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Abstract. The description of ozone differential absorption  The main error source is high aerosol and trace gas con-
lidar (DIAL) based onKrF and XeCl excimer lasers for centrations in the troposphere and especially in the plane-
day and night-time measurements in the troposphere is préary boundary layer (PBL), so the choice of DIAL wave-
sented. Th&eCllaser is used as the “off” wavelength emitter lengths for the sounding becomes very critical. If in strato-
and the radiation oKrF laser is Raman-shifted in a hydro- spheric measurements the choic&efCl laser as “on” wave-
gen and deuterium cell to obtav7 nmand 292 nm*“on” length source has no serious alternative today, in troposphere
wavelengths. For the measurements in the rdhged.5km  at least three types of laser sources have already proved
the pair 277308 nmis used and ford—10 km range the their suitability for such measurements. These are tunable
pair 292/308 nmis applied. Simultaneously with the elastic dye lasers [1,3,8,9,13,15] and fixed-frequency UV lasers
backscattering, the Raman backscatter oi@€l laser from  such askrF excimer [2,11,14] or a frequency-quadrupled
nitrogen and water vapor are monitored. The nitrogen RamaNd:YAG [10, 12,16] in combination with Raman shifting
signal is used for the calculation of aerosol backscattering antéchnique. Though tunable lasers allow one to choose the
extinction coefficients and these are compared with the resultsptimal wavelengths for the sounding, their energy-power
derived fromXeCl elastic backscatter by the Klett method. capabilities are very limited. The sounding errors KoF
The aerosol profiles obtained are used for correction of ozonend frequency-quadrupledd:YAG lasers are similar, so
concentration. Some examples of lidar application for the inthe choice between these lasers is related mainly to the
vestigation of diurnal and seasonal ozone variation are givernoperation convenience inside the lidar station. The advan-
tages of frequency-quadruplbldi: YAG laser are general for
PACS: 42.68.Rp; 93.85.+q; 94.10.Gb: 92.60.Jq s_olid—state systems: compactness, re_IiabiIity, and long life-
' ' ' time of all laser components. Otherwise teF laser pos-
sesses significantly higher output power and the numerous
Stokes orders may be efficiently produced to choose the
The importance of long-term measurements of tropospherigptimal DIAL wavelengths for every altitude range. Espe-
ozone is now well recognized and a network of ground-basecial interest for application of excimer lasers is supported
monitoring stations is in operation throughout the world.by recent progress in elaboration of new high-density ce-
Nevertheless for a fully representative picture of the troporamic laser tubes with long life of discharge and optical
spheric ozone, vertical sounding methods are necessary. Stumponents [17], which meet the specification of lidar ra-
ies of photochemistry and ozone transport require regulatiation sources. The excimer lasers are simpler in opera-
diurnal measurements from the ground level up to tropopaug®n when compared with solid-state lasers: short-time oper-
with a height resolution of several hundmadind an accuracy ation of excimer lasers sufficient for tropospheric measure-
of the order ofl pph The capability of the DIAL technique ments may be produced without water cooling, the radiation
for such monitoring was demonstrated about 15 years ago [1parameters are stable with temperature variations, and the
3]. But in contrast to the stratosphere, where DIAL systempauses between the soundings do not influence the output
based on excimer lasers have become the routine instrumestiergy.
for stratospheric ozone monitoring [4—7] (see also references In this paper we present a description of a excimer laser
therein), the development of fully operational lidar systems$ased DIAL system designed in the Physics Instrumentation
and their application to the regular study of troposphericCenter of General Physics Institute to provide ozone density
ozone evolution were only started quite recently [8—13]. Sucldistribution from near ground level up to the free troposphere.
delay is related to the numerous problems to be solved befofhe lidar station is located in Troitsk, which 28 km south-
acceptable accuracy of the measurements had been achievegst from Moscow.
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1 Description of the lidar Telescope & 60 cm Aperture for

