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Ozone Monitoring in the Troposphere and Lower Stratosphere'
Evaluation and Operation of a Ground-Based Lidar Station
JACQUES PELON AND Gl•RARD Ml•GIE
Service d'Adronomie du CNRS,

91370 Verri•res-le-Buisson,

France

Ozone monitoring in the troposphereand lower stratospherehas been performed on an operational
basisby usinga ground-basedlidar stationset up in 1980at the Haute ProvenceObservatory(France).
A description of the experimental system is given with a special emphasis on the technical
achievements that take into account the optimization criteria of the differential absorption laser
techniqueusedin the measurements.The resultsobtainedduring severalexperimentsin 1980-1981 are
discussedin terms of ozone variability in the troposphere and lower stratosphere, ozone exchanges
between these two altitude regions, and troposphericozone budget.

1.

INTRODUCTION

Observatory in the south of France (44øN, 6øE) will be

Continuous monitoring of the ozone vertical profile in the
troposphere and stratosphere is a basic requirement in
present day atmospheric physics, as the possible depletion
of the ozone layer by catalytic chemical cycles involving
trace constituents of anthropogenic origin could greatly
modify the earth's environment and climate. The measurement of the total ozone column content by means of the
ground-based UV spectrometer network or by satelliteborne systems remains the fundamental basis for global
observations and trend analysis [NASA, 1979a]. However,
the very large variability of the ozone number density as
observed in the troposphere and lower stratosphere[Diitsch,
1979] and its interpretation in terms of horizontal and
vertical transport requires high spatial resolution measurements. These are of particular interest for the understanding
and quantitative evaluation of the net ozone budget in terms
of sourcesand sinks of atmospheric ozone and stratospheretroposphere mass exchanges. The recent development of
powerful tunable lasers has opened a new experimental field
for spectroscopicstudies of atmospherictrace constituents.
As part of it, the differential absorption laser technique
(DIAL) has already been used for ground-based measurements of minor constituents in the boundary layer [Cahen et
al., !981a; Frederiksson et al., 1979; Murray et al., 1977]. In
a similar way, with the advent of the NASA Space Shuttle
transportation system as a platform, global measurementsof
atmospheric species, using a pulsed lidar system, become
feasible and have already been evaluated [Remsberg and
Gordley, 1978; Megie and Menzies, 1980].
Vertical concentration profiles of atmosphericozone have
also been recorded by using UV and IR lidar systems;
however, these measurements have been restricted either to
the boundary layer [e.g., Asai et al., 1979; Bufton et al.,
1979; Browell et al., 1981] or to the stratosphere [Megie et
al., 1977; Uchino et al., 1980]. The purposeof this paper is to
describe the evaluation and realization of a ground-based
UV lidar system for continuous monitoring of the ozone
number density profile from the ground up to the 25-30 km
range. The operational aspectsof the system and the results
of various experiments performed at the Haute Provence

discussed.

2.

METHODOLOGY

The basic principles of the differential absorption laser
technique (DIAL) have been described by various authors
[Schotland, 1964; Byer and Garbuny, 1973]. Its application
to ozone measurementsfor both UV and IR systemshas also
been analyzed by Megie and Menzies [1980], in the case of a
spaceborne experiment. A detailed development of the
DIAL technique will thus not be presented here, and only
the points of interest for a ground-based system will be

emphasizedstartingfrom the erro/-sderivation presentedin
the appendix: the ozone number density in the altitude range
R, R + z• (see appendix for notations) is directly derived by
processinglaser signalscorrespondingto successivealtitude
ranges and to two different wavelengths X• and X2in the UV
absorption bands of ozone.
Error Analysis

The general expressionof the relative uncertainty e on the
ozone number density as derived in the appendix depends on
a large number of interrelated parameters and can be expressed as the sum of two terms: (1) the statistical error el
due to the signal and background noise fluctuations and (2) a
systematic error e2 due to the approximations made when
neglecting the wavelength dependence of the scattering and
absorbing properties of aerosol layers and tenous cirrus
clouds.

A minimum value of e can be obtained for a given range by
an appropriate choice of the laser emission wavelengths X•
and X2. In the general case, this optimization of the DIAL
measurement requires a numerical computation to include
the experimental parameters of the lidar system and the
atmospheric parameters related to molecular and aerosols
scattering and ozone absorption. The description of such
computations are beyond the scopeof this paper; however, a
simple analysis can be made by considering separately the
lower (0-2 km) and higher altitude ranges, as the relative
contribution

different

of the molecular

and aerosol extinctions

will be

in these two cases.

