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ABSTRACT A combined elastic–Raman lidar system based on
a tripled Nd:YAG laser is used for the separate detection of
elastic backscatter and Raman signals from atmospheric nitro-
gen, water vapor and liquid water and for their depolarization
measurement. Vertical profiles of water-vapor and liquid-water
content measured under clear-sky conditions behave differ-
ently: inside the boundary layer the ratio of liquid-water to
water-vapor Raman backscatters rises with altitude. The de-
polarization measurements bring additional information about
atmospheric scattering. The observed depolarization ratio of
the water-vapor Raman signal is about 14%, while for liquid
water this ratio varies in the 30%–75% range, which exceeds
the depolarization of bulk water and is attributed to the water-
aerosol effects. Raman contours of water vapor and liquid water
are partially overlapped, and bleed-through of liquid-water Ra-
man backscatter leads to enhancement of depolarization of the
water-vapor Raman signal. This parameter may be used as
a convenient indicator of liquid-water interference in water-
vapor measurements.

PACS 42.62.Fi, 42.68.Ge, 42.68.Jg, 42.68.Mj, 42.68.Wt

1 Introduction

The application of the lidar technique to gain more
information about the planetary boundary layer (PBL) is a ripe
research area. Combined elastic–Raman systems are com-
monly used for the evaluation of aerosol backscattering –
extinction characteristics and water-vapor content [1–4]. Sev-
eral attempts to extend the Raman technique to include liquid-
water scattering were made recently [5–7]. Water in the PBL
exists in the form of water droplets or water-laden aerosols.
Knowledge of the aerosol parameters and integral water con-
tent is essential in the physics of clouds, and in the study of
atmospheric photochemistry and electricity. In our previous
paper we reported the separate detection of water-vapor and
liquid-water Raman backscatters [7]. In the present study we
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complement this method by measuring depolarization of the
elastic and Raman signals.

The depolarization technique is traditionally applied to
elastic backscatters for discrimination of solid- and liquid-
phase clouds and aerosols [8–11]. To our knowledge the only
attempt to use the depolarization of the nitrogen Raman signal
for discrimination of multiple scattering by irregular particles
was made by Wandinger et al. [12]. At the same time, the de-
polarization of liquid-water and water-vapor Raman signals
also contains useful information about atmospheric scatter-
ing. In contrast to Mie backscattering, which does not change
the polarization state, the incoherent Raman scattering in li-
quid droplets introduces polarization changes [13]. The value
of the depolarization depends on the refraction coefficient and
on droplet size, so that the altitude profiles of the depolar-
ization ratio may contain information about the aerosol. The
depolarization of Raman backscatter from water droplets is
higher than that of water vapor, and bleed-through of liquid-
water scattering in the vapor channel should lead to increases
in the depolarization of the water-vapor Raman signal. Hence,
the depolarization may serve as an indicator of liquid-water
interference in water-vapor measurements. This problem is
especially severe when wide-band excimer lasers are used [5].

2 Lidar-system description

2.1 Raman signals of water vapor and liquid water

The large energy distribution of the liquid-water
Raman-backscattering contour allows us to select a spectral
region where it does not overlap the water-vapor Raman line.
Figure 1 illustrates the choice of operational wavelengths.
The Raman spectrum of liquid water in backscattering geom-
etry, measured by Whiteman et al. [14] at 23 ◦C, is shown
together with spectral transmittances of the filters used for
selection. The filter for liquid water is centered at 401.5 nm;
its transmittance is 12% at maximum and 0.15% at 407.8 nm
(water-vapor line). The effects related to temperature depen-
dence of the water Raman contour may be diminished by
using a narrow-band (< 0.5-nm) filter centered near the isos-
bestic point at 403.7 nm [14], but it significantly decreases
the water Raman backscatter. So in the present study we have
not taken the errors related to temperature variations into
consideration.



740 Applied Physics B – Lasers and Optics

FIGURE 1 The Raman spectrum of liquid water at 23 ◦C measured by
Whiteman et al. [14]. The dashed line shows the spectral transmittances of
the interference filters used for the spectral selection of liquid-water and
water-vapor Raman signals. The vertical solid line indicates the position of
the water-vapor Raman line

The water-vapor content is usually calculated from the
ratio of vapor (Pvap) and nitrogen (Pnitr) Raman signals [1]:
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where σnitr;vap are the Raman-backscattering cross sections
and α

A,M
nitr;vap are the aerosol and molecule extinction coeffi-

cients for the nitrogen and water-vapor Raman signals. The
calibration parameter K is determined from the transmit-
tance of optical elements and from the ratio of photomultipli-
ers’ (PMTs’) sensitivities. The measurements were performed
only for clear-sky conditions and the maximal sounding al-
titude usually did not exceed 2 km, so that the errors related
to differential molecular and aerosol extinction are small. For
example, even for an average aerosol extinction of 0.5 km−1

the corresponding error is about 5%. Aerosol-extinction cor-
rection in our data processing is ignored, although the molecu-
lar one is included.