low altitude
measurements

1.1 Radiation source

To optimize the measurement accuracy over different altitud
ranges and ozone concentrations the wavelengths with diffe
ent absorption cross sections are required. Aerosol loadir
is most prominent in the mixed layer, and a strong gradi
ent in aerosol concentration often exists at the top of thi
mixed layer, so the backscatter error will be most signifi-
cant there. Th&rF excimer laser in combination with hy-
drogen and deuterium Raman shifters can efficiently gene
ate the Stokes orders of 268, 277, 292, 313, 8t8 nm
The detailed analysis of both statistical and systematical €  277um  308nm  3310m
rors for the different combinations of these wavelengths is 292 347 nm
presented in [11,18,19]. For the measurements in PBL th&d. 1. An assembly drawing of lidar
pairs 268292 nm(first two Stokes orders in deuterium) and
277/313 nm(first two Stokes orders in hydrogen) are usu- . . : .
ally chosen. These pairs posses high ozone differential al? the side of the receiving telescope. The dielectric coat-
sorption cross section and their choice is convenient frorfl9S Of all turning mirrors are fully reflecting in the op-
the practical point of view: each pair may be generated bgrational spectral rang&8-319 nn) and transmitting the
a single Raman cell, which allows one fo increase the raUmP and high Stokes orders. THeCl laser beam is twice
diated energy and simplifies the alignment procedure. Thg?(panded to keep the divergence smaller thamrad The
pair 268292 nm provides smaller errors up takm alti- ivergence o277nm and 292nm beams also did not ex-
tude, but because of the strong absorption at 288 nm ceed this va]ue. The energy of laser pulses emitted in the
for the measurements abog2&m the pair 277313nmis ~ &tmosphere iSO mJat 277 nm 30 mJat 292 nm and70 mJ
preferable. at308 nm

In our previous study [20] we compared the ozone profiles
measured with 268292 nm 277/313nm and 277292 nm .
wavelengths and ?ﬁmd that unéer perfect Weath7er condition]s2 Recelving system

these pairs lead to similar results. For routine monitoring thq_h - K f h here | I
traditional choice is 27/813 nmbecause the Raman conver- | € radiation backscattered from the atmosphere is collected

sion in hydrogen is more efficient and this pair allows usPy a 60-cmrdiameter Cassegraine telescope and enters into

to produce measurements upSe6 km. In the new version & SPECtium analyzer. A lens with= 10 cmis inserted after
of our lidar we included additionaXeCl laser as an “off” the field iris diaphragm to produce a collimated beam of

wavelength source instead 813 nm The reasons for such 10 mmdiameter. Dichroic mirrors divide the optical signal
a modification are: into three channels and the interference filters select the work-

) een , ing wavelengths. The suppression of optical cross talks be-

— toincrease the “off” beam energy to make day-time longyyeen the channels is better tHeaf. The first channel is used

range measurements possible; _ for detection of277nm and292-nm backscatter, the second
— to use nitrogen and water vapor Raman signals from thg, 30gnm backscatter, and the third for nitrogen and wa-

308 nmwavelength to obtain additional information about o, vapor Raman signal831 nmand 347 nn). Interference

the aerosol content for the correction of ozone profiles. fjjters in the first and third channels can be easily replaced
In the new modification of the lidar the pair 27308 nmis  in accordance with the wavelengths used. The suppression
used for thed.5-4.5 km heights and the pa#92-308 nmfor ~ of Raleigh scattering in the Raman channel should be bet-
the4-10 kmrange. ter than10’, to achieve this value the additional absorption