Boundary layer and lower tropospheric measurements.
Below 2 km, e2 becomes the most important error term as
the molecular and aerosol extinctions are large and as the
backscattered signal is intense enough so that the statistical
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error el canbe reducedbelow10-2. By usingthe extinction
values given by Elterman [1968], the differential molecular
extinction for a wavelength interval Ah = hi -- •2 = 5 nm can
be as large as 0.1 in the wavelength range considered (270310 nm) and can thus not be neglected. A correction has to
be made by measuring the ground-level pressure and temperature to derive the atmospheric density in the first
kilometers. An uncertainty of a few percentsin this determination

will reduce

the error due to molecular

extinction

to

less than 5 x 10-3.

The remaining error in e2 is then related to the aerosol
extinction, and a further distinction should be made between
ozone measurements performed in rural (nonpolluted) or
urban

areas.

Rural areas'

We have calculated the variations of e2 as a

function of wavelength and range by using aerosol particles
concentration as given by Elterman [1970] and typical of
rural conditions. These variations are given on Figure 1 for
different values of hi and AX = •2 - hi for a vertical rangeR
- 1 km. The optimization of • and AX in the wavelength
range 265-285 nm leads to values of e2 less than 2%, which

can be further reduced if needed by using the experimental
procedure adopted for urban or polluted areas and described
in the following subsection.
Urban or polluted areas: Owing to the large aerosol
particles concentrations in the boundary layer, e2can reach

valuesas largeas 10-1, anda complementary
measurement
will be needed to eliminate

the aerosol differential

extinc-
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Variation of the statistical error e, as a function of Ah for

differentopticalthicknessesVlRø corresponding
to differentwavelengths h, or ranges. el is normalized to its minimum value.

tion. This can be done, for example, by using three wavelengthsin the 265-285 nm range with the samewavelength
interval AX = 5 nm. The aerosol differential extinction can

then be substracted, if one assumes a linear variation for the

aerosol scatteringand extinction propertiesover 10 nm. This
will avoid the use of a theoreticalmodel that dependson the
nature and shape of the particles. Taking into account the
experimental errors and the modeling uncertainties, the
estimated upper limit of e2 will then be reduced to 2-3%.
Upper tropospheric and stratospheric measurements:
Above 2 km, e2decreasesrapidly with altitude, as represented in Figure 2, for averagevaluesof highertroposphericand
stratosphericaerosol content. The choice of the operating
wavelengthsis then determinedby calculatingthe minimum
value of e] as a function of the three interrelated and

wavelength-dependent
parameters•]Rø, •2Rø,AX(see the
appendixfor notationsand definitions).For a given value of
the larger absorption wavelength h•, the minimum is ob-

tainedfor •2ø = 0. Thiscondition
cannotbe experimentally
achieved in the case of the ozone UV absorptionbands,
which present continuous absorption features over a wide
wavelength range. Thus the optimization procedure will

consistof first calculatingthe value of •mø and thus •,
correspondingto the minimum value of el for AX = o• (i.e.,

ß2R
ø = 0) andthenevaluating
thedecrease
in accuracy
that
results of the choice of a finite value of AX compatiblewith
both the experimental constraints and a maximum value of
km
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Fig. 2. Variation of the systematic error E2 as a function of
altitude, for Ah = 5 nm, and the three values of hl that optimize the
statistical error el (see text).

Fig. 4. Variation of the statistical error el as a function of height
for three different range optimized wavelengths. The dotted curve
represents the optimum value of e• for each altitude.
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TABLE

1. Lidar System Characteristics

Emitter

Energy (300 nm)=
Pulse duration

-

12 ns

sectionbetweenan absorption
maximumanda minimum

linewidth

Ah = 5 pm
Beam divergence < 0.5 mrd

---1.5nm)canreach10-•8 cm2.In thecaseof largeamounts

& telescope = 36 cm
wide-band

Repetition rate = 10 Hz
Emission

features of 1 nm [Thompson, 1975]. The differential cross

Receiver

40 mJ

of SO2in the troposphere
overurbanareas,the correspond-

filter:

Ah.... iver= 70 nm (FWHM)
narrow
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ing differential absorption coefficient can reach values as

largeas0.1 km-1 at thegroundlevel[Stewartet al., 1978].

