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ABSTRACT Implementation of the pure-rotational Raman
(PRR) lidar method for simultaneous measurement of at-
mospheric temperature, humidity, and aerosol extinction and
backscatter coefficients is reported. The isolation of two wave-
length domains of the PRR spectrum and the suppression of
the elastically scattered light is carried out by a double-grating
polychromator. Experiments involving elastic backscatter from
dense clouds and a solid target confirm the high level of sup-
pression of the elastic light in the corresponding acquisition
channels of the two selected PRR domains. Calibration of the
temperature channel was done both by comparison with an ex-
perimentally verified atmospheric temperature model profile
and by inter-comparison with radiosondes. Night-time tempera-
ture profiles with high vertical resolution were obtained up
to the lower stratosphere. The PRR temperature profile com-
bined with the water vapor mixing ratio obtained from the
ro-vibrational Raman channel is used to estimate the relative
humidity.

PACS 42.68.Wt; 42.68.Mj; 33.20.Fb

1 Introduction

Simultaneous measurements of vertical profiles of
atmospheric temperature, water vapor, and aerosol optical
properties (i.e. backscatter and extinction coefficients) are re-
quired for the retrieval and interpretation of the relative hu-
midity (RH) of the atmosphere, as well as the height and
the dynamics of the planetary boundary layer (PBL). Verti-
cal temperature and humidity profiles are usually obtained
worldwide by systematic radiosonde measurements. The tem-
poral resolution of these observations is quite low, typically
two radiosonde launches a day, with a single data readout per
height bin. As aresult, the measured profiles are often not rep-
resentative of some important weather phenomena, such as
the development of a convective boundary layer or the pas-
sage of a cold front, which cannot be resolved due to the lack
of time resolution. Furthermore, the standard radiosondes are
not equipped with instruments for aerosol measurements.

Alternative remote-sensing techniques like lidar can be
very useful for supplying temperature, humidity, and aerosol
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data with high temporal and spatial resolution. The two li-
dar techniques used for temperature profiling are the Rayleigh
and the pure-rotational Raman methods. The Rayleigh ap-
proach [1] exploits the proportionality of the molecular lidar
signal to the atmospheric density. It requires density and pres-
sure data at a relatively high altitude (30—40 km) as a starting
point for the retrieval and assumes the existence of hydrostatic
equilibrium throughout the entire atmospheric column below
this point. In addition, the method is not applicable for at-
mospheric layers with a significant aerosol load [2] and can
be mainly used in stratospheric regions which are essentially
free of aerosols [3]. The Rayleigh method can also be used
for lower altitudes if a vibrational Raman signal from atmo-
spheric nitrogen is employed to compensate for the aerosol
influence [4].

Cooney [5] was the first to propose the use of the tempera-
ture dependence of the pure-rotational Raman (PRR) spectra
of atmospheric N, and O, molecules for temperature profil-
ing. The temperature is deduced from the intensity ratio of two
PRR signals corresponding to the two selected domains from
Stokes and anti-Stokes spectral bands of N, and O, [6,7],
which have reverse temperature dependence. Because of the
low cross section of the spontaneous Raman scattering, the
PRR lidar signals are six orders of magnitude weaker than
the elastic signal. To prevent the contamination of the Ra-
man signals with spurious light from the elastic scattering,
spectral selection devices with higher than 10® out-of-band
rejection rates have to be used. For that reason the PRR sig-
nals are usually isolated by narrow-band interference filters
or diffraction-grating-based instruments. The interference fil-
ters are easy to use and have a relatively high transmission
and out-of-band rejection of up to 10°. However, their band-
width and their central wavelength position are sensitive to
temperature variations and are affected by aging and long-
term drifts [8]. Grating-based instruments have lower rejec-
tion (typically 10*-~10°) and to achieve the necessary rejec-
tion rates they have to be used either in combination with
atomic resonance absorption filters or as double-grating de-
vices [9]. The advantages of the grating-based instruments are
their proven long-term stability and the possibility to sum op-
tically the signals from the Stokes and anti-Stokes branches
having the same temperature dependence, which thus will
enhance the signal to noise ratio [9]. Further improvement
in the technique for daytime operation aimed at signal-to-
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background enhancement can be achieved by employing an
additional Fabry—Perot interferometer (FPI) with a free spec-
tral range equal to the spectral spacing between the nitrogen
PRR lines [10]. The FPI cuts out the unwanted daylight back-
ground from the spectral gaps between the PRR lines while
transmitting efficiently the rotational lines at the same time.