An assembly drawing of the lidar is shown in Fig. 1. edge filter (hydroquinone dimethylether in ethanol) is used.
The KrF and XeCl excimer lasers (PIC design) @0mJ The transmission bandwidth of the interference filters is about
and80 mJoutput energy respectively are operated 80&lz 3 nmexcept for277 nmwhich is5 nm Despite the increased
repetition rate. The lasers fire simultaneously and the prédandwidth the transmittion &77 nmis only 12%, which
cision of temporal synchronization is better thHhins The leads to a significant limitation in the maximum sounding
radiation of KrF laser is focused by lenses 4fm focal altitude.
length into hydrogen or deuterium Raman cells. The pres- Optical signals are detected by PMTs operated in ana-
sures in the hydrogen and deuterium cells Afeatmand log mode and digitized by a 12-bi30-MHz ADC. To
40 atm respectively, to optimize the conversion efficiencydecrease the ADC’s nonlinearities due to the differences
to 277 nmand 292 nm The energy ofKrF laser is insuf- in settling times of the internal comparators the dither-
ficient to pump both cells simultaneously so the switchingng technique is applied in a way similar to that described
between the cell is produced by the totally reflecting mirrorin [21]. The ADCs modules are used with the standard
M which directs the beam into the deuterium cell when it isVME bus and the controller accumulates a specified num-
necessary. The Stokes orders are collimate@.Bym focal  ber of shots before the data are transferred to the main
length spherical mirrors and directed vertically into the at-computer for storage and processing through the serial
mosphere through two steering mirrors which are mountegort.

Spectrum analyzer
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1.3 Lidar operation 1.00E+012 [

For the ozone density calculation we used the expression:

1 am[Pon(z)} 1 (o —afi]

— — -«
2A00; 02 | Poit(2) | Aoy - O Off

HereP(z) = light intensity returned from the rangeAo,; =
differential ozone absorptiony}, . = Raleigh extinction co-
efficients for “on” and “off ” wavelengths. Before the ozone
calculation the integrated background is extracted from th §
backscattered signal separately for each channel. The bac . . . L . .
. . . 0.00E+000

ground level is determined as a signal measw@gs be- 1000 1500 2000 2500 3000 3500 4000
fore laser firing. Raw lidar data are smoothed using Gaus Altitude, m
sian filters. The width of the filter window is usually kept rig 2 jjustration of adjusting “low” and “high” altitude profiles for the
to be 50m The derivative stepAz is changed with the 277/308 nmpair
altitude from Az=50m for z<1km up to Az=1km
forz> 8 km.

One of the most serious source of errors in DIAL meas2 Aerosol correction
urements is the signal-induced noise (SIN). The problem
of SIN still has no satisfactory solution though different Since high aerosol particles contents and high concentration
correction schemes were suggested [10,13,22]. The Slipradientsinside the boundary layer introduce significant error
originates from the intense PMT illumination from short- in the ozone measurements a correction for aerosol effects
range scattered radiation. To prevent excessive anode cumust be included. The correction terms to (1) may be calcu-
rent, the PMTs are electronically gated. The trigger pulsdated as [2]:
is applied to the dynodes near the photocathbges be-
fore laser firing and the gain is lowered by a factor of An , — 1 ﬂm [ﬁon(z)}_i [aA _aAﬁ] ; 2)
500. With the trigger pulse “off” the PMT reaches its nor- 2000, 02 | Bott(2) | Aoz - " °
mal gain during~ 600 ns The operational current during _ .
the sounding never exceedddmA. Nevertheless testing with
revealed that electronic gating had not removed the SI%:,BR_i_,BA
problem completely, which led to the low values of ozone 4
concentration at high altitudes. We found that this effec%R ﬁgﬁ <Xoff>

@

Noz = —

5.00E+011

one concentration, cm -3

is decreased with the narrowing of the telescope field of°" Aon
view or at larger separation between the telescope and laser 5\ K
beams, which confirmed our suggestion about the excessiw{;‘n = o/gﬁ <ﬂ>
PMTs exposure. To overcome this problem, we used differ- Aon
ent fields of view for the telescope for high and low-altitude , A <A0ﬁ)5
measurements. on = Poft
The lidar signals could be processed only in the region

of full overlap of area illuminated by lasers with the tele-

scope field of view. The altitudéi at which such overlap oo 5 o 5 —

; . . , Aoff, Aon = Unabsorbed and absorbed by ozone DIAL
is achieved may be estimated &= 2D/(p—0), where = \ayelengths,aA = aerosol extinction coefficients for
D is the maximum distance between the telescope and the : AR

laser beam edge®, and ¢ are the beam divergence and °" and “off” wavelengths;f,, . = aerosol and Raleigh

telescope field of view. For the low-altitude measurementd’@ckscattering coefficients;ands are coefficients character-
we partly blocked the telescope with an aperture26ftm Izing the wavelength dependence of aerosol parameters. The

diameter close to the laser beams, as shown in Fig. 1. THESt térm in (2) describes the differential backscattering error

field of view of the receiving telescope during low-altitude 21d the second one the aerosol differential extinction error.

