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Abstract. A new Raman lidar for unattended, round-the- 1 Introduction

clock measurement of vertical water vapor profiles for op-

erational use by the MeteoSwiss has been developed dulVater vapor plays a fundamental role in the radiative en-
ing the past years by the Swiss Federal Institute of Tech-£rgy transfer, hydrological cycle, and atmospheric chemistry
nology, Lausanne. The lidar uses narrow field-of-view, nar-processes that determine weather and climate. It influences
rowband configuration, a UV laser, and four 30cm in di- the radiative budget of the planet both directly and through
ameter mirrors, fiber-coupled to a grating polychromator.coupling with clouds. Because of its strong absorption and
The optica| design allows water vapor retrieval from the in- emission bands, especially in the infrared, and because of its
complete overlap region without instrument-specific range-abundance, water vapor is the most significant greenhouse
dependent corrections. The daytime vertical range covers thgas, and in this sense the most important in establishing the
mid-troposphere, whereas the nighttime range extends to thEarth’s climate.

tropopause. The near range coverage is extended down to Water vapor distribution is strongly affected by atmo-
100 m AGL by the use of an additional fiber in one of the spheric dynamics, but in turn it also influences atmospheric
telescopes. This paper describes the system layout and tecBirculation and temperature structure by condensation—
nical realization. Day- and nighttime lidar profiles compared evaporation processes. The water evaporation—condensation
to Vaisala RS92 and Snow Whiteprofiles and a six-day Cycle is an important mechanism for transferring heat energy

continuous observation are presented as an illustration of th&om the Earth’s surface to its atmosphere and in moving heat
lidar measurement capability. around the Earth. The large latent energy associated with the

water phase changes significantly affects the meridional en-
ergy balance and the vertical stability of the atmosphere as
well as the structure and evolution of storm systems, not only
in the boundary layer (Normand, 1938) but also in the mid-
dle and upper troposphere (Peppler, 1989; Sinha and Harries,
1995; Arnold, 2008).
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1330 T. Dinoev et al.: RALMO — Part 1: Instrument description

Because of its essential role in the atmospheric processes, The Raman lidar technique exploits Raman scattering
the water vapor spatial distribution and its temporal evolutionfrom water vapor and nitrogen molecules to derive a profile
are two of the most important parameters in global and re-of water vapor mixing ratio (Cooney, 1970; Melfy, 1972).
gional numerical weather prediction (NWP) models. To im- At present, the nighttime distance range can reach up to the
prove near-surface weather predictions, and to better simlower stratosphere but at daytime the range is limited to the
ulate the evolution of local severe weather events in com-middle troposphere because the weak Raman signals are de-
plex terrains (Wulfmeyer et al., 2008), the time and spacetected in the presence of intensive daylight background. A
resolution of the NWP models, used by the meteorologicalRaman lidar requires calibration either against a reference
services, is currently being increased (Calpini et al., 2011)instrument or by absolute radiometric calibration of the li-
The vertical water vapor profiles assimilated by these mod-dar optics, provided accurate Raman cross sections are avail-
els are mainly acquired by twice-a-day radiosonde observaable. Contrary to a DIAL, a Raman lidar does not require
tions which have insufficient time resolution to resolve fast tunable laser source with specific and highly stabilized wave-
running meteorological phenomena. In addition, radiosonddengths. Furthermore, the Raman data-treatment algorithm is
measurements suffer from systematic errors that are difsignificantly simpler than the DIAL algorithm, and allows
ficult to correct and from essential sonde-to-sonde varia-data retrieval from the incomplete overlap region. Because
tions not only between instruments from different produc- of all these advantages and because of the higher reliability,
ers and operational principles, but even between instrumentRaman lidars are preferred for operational use in meteorol-
of the same batch (Nash et al., 2011). Ground-based miegy from ground-based stations (Goldsmith et al., 1998; En-
crowave radiometers (Solheim, 1998 and references thereirgelbart et al., 2006; Reichardt et al., 2012; Simeonov et al.,
and Fourier transform infrared radiometers (Schneider and®010; Appituley et al., 2009).