Aerosol extinction profiles are usually measured by elas-
tic backscatter lidars. To retrieve the extinction coefficient
by inverting the elastic-lidar equation, in the most frequently
used Fernald or Klett approaches, the aerosol extinction-to-
backscatter ratio and the extinction at a reference altitude
have to be assumed [11, 12]. By using a vibrational Raman
signal from nitrogen, the retrieval of the aerosol extinction
coefficient becomes possible [13] with the only assumption
being about the wavelength dependence of the aerosol ex-
tinction [14], which is supposed to remain constant over the
wavelength interval of interest.

The aerosol extinction can be obtained from the PRR sig-
nal without any assumption about aerosol and atmospheric
optical properties because of the spectral closeness of the PRR
lines and the elastically backscattered (i.e. Cabannes) line.
The main obstacle for aerosol measurements, i.e. the tempera-
ture dependence of the PRR signal, can be solved by using the
sum of the lidar returns from the Stokes and anti-Stokes PRR
branches, which sum is practically temperature independent.

In this paper, we present the addition of a pure-rotational
Raman channel to an existing multi-wavelength elastic-
ro-vibrational-Raman lidar in order to obtain temperature,
aerosol extinction, and backscatter measurements [15] as well
as information on the height-resolved relative humidity. The
algorithms for the retrieval of the temperature, the backscat-
ter, the extinction, and the lidar ratio based on the rotational
Raman-lidar technique and the water vapor mixing ratio based
on vibrational Raman signals [16] are summarized below. Fi-
nally, we will describe the instrument and its performance,
illustrated by a set of measurements, which are compared with
techniques accepted as standard methods.

2 Method
2.1 Algorithms for atmospheric retrievals

2.1.1 Temperature. The lidar method exploits the reverse
temperature dependence of the low- and high-quantum-
number transition intensities of the air PRR spectra (PRRS).
To enhance the signal level, the parts symmetric to the Ca-
bannes line (same temperature dependence) from the S and
O branches are optically summed as explained below in the
system description (Sect. 2.2). The temperature 7 at elevation
Z is derived from the ratio of the intensity of the lidar sig-
nals corresponding to the parts of the PRRS with low Sy (Z2)
and high Sy(2) [5, 9] rotational quantum numbers using the
following approximate relationship:

T(Z) = (1)

SiL(Z) :
In Siu(2) +B

The accuracy of (1) is £1° within the temperature range of
220-310 K. The constants A and B are determined by lidar
calibration.

The statistical error (67) is calculated from the lidar sig-
nals, assuming their statistical independence and the validity

of the Poisson statistics as

A SSILDON® [ 8Sm(2)\?
D= 2\/( 5.2 ) " ( Su(2) )
[ln w2t B]
(2
The calibration errors (674 5) due to inaccuracy of the calibra-

tion constants A and B are calculated following the standard
error-propagation technique.

2.1.2 Aerosol backscatter and extinction. To measure the
aerosol extinction by the PRR method we use the sum Sg:

Sr(Z) = SiL(Z) + Su(Z)

z
:const%ﬁR(Z) exp —2/ [om(2) +oa(z)]dz |
Zy

3)

where Br is the Raman backscattering and o, and o, are
correspondingly the aerosol and molecular extinction coeffi-
cients. It can easily be shown by direct calculation that Sg
is practically temperature independent for suitably selected
SjL(Z) and Syy(Z). The aerosol extinction is then derived as

LA [ Sk
) =-33 [1“ Sm(Z>] ’

“)

where Sp,(Z) is a simulated molecular lidar signal. In this
work, we calculated Sp,(z) following [17] and using air num-
ber density profiles based on the US Standard Atmosphere
model [18] initialized with the temperature and pressure
values measured at the lidar site. In (4) the extinction-
wavelength dependences are neglected because of the small
separation between the excitation and scattered wavelengths.

