi-coaxial
character of the system. Its characteristics are summarized in
Table 1.

3.3 Alignment procedure

A specific alignment procedure was designed for the multi-fibre
lidar instrument. In contrast to other lidar systems, the vertical
reference is given by the 308 nm emission axis. The alignment
procedure consists in optimising the 308 nm signal for each
elementary telescope by adjusting the position of the fibre on
the focal plane of the mirror, the other telescopes being closed
up. This operation results in making parallel the axes of the 4
telescopes so that the whole system is equivalent to a collecting
surface of 1.06 m diameter. The emission axis of the 355 nm
wavelength is then aligned on this axis by optimising the signal
originated from the 4 telescope system.

3.4 DIAL ozone processing

In the routine mode, the lidar signals are time-averaged over
the whole measurement period (3–4 h in general) in order to
increase the signal-to-noise ratio. Several corrections are then
applied to the averaged signal, such as the background
correction in which the background light is estimated using a
linear regression in the altitude range where the lidar signal is
negligible (80–150 km), and the dead-time correction effect in
order to account for the saturation of the photon counting
signals in the lower ranges. The ozone number density is
retrieved from the derivation of the logarithm of the corrected
lidar signals. As mentioned in Section 2, it is necessary in the
DIAL technique to use a low-pass filter in order to account for
the rapid decrease of the signal-to-noise ratio in the high
altitude range. In our case, the logarithm of each signal is fitted
to a 2nd order polynomial and the ozone number density is
computed from the difference of the derivative of the fitted
polynomials. The smoothing is achieved by varying the number
of points over which the signals are fitted. The resolution is
calculated from the cut-off frequency of the low-pass filter

Table 1 Characteristics of the transmitter–receiver system

Transmitter:

XeCl excimer laser Nd:Yag laser

Emitted wavelength 308 nm 355 nm
Emitted energy 200 mJ per pulse 40 mJ per pulse
Repetition rate 50 Hz 50 Hz
Beam expander magnification 3 2.5
Final divergence 0.15 mrad 0.20 mrad

Light collecting system:

Telescope Spectrometer

4 mirrors of 0.530 m diameter Detected wavelengths: 308, 331, 355 and 387 nm
Focal length: 1.5 m 3600 grooves per mm holographic grating
Aperture : F/3 Spectral resolution: 1 nm
Whole system field of view : 0.67 mrad
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defined at 23 dB. The relation between the filter cut-off fre-
quency and the number of points used was obtained empirically
by calculating the filter transfer function for various filter
orders.

The ozone number density is derived from the three lidar
signal pairs detected by the experimental system: Rayleigh
high-energy, Rayleigh low-energy and Raman, which optimise
the accuracy of the retrieved ozone profile in the high
stratosphere, the middle-low stratosphere and the lower
stratosphere respectively. In condition of background strato-
spheric aerosol, it is preferable to use the low-energy Rayleigh
signals in the lower stratosphere, since they provide a more
vertically resolved ozone profile then the Raman signals, as
emphasized in Section 2.3.1. The use of these signals in the
lowermost stratosphere is prevented by the saturation of the
photon counters, as is the use of the high-energy Rayleigh
signals higher up. A method based on the adjustment of the
parameter used for the pulse pile-up correction was then
designed, in order to optimise the range where the most
energetic lidar signal pair can be used, improving thus the
precision of the final ozone profile. The equation used to
compute the true photon count rate from the observed count
rate is the following, derived from the Poisson statistics:37

Pc~1z((1{x)Pr{1) exp ({xPr) (9)

where Pc is the observed photon count rate, Pr is the true count
rate and x ~ 1/Pmax with Pmaxbeing the maximum observed
count rate.

In the case of the high-energy Rayleigh signals, the
parameter x used for the pulse pile-up correction is adjusted
for each wavelength in order to obtain the best agreement
between the slopes of both low-energy and high-energy
Rayleigh signals. For the low-energy Rayleigh signals, we
use the Raman signals by computing ‘reference Rayleigh’
slopes from the Raman signal slopes, the derived Raman ozone
profile and the Rayleigh extinction correction. This technique
allows the best agreement between the ozone profiles derived
from the various wavelength pairs to be obtained. The final
ozone profile is retrieved first by combining for each
wavelength the slopes of the low-energy and high-energy
Rayleigh signals and then by combining the Raman and the
composite Rayleigh ozone profiles. The altitude range where
both profiles are combined depends on the stratospheric
aerosol content. The monitoring of the aerosol content in the
stratosphere is made by computing the backscatter ratio
(defined as the ratio of the total backscatter coefficient to the
Rayleigh backscatter coefficient) at 355 nm, using the Klett
method, as described in Section 2.3.1. This allows us to check
the presence of aerosol layers due to small volcanic eruptions
reaching the lower stratosphere or the presence of subvisible
cirrus. In background aerosol conditions, the combination of
the Rayleigh and Raman ozone profile is made around 14–
15 km. Finally, both the Raman and composite Rayleigh profiles
are corrected from the Rayleigh extinction using composite
pressure–temperature profiles computed from nearby radio
soundings performed daily in the nearby town of Nı̂mes and
the CIRA model. No background aerosol correction is
made presently which can result in a small positive bias of
the order of 1% in the lower stratosphere, as shown in Section
2.3.2.