Hase, 2009 and references therein) provide humidity profiles Raman lidars have been used for high resolution verti-
with sufficient time resolution, but with rather low vertical cal profiling of water vapor within the troposphere since the
resolution, to resolve the spatial variability of water vapor in early 1970s. Most of the measurements were performed for
the low troposphere. Therefore, national meteorological serresearch purposes and at nighttime (Whiteman, 1992; Ans-
vices need a new type of autonomous, continuously operatethann et al., 1992; Vaughan et al., 1988; Balin et al., 2004).
(24-7-365) instruments for near real-time, high spatial reso-First daytime measurements were possible using laser wave-
lution observations of the tropospheric water vapor field.  length shorter than 300 nm because at these wavelengths the

Lidar (light detection and ranging) is one of the techniquessolar light is absorbed by stratospheric ozone (Renault et al.,
able to resolve the high temporal and spatial variability of 1980; Cooney et al., 1985). The vertical range of such li-
tropospheric water vapor. The advances of the last decades iars is, however, limited to about 2 km, mainly due to tropo-
the field of laser technology and improved lidar design makespheric ozone absorption. The use of a narrow field-of-view
lidars suitable for operational use in meteorological services(NFOV), narrowband (NB) receiver allows operation at vis-
Two lidar techniques, DIAL and Raman, are used for waterible and near UV wavelengths, resulting in the extension of
vapor measurements. the operational range up to the mid troposphere (Goldsmith

The DIAL principle exploits the difference in atmospheric et al., 1998).
extinction due to water vapor absorption at two closely- The successful long-term operation of the first automated
spaced, near-IR wavelengths. Provided accurate knowledgdFOV NB lidar — CART (Goldsmith et al., 1998) — motivated
of water vapor absorption cross section is available, DIAL the German (Engelbart et al., 2006; Reichardt et al., 2012),
does not need other external references for correct measuréhe Swiss (Dinoev et al., 2006; Simeonov et al., 2010) and
ments and in this sense is considered “self-calibrating”. Athe Dutch (Appituley et al., 2009) meteorological services to
DIAL system has the potential to perform daytime obser- establish programs aiming at the development of operational
vations with high temporal resolution but limited altitude water vapor lidars.
range (2—-3km) when operated from low-altitude, ground- Here we present the instrument description and some
based sites because the humid air in the boundary layer sigHustrative results from the SwissRAman Lidar for
nificantly attenuates the laser beam (Wulfmeyer and BosenM eteorologicalObservations (RALMO). The instrument is
berg, 1998; Bosenberg and Linne, 2006). DIAL systems use dedicated to operational meteorology, model validation, cli-
tunable laser sources, which are more complicated, expermatological studies as well as ground truthing of satellite
sive (Wulfmeyer, 1998; Bruneau, 2001; Browell et al., 1998) data. The lidar was specially designed to satisfy the essentials
and less reliable than the lasers used in Raman lidars. Thidpr operational meteorology and climatology requirements
together with the complicated data treatmentgBnberg, of long-term data homogeneity, accuracy and precision. To
1998), is another obstacle for implementing DIAL as an attain these goals, special attention was paid to achieving
operational, ground-based instrument for meteorology. Thidong-term instrument stability and eliminating the need for
technigue, however, is well suited for airborne and satelliteinstrument-specific range-dependent corrections.
profiling (Wirth et al., 2009; Bruneau et al., 2001; Browellet RALMO was developed and built by the Swiss Fed-
al., 1998). eral Institute of Technology, Lausanne (Ecole Polytechnique

Atmos. Meas. Tech., 6, 1329346 2013 www.atmos-meas-tech.net/6/1329/2013/
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Fécerale de Lausanne—-EPFL) as a co-funded project withisolates only the Q branch of the ro-vibrational spectra of the

Swiss Meteorological Service (MeteoSwiss) and supportedignals (Goldsmith et al., 1998).

by the Swiss National Foundation. The optical signalS,(z) is converted to electrical signal
Since August 2008, the lidar has been operated aby a photomultiplier, operated in photon-counting or (and)

the Aerological station of Payerne (46°48 6°56 E, analog mode. The photon-counting ratg(z), is related to