The total extinction «(Z) is then obtained as a sum of the
particle «,(Z) and the calculated molecular extinction oy, (Z)
profiles. Finally, the total backscatter coefficient 8(z) is re-
trieved from the extinction profile and the elastic signal meas-
ured at the excitation wavelength Sg(z):

z

ZZ
B(Z) = FSE(Z) exp 2/01(2)(12
s A

o)

The system constant Ky is found by normalizing the backscat-
ter profile to a pure molecular signal at a reference altitude
defined with the help of the sum signal Sg.

The scattering (total to molecular backscatter) ratio is re-
trieved from the Sg/Sg ratio for altitudes with complete over-
lap. The proportionality constant between the scattering ratio
and the Sg/Sg ratio is derived from measurements taken in
aerosol-free conditions.

2.1.3 Water vapor mixing ratio. The water vapor mixing ratio
profile gu,0(Z) is retrieved [19] from the water vapor (407-
nm) and nitrogen (387-nm) vibrational Raman signals excited
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with 355-nm radiation:

SH,0(Z) 407 — bao7(2)
Z) =K, Z
11,0(2) #,0(2) SN, (Z)387 — b3g1(Z)
z
X exp /oz407(z) —asg7(2)dz |, (6)
Zy

where § and b denote correspondingly the Raman signals and
the background noise in the respective channels. The calibra-
tion is based on the in situ water vapor mixing ratio value, cal-
culated from the meteorological data (RH, T, and P) gathered
at the lidar site. The term under the exponent is the differen-
tial atmospheric extinction on the return path at the nitrogen
and water Raman-shifted wavelengths. It can be divided into
molecular and aerosol differential extinctions. The molecu-
lar differential extinction is calculated from the atmospheric
models and does not exceed 4% in the tropopause. The aerosol
differential absorption can often be neglected in the upper tro-
pospheric and the lower stratospheric regions because of the
low aerosol load (aerosol optical density (AOD) < 0.05 [20])
but has to be taken into account for AOD > 0.3 [21], as is the
case for events of Saharan dust transport, PBL intrusions, vol-
canic ash, or in the presence of thin clouds. When AOD > 0.3,
the differential aerosol extinction is calculated from the ex-
tinction coefficient («,) at 387 nm derived from (4) and then
extrapolated with the Angstrém power law to 407 nm. The dif-
ferential absorption by gases can be neglected [19] at these
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wavelengths in the upper troposphere. These corrections are
more significant at the UV wavelengths for water-vapor meas-
urements in the planetary boundary layer [22]. The atmo-
spheric relative humidity is then calculated from the water
vapor mixing ratio and the temperature profiles as in [21].

2.2 Lidar setup

The lidar is based on a system developed at the
Swiss Federal Institute of Technology in Lausanne to measure
atmospheric extinction and backscatter at three wavelengths
together with the water vapor mixing ratio. This lidar has
been in operation on a regular basis within the European
Aerosol Lidar Network EARLINET [24] since May 2000
at the high-alpine research station Jungfraujoch (3580 m,
46.55° N, 7.98°E) in the Swiss Alps. Water vapor mixing
ratio profiles have been systematically measured since August
2000 [23]. A detailed description of the lidar is given in [15].
Here we present only the salient features of the original sys-
tem, focusing mostly on modifications.

A simplified optical layout of the upgraded system is
shown in Fig. 1. The lidar transmitter uses a tripled Nd:YAG
laser, producing 3.5-ns pulses with energies of up to 400 mJ
at 1064 nm, at a repetition rate that can be tuned continuously
from 2 to 100 Hz. The data used in this work was obtained
with the laser operated with 300 mJ/pulse at 1064 nm and
a repetition rate of 50 Hz. Two thermally controlled BBO
crystals perform doubling and tripling of the infrared radia-

Photon Counter 33Mz

Nd:YAG , .
1064 nm ‘ﬁfﬁ;ggws dG3e;1§rauon
400mJ at100Hz an nm

FIGURE 1 Optical layout of the
lidar. DGP, double-grating polychro-
mator; L, lens; IF, interference fil-
ter; D, diaphragm; M, removable
steering mirror; PMT;, Thorn EMI
QA9829; PMT,, Hamamatsu pho-
tosensor modules (H6780-06 and
H7421-40); APD, avalanche photodi-
ode; BS, dichroic beam splitter; OF,
optical fiber; BE, beam expander; P;,
guidance and alignment prisms
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tion. A single, three-wavelength beam expander is employed.
This unique beam expander makes possible the use of a coax-
ial configuration, and hence horizontal and slant-path meas-
urements by employing a steering mirror. Furthermore, be-
cause of the simplified design, the transmitter configuration is
less affected by mechanical and thermal perturbations, which
contributes to the long-term stability of the lidar. The beam
expander is a refractive type, with a magnification of x5, pro-
viding a final beam divergence better than 0.14 mrad for all
three wavelengths.