The estimation of the Raman-scattering cross section for
liquid droplets is very complicated. The factors contributing
to the backscattering are considered in [5, 7]. An accurate
and quantitative evaluation of liquid-water content from the
Raman measurements probably cannot be performed with-
out calibration measurements in the aerosol chamber. Thus, at
present, we can talk only about the relative behavior of water-
vapor and liquid-water Raman signals.

2.2 Depolarization of Raman signals

If a receiver selects parallel P‖ and cross-polarized
P⊥ backscattering powers, the depolarization ratio of the scat-
tered signal is calculated as δ = P⊥/P‖. For the vibrational
Raman scattering in gases this ratio depends on molecular
parameters and on contributions from the nearest Raman rota-
tional spectrum. The depolarization ratio for the Q-branch of
water vapor is δV < 6% [15]. The value of δV measured in our

lidar system should be higher because of the contribution from
rotational wings. Depolarization of liquid water δliq is the sum
of the bulk water depolarization δliqB and the depolarization
introduced by water droplets δliqDr:

δliq = δliqB + δliqDr .

The depolarization ratio of bulk water δliqB depends on vi-
brational frequency; in our operational spectral region, at
T = 21 ◦C, δliqB is around 15% [16]. It should be noted that
the water Raman contour in the spectral interval 405–410 nm,
where it overlaps the transmittance band of the water-vapor
channel, is characterized by a higher depolarization ratio, up
to 30%.

The value of δliqDr depends on a complex refractive index
n and on droplet size; hence it is range-dependent. Model cal-
culations of δliqDr for the scattering of dipoles embedded in
spheres were performed by Kerker and Druger [13]. These
calculations in backscattering geometry were done only for
several values of the size parameter and for refractive indices
n = 1.1 and 1.5. In general the depolarization grows with
size-parameter increase. For the estimation of depolarization
introduced by Raman scattering in droplets an accurate com-
puter simulation is needed. Development of such a computer
code is in progress. At present we focus at the experimental
determination of values of liquid-water Raman-signal depo-
larization and the range of its variation.

2.3 Experimental setup

The radiation source in our lidar system is a tripled
Nd:YAG laser of 120-mJ energy and 30-Hz repetition rate.
The backscattered signal is collected by a 30-cm-aperture
Newtonian telescope; in the two-channel spectrum analyzer
the Glan prism separates the optical signals with polariza-
tions parallel and perpendicular to the initial one. In our
experiments we measured elastic backscattering and Ra-
man signals from nitrogen Raman (386.7 nm), liquid water
(401.5 nm) and water vapor (407.8 nm). The change of opera-
tional wavelengths is achieved by replacement of interference
filters. The signals are detected by PMTs operated in analog
mode. For suppression of elastic backscatter, the interfer-
ence filters are combined with dichroic mirrors. The details
of system design together with filter parameters are presented
in [7].

The measurements were performed at night, during
October to November 1999, in Taejon, South Korea. In
one typical Raman profile 10 000 laser pulses are accu-
mulated and the profiles smoothed with a 100-m averag-
ing interval. In our two-channel system we are unable to
detect all the backscattered components of interest sim-
ultaneously. Thus, a delay between every profile, about
10 min, is introduced. The measurements were made only
under clear-sky conditions. To exclude the effects related
to abrupt atmospheric changes, the series of measurements
were repeated. The results of depolarization measurements
are corrected for the difference in the sensitivity of the
channels and cross-talk effects. After correction, the de-
polarization of the elastic signal in the aerosol-free re-
gion is about 1.5 ± 0.2%, typical for atmospheric molecule
depolarization [11].
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3 Results

For the evaluation of aerosol-extinction coeffi-
cients both Klett [17] and Raman [1, 2] methods are used.
These methods yield similar results when the variations of
the lidar ratio inside the PBL are small. The extinction pro-
files are calculated for altitudes above 600 m, where the
geometrical factor is close to unity. We present the results
of liquid-water and water-vapor Raman measurements as
the ratios of parallel-polarization components of these sig-
nals to the corresponding component of nitrogen Raman
backscatter (Pvap/Pnitr and Pliq/Pnitr). The Raman signals are
corrected for the optical filters’ transmittance. As a result
the ratio Pvap/Pnitr = 0.1 corresponds to a vapor mixing ratio
of 20 ±2 g/kg.