measurements is.5 mradand full overlap is reached at al- 10 €valuate the aerosol backscattering and extinction coeffi-
titudes smaller thaB00 m The voltage at the PMTs during cients two independent methods of lidar equation inversion

these measurements is decreased. For the high-altitude me%l}gonthms are applied: the Raman method [23-26] and the
urements the full telescope aperture is used and the fie ett method [27, 28].

of view is narrowed t00.8 mrad The example of adjust-

ing of “low” and “high” altitude profiles for 277308 nm 2.1 Raman method

pair is presented in Fig. 2. The delay between the measure-

ments does not exce@&dnin. The precision of adjustment is During the past decade the application of the Raman method
good in spite of high and quickly changeable aerosol confor evaluation of aerosol parameters has been increasingly
tents. The measurements with the apertured telescope aecepted. The main advantage of the Raman method is the
possible up ta2.5 km and with the open one up #h5km.  possibility of simultaneous and independent measurement of
For the measurements abo¥® km the pair 292308 nmis  the height profiles of the particle extinction and backscatter-

used. ing. Following Ansmann et al. [24] the aerosol extinction and
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backscattering coefficients are calculated from the nitrogeplan to do it in the future using an iteration scheme and the

Raman and elastic signals using the expression: noncorrected ozone profile as initial one.
The relative behavior of the extinction profiles evaluated
2 {In [ NN2<Z>2]} — M@ -l (2 by the Raman and Klett methods are close, but the absolute
Az) = oz P, @2 2 (3)  Vvalue obtained from the Klett inversion is usuall§—20%
1+ (L)k lower, which may be the result of numerous simplifications in
our calculations. We believe that the Raman method leads to
BL(2) + BR(2) = [BL (20) + BY(20)] a more correct absolute value, since the only approximation
in this method is the choice of the wavelength dependence
[ P, (20) P (2) NN, (2) } S 2 s _
of aerosol extinction. This discrepancy does not appreciably
Pn, (Z0) P.(2) N, (Z0) influence the results of ozone correction, but still we intro-
exp[— fzz (“ﬁz(é)"‘“m@) ag] duced an additional scale coefficient to adjust the profiles
x . using the Raman one as a reference. Two extinction pro-
exp[— J2 (e @+ ©) ag] files obtained with Klett and Raman method in January 1998

4 are presented in Fig. 3. In this measurentéftlaser pulses
) are averaged, the derivative step is changed with the altitude

; ; ; ; . from Az=50mforz<1kmuptoAz=1kmfor z> 8 km.
where Py, (2) is the intensity of nitrogen Raman scattering,
AN thé wavelengths of elastic and nitrogen Raman scat! The profile is typical for a winter: extinction inside the PBL
terlné from mtrogenN (2) the nitrogen molecules number is about0.2 km~! and the aerosol concentration distribution
N2 at the boundary layer top(2 km height) is quite smooth.
density; oz M the aerosol and molecular extinction for elas-

ticand Raman backscatteésthe variable of mtegratlorro is Figure 4 presents the range dependence of lidar Rib-
the reference altitude, whep# (zo) + A% (z0) ~ AR(z0). For tained the same day from the Raman measurements. Inside

UV wavelengths the Raleigh scattering is the dominating pro thlfhtiﬁ:ngﬁtrg(;:yer this value is about 25-30 and goes down

Egzz svuéségﬁltgghbooglsldgfg ﬁﬁ:;@gBg?nrtgboe?gv\yg?g]begvceo?d Raman method leads to more accurate absolute values of
cirrus cloud layer7—11 km) gxtlnctlon and backscattering inside the boundary layer, but
: the error quickly increases with altitude because the Raman

signal is three orders of magnitude weaker than the elastic

2 2 Klett method one. To improve the accuracy, the number of accumulated

laser pulses must be increased, which is unacceptable for
the routine tropospheric monitoring. So we used Raman pro-
~files only to check the absolute value of aerosol extinction in
etepundary layer and for the estimation of lidar ratio. For the

correction of routine ozone measurements we used the Klett
method with range-independent lidar ratio which is chosen