492 ma.s.l.) by MeteoSwiss with the support of EPFL. Dur- S, (z) as

ing this period RALMO demonstrated long-term system sta-

bility, data homogeneity and high technical availability, as p, (Z)ZSX(Z)SX ()

presented in the companion paper (Brocard et al., 2013). The hvy

lidar deployment in Payerne observatory increases the statiofherer, is the Planck constant, is the frequency of the in-

capacity for monitoring tropospheric water vapor profiles andgigent photon, ane., is the detection efficiency of the photo-

reinforces its role as a GRUAN station and a CIMO test-bed.;tiplier. Note that Eq. (3) does not take into account pulse
The article is structured as follows: the physical principles yjjeyp (saturation). The average analog signal in volts can be

of Raman remote sensing of water vapor are summarized iRresented as

Sect. 2. A detailed description of the instrument follows in

Sect. 3, and the data processing and calibration, as well ag (Z):Sx(z)g eoR )
example results are presented in Sect. 4. * hve §
wheree is the electron chargg, is the photomultiplier gain,
2 Theory and R is the load impedance. In the following discussions
we will use photon-counting signals. This does not limit the
2.1 Lidar equation generality of the discussion and is justified by the fact that

in the predominant part of the Raman lidars, including the
The operation is based on the well-known Raman lidar prin-one presented here, the detection is carried out in a photon-
ciple where a humidity profile is derived from the water va- counting mode and analog detection is used only when signal
por and nitrogen Raman components of atmospheric lasedesaturation is not possible.
backscatter (Cooney, 1970; Melfi, 1972). In a single scatter- A profile of the water vapor mixing ratig(z) is derived
ing approximation, the power of the Raman lidar signal perfrom the ratio of the water vapor to nitrogen lidar signals as
pulseS, (z) from altitudez is

PHZO (Z)
AO, (2) =nCL(7) =—A7t(2) 5
Sx(2) =EZ—2(Z)%KN§Z (A, T) Ny (2) At2¥'(2) I ) Pn,(2) ©)
A1 (2) + Sgex (1)  where the signalsPh,0(z) and Py,(z) are background-

] ) corrected and averaged over time and range to reduce the
whereE is the laser energy per pulsé,is the telescope sur-  gatistical errorCy (z) is the lidar calibration function and
face, 0, (z) is the overlap functior, is the total efficiency  ihe coefficient = 0.485 converts the obtained through lidar
of the Iidgr receiver for the respect'ive Raman .wa'velength anGneasurements water vapor to nitrogen number density mix-
oy (1, T) is the Raman cross section of speciesith num-  jng ratio to water vapor to dry-air mass mixing ratior (z)
ber densityN. (z), whereT is the temperature of the probed s the one-way differential atmospheric transmission at wa-

volume. The at_tenuation of the laser beam and the Ram_aﬂar vapor and nitrogen Raman wavelengths and depends on
backscattered light due to aerosol scattering and absorptiog,e profiles of the aerosaka?(z) = od (z) —ad (z) and
2 2

is accounted for iM\z7(z), and Ar™ is the molecular at-  mgjecularAa™ () = aff,0 () —afl, (z) differential extinc-
tenuation Sg, is the power of the sky background (Measures, ions as
1992):
Z

Sy = @y (M) AQAL, (2) Ar(zx)=expi-— f [Ac™ () + Ac? ()] dZ’. (6)

0
whereg, (1) is the zenith sky spectral radianégjs the field-
of-view of the telescope, expressed as a solid anglepand ~ The molecular extinction can be calculated from atmo-
is the spectral transmission bandwidth (FWHM) of the detec-Spheric pressure and temperature profiles, measured by bal-
tion channel. In daytime conditions, the lidar receiver detectsoon sounding or derived from an atmospheric model (usu-
considerable amount of diffuse sky light, which influencesally US Standard Atmosphere). The aerosol contribution
the daytime performance of the lidar by significantly reduc-iS below 10% even for hazy conditions (Whiteman, 1992;
ing the signal-to-noise ratio (SNR) of the Raman signals. Thé/WVhiteman et al., 2001) and usually can be neglected. The
daylight influence can be reduced using a narrow field-of-aerosol extinction profiles can be obtained from Raman lidar