band filters

Ah.... iver= 3 nm (FWHM)
field of view = 1 mrd

To avoid any interference,the two laserwavelengthshi and

h2 shouldbe chosenso that the SO2differentialabsorption
vanishes.This choiceis always possiblewithin 0.3 nm of a
predeterminedwavelength.
2. The nitrogendioxide NO2 presentsin the samewavelength range absorptionbands with cross-sectionvalues of

s2 as calculated above. Megie and Menzies [1980] have
shownthat the optimumvalueof rmøis 1.28,in the caseof
shot-noise
limitedsignalwhenone neglectsthe off line 0•2) the orderof 10-19 cm2 [Basset al., 1976].The differential
absorption(for ozone measurements
this corresponds
to crosssectionfor a 5 nm wavelengthinterval is then 2.5 10-20
large valuesof Ah). We have represented
on Figure3 the
variations of el relative to its minimum value as a function of

cm2. It results,
if oneconsiders
thehigher
mixing
ratios

see that the optimum wavelengthinterval has to be in the

In any case, the high altitude measurementswill not be

typical of urban or polluted areas (---0.3 ppm [Seinfeld,
Ah. The valuesof the atmosphericdensityas a functionof 1975]),in a differentialabsorptioncoefficientof 0.015km-I
altitude required for the calculations were taken from the
at the groundlevel. The correspondingerror on the ozone
U.S. Standard Atmosphere[1976]. By comparingthese measurementwill be 2% and can be taken care of by the
variationswith the onesobtainedfor e2(Figure 1), one can same procedure as for SO2.

range5-15 nm.Thefinalchoiceof 5 nmhasbeenadopted
by affecteddue to the very low atmosphericcontentin these
considering
the maximumtuningrangeof the lasersystems interferingspeciesabovethe boundarylayer.
and the possibilityof usingseveralwavelengthpairsfor the
measurement within this range.

Temporal Variations of the ScatteringMedium

The optimumvalueof hl asdetermined
aboveis onlyvalid
for a givenaltituderangeR. On an experimental
pointof
view,it seemsimpossible
to useasmanywavelength
pairsas
the numberof altitudelevelsof themeasurement.
Therefore,
we havecalculatedthe altitudevariationsof el (hi, Ah)by
usingthe meanozoneprofileof Kruegerand Minzer [1976]

If the two wavelengthsare not simultaneously
emitted,
variationsin the opticalpropertiesof the scatteringmedium
might occur betweenthe two laser shots,owingto atmospherictransport.This will be of particularimportanceat
lower altitudes if the aerosol content is high or at the

typical of middle latitude regions.These relative variations

tropopauselevel in the presenceof cirrusclouds.Thus, even

if the integration
timerequiredfor themeasurement
is large,
representedon an arbitraryscale,corresponding
to experi- the switchingbetweenthe two wavelengthswill have to be
mental conditions,are given on Figure 4 for three wave- made with a time constant much smaller than the time
lengthpairs (hi,)k2). The shorterwavelengthsare usedto constant characteristicof the dynamical transport. The
probe the lower altitudelevels, and the usefulrangeof a experimentalsystemwill have to take this requirementinto
given pair can be extended up to 7-8 km so that the account (see section3), and the possibledesignof a dual
measurement accuracy stays between its optimum value e

and 1.2 s.

As a final step, usingthe abovementionedatmospheric
and ozone modelsand the operationalcharacteristicsof the
lidar systemdescribedin the next section(Table 1), we have
computed the optimized acquisitiontime t, required to

cavitylaseremittingsimultaneously
at two wavelengths
shouldalso be inves•tigated.
Altitude Dependence of the Ozone
Absorption Cross Sections
The value of the absorptioncrosssectionsthat we usedto

obtain a given accuracye on the ozone numberdensity derive the ozone number densities are taken from Inn and
(Figure5). (To extrapolatetheseresultsto otherexperimental parameters,it shouldbe noticedthat t, is inversely

proportional
to theproduct(PeA •3) wherePeis thelaser
average output power, A the telescope area, and •

the

rangeresolution.)This acquisitiontime increasesvery rapidly abovethe altitudeof the ozonemaximum(z•u= 23 km in
the reference model of Krueger and Minzer [1976]). This
constitutesa limitation of the differentialabsorptionlidar
techniquein the UV wavelengthrange as only the ozone
numberdensityprofileup to altitudelevelsof the orderof z•u
+ 7 km canbe retrievedwith the presentlyavailablesystem
within acquisitiontimes compatiblewith measurementsof
geophysical interest.

Interference With Other AbsorbingGases

10 1rant
102 15mn•
03•ht 104

10S

1at

106
1mr

10* tt(s)

Fig. 5 Measurement
acquisition
timerequiredto reacha quoted
Two minorconstituents
haveto be Considered
aspotential
relative
accuracy
as
a
function
of
height, for different vertical
interferenceabsorbers
in the 300nm wavelengthrange.
resolutions.Thesecurvesare givenfor Ak = 5 nm and optimized
1. The sulfurdioxideSO2absorptionspectrumpresents wavelengths
at eachaltituderange(thesystemparameters
aregiven
a band structure with a spectral width for the individual in Table 1).
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Synoptic diagram of the lidar system.

