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Abstract. A Raman lidar system based on a triped:YAG  to apply it to atmospheric studies are not numerous. The in-
laser is used for profiling of water vapor and liquid water integrated on distance Raman spectrums of liquid water and
the troposphere. The Raman signals from water in the gaspor excited by second harmonicld: YAG laser were ob-
and liquid state are separated by interference filters and theserved in [8] for different weather conditions. The analysis
relative intensities are studied for different atmospheric conef atmospheric bulk water scattering is presented in [9, 10]
ditions. For clean weather or immediately after the rain thevhere the Raman signal from liquid droplets was responsible
Raman signal from liquid water inside PBL is about one ordefor anomalous enhancement of water vapor contents during
of magnitude lower than the signal from water vapor. But dur<loud soundings. In our paper we describe the lidar system
ing cloud measurements both Raman signals become comgar study of Raman scattering by liquid water and water vapor
rable and the results of water vapor measurements must lretroposphere. The obtained results allow us to compare the
corrected for the interference of liquid water Raman scatterrelative intensities of these signals for different weather con-
ing. The obtained results are used for the estimation of liquiditions, to estimate the content of atmospheric liquid water,
water content in the atmosphere. and to correct the results of water vapor measurements.

PACS: 42.68.Rp; 93.85.+¢; 94.10.Gb; 92.60.Jq
1 Experimental setup

The conversion and transport of liquid water to vapor andrhe most intensive band in the Raman spectrum of li-
back again is a subject of intense research. The lidars providgiid water is the valence band with wide contour which is
an unique opportunity for the atmospheric research becausaifted relatively to the incident radiation by the frequen-
of the ability to monitor relatively large areas with high tem- cies 2800 cnT2-3900 cnt. The shift of water vapor line is
poral resolution. In the last decade both DIAL and Ramarof 3657 cnt! hence its Raman contour overlaps the liquid
systems have been successfully applied to atmospheric warater contour to some degree. The small frequency interval
ter studies ([1—4] and references therein). The Raman lidarbetween the Raman contours makes necessary the use of nar-
though possessing lower sensitivity as compared with DIALrowband laser source for excitation. In our experiment we
systems, provide higher spatial resolution, no complicatedhose a tripled\Nd:YAG laser, becaus&54.7-nm pumping
tunable laser sources are demanded and the strong Raman Iprevides sufficient efficiency of Raman process and at the
of water vapor with high frequency shift 857 cnt! may  same time the wavelength interval between the Raman lines
be easily separated from elastic backscattering and Ramamakes possible the separation of Raman signals by conven-
lines of other molecules. Raman method may be extenddtbnal interference filters.
to include liquid water scattering. The knowledge of liquid  Figure 1 presents the shape of Raman contour of li-
water content is essential in physics of clouds, atmospheriguid water excited by354.7-nm radiation at20°C. The
photochemistry and in the study of condensation processe®ntour is calculated as a superposition of four Gaussian
in polluted environments or in the presence of radioactiveomponents. The average frequencies, half-widths of com-
sources. Moreover, since the Raman contours of vapor ammbnents, and their percentages for different temperatures
liquid water are partially overlapped, the bleed throw of Ra-are taken from [5]. The same picture presents the position
man signal from liquid water may introduce significant errorsof water vapor Raman signal and the spectral transmit-
in vapor measurements, especially when wideband exciméance of interference filters which are used for Raman signal
lasers are used for the sounding. separation.

Raman scattering by bulk water in the laboratory has been In our study the mobile lidar system from the Korean
reported by a number of investigators [5—7], but the attemptétomic Energy Research Institute is used. The radiation
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Liquid water Water vapor at 4015 nm the transmittance i$2% in the maximum and
0.15% at 407.8 nm (water vapor line). To diminish the ef-
fects related to the temperature dependence of water Raman
contour, the signal monitoring near the isosbestic point at
4037 nmis preferable [11], but for this wavelength the pre-
vention of the bleeding throw of water vapor signal becomes
more difficult. In any case the errors related to temperature
variations are much smaller than the errors that originate from
the uncertainty of water aerosol parameters, so at the present
stage we do not take the temperature dependence of Raman

SN e contour into consideration.