The lidar receiver is based on a 20-cm diameter, f/4 New-
tonian telescope. The receiver field of view (FOV) can be
adjusted from 0.5 to 3.5 mrad by exchangeable diaphragms.
A removable 45° steering mirror is used for horizontal meas-
urements. This mirror is aluminum coated, 210 x 300 x
40 mm, and flatto A /10 p-v at 633 nm.

The initial spectral separation of the optical signals is car-
ried out by a modified version of the filter—polychromator de-
scribed in [15]. The polychromator isolates elastic 355-, 532-,
and 1064-nm signals as well as N, vibrational Raman signals
at 387 and 608 nm, and the H,O Raman signal at 407 nm, by
means of dichroic mirrors and interference filters. The poly-
chromator modification concerns only the 532-nm channel
which is used for temperature and aerosol measurements as-
sociated with the PRR method. In this channel, the existing
depolarization unit was replaced by a double-grating poly-
chromator (DGP) that selects four portions from the Stokes
and anti-Stokes branches of the PRRS centered on the excita-
tion 532-nm wavelength. The double-polychromator configu-
ration is necessary to achieve a suppression level for the elas-
tically scattered light higher than 10®. The input of the DGP
is connected to the 532-nm output of the filter—polychromator
via a 600-pum-core diameter multi-mode silica fiber. The fiber
also serves as a scrambler and as an entrance slit for the first
part of the DGP, and the fiber diameter defines the overlap
function of the lidar temperature channel.

The DGP consists of two identical, Littrow-configuration
polychromators, based on 600-gr/mm gratings blazed at 53°
and operated in the fifth order. Achromatic doublet lenses
perform the collimation and the imaging in the polychroma-
tors. The inverse linear dispersion of each of the two parts
is ~ 1.0nm/mm. Four fused-silica fibers with core diam-
eters of 600 um connect the two parts of the DGP operated
in a dispersion-subtraction mode. As a result, the radiation of
the pairs symmetric to the 532-nm line is optically summed
at the exit of the second polychromator, leading to the signal
enhancement. The output optical fibers have a core diameter
of 1300 wm and deliver the signal to the detecting photomulti-
plier tubes (PMTs). The elastic signal at 532 nm is taken from
the first part of the DGP by a 600-pum fiber. Details of the DGP
design can be found in [25].

The 355-nm and 532-nm elastic signals are detected
by Hamamatsu (H6780-06) photosensor modules. Thorn
EMI (QA9829) PMTs are used for the detection of 387-,
408-, and 607-nm vibrational Raman signals. Hamamatsu
photon-counting modules, model H7421-40, detect the pure-
rotational Raman signals. The original TTL forming stage in
the electronic block of the modules was eliminated because it
caused a reduction in the counting rate. A Si avalanche photo-
diode (EG&G) detects the 1064-nm radiation.

All detected signals, with the exception of pure-rotational
Raman signals, are acquired by seven 12-bit/20 MHz ADC,
250 MHz counting rate transient recorders (Licel), operated
in analog and photon-counting modes. A separate multi-
channel scaler MS 8/10 developed at IOA acquires the PRR
signals. The transient digitizers are controlled by a PC via
LabView-based software. A second computer controls the
multi-channel scaler under Delphy 6-based custom software.