Tanaka [1953]. The spectral resolution of their measure-

of anindustriallydeveloped
Nd3+YAG laserasa pumplaser

ments is lower than the resolution

systematicerror if high res.0[•tionabsorptionspectraof

refers to their actual technical achievement. The possible
use of other types of lasers, such as excimer lasers [Uchino
et al., 1979], either as the pump laser or as the active laser
itself using various methods for additional generation of
wavelength, will have nevertheless to be considered for
future developments.
A schematic diagram of the lidar system is represented on
Figure 6.

ozone
become
available
in•t•:is
Wavelength
range.

Transmitter

of the lidar measurements

as given by the laser linewidth (-50,000). The assumption
has thus to be made that the mean value of the absorption
cross section is the same over these different wavelength
intervals. This is not experimentally confirmed, but the
precise knowledge of the emitted wavelength (see the following section) will also allow us to correct our data from this

The ozone absorption CrOss sections are temperature
dependent mainly in the Huggins bands above 310 nm where
variations as large as a factor of 2 can be observed for a 100
K temperature difference. Low resolution measurements
[Vigroux, 1953] have shown that the absorption minima are
more sensitive than the maxima to the temperature variations. In the Hartley bands, the relative temperature variation of the cross section is much lower:

1% for a 10 K

variation [Vigroux, 1953]. Therefore, the use of an atmospheric model to take into account this temperature dependence of the absorption cross section and an a posteriori
control using the radiosonde measurements of the nearby
meteorological stations will reduce this uncertainty on the
ozone profile to less than 0.5%.
3.

EXPERIMENTAL

SYSTEM

The system evaluation conducted in the previous section
shows that the measurement of the ozone number density
profile from the ground up to -30 km, using the DIAL
technique, requires a dual wavelength lidar to minimize the
interferences

due to molecular

and aerosol

extinction.

A

single wavelength system might be used for the measurements between 15 and 30 km [Uchino et al., 1980] as long as
further assumptionsare made with respect to the atmospheric number density and aerosol content at these levels. As
shown in section 2, the value of the wavelengths pair used

for the measurementhas to be adaptedto the altitude range
to fulfill all the optimization criteria. Taking these requirements into account leads to the choice of a laser system
tunable over a wide wavelength range from 280 to 310 nm. At
the present time, the frequency doubled dye lasers seem to
be the best candidates for an operational system if one
considers their actual state of development. Such systems
have already been used in airborne measurements [Browell
et al., 1981] and are considered as an important part of a
potential spaceborne lidar [NASA, 1979b]. Also, the choice

The active part of the transmitter is a laser pumped

frequencydoubleddyelaser.Thepumplaseris a Nd3+YAG
laser (Quantel model 480) emitting an energy of 750 mJ at
1.06 ixm with a repetition rate of 10 Hz. This IR emission is
frequency doubled with an efficiency of 40% resulting in an
available pump energy of 300 mJ at 0.53 ixm. The transversaly pumped dye laser (Jobin Yvon model HPHR) includesone
oscillator cavity and three amplifier stages [Bos, 1981]. To
cover the wavelength range from 570 to 620 nm, two dye
solutions are used as the active medium (1) 570-600 nm a 5 x

10-4 M/1solutionof Rh6Gin water + 5% ammonix;(2) 590620 nm a 5 x 10-4 M/1 solution of Rh 610 in water + 5%
ammonix.

The energy conversionefficiency is 40% correspondingto
an output energy of 120 mJ. The wavelength selection and
spectral narrowing of the emitted laser line are made by

usinga 2750grovesmm-• gratingat Littrow incidence.The
emission
Table

characteristics

of the laser are summarized

in the

1.

To adapt these characteristicsto the requirements brought
out from section 2, two experimental achievements remain
to be made.

1. The output wavelength has to be converted to a value
in the near UV wavelength range by second harmonic
generation using a KDP crystal. Owing to the high peak
power of the fundamental emission (20 MW) the energy
conversion efficiency is close to 35%. The output energy
between 285 and 310 nm is equal to 40 mJ.
2. The laser system has to emit sequentially two wavelengths. It is designedso that the full sequenceof wavelength
switching is automatic. The output wavelength of the dye
laser fundamental emission is monitored by using a spectrometer and a Fizeau interferometer, giving patterns recorded on diode arrays. A computer-controlled servo mechanism [Cahen et al., 1981b] is used to both ensure the
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z
km

March10,1981

changed when the laser emission wavelengths are changed.
The signal is detected by using a Hamamatsu R 212 UH
photomultiplier tube.

•",.