392 394 396 398 400 402 404 406 408 410 412 414 One of the principal problems in Raman measurements

is the suppression of elastic backscattering, which should be

better thariL0. In our system the demanded suppression is

o o e S, 1o syl varonces o Tealized by combining the interference fiers with dichroic

interfeFr)ence filters for Raman signals séparatior? are showdablged line Mmirrors. Dichroic mirrors POSSESs high transm'_ttance for Ra-

man signals and the suppression of the pumping wavelength

is around a factor of 200. In Raman channels three dichroic
source is tripledNd:YAG laser of 120 mJenergy andB0Hz  mirrors are installed witHl cm separation, the mirrors are
repetition rate354.7-nmradiation is extracted from the laser tilted at small angles to remove the reflections. The distance
output by an Abbe prism. The beam is expanded gOtomm  between the PMTs and optical filters in the spectrum ana-
and the optical axis is aligned with the axis of3@cm-  lyzeris15 cmin order to decrease the interference of possible
aperture Newtonian telescope. The scanning aluminum foldptics fluorescence. The transmittance of liquid water chan-
ing mirror on the top of the van allowed us to choose thenel is abou®% and suppression of elastic scattering is better
sounding direction. During the vertical measurements thishan10'2.

mirror is removed. The telescope field of view islof mrad Another way to overcome the problem of elastic backscat-

so the geometrical factor is close to unity for distances extering is the combining of interference filters with absorp-

ceeding300 m In the spectrum analyzer the dichroic beam-tion edge filter. For example, the solution of hydroquinone
splitter divides the optical signal in two channels. One chandimethylether in ethanol is efficiently employed in lidar sys-
nel is used for monitoring of nitrogen Rama®BE.7 nm) or  tems based oXeCl laser [2]. We did not find an appropriate
elastic backscatter and another one for detection of Ramdigquid for tripled Nd:YAG laser, so we tried to use the semi-
signals from liquid water4015nm) or vapor @07.8nm).  conductor crystal as an edge absorber. Semiconductors have

The change of operational wavelength in the channels igery strong absorptions for the photon energy exceeding the

achieved by replacement of interference filters. The signalgap and are transparent for the longer wavelengths. The diver-

are detected by PMTs operated in analog mode and digitizesity of semiconductor materials allows us to choose the sam-
by 12-bit/30-MHz ADCs. In one typical Raman measure- ple for practically any pumping wavelength. For 8&4.7 nm
ment10000laser pulses are accumulated, the obtained prowvavelength we have chosen undopatO crystal with the

files are smoothed withOO maveraging interval. In our two- gap value of3.2 eV. For the crystal ofl mm thickness the

channel system we are unable to detect all the backscattergdnsmittance a#07.5 nmis 21.7% and at4015 nm 142%.

components of interest simultaneously, so the delay betweérhe transmittance for nitrogen Raman sigriz8& 7 nm) is

the measurements is abdit min smaller tharD.1%, so this filter is suited only for water Ra-

The main parameters of filters in the receiving system arenan channel. The absorption coefficient4fO at 355 nm
summarized in Table 1. The bandwidth of the interferencés of order of10* cm2, so for al-mm sample the suppres-
filters is about3 nm The filter for liquid water is centered sion value may be as high a8 The main obstacle in
realization of such high suppression is probably the emit-
ting recombination. The efficiency of emitting channels in

ZnO is expected to be quite low, but we are unable to esti-

mate it correctly. The measurements made with thin samples

Wavelength, nm

Table 1. Main parameters of filters in the receiving system

Elements Transmission% Suppression of ~demonstrate that the suppression is at g8t In our ex-
elastic signal periment we used a semiconductor filter only to verify that
the elastic scattering is completely removed from the water
Interference filters: channel and all the measurements are made with dielectric
3867 nm (nitrogen) 42 > 103 filters.
4015 nm (liquid water) 12 > 10 The Raman contours of water vapor and liquid water are
407.8 nm (for water vapor) 29 > 104 .
. o partially overlapped, so the crosstalk between these channels
Dielectric filter: 200 I : . . .
3867 nm 03 is inevitable. To take the bleed throw into consideration we
4015 nm 88 find the power of liquid water and water vapor Raman signals
407.8 nm 88 Ry, Py from the system of linear equations:
Semiconductor filter: > 10°
3867 nm 0.1
4015 nm 142 Piv = Tw(w) Pw + Tw(Av) Py,

407.8 nm 21.7 Py =TvOw) Ry + Ty (Aw) P -




115

HerePR},, are signals measured in liquid water and vapor Rareceiving mirror the Raman method may be applied with ac-

man channelsTy (1), Ty (1) are the spectral transmittances ceptable accuracy only up th5 km altitude. Therefore for

of the filters in corresponding channels. The transmittance dhe data analysis we preferred to use the Klett method. The

liquid water signally (Aw) is calculated as: profiles in Fig. 2 are measured with a time delay of about
10 min Above the top of the PBL which is dt3 km height,