The aerosol profiles are also derived fr868-nmbackscatter
by using the Klett numerically stable integration scheme [2
28]. The aerosol backscattering coefficient can be calculat
from the expressions:

exp[S(2) - S(20)] to be 30 because the correction is most significant inside the
B+ BR = — % , PBL.
e 2 [,° R{exp[S (&) — S(z0)]} 9 The application of aerosol correction to ozone profile
measured on 18 November 1997 is illustrated by Fig. 5. For
S(2) - S(20) =S — S(z0) - 3 comparison, the same picture presents the corresponding pro-
file of aerosol extinction evaluated by the Klett method. In
R this calculation the values= k = 1 are used. The oscillations
X /ﬂ &) <1_ RQ) % of ozone concentration in thie-2.5 km altitude range origi-
z nate mainly from aerosol differential backscattering and after
2y
-2 [ e erae. ®
) ) :,‘____ Top of PBL
whereR s the aerosol lidar (extinctioibackscattering) ratio _ 15 X
andS(2) is introduced a&z) = In [zZ(P(z))] To determinex 'E
andp values from the single equation the simple relat|onsh|p 010 | Raman method
between these coefficients is used: %
(=
az) = RB(2) . g °%r
o
(2]
More complicated relationships including range- dependerg 0.00
lidar ratio R are considered by many authors [28, 29] but ai® Klett method
the present stage of software development we only use th | ', \ . ,
simplest one. The integration is started at the upper end of tt 2000 4000 6000 8000
evaluation range and is carried ouf/is-m steps. The contri- Altitude, m

_bUtion of ozone extinction f0308 nmin the boundary layer Fig. 3. Vertical profiles of aerosol extinction obtained with the Klett and
is not very critical and at this stage it was not considered. W&aman methods in January 1998
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calculated as a ratio of water vapor and nitrogen Raman sig-
nals, corrected for aerosol and molecular differential absorp-
tion [24]:

PH,0(2)
Py, (2)

exp| - 7 (o, +oll,®) o¢]
exp|— /7 (efh,0®) +ofho(®) 0¢]

ON
NH0 = K —=
OH,0

where K is a system calibration constamty,.1,0 the Ra-

man scattering cross sections,.1,o the extinction coeffi-
cients for the nitrogen and water vapor Raman signals. For
the calculation ofK we measured the transmittance of the

Fig. 4. Vertical profile of the extinction-to-backscatter ratio measured inwater vapor and nitrogen Raman channels in a spectrum

January 1998
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Fig. 5. Vertical ozone distribution obtained on 18 November 1997 with and
without aerosol correction. For comparison, the corresponding profile o
aerosol extinction is also presented

correction these are significantly decreased. The data pn
cessing without aerosol correction overestimates the ozor
concentration inside PBL by 10711 cm~3. The correction

of our data for differential backscattering is more or less
successful for thin aerosol layers, but it basically does nc
work for the dense layers. During the ozone measuremen
we often observed the appearance of anomalies in ozone d
tribution such as peaks or dips, which were detectable durin
several hours. Aerosol correction is very important for distin-
guishing the real ozone effects from the artifacts caused b
aerosol. For example in springtime an ozone digdt5 km

altitude was frequently detected. But the origin of this dip is'g

the high gradient of aerosol concentration at the top of thi
boundary layer and this dip is diminished after the aerosc
correction.