3 Results and discussion

The first step towards regular operation of the tem-
perature channel was to determine the calibration constants
A and B in (1). They were initially obtained by non-linear
fitting of the lidar and the model temperature profiles. The
model profile was calculated according to the US Standard
Atmosphere [18] initialized with pressure and temperature
values measured in situ at the lidar altitude (3580 m). To ver-
ify the applicability of the atmospheric model, a simulated
pure molecular (Rayleigh) lidar profile Sy,, calculated from
the model-derived density, was compared to a Sg profile. The
lidar profile was taken on the night of 27th July 2002 in the
middle of a four-day period of high pressure and negligible
aerosol-load conditions. The simulated and the lidar profiles
were fitted at an altitude of 7500 m. The result of this com-
parison is presented in Fig. 2a. The almost perfect agreement
between the two profiles shows, firstly, that the atmospheric
model describes adequately the air density, i.e. the tempera-
ture and pressure profiles above the Jungfraujoch and, sec-
ondly, that the sum PRR signal Sg depends on the temperature
only through the air density as given by the ideal gas law.
The calibration-constant values retrieved by using the model
temperature are correspondingly A =310.8 K and B = 0.67.
We derived the A and B values for the same lidar measure-
ments by fitting a lidar to a radiosonde temperature profile, as-
suming horizontal homogeneity of the atmosphere. Since the
measurements were taken in the middle of a period of stable,
high atmospheric pressure conditions, such an assumption
seems to be reasonable. The radiosonde was launched during
the lidar measurement from Payerne, situated approximately
80 km west of the Jungfraujoch. The A and B values derived
from the radiosonde comparison are correspondingly 307.1 K
and 0.66. The model, the radiosonde, and the lidar tempera-
ture profiles for 27th July are presented in Fig. 2b. All three
profiles clearly show the tropopause height at ~ 14 000 m.
The lidar and the radiosonde data are in good agreement
for the lower part of the profile, as seen from the scattered
plot presented in Fig. 2c. The most serious discrepancies are
observed in the tropopause region where both instruments
and especially the lidar have lower accuracy. The statistical
error (1o) of the lidar is lower than 0.5 K for altitudes below
9500 m. It is estimated to be 1.5K at the top of the tropo-
sphere and it reaches values of 4.5 K at the highest point of the
profile. To estimate the reliability of the calibration method,
we also studied the variance of the calibration constants, de-
rived from a comparison between the lidar and the radiosonde
temperature profiles. The average values of A and B derived
by fitting the lidar profiles to eight radiosonde profiles, taken
in July 2002 (four profiles) and August 2003 (four profiles),
are correspondingly A = 301.8 (min. 298.4, max. 307.1) and
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B =0.65 (min. 0.62, max. 0.67). The calibration-constant
values show a relatively low variance and their values do not
differ by more than 4% for A and 8% for B from the values de-
termined by the atmospheric model calibration method. The
differences appear to be mostly due to the retrieval of A and B,
which is based on the comparison of data obtained by different
radiosondes and by using different time and space averaging
of the lidar data profiles. Furthermore, the radiosondes and the
lidar, with rare exceptions, sample different air masses even
if the balloon is launched from the lidar site. Differences of
1% for A and B lead to temperature errors of correspondingly
~ 1% and 0.5%. Therefore, to achieve a better calibration,
more accurate measurements are needed. Since the A and
B values depend mostly on the relative position of the PRR
spectrum portions used for temperature retrieval, i.e. on the
parameters of the DGP, an absolute calibration of the lidar is
possible. Such a calibration can be performed by observing
the Raman scattering from the air at different temperatures in
laboratory conditions using only the DGP and the photodetec-
tors of the lidar receiver.

We performed some tests in order to verify the rejection
level at the excitation wavelength in the PRR channels. The
initial test measurements were taken in weather conditions
with optically dense clouds producing intense backscatter.
The simultaneously measured range-corrected 532-nm elastic
and PRR sum signals, presented in Fig. 3a, clearly demon-
strate that there is no enhancement in the PRR sum signal
within the cloud, i.e. there is no cross-talk even for total-to-
molecular backscatter ratio values exceeding 70. This ratio,
shown in the same figure, was obtained by normalizing the
elastic to sum PRR signals ratio to the pure molecular scat-

tering in the aerosol-free region around 5000 m. The PRR
night-time profiles of the aerosol extinction and backscatter
at 532 nm are presented in Fig. 3b. They show maximum ex-
tinction of up to 8 x 10~*m~! and strong backscatter of up
t0 0.4 x 10~*m~" sr~! in the cloud at an altitude of 11 000 m.
The temperature profile retrieved from the same measurement
and shown in Fig. 3c follows the radiosonde profile but reveals
local features. For example, two temperature inversions, one
below, and the other near the cloud base, are well pronounced.
The second inversion is linked to the cloud stratification and
corresponds to the cloud region with lower backscatter and
extinction, i.e. lower cloud particle concentration.