x the concentration of both the water vapor and liquid water
g Fw () Tw(2)dA content sharply decreases. The mixing ratio of water vapor
Twiw) =—5——. and liquid water is calculated from the normalized Raman
[ Fw()da signals. Neglecting at this stage the differential extinction of
0 Raman signals, the water vapor mixing ratip may be cal-
culated as:
The bleed throw of liquid water signal in the vapor channel is
described by the coefficient nv = K(Ry/Pn)(on/on)
?FW(A)TV ()dA whereoyy are the water vapor and nitrogen Raman backscat-
0 tering cross sections arid is a system calibration constant.
VOw) = —F%—, The value ofK is calculated from the optical elements trans-
[ Fw(n)da mittance and from the ratio of PMTs sensitivity in Raman
0

channels. The precision of such calibration is atf. The
average mixing ratio of vapor inside the PBL is about:14
2 g/kg. The simultaneously measured temperatur@ &
height by the Environmental Engineering Group of KAERI is
25°C at a relative humidity oB5%. The corresponding wa-
ter vapor mixing ratio is ofLl4 g/kg which is in reasonable
agreement with the results of lidar measurements.
The band strength per molecule for Raman scattering by
2 Experimental results liquid water exceeds the cross section of water vapor approxi-
mately five time and is of £+ 0.3 x 1072°cnm? sr1 [14], but
The measurements were performed at night time during thihe content of liquid water can not be calculated from the
April-May 1999 period in South Korea, Taejon. We ob-ratio Ry/Py as it is done for the vapor. When the Raman
tained the results for different atmospheric conditions: cleascattering of spherical water droplets is considered additional
weather, clouds and immediately after the rain. The typifactors must be taken into account: structural resonances and
cal results of vertical sounding for clean weather are prethe shape of scattering phase function. The size distribution
sented in Fig. 2. The Raman signals from water vapor andf atmospheric water aerosol will smooth the resonant behav-
liquid water are normalized to nitrogen Raman backscatteor of Raman backscattering and, as demonstrated by Thurn
(Pv/Pn; Pw/Pn)- The dashed line on the same picture showsand Kiefer [15], this effect increases the scattered intensity
the aerosol extinction profile derived by the Klett methodby approximately a factor of 2. The peaking of scattering
from the elastic signal [12]. The aerosol extinction profilesphase function in backward direction for spheres with large
may be also obtained from nitrogen Raman backscatteringadii was considered by Kerker and Druger in [16]. They
The results of comparison of these two methods we have aleund that for spheres with small size parametet 0.2 the
ready discussed in [13]. In our system wiB-cm-aperture cross section will be the same as for independently scatter-
ing molecules. But for large spheres the backscattered in-
tensity may strongly increase. The shape of phase function
in [16] was calculated for refraction indices = 1.1, 1.5.
The change of size parameter frem= 0.2 to o = 20 leads
to enhancement of backscattering intensity per molecule by
a factor of 2 and 25 fom= 1.1 andm = 1.5, correspond-
ingly. The authors do not provide scattering phase function
for water spheres wittm = 1.33, so we can only estimate
this enhancement to be in the middle of this interval. Cor-
responding enhancement of Raman backscattering estimated
for typical cloud water content in [9] is about 12.5-25. For
our estimations we use the same values and resulting cross
: ) section of Raman backscattering is increseeb0 timesin-
%027 liquid water . ] cluding the effect of structural resonances. So under clear sky
) o conditions the observed liquid water content in PBL is esti-
S mated to be within the.006 g’kg-0.012 g/kg interval. .
Altitude, m During the rainy weather the measurements were made in
. . . . . pauses between the rain at an angl@@fto horizont using
Fig. 2. Vertically measured ratio of Raman signals from water vapor and li-

quid water to nitrogen Raman signaR{/Py: Pw/Py) obtained in clean the folding mirror. Figure 3 shows three liquid water profiles
weather. Thelashed lineshows the aerosol extinction profile derived by the Obtained on 18 May 1999. In the first measurement the small

Klett method. The profiles are measured withmintime delay water droplets still occurred in atmosphere, so the signal was

whereFRy (1) is the shape of the liquid water Raman contour.

For our lidar Ty (Aw) = 9%, and the bleed throw of va-
por signal in liquid water chann@&ly (Ay) = Tw(407.8 nm) =
0.15%.
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as for higher altitudes. The top of PBL is clearly visible for
all vapor profiles, but at liquid water profiles it is practically
absent. The behavior of vapor and liquid water signals is also
completely different for high altitudes. The decreasing of the
water vapor mixing ratio abov&5 kmin the 21: 15—21: 30
period corresponds to the increasing liquid water signal. The
strong enhancement of Raman scattering by liquid water may
originate from the cloud layers with higher water concentra-
tion. The estimation of water content in these layers leads

0.00

T T T T T 1
400 500 600 700 800 900 1000

Distance, m (|)
Fig. 3. Liquid water profiles obtained on 18 May 1999 immediately after
rain. The sounding is produced at an angle8@f to the horizontal

higher. To our surprise the Raman signal from liquid water
after the rain was usually even smaller than for clean weathegii)
This is probably the result of washing out of aerosol from the
atmosphere.