2.3 Water vapor measurements

analyzer. Figure 6a shows the water vapor profile obtained
in September 1997 with a height resolution5fm When
10000laser pulses are accumulated the measurements are
possible up to2-2.5km altitude with the acceptable ac-
curacy @10%). For comparison Fig. 6b shows the aerosol
extinction profile evaluated by the Klett method. It well il-
lustrates that the structure of the extinction profile in this
case is determined mainly by the water vapor contents.
The regular water vapor measurements are the subject of
future research for which the application of more power-
ful XeCl laser and comparison of results with sonde data
are planned.
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Fig. 6a,b. Water vapor profile measured by Rainan methajl 4nd ex-

We also used the Raman channel for determination of thgction profile evaluated from elastic backscatterXaCl laser by Klett

water vapor mixing ratio. The water vapor mixing ratio is

method b)
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3 Routine ozone sounding from 5% in good visibility to15% for haze. The error in the
3-6 kmrange is determined mainly by PMT nonlinearities and

The testing of the modified lidar system was finished in Junelectronics noise and was abd%%6. The increasing error up
1997 and since then regular measurements of ozone profil&ész30% in the6 km-10 kmrange is related to insufficient statis-
were started. The main goal of these measurements is thies. To improve the accuracy at high altitudes the energy of the
investigation of seasonal and diurnal variations of ozone dif292nmbeam and the number of accumulated pulses must be
tribution in the troposphere. The measurements took pladacreased. In our calculations we did not take into account the
exclusively under fair-weather conditions. temperature dependence of the ozone absorption cross section

The tropospheric ozone concentration in PBL depends oandSO, gas differential absorption. The errors related to these
many factors, such as anthropogenic emissions, solar radactors are estimated to be smaller ti3&6.
ation, and atmospheric dispersion conditions. The averaged A strong diurnal cycle is generally found in polluted en-
0zone concentration is higher in summer time and it is lowewironments. It reflects the relationship between the buildup of
in winter. Usually ozone decreases with altitude and in th@zone precursor gases in the early morning and the subsequent
free troposphere the ozone densities were measured to photochemical formation of ozone. In contrastto this, the clean
about half of the peak values in boundary layer. environmentusually exhibits aweak diurnal cycle. Also, ozone

Two typical ozone profiles obtained with the use of thediurnal cycles in winter are usually weaker as compared with
277/308 nmand 292308 nmpairs are presented in Fig. 7. The summer. We have already presented the results of our diurnal
delay between the measurements at these pairs does not excstedlies in [20]. In winter in stable weather conditions the di-
15 min For the 277308 nmpair the number of accumulated urnal ozone variations usually did not exce®d—10%. But
pulses is 2000 and the maximal sounding altitudé.’skm.  when the weather is changing and especially when air masses
The 292308 nmpair is applied for thd—10 kmrange and, in  arrive from Moscow these variations react#6—-30%. So
a typical measurement0 000pulses are averaged. Very of- for the study of seasonal ozone variations we used daily aver-
ten cirrus clouds limited the sounding rang&a8 km. Inthe  aged profiles. Figure 8 presents several ozone profiles meas-
profile presented in Fig. 7b the peak in 0zone concentration afred on 20.02.1998in the 12:00-19:30 time interval. The pro-
5.5 kmand the dip a6.5 km originate from the aerosol layer, files are processed with a constant step—= 100 m After
which we were not able to correct completely.

The accuracy of the measurements in the lower troposphere

(1-3 km) depends strongly on the aerosol loading and varie 26 February 1998, 12:00-19:30
@
13 February 1998 g 1.00E+ 012-
1.00E+012 [ &
? B
g = \
S § Y
'8 277/308 nm g S00E-01-
- 2
% i 292/308 nm 3
8 5.00E+011 I
§ 1 1 1 L 1 L 1 1 J
Q 0.008x 1000 1500 2000 2500 3000 3500 4000 4500 5000
§ Altitude, m
Fig. 8. Ozone profiles measured on 20 February 1998 in the 12:00 — 19:30
0.00E+000 . P L 4 L time interval. The profiles are processed with a constant Atep 100 m
' 2 3 4 5 6 7
a Altitude, km
+ -1km
24 March 1998 2.0 + +
277/308 nm @ % -4 km
1.50E+012 [ €
@ 202/308 nm I ¥
Cﬁﬁ— ‘é 1.5 4 + s + +
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Fig. 7a,b. Ozone profiles measured on 13 February 19&0d 24 March  Fig. 9. Changes of ozone concentration latm and 4 km altitudes during
1998 p) with 277/308 nmand 292308 nmpairs November 1997 — May 1998 period
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