In the subsequent tests, we used scattering from a topo-
graphic target. The lidar was pointed at a steep, snow-covered
mountain slope at ~ 8-km distance. The PRR sum signal
(Sr) shows no increase at 8 km, whereas the corresponding
532-nm elastic signal at the same distance saturates and even
shows some degree of overshoot (see Fig. 4b). During the
test period, preliminary measurements of the aerosol extinc-
tion, water vapor, and temperature along a horizontal optical
path above the Aletsch glacier have been carried out. The data
will be used for a comparative study of the aerosol optical
properties derived from the lidar and from in situ measure-
ments [26]. The measurements presented here were taken at
night, in stable weather conditions with the lidar pointing in
the southern direction. A map of the region with the lidar
optical path marked by a dashed line is shown in Fig. 4a.
Temperature and water vapor mixing ratio profiles are pre-
sented in Fig. 4c, together with a cross section of the terrain
below the lidar optical path. The extinction of the order of
10~*m~! and the water vapor mixing ratio values between
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2.5 and 6.5 g/kg are relatively high and indicate hazy con- perature and the water vapor content decreased above the
ditions. The temperature varies from 5 °C at the station to valley and increased near to the mountain surface. This ex-
almost 0 °C above the deepest valley. Both the water va- ample demonstrates the potential of the method to measure
por mixing ratio and the temperature suggest an influence simultaneously atmospheric extinction, temperature, and wa-
of the glacier topography. It should be noted that the tem- ter vapor over the glacier. More systematic observations may
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FIGURE 5 a Extinction, backscatter, and lidar ratio derived by the PRR method, b water vapor mixing ratio and relative humidity, ¢ lidar and radiosonde
temperature profiles. The measurements were taken on 24.07.2002 between 1:00 and 2:00 h LT

provide useful data for the estimation of the atmospheric dy-
namics over complex terrains, particularly over those covered
by glaciers [27].

Simultaneous measurements of extinction, backscatter, li-
dar ratio, water vapor mixing ratio, relative humidity, and
temperature have been taken at regular intervals with the li-
dar since June 2002. The vertical profiles measured on 24th
July 2002 are presented in Fig. 5 as an example. In the wa-
ter vapor and aerosol profiles several atmospheric layers can
be identified, some of which are noticeable also in the tem-
perature profile. The cirrus cloud between 7 and 8 km is well
defined, with relative humidity exceeding 100% and a lidar
ratio of up to 45. The temperature profile follows the gen-
eral wet lapse rate of ~ 6.7 K/km recorded by the radiosonde
and reveals some local features such as the temperature in-
version in the upper part of the cirrus cloud. The lower part
of the atmosphere (up to ~ 4700 m) is characterized by high
specific humidity of up to 3 g/kg (RH above 70%). The high
humidity is probably the reason for the high extinction ob-
served up to this altitude. Despite the high relative humidity of
above 70% measured at 6000 m, there is no formation of any
aerosol layer, as can be seen from the extinction and backscat-
ter profiles, while at ~ 7500 m, in super-saturation conditions,
acloud forms.

4 Conclusion

We report the implementation on the existing
Jungfraujoch multi-wavelength elastic-Raman lidar of the

PRR method for measurement of temperature, aerosol extinc-
tion and backscatter coefficients, and the relative humidity.
The portions of the PRR signals are isolated by a double-
grating polychromator. This technique shows better immunity
against contamination of the PRR signals with elastically
scattered light compared to interference filter based poly-
chromators. The high level of suppression of the elastic light
in the PRR channels is demonstrated by measurements in
a dense cloud with scattering ratio higher than 70 and by scat-
tering from a solid target. A method based on comparison
with an experimentally verified atmospheric model was used
for calibration of the temperature channel. Inter-comparison
calibration measurements with a radiosonde show good
agreement.

The use of the PRR technique for direct calculation of
the total to molecular backscatter ratio, the backscatter, the
extinction coefficients, and the lidar ratio, is presented. Night-
time temperature profiles, measured by the PRR technique,
were obtained up to the lower stratosphere, with a 30-min time
average and a high vertical resolution ~ 200—500 m. The PRR
temperature profile was used in combination with the water
vapor mixing ratio for estimation of the relative humidity.
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