March
12,1981
1
March3,1981
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Electronic Processing and Data Acquisition

2O

The dynamical range of the backscattered signal between

the groundand 30 km can be as largeas 106 accordingto
equation (1) in the appendix. We thus use two acquisition
modes. (1) For the lower altitude range the electrical signal
delivered by the PMT is analysed by using a transient
waveform recorder (Biomation 1010) with a sampling frequency of 10 MHz, which corresponds to a maximum
altitude

resolution

of 15 m. A 10-bit converter

is used for the

analog to digital conversion. (2) For the altitude levels above
10-12 km, a 256 channels photon counter is used in parallel
with the transient recorder, so that the two acquisition
modes overlap with respect to the altitude range. The
timegate of the photon counter can be varied from 1 to 8/•s,
and the maximum

!

•

.

,

1012 2.1012

.

,

,

,

5.1012

03]cm-3

to reduce

Fig. 7. Vertical ozone concentration profiles as obtained by
lidar soundings. March 10 and 13 are representative of particular
meteorological conditions (see text).

stability of the output wavelength at a value hi and to switch
automatically the emission wavelength from hi to a second
preprogramed value he. To allow this switching to be fast (t
< 1 s) and to avoid the experimental difficultiesconnectedto
the accuracy of the doubling crystals positioning as a function of wavelength, two KDP crystals are used that are
preset to the optimum value of the phase matching angle for
hi and h2. The laser beam is then mechanically switched
from one crystal to the other, depending on the incident
wavelength. When a secondwavelengthspair has to be used,
the values of hi and h2 as programed for the servocontrol
loop are changed so as the crystal angles. By using this
system, the stability of the laser emission wavelength is
better than 1 pm and the switching operation takes place in
less than 0.5 s.

As the laserdivergence
is smallerthan5 x 10-4 rad, no
transmitting optics is used and the beam is sent directly
upward by using a total reflection prism.

the volume

is thus 150 m.

of stored data.

The PDP 11-34 computer is used to control the full
sequenceof a DIAL measurement. The experimental parameters (acquisition time, altitude resolution, values of the
various laser wavelengths, switching time, etc.) are typed in
to start automatically the sequence of laser firings. During
the experiment, the laser energy and emission wavelength
are continuously monitored, and the data acquisition takes
place only if all these parameters are within the range of
predetermined values.
The reliability of this operational schemeand its potentiality for routine measurements have been successfully tested
during several field measurements campaigns in 1980-1981.
4.

DATA

ANALYSIS

As shown by equation (3) in the appendix, the ozone
number density is given by the difference between the range
derivatives of the local optical thicknessesat the two wavelengths hi and h2. The values of these derivatives are
deduced from the slope of the backscattered signal as a
function of range.

JUNE
];,1980

The backscattered signal is collected by a 36 cm scanning
telescopein a Cassegrainconfiguration.The equivalent focal
length of the two mirrors combination is 3 m. The distance
between the emitting point and the telescope axis can be
varied, depending on the altitude range of the observations
to increase or decrease the range at which the fields of view
of the transmitter and the receiver begin to overlap. This will
avoid saturation of the photomultiplier tube from the low
altitude backscattered signals.
The telescope field of view is adjusted by using a remotely
iris and can thus be reduced

resolution

Automatization of the Observations

Optical Receiver

controlled

altitude

The data provided by the two acquisitionsystemsare then
fed into a PDP 11-34 computer and are stored on a floppy
disk. A presummation of the singlelaser shot signalsis made

to its limit

---

2100
UT

--'-- 2145
UT

Zkm

2300
UT
..... 0215
UT
oooo0250
UT

value
i

compatible with the laser divergence. The spectralbandwith
of the receiver can be reduced by either using a wide band
interference filter (70 nm) or several narrow bandwiths
interference filters (3 nm) which can be automatically

5.1011

[

i

1012

5.1012

[03]cm-3
Fig. 8.

Short-term variability of ozone concentration profiles as
recorded during the night of June 1-2.
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5.

km

EXPERIMENTAL

RESULTS AND DISCUSSION

The lidar system described in section 3 has been in
operation since March 1980 at the French lidar facility for
atmospheric studies located at the Haute Provence Observatory (44øN, 5øE). Several field experiments have been conducted and correspond to 40 nights of observation spread

....July
3,1980 )"

throughout the year.
15

Experimental Measurements

Typical ozone concentration profiles as measured by the
differential absorption laser method are representedin Figure 7. The

5

,

I

,

I

main

characteristics

of these observations

that

represent the first lidar measurements of the ozone vertical
profile simultaneously in the troposphere and lower stratosphere are as follows:
1. Vertical profiles are measuredfrom the groundup to 26
km for clear sky conditions.
2. Three profiles correspondingto the altitude ranges--O-

10

i

5.1011 1012 2.1012

5.1012

[03)cm-3
Fig. 9. Ozone concentration profiles recorded during July 1980
and showing evidence for an ozone bulge occurence on July 9.