Figure 2 presents the ratios Pvap/Pnitr and Pliq/Pnitr of the
aerosol-extinction profile evaluated by the Klett method and
depolarization ratios of elastic and Raman signals obtained
on 29 October 1999. During our experiments the only in-
formation about temperature and relative humidity at 27-m
height was supplied by the Environmental Engineering Group
of KAERI. For the profiles presented in Fig. 2, these are
7 ◦C and 63% and the corresponding water-vapor mixing ratio
is 6 g/kg. The water-vapor mixing ratio calculated from li-

FIGURE 2 The ratios of liquid-water and water-vapor Raman signals to
nitrogen Raman backscatter Pliq/Pnitr and Pvap/Pnitr (a) together with de-
polarization ratios of elastic δel and Raman signals from nitrogen δnitr,
water vapor δvap and liquid water δliq (b) measured on 29 October 1999.
The dashed line shows the aerosol-extinction profile evaluated by the Klett
method for lidar ratio B = 40 sr−1

dar measurements at 400-m height is about 4.8 g/kg. The
water-vapor mixing ratio sharply decreases above the PBL
top, while the Pliq/Pnitr ratio does not vary significantly up to
1500-m altitude.

The nitrogen Raman signal depolarization is found to be
δnitr = 8±0.5% and it does not depend on range. The value of
δnitr reported in [12] is 9.8%; the discrepancy with our value
may be related to different bandwidths of the receiving sys-
tems and as a result of different contributions of the nearest
rotational Raman spectrum. The constant value of δnitr con-
firms that the geometrical factors are similar for both channels
and these do not influence the ratio calculation for the alti-
tudes above 400 m. The depolarization of the nitrogen Raman
signal is the additional parameter that we use to control the
correction factors in depolarization measurements. The de-
polarization ratio of water vapor at low altitudes, where the
influence of the liquid-water Raman signal can be neglected,
is about 14%. Liquid-water depolarization is much higher; it
is 55% at 400 m and rises above 75% at 1200 m. As we have
already mentioned, such a high value of δliq cannot be the re-
sult of bulk water depolarization, so it may be a result of the
water-aerosol effect and the quick rise of δliq above 800 m
probably reflects the changes in the aerosol parameters. The
value of δliq significantly exceeds δvap; hence bleed-through

FIGURE 3 The ratios of liquid-water and water-vapor Raman signals to
nitrogen Raman backscatter Pliq/Pnitr and Pvap/Pnitr (a) together with depo-
larization ratios of elastic δel and Raman signals from nitrogen δnitr, water
vapor δvap and liquid water δliq (b) measured on 4 November 1999. The
aerosol-extinction profile is evaluated by the Raman method
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of liquid-water scattering should lead to the rise of water-
vapor Raman-signal depolarization. This effect is observed
above 1300 m, where the water-vapor content drops and the
depolarization δvap rises to 20%. The depolarization of elastic
backscatter is about 2.5% within the boundary layer and 1.5%
above the PBL top. Such a behavior of δel indicates that the
scattering is mainly due to the dry aerosols, which is consis-
tent with low values of aerosol extinction and a low level of
liquid-water Raman scattering.

The results observed on 4 November 1999 are shown in
Fig. 3. Since the lidar ratio varies strongly near the PBL top,
the extinction profile is calculated by the Raman method.
For this day the ratio Pliq/Pnitr at low altitudes is twice as
high as it was on 29 October. The increase in aerosol extinc-
tion above 800 m coincides with Pliq/Pnitr ratio growth and
is associated with the rise of water-vapor Raman-signal de-
polarization. The depolarization of the elastic signal initially
decreases, but above 1250 m abruptly rises to 4%. Such spikes
in δel behavior near the PBL top were observed quite often,
probably revealing that the layers consist of an irregularly
shaped aerosol.