4. DIAL stratospheric ozone database at OHP

Ozone measurements at OHP are performed during the night
and typically last several hours, which results in a spatial
resolution of the order of 100 km, depending on the
atmospheric conditions. The vertical resolution ranges from
several hundred meters in the lower range to several kilometres
above 40 km. An example of an ozone profile obtained by the

OHP lidar system is displayed in Fig. 6 and the corresponding
precision and vertical resolution are presented in Fig. 7. Fig. 6
presents also a tropospheric DIAL ozone measurement
obtained at OHP on the same day with a different DIAL
system.38 This profile shows a good agreement with the
stratospheric DIAL ozone measurement in the lowermost
stratosphere, which indicates that both types of measurement
can be used to derive an ozone profile in the whole troposphere
and stratosphere. The total accuracy of DIAL ozone
measurements at OHP corresponds to the RMS of the
precision computed from the lidar signals and the total residual
error displayed in Fig. 3. It ranges from about 5% below 20 km
to more than 20% above 45 km. The lidar measurements are
optimum in the 20–30 km altitude range with the use of the
high energy Rayleigh signals. In that range, the total accuracy
is estimated to about 3% and the vertical resolution varies from
0.5 to 2 km.

One main caveat of lidar measurements is the requirement of
clear sky meteorological conditions since laser radiation is
rapidly absorbed by clouds and only cirrus can be tolerated for
accurate stratospheric ozone measurements. However, meteoro-
logical conditions at OHP are particularly favourable to lidar
measurements and a yearly average of 130 measurements is
presently obtained as compared to about 50 ozone soundings.
In some winter or summer months, more than 15 measurements
are obtained, allowing a fairly detailed study of ozone vari-
ability at OHP. Since the beginning of systematic measurements

Fig. 6 Example of Rayleigh and Raman ozone lidar profiles obtained
at OHP. These measurements are complemented by a tropospheric
lidar profile obtained on the same day with a different lidar instrument.

Fig. 7 Typical precision and vertical resolution profile of ozone lidar
measurement at OHP. The precision depends on the meteorological
conditions.
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in late 1986, the annual sampling rate increased from about
50 measurements per year to 155 in 2001 with a peak of 194
in 1997. At the end of 2001, the stratospheric DIAL ozone
database at OHP amounted to 1463 profiles.

DIAL stratospheric ozone measurements at OHP have been
compared to ECC ozone soundings performed at the same
location and to SAGE II satellite measurements obtained in
the vicinity of the station.39 As an example, Fig. 8 shows
the comparison of ozone measurements obtained by the 3
instruments within less than 12 h difference. The SAGE II
measurements were selected within ¡2.5u latitude and ¡10u
longitude ranges around the station. The figure shows that
when the measurements are sufficiently close in time, the lidar
captures similar structures in the ozone profile as the more
vertically resolved ECC sondes, with quite good agreement
between both measurements. The agreement with the SAGE II
measurements is also satisfactory in the middle and high
stratosphere. Measurements obtained on March 16, 1999 are
particularly interesting since both the ECC sonde and the lidar
sampled polar air masses extending to the OHP location. The
ozone number density measured around 20 km is very large as
compared to values obtained in previous winters during the
same period. The 1998/1999 Arctic winter was indeed very
warm as compared to previous years, with nearly no chemical
ozone loss within the vortex. The SAGE II measurement
located around 10u west from OHP did not catch the tongue of
polar air and showed much lower ozone amounts.

The performance of the lidar instrument is further checked
by comparing the mean of coincident lidar and ECC sonde
measurements obtained within ¡6 h difference. Due to large
ozone variability in the lower stratosphere, such comparison
requires the smallest time difference between the measure-
ments. 16 such quasi coincident measurements were found over
the 1994–2000 time frame. The corresponding average profiles
are displayed in Fig. 9. The average profiles are computed as a
function of potential temperature in order to reduce the effect

of vertical displacement between the measurements. Fig. 9
shows that excellent agreement is observed between both types
of measurements, from 350 K (11 km) to 800 K (28 km). The
lidar average profile shows a small positive bias as compared to
the ECC sonde profile between 450 K (16 km) and 500 K
(20 km), but this bias is not significant at 2s standard error
level. Above 800 K, the ECC sondes are less efficient and both
profiles start to diverge. As suggested from the WMO ozone
trend assessment,2 the ECC measurements were not scaled to
total ozone measurements. An average correction factor (ratio
of total ozone computed from the ozone sounding comple-
mented by SAGE II climatology to local Dobson total ozone
measurement) of 1.01 ¡ 0.028 was found for the 16 profiles.