view receiver and a polychromator with narrowband, which measurements if available (Ansmann et al., 1992).
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2.2 Lidar calibration function and related systematic depends on the level of identity of the two filters. Second, the
errors correction function depends on the lidar alignment, such that
it may require frequent examination and corrections, which
The calibration functior€Cy (z) is a prime factor defining the  is not acceptable for an instrument operated in a meteorolog-
measurement accuracy, so any imprecision in its determiical network. Finally the error remaining after the applica-
nation leads to important systematic errors. Additional sys-tjon of the “overlap” correction could still be relatively high
tematic errors arise in signal acquisition. We shall discussand range dependent (Ferrare et al., 2004). Given these draw-
both sources in the following section. Technical solutions forpacks, and especially considering the requirement for con-
reduction of these systematic errors and estimations of théinuous operation with minimal operator intervention for our
residual errors are discussed in the instrument descriptiofidar as part of the Swiss meteorological network, we looked
sections below. for solution which eliminates the need of overlap correction.
The lidar calibration functiorC, converts the measured To find such a solution, the origins of range-dependence
Phpo@ signal ratio to HO/N» number density mixing ra-  Of the lidar calibration functioi€. need t.o be examined. As
Py () can be seen from Eq7), C. depends directly on the range

tio. It depends on instrumental parameters as well as on thée - . .
P P orly through the overlap functions and only in the incom-

respective Raman cross sections and can be expressed as fgl- . . .
lows: plete overlap region. Since the telescopes of most, if not all,

Raman lidars are of a reflective type, they are virtually free
OnNy(2) N, &Ny S O, s T) Ing (1) DA of chromatic aberrations. As a result, the two overlap func-
CLr.T)= O1,0(2) 11,0 £4,0 | 0 o (ks T) Iriyo () dA (7 tions, defined at the telescope output aperture, are identical
2 and cancel out because the two Raman signals are produced
wherer, is the total, wavelength-independent optical trans-by the same laser beam. Hence, the reason for the range de-
mission of the detection channel (including all the op-  pendence o€ and related systematic errors is the indirect
tics from the telescope input to the polychromator exit), range-dependence of the remaining terms.

L. (1) €[0, 1] is the instrumental function of the polychro-  There are several reasons for this indirect range depen-
mator anck, is the photodetector detection efficiency. dence. They can be sorted into two groups: the first group
The calibration function can be determined directly from includes errors due to optical imperfections of the lidar re-
Eq. (7) if all parameters are known (Vaughan et al., 1988; ceiver; the second group comprises problems induced by the