For each wavelength Xi, the signal is sampled with respect
to time (i.e., range) at a rate that depends on the acquisition

modeused(seesection2). The valueSt/of the signalin each
channel j is stored. The background level B and the background noise NB are evaluated by using the higher altitude
channels where no backscattered signal is detected. The

rangecorrection(Rj) is madeto computethe quantitiesL 0 =

8 km, 7-17 km, 15-26 km--are obtainedwithin 15 min. This
sequential experimental procedure results from the wavelength optimization criteria derived in section 2.
3. The relative accuracy correspondingto a 1 tr standard
deviation on the ozone number density for the individual
profiles--15 min integration time•and taking into account
the error analysis of section 2 is (1) better than 5% at the
tropospheric altitude levels for a vertical resolution of 450 m
(however, in the presence of cirrus clouds at the tropopause
level (less than 500 m vertical extension as detected from
lidar returns), the systematic error e2 can be greatly enhanced due to the rapid time evolution of the scattering
medium; the lack of a simultaneous emission of the two laser

In {Rj2 x (So.- B)), whichdependon thetotalintegrated wavelengths does not allow at the present time an accurate

determination of the ozone number density at the cloud
altitude, and the results presented hereafter are obtained
only for clear sky conditions), and (2) minimum in the 20-26
km altitude range where it decreases down to 20% at the

thickness ri. To calculate the derivative

maximum

altitude

level for a vertical resolution

of 1.2 km. In

the signal correspondingto the 2n + 1 channels(j - n, j + n)

this altitude range, however, the systematic errors are
is fittedto a second-order
polynomial
function
aoR2 + bo.R negligible and the ozone concentration variability is small so
+ ca by usinga leastmeansquaremethod.From the values that further integration of the measurement can be perof ao.and bo.,the corresponding
value of D o is determined. formed to increase the accuracy to less than 10% for a 1- to
The value of n is chosen so that the difference between
2-hour integration time.
experimental and fitted values is less than twice the standard
deviation, and the range interval that correspondsto 2n + 1
channels is less than 1200 m. The ultimate vertical resolution

AR is chosen to compute the average value Di(R)

Tropopauseheight (km)

11 ,",, ,'
8

The average ozone number density in the range R - AR/2,
R + AR/2 is then given by
no(R) =

3.1d
2

Dl(R) - D2(R)

take into accountthe temperaturedependenceof the ozone
absorption cross sectionsand the differential Rayleigh extinction below 5 km, resulting in an overall uncertainty of
1%. The

statistical

error

on the ozone

'"'67-'õ6 ....

6g'-gi

;!

12

2(orI -- o-2)

As mentioned in section 3, two corrections are made to

less than

03- 80

number

.10
Fig. 10. Correlated variations of the ozone concentration at 9

km as measuredby lidar sounding
s and of the tropopauseheightas
obtainedfrom radiosoundings
at the nearby meteorologicalstation

deviationsof the Soßfor each laser shot and each altitude

at Nimes. (For the March 80 observations, the weather conditions
only allowed a 3-day lidar measurementperiod.) The dashed line
correspondsto the average ozone concentrationgiven by Krueger

range.

and Minzer [1976] at 9 km.

density is determined from the calculation of the standard
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These experimentally obtained characteristics are very
close to the values expected from the error analysis of
section 2 (Figure 5). Furthermore, comparisons between
ozone measurements by lidar soundingsand other conventional techniques, have been performed during the international ozone campaign held in the south of France in June
1981, [Upper Atmospheric Bulletin, 1981]. The results,
which show good agreement between lidar and balloonborne ozonosondes,are to be published as part of a global
data set in the near future.

Short-Term Variability of the Ozone Number Density
The statistical analysis of the measured ozone profiles
shows the existence of large variations in the ozone number
density below 16 km even within short observation times,
whereas in the upper altitude levels, above 20 km, the
observed variations remain within the experimental error
bars (20%). As an example of this short-term variability,
successiveprofiles recorded during the night of June 1, 1980,
are represented on Figure 8. A two-fold increase in the
ozone number density at 10 km has occurred between 9 PM
and 2:30 AM on the following day. The careful analysis of
the data on each laser wavelength does not give evidence for