FIGURE 4 Aerosol-extinction profiles evaluated by the Klett method
(a) and corresponding depolarization ratio of elastic signals (b) measured on
8 November 1999 during the 16:00–20:45 interval. The dashed line shows
the extinction profile calculated by the Raman method

The results of temporal evolution of the PBL parameters
on 8 November are presented in Fig. 4, which shows aerosol
extinction and depolarization profiles obtained at 16:00, 17:45
and 20:45. The corresponding values of temperature at 27-m
height are 17.3 ◦C, 15.8 ◦C and 13.2 ◦C and relative humidi-
ties are 53%, 59% and 75.5%. The extinction profiles are
evaluated by the Klett method. One extinction profile, shown
by a dashed line, was calculated by the Raman method. The li-
dar ratio on 8 November did not demonstrate large variations,
so these methods give similar results. We use Klett inversion
for illustration, because it allows us to calculate the extinction
profiles for higher altitudes. The top of the PBL moves up with
time and δel inside the PBL decreases. At 16:00, near the PBL
top, the spike in δel behavior is distinctly visible, which indi-
cates the presence of a dry aerosol. The upward PBL motion
leads to the relative humidity rise at this altitude; the aerosol
absorbs the moisture and transforms to spherical. As a result
the spike becomes wider and then disappears completely. The
temporal evolution of water-vapor and liquid-water profiles
and the depolarization of Raman signals for the same day are
shown in Figs. 5, 6. The liquid-water Raman scattering on 8
November was very high. As a result of the bleed-through ef-
fect, the value of δvap even at low altitudes is about 20% and
increases with height up to ∼ 30%. The rise of water con-

FIGURE 5 The ratios Pvap/Pnitr (a) and Pliq/Pnitr (b) measured on
8 November 1999
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FIGURE 6 The depolarization ratios of Raman signals from nitrogen δnitr,
water vapor δvap and liquid water δliq measured on 8 November 1999 around
20:00

tent in the PBL coincides with the decrease of elastic-signal
depolarization.

A strong rise of the liquid-water signal may introduce
significant errors in vapor measurements. To correct these er-
rors knowledge of the exact water Raman contour is required.

FIGURE 7 The lidar ratio and aerosol extinction calculated by the Raman
method (a) together with Pvap/Pnitr and Pliq/Pnitr ratios and depolarization
of elastic signals (b) measured on 9 November 1999. The dashed line in
(b) shows the water-vapor profile corrected for the liquid-water interference

An attempt to correct the data obtained on 9 November is
shown in Fig. 7. The aerosol-extinction profile obtained by
the Raman method is shown together with the lidar ratio. The
water Raman contour is calculated as a superposition of four
Gaussian components; the average frequencies, half-widths
of components and their percentages are taken from [18, 19].
The coefficients describing the cross-talk between liquid-
water and water-vapor channels are calculated in the same
manner, as was suggested in [7]. The water-vapor profile cor-
rected for liquid-water influence is shown in Fig. 7b by the
dashed line. After correction the content of water vapor near
the PBL top is decreased by 20%. The liquid-water normal-
ized Raman signal rises simultaneously with aerosol extinc-
tion, while the water-vapor signal does not change much.
The liquid-water-content rise is accompanied by a decrease
of elastic-signal depolarization. This example demonstrates
the importance of liquid-water interference consideration, but
unfortunately without independent radiosonde measurements
we cannot verify how accurate such a correction is.

4 Conclusion

The separate detection of Raman signals per-
formed in our experiment allows estimation of the relative
intensities of Raman scattering by water-vapor and liquid-
water aerosols inside the PBL for clear-sky conditions. The
Raman scattering from atmospheric liquid water is surpris-
ingly high. Its depolarization varies from 30% to 75%, and
hence it cannot be the result of elastic-scattering bleed-
through. If it was, the depolarization would be typical for
elastic backscatter. The liquid-water scattering may introduce
significant errors in water-vapor measurements, especially
when wide-band excimer lasers are used for the sounding. Our
results demonstrate that this interference may be controlled by
measuring the depolarization ratio of the water-vapor Raman
signal.

The final goal of our research is in obtaining quantita-
tive information about the atmospheric water content from
the Raman measurements. Such a technique will allow us to
estimate water-droplet sizes [6] and lead to a better under-
standing of the process of cloud formation. To achieve this
goal, further research attempts are required. Future directions
of our activity in this field include the development of com-
puter code for the calculation of Raman scattering by droplets,
the measurement of the spectral shape of the liquid-water Ra-
man backscatter from the atmosphere and the estimation of
the contribution of water-vapor Raman rotational lines in the
liquid-water Raman signal. These studies will help in accurate
interpretation of experimental results and will lead to quanti-
tative measurements of liquid water.
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