Fig. 8 Example of quasi coincident measurements obtained by ECC sondes and the DIAL lidar at OHP and by the SAGE II satellite instrument.

Fig. 9 Comparison of averaged ozone profiles obtained from 16 quasi
coincident ECC sondes and DIAL lidar ozone measurements. The
error bars correspond to the 2s standard error.
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5. Conclusion

The DIAL method is a powerful technique for the measure-
ment of the ozone vertical distribution in the atmosphere. It is
particularly suited for trend studies since it is self-calibrated.
The DIAL measurements are characterised by a good precision
and good vertical resolution especially in the middle and low
stratosphere down to 12 km. Typical values are vertical
resolutions ranging from 0.5 km at 15 km to 5 km at 45 km and
total accuracy ranging from about 5% below 20 km to 15–30%
above 45 km, depending on the emitted power of the excimer
laser and the weather conditions that affect the measurement
signal-to-noise ratio. The residual error on the DIAL ozone
measurement increases rapidly below 12 km, which indicates
that these measurements are less suitable for ozone trend
evaluation in the lowermost stratosphere. In the ozone
retrieval, some error sources such as the temperature
dependence of ozone absorption cross-sections or interference
with stratospheric aerosol and other minor compounds can
have an effect on ozone trend evaluation. The most important
effect is linked to volcanic aerosols since even when Raman
channels are used, the bias on Raman ozone retrieval reaches
about 5% and decreases at a rate of 1 to 4% per year in the
15–20 km altitude range after large volcanic eruptions, as
emphasized in Section 2.3.1. The temperature dependence of
ozone absorption cross-sections has also to be considered, since
a trend error of 0.1 K per year in the temperature data used in
the ozone retrieval can induce a trend of about 0.02% per year
in ozone, taking into account the sensitivity of ozone
absorption cross-sections to temperature in the 300–340 nm
range. In the case of the OHP ozone lidar time series, such
potential error should be taken into account in the upper range
due to the use of the CIRA model but not in the lower
stratosphere where radiosonde data are used. Besides, the
whole time series can be recomputed with more accurate ozone
absorption cross-sections computed from meteorological
analyses provided by the European Centre for Medium-
Range Weather Forecast (ECMWF) or the National Center
for Environmental Prediction (NCEP). Trends in background
aerosol or nitrogen dioxide, if they exist, will have a negligible
impact on retrieved ozone trends, due to the very limited effect
of these parameters on ozone retrieval. No trend in background
aerosols has been reported at the present time.8 For NO2, an
increasing trend of 5% per decade has recently been reported40

in the southern hemisphere. Such a trend would result in a
maximum trend error of 2 61024% per decade on the lidar
ozone retrieval.

Other errors that can affect ozone trend determination are
due to instrumental artefacts, such as signal induced noise,
detector saturation or alignment problems. These errors are
difficult to quantify since they depend completely on the
instrumental configuration and on the operating procedure.
This is why the lidar set-ups designed for long-term operation
and operating in the frame of the NDSC are required to fulfil
several requirements in order to maintain the linearity of the
lidar signals in the whole altitude range of the measurement.
Among these requirements, one can cite in particular: (i) the
use of a mechanical chopper and high quality photomultiplier
tubes for unbiased measurements in the higher altitude range;
and (ii) the use of several optical or electronic channels for the
analysis of the lidar returns in order to account for the high
dynamics of the lidar signals and obtain unbiased measure-
ments in the lower altitude range.

Another NDSC requirement is the participation in inter-
comparison campaigns involving the DIAL ozone mobile
instrument set up for this type of exercise.19 The OHP DIAL
ozone instrument participated in such intercomparison cam-
paigns in 1992 and 1997.41

The stratospheric ozone DIAL database at OHP amounts
now to more than 1400 ozone profiles. A first evaluation of

stratospheric ozone long-term changes at OHP in the 1985–
1995 period was made in 1997, using the lidar ozone data
together with Umkehr and ozone sonde measurements
performed at OHP and ozone profiles retrieved from SAGE
II satellite instrument overpass measurements. Similar ozone
trends were obtained from the various data series above 20
km.42 Below this altitude the DIAL ozone time series was not
long enough to evaluate trends. Since that study, about 900
ozone profiles have been obtained in the lower stratosphere.
These profiles were used recently to study the influence of
Arctic ozone depletion on ozone amounts at OHP.43 In the
near future, the estimation of long-term ozone trends will be
updated, with an evaluation of the influence of dynamical
processes on low stratospheric ozone amounts since various
recent studies have pointed out the importance of these
processes on long term ozone trends in the mid-latitude
regions.44
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