the presence of cirrus clouds at this altitude, which might
have introduced a systematic error in the derived ozone
concentration. The altitude of the tropopauseas determined
from the radiosonde data (launching time 2:00 AM) of the
nearby meteorologicalstation of Nimes (43.5øN, 4.2øE) was
12 km on this typical day and correspondsto the minimum
observed in the ozone density in this altitude range at the end
of the night. Such ozone variations, already observed with
other experimentaltechniques[Diitsch, 1979]and related to
the horizontal transport at the tropopauselevel with short
characteristic
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southern France. A detailed analysis of one of these situations (July 1980) has already been performed by using the
meteorological charts at various altitude levels in the troposphere and lower stratosphere [Pelon et al., 1981]. A meridional circulation was established at the 300 mbar pressure
level due to the presence of a low pressure center over
northern Europe. Such cyclonic-anticyclonic situations as
encountered on July 9, 1980, over Europe seem to be a
typical feature of ozone intrusions [Danielsen, 1980]. It was
always observed during large ozone increases at the higher
levels or before such episodes when they were detected at
lower altitudes. This circulation brought stratosphericair of
polar origin into the lower latitude tropospherewhere it kept
its general characteristicssuchas the highertemperatureand
higher ozone content usually observed 3-5 km above the
polar tropopause. The altitude variations observed for the
ozone concentration increase is related to the time elapsed
between

the intrusion

and the lidar observation

and thus to

the location of the stratosphere-tropospheremass exchange.
A lower altitude increase correspondsto a longer residence
time in the troposphere, which could explain the larger
altitude extent due to diffusion processesat tropospheric
altitudes.

The variations

of the ozone

total vertical

content

corre-

sponding to such events as compared with its mean value
can be larger than 10-15%. From the analysis of air masses
trajectories on the days preceding and following the July
1980 event, the horizontal extent of the injected stratospheric air mass is of the order of 1500 by 500 km, which
corresponds to 0.3% of the total area of the northern
hemisphere and to a total number of ozone molecules of 7.5

X 1033.Thisnumbercouldbe compared
withthe 1.7 x 1029
molecules-• or 5.4 x 1036 moleculeper year given by

scales of the order of 100 km seem to be a

[Fabian et al., 1977] as an estimate of the total annual

common feature. The correspondingvariations of the ozone

stratosphere-tropospheremass exchange for the northern
hemisphere.

total content remain below 1% and will not thus be detected

by the usual UV or IR ground-basedspectroscopictechniques. It is, however, importantto point out that the shape
of the vertical ozone profile is modifiedand the presenceof
such structures may lead to incertainties in the inversion
procedureused for the determinationof ozone profile from
integrated satellite-borne or ground-basedmeasurements.
Day to Day Variations

Large variations in the ozone number density are also
observed on a day-to-day basis. They are related to larger
scale horizontal transport as compared with the short-term
variations previously analysed. As an example, the vertical
ozone profile recorded during the night of July 9, 1980
(Figure 9) shows the presence of a very large ozone bulge

with concentration
up to 3 x 1022cm-3 at the 10-kmaltitude
level. For comparison, the average profiles observed during
the beginning of July 1980 are plotted on the same figure.
Such increases of the ozone concentration at the tropopause
level have been observed on several occasions during our
field experiments (Figure 7). The altitude of the ozone bulge
may vary from 10 to 12 km down to 6 to 8 km as on March
11, 1981; in this latter case the peak concentrationdecreases
when the bulge is observed at lower altitudes.
From the meteorological network data, one can show that
these increases are systematically correlated with a 2-3 km
decreaseof the tropopauseheight (Figure 10) corresponding
thus to the presence of warmer air at these levels over

Lower Troposphere Ozone Profile

As already pointed out, ozone monitoring in the troposphere (0-15 km) has been performed for the first time by
using a ground-basedremote sensingtechnique.The relative
accuracy on the ozone number density profile is better than
5% for a 15 min integration time and a vertical resolution of
450 m. As compared with point measurements at ground
level, the lidar technique will bring scientific improvements
to such studies as (1) the relative importance of the various
ozone sourcesin the troposphere(photochemicalformation,
horizontal or vertical transport) by continuously monitoring
the ozone altitude profile to identify the origin of the
observed variations and (2) the study of the transport and
removal processesof ozone in polluted areas to determine its
tropospheric residence time as i•t is transported downwind
from source rich areas and to evaluate

the influence

of local

sources in terms of global ozone budget.
These first data obtained

at the Haute

Provence

Observa-

tory, which can be consideredas representative of pollution
free areas, show that in most cases ozone is rather well

mixed in the troposphereup to 8 km. The increasein mixing
ratio usually observed above 8 km is thus related to a high
altitude source either stratospheric as shown above or in the
high troposphere as suggestedby various authors [Kley et
al., 1981]. More systematicobservationsare now required to
analyze further these two possibilities.
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CONCLUSIONS