Sherlock et al., 1999) but the uncertainties of the Ramarphotodetectors and the acquisition system.
cross sections and of the instrumental parameters lead to un- Among the optical imperfections of the lidar receiver,
acceptably high calibration errors (10-15%). Therefore ex-range-dependent variations of the transmission, reflection or
perimental calibration against a reference instrument, suclpolarization properties of the optical elements of the receiver
as a balloon-borne sonde or microwave radiometer, is comare common, and typically have the highest quantitative im-
monly used. In this approaaty is represented as a product pact. They are induced by range-related variations of the
of a range-independent part, referred to as calibration conincidence angle or the position (Whiteman et al., 2012) of
stant, and two range-dependent correction functions namethe optical beams on the surface of the receiver optical el-
usually “overlap” and “temperature” corrections (Whiteman, ements. These effects are stronger for lidars using dichroic
1992, 2003; Whiteman et al., 2012; Goldsmith et al., 1998).beam-splitters and interference filters for their polychroma-
The overall systematic error of the calibration function is tor, and also for lidars with an open-space link between
hence a sum of the systematic errors of the calibration conthe telescope and the polychromator. Employing a diffrac-
stant and the correction functions, plus errors not accountetion grating-based polychromator fiber coupled to the tele-
for by “overlap” and “temperature” corrections. The accu- scope allow for reducing the errors induced by these range-
racy of the calibration constant depends on the accuracy oflependent optical imperfections of the lidar receiver to neg-
the reference instrument and the calibration procedure andgible level. Other optical sources of range-dependent sys-
currently allows achieving uncertainty on the order of 5% tematic errors are chromatic aberrations, change in size and
(Turner et al., 2002). vignetting of the optical beams after the telescope. These er-
The overlap correction (Vaughan et al., 1988; Whiteman,rors, however, are relatively easy to eliminate through appro-
1992) compensates for instrumental imperfections of the li-priate optical design.
dar receiver. The overlap error is often the dominating range- A range dependence @fi. and related systematic errors
dependent systematic error, and its magnitude strongly decaused by the photodetector imperfections can arise from
pends on the lidar design but often is above 10 % (Turner andpatial inhomogeneity of the active surfaces of the photomul-
Goldsmith, 1999). The overlap correction function is typi- tipliers (Simeonov et al., 1999), photomultiplier nonlineari-
cally obtained as a ratio of two nitrogen signals detected inties, saturation, and signal-induced noise.
water vapor and nitrogen channels while using identical ni- The spatial inhomogeneity is specific for each type and
trogen filters. There are, however, important drawbacks toeach individual photomultiplier. The variations in sensitiv-
this approach. First, the accuracy of the correction obviouslyity over the photocathode surface may reach several hundred
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percent (Simeonov et al., 1999). The magnitude of the mix-width and the central wavelength of the instrumental func-
ing ratio error induced by the inhomogeneity of the photo- tions. In this way, the need for a temperature correction can
multipliers depends on the lidar design. In general, lidarsbe avoided altogether.
with free-space link are more affected compared to those There are also additive errors that are not accounted for
with fiber connection between the telescope and the polyby the lidar calibration function and its corrections. Insuffi-
chromator because of the range-dependent displacement ofent suppression of the excitation radiation, optics and air
the image of the probed volume on the active area of the defluorescence, and cross talk between Raman signals origi-
tector. A solution to the problem, known from astronomy, is nating from different atmospheric species are systematic er-
the use of a field lens (e.g. Fabry and Buisson, 1921). ror sources well known from Raman spectroscopy. Of par-
Photomultiplier nonlinearity and the signal-induced noise ticular concern is insufficient suppression of the laser exci-
are the other systematic error sources related to photon deation light, which is backscattered elastically from the at-
tection. Since signal detection in most of the Raman li- mosphere; suppression levels o200 are required for
dars is carried out in photon-counting mode, the deviationtypical tropospheric measurements, but higher levels may be
from linearity is mostly due to saturation (pulse pileup). The required at higher altitudes because of lower water content.
magnitude of the induced systematic error on a Raman sigFluorescence, both from optical elements of the receiver and
nal depends on the photomultiplier and the counter paramthe atmosphere itself, as well as undesired cross talk between
eters but easily can exceed 10 % (Whiteman, 2003). Desathe Raman channels are an important concern for measure-
uration techniques are used to correct the signal nonlineaments in the upper troposphere, where the water vapor con-
ities (e.g. Ingle and Crouch, 1972; Donovan et al., 1993).centration and hence the signal in the water channel is low.
Further linearity improvement of the desaturated signals isBlocking the elastic light as early as possible, proper selec-
achieved by constraining the desaturated signal to simultation of the material of the optical elements and avoiding con-
neously recorded analog signals converted to photon countmination of the optics with organic materials are usually
(Newsom et al., 2009). The use of analog signals not onlysufficient to reduce this error to negligible levels. Another
improves the linearity but also extends the dynamic rangereason for the range dependence, not included in Eq. (5) and
The signal induced noise affects the water vapor retrieval apronounced mostly in the incomplete overlap region, is the
higher altitudes and is usually more pronounced in glass-bulliime difference between the two Raman signals. Such a dif-
PMTs. Our tests show that the “metal channel” type PMTs ofference could be due to a difference in the optical paths, dif-
Hamamatsu are practically free from signal induced noise. ferent time responses of the detectors and/or the acquisition
The temperature correction compensates for temperaturesystem, or differences in the triggering of the acquisition
(and hence range-) dependent variations of the Raman crosystem channels.
sections. The relative impact of the temperature sensitivity is
more pronounced in the upper troposphere because of tem-
peratures significantly lower than those at which the calibra-3 Instrument description
tion constant is usually derived. The temperature-sensitive

parts ofC, are To satisfy the requirements for operational use in a meteoro-
logical network, a water vapor lidar has to meet a number of
fr= /ajf A, T) I (A)dA. (8) criteria, the most important of which are listed below: day-