A completely different behavior liquid water Raman sig-
nal was observed during cloudy weather. The cloud struc-
ture on May 5 is illustrated by Fig. 4 where three extinction
profiles derived by the Klett method in the 195—21: 45
period are presented. The extinction profiles changed rapidl
but there was always high extinction value inside the PBL
and strong cloud layer & km— 4 km altitudes. Figure 5
demonstrates several subsequent liquid water and water v
por vertical profiles obtained during two hours. The profilesa.
on a picture are shifted relatively to each other on a value ca”
0.1. The water vertical distribution varied significantly from %
sounding to sounding, so the vapor profiles presented in Fig. T
are not corrected for the water Raman signal bleed throv
The water vapor content sharply decreases at the top of PB
the signal enhancement ab@&km correlates with the strong
elastic backscattering from the cloud layers at this altitude
In contrast to vapor profiles which did not present dramatic
variations with time, the behavior of liquid water signal is a)
completely different. Initially at 2018 the ratioRy /Py is
quite small (about 0.015), but then it starts to rise inside PBL

Ratio P /P
w N

Aerosol extinction, km'
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T T T
2000 3000 4000
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T
1000

to a value 0f0.06 g/kg— 0.12 g/kg which is typical for the
clouds.

The possible sources of errors in our measurements we
consider to be:

Interference of elastic backscattering. To control it we
inserted an additional dichroic or semiconductor filter
every time when the enhanced water Raman signal was
observed and compared the signal change with the mirror
transmittance. During the experiment we did not find the
discrepancy between these values.

Fluorescence of atmosphere and receiving optics. The
main source of atmospheric fluorescendd @, this gas

is characterized by a broad fluorescent band from UV to
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T T
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Fig. 5a,b. The ratio of Raman signals from water vapay &nd liquid water
(b) to nitrogen Raman signal obtained on 14 May 1999 during two hours.

Fig. 4. Vertical profiles of aerosol extinction derived by the Klett method in The profiles on a picture are shifted relatively to each other by a value of

19: 35— 21:45 period on 14 May 1999 0.1
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IR spectral region [17]. To verify the fluorescence errors  The accurate estimation of liquid water content by using
we made the measurements with another interference fithe Raman technique meets the significant problems. Such
ter centered ne&70 nm The fluorescence MO, at this  estimation is impossible without knowledge of water droplet
wavelength is stronger than 402 nmso the obtained size distribution. This information may be obtained from the
value overestimates the error. The ratio of the signal tanultiwavelength sounding or by using the variable field of
nitrogen Raman backscatter is smaller than 0.001, so atew lidar [18]. The additional problem is related to particles
least until this ratio the results are believable. containing aqueous contribution, which needs a separate con-
(i) Stimulated Raman scattering in water droplets. Stimu-sideration. Further studies in this field, both theoretical and

lated Raman scattering by water droplets requires vergxperimental, are demanded.

high intensities 0D.1 GW/cm~2 order, thus the consid-

eration is usually limited to spontaneous Raman scatAcknowledgementIhe authors gratefully acknowledge Dr. A.Z. Obidin for

tering. The results obtained in [8] during the fog meas_the suggestion to us&nO crystal as edge absorber and preparation of

. the sample. We also thank Dr. D.N. Whiteman for useful comments of
urements demonstrate the narrowing of the spontaneous,nyscript.

scattering spectrum, which the author attributed to stimu-
lated scattering in droplets. In principle, when the coher-

ent laser beam is used, the scattered Raman signal mRfgferences

be amplified in water droplets by the pump radiation in |
backward or forward direction. Our tests did not reveal
any nonlinearity in the dependence of backscattered Ra-

man signal on pump power, exceeding the measuremeng.
error, so at this stage we consider only spontaneous s;cat-3

tering. 2

Summarizing all the points mentioned above, we believe
that the signals detected in our experiment originate from Ra- g
man scattering in water aerosol and the estimation of liquid 7.
water content in atmosphere is realistic. 8.

9.

3 Conclusion 10.
We have separated the Raman signals from water vapor and"
liquid water in the troposphere and studied their relative in-,
tensities for various weather conditions. The strong signahs.
from the liquid water is the error source during the meas-14.
urements of water vapor mixing ratio in clouds. To correct 1>
this error all three Raman signals and elastic backscatter mu%z'
be measured simultaneously, the corresponding four-channgg
spectrum analyzer is in preparation now.
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