Lidar monitoring of the vertical ozone profile in the
troposphere and lower stratosphere has been performed on
an operational basis during the years 1980-1981 at the
French lidar facility set up at the Haute Provence Observatory. These measurements demonstrate the potentiality of
the differential absorptionlidar techniquefor the study of the
ozone variability in the dynamical region in terms of troposphere-stratosphere exchange and total ozone budget. The
accuracy, height resolution, and integration time presently
obtained are already suffcient to fulfill these main geophysical objectives. The extension of the measurements to the
daytime will allow a continuous monitoring during a full
diurnal cycle. The implementation of a ground-based network and the development of a space-borne lidar (either
airplane or satellite), as it is now undertaken by various
space agencies, should be considered in view of these first
results as an important contribution to the global monitoring
of the ozone layer in the next decade.

squareof the photodetectordark current fluctuationswithin
the time gate interval 2AR/c.
In the usual derivation of the DIAL method, one considers

that the wavelength variations of flx• and rkRe between Xl
and X2 contribute only to the systematic error term e2 (see
below) [see, for example, Schotland, 1974] so that (3) can be
rewritten

as

A•'iR
ø-- AY2R
ø= • In•Ni2N21
,

(5)

The average ozone number density no(R) within the range
cell R, R + • is given by

A•mø - A•2•ø

no(R) =

(6)

(m -

The relative uncertainty e = $ndno is then expressed as
the sum of two terms
1. e• is related to the signal unce•ainty by
K

APPENDIX:

ERROR CALCULATIONS

El=2TR0•N
0•12
+f22)
1/2

The usual lidar equation is written as
where

A

N• = Nex
' 13•
' AR'•T' •q'r/'ßexp
{-2(r•ø+ rue)}
(1)

K __ •

-_

A• ø
where Nx• is the number of backscatteredphotoelectronsat
wavelength X from the cell at the range R and of thickness
AR; Ne•, number of emitted photons in the laser pulse at
wavelength X;/3•R, atmosphericbackscatteringcoefficientat
wavelength X and range R; AR, thickness of the range cell
correspondingto a time gate interval of 2AR/c, where c is
the velocity of light; A, receiver area; ,/, detector efficiency;
integrated optical thickness due to the absorption by the
constituent under study, i.e., ozone:

f h2•

rr• no(R)dR

thicknessr• = r• ø + rkRe.
The local optical thickness Ar• = •xn+• - • within the
range cell R, R + AR is obtained by processingfour different
laser signalsat two different wavelengths Xl and X2and from
two successive cells at ranges R1 and R2 = Rl + AR
2(Aver - A•'2R)= In

N22Ni i
N12N21

+ ln•

/•12[•21
/•r22/•11

(3)

where the first subscript refers to the wavelength and the
second one, if present, to the range.
The signal to noise ratio S• for a single wavelength
measurement is given, in the case of an incoherent detection
scheme and assuming that the fluctuations of the various
sources of the photodetector current are governed by Poisson statistics by
S•

=

(3)fx is a wavelength dependent function given by
e2*•

•

+•ø/g))
--2•'M
e {(1+ e2•e 2(m

flxNext'xe

q-Xx0(1 + e4•'•"+xen(•+•ø/K)))

(2)

where rr• is the ozone absorption cross section and no(R)
the ozone number density; r• e, integrated optical thickness
excluding the ozone absorption; r•R, total integrated optical

NXR

(N• + NB + ND)1/2

no(R)AR

on the rangeresolutionof the lidar system(1) •0 is the
differentialintegratedopticalthickness:rRø = rmø - r2•ø;
(2) No -- AAR,!,!'/R2 is the wavelength
independent
partof
N•;

'

fono(R)dR

is wavelength independent as far as one considers that the
ozone absorption cross sections are altitude independent.
One can also notice that the product KAR does not depend

ß/, opticalefficiencyof thetransmitterreceiversystem;r• ø,

r• ø =

(7)

/xx
=In{(7)
1+ I/•xl
[/3x2
]tl/2
}+Arxe
Xx
o N•Nx•
+ No _2•0
=

e

is independent of the ozone absorption; and (4) Px is the
number of laser pulses emitted at the wavelength h.
2. e2 is a systematic error due to the wavelength dependence of the scattering and absorbing (other than ozone)
properties of the atmospheric medium which has been
neglectedin the derivation of equation (5). A general expression of e2 has been given by Megie and Menzies [1980] as
KAR

E2 --

r• ø

' G(R h)'

'

G(R, X) is a function of range and wavelength depending
on the scattering and extinction prope•ies of the atmospheric gas and particles, written as

(4)

where NB is the number of background photons and No the

G(R,
h)= 2 1-

(r•)2

-

+ map + 4a•
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whererx• = 1 + /3t,//3M
is the scattering
ratioat wavelength
X;/3o, % are the aerosolparticlesbackscattering
andextinc-
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