time and nighttime measurements covering the middle and
Due to the structure of the water molecule, the Raman crosshe high troposphere, respectively; accuracy and precision of
section of water vapor is more sensitive to temperature andhe measured parameters; traceability of the measurement;
hence dominates the systematic error induced by the temnear real-time data availability; long-term data consistency;
perature variations. The magnitude of this error can varylong-term system stability; autonomous operation; minimal
from above 10% to below 0.5% (see Fig. 8) for a temper-maintenance by a technician; and eye safety. All these re-
ature range of 100 °C, depending on the choice of the centraduirements were taken into account during the design phase
wavelength and bandwidth of the polychromator instrumen-of the lidar construction. The specific design features of the
tal function (Whiteman, 2003). The explicit correction for the lidar are summarized in the following paragraphs and pre-
temperature dependence, as suggested in (Whiteman, 2003gnted in detail in the next sections.
is complicated in practice: the atmospheric temperature pro- The lidar uses a narrowband, narrow field-of-view con-
file may not be available with the required precision, and datafiguration and an excitation laser operating at 355 nm in or-
treatment becomes more involved. Furthermore, additionatler to ensure daytime operation. The receiver telescope con-
systematic errors can arise due to uncertainties in the insists of four, 30cm in diameter mirrors, fiber-coupled to a
put parameters, namely the Raman cross sections at differegrating polychromator. Extension of the operational range in
temperatures or spectrometer transmission function. As wiltthe lower part of the profile down to 100 m is achieved by
be shown in Sect. 3.2.1, the temperature dependencg of using incomplete overlap signals and two fibers in one of
can be reduced to around 1% by optimization of the band-the telescopes. The second fiber is collecting signals from
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Table 1. System parameters.

Transmitter Receiver J L/\iL

Top View

Mirror

Nd:YAG laser — third harmonic:  Four fiber coupled A A
Wavelength: 354.7 nm parabolic mirrors: | | TTTTTTARSENTT T T T
Spectral line width: 0.7 cmt Focal length: 1 m

Rep. rate: 30 Hz Diameter: 0.3 m

Pulse energy: 300 mJ Axial displacement: 235 mm — Fiber Slit

Pulse duration: 8 ns (to expander axis) “Near range” fiber %
Beam expander — Galilean type: FOV: 3x0.20 and 1 x0.22 mrad N Ontical fibers S
Expansion ratio 15 Polychromator — Diffraction F
Transmitted beam: grating based: g |
Divergence: Bandwidth (FWHM): 0.33 nm | § polyc';f(?mator
calculated 0.06 mrad (H2O and ) |
measured 0.09 +0.02 mrad Central wavelength pD § |
Diameter: 140 mm 407.45nm |2

N2 386.7nm (Bt

Efficiency: 33 % (peak at pD) =

Photodetectors (Hamamatsu) t I‘“ 'I‘

EZO 2750357';80 s O Nd:YAG laser - 30 Hz

an . N .
2 @ Parabolic mirror  \ pg prism 400 mJ @ 355 nm

. . Fig. 1. Lidar optical scheme: A 15 beam expander is centered be-
dlstancles C!osg t(_) the lidar. The need for range-depender&l;veen four 30 cm in diameter, f/3.33 parabolic mirrors as illustrated
corrections is eliminated by the careful design of the receivery, the top view shown in the upper right corer. The optical scheme
which removes the range dependence of the instrumental a cross section along the line A-A of the top view, therefore only
part of the lidar calibration constant (Eq. 7). Elimination of two of the telescope mirrors can be seen; REF — Razor edge filter
the range-dependent corrections not only simplifies the dat&Semroc®); PB — Pellin—Broca prism; PMT — photomultiplier.
treatment and calibration but also allows accurate humid-
ity measurements for cases of transmitter—receiver misalign-
ment, but at the price of reduced distance range (or precito 400 mJ energy per pulse at 354.7 nm, at 30 Hz repetition
sion). To achieve long-term data consistency, a grating-basette with 8 ns pulse duration. To extend the flash-lamps life-
(instead of interference-filter-based) polychromator is usedtime from 20 to approximately 60 million shots, the laser is
The compact and rigid mechanical design of the lidar, to-operated at 300 mJ energy per pulse. The laser was addition-
gether with the fiber-optic connection between the lidar tele-2lly equipped with an energy meter for monitoring the output
scope and the polychromator, ensures long-term alignmer@nergy at the third harmonic.
stability and eliminates the need for frequent transmitter— The laser beam is expanded, firstly to reduce the beam
receiver alignments. divergence needed for daytime operation, and secondly to

Figure 1 shows the general optical layout of the lidar, achieve the required eye-safe operation irradiance decrease.
whereas the main lidar parameters are summarized in Talhe beam expander is a 45Galilean type consisting of
ble 1 and the details are given in the following sections. Thetwo fused-silica lenses: a negative meniscus lens at the in-
mechanical setup of the lidar and a photo of the telescopdutand an aspheric, plano-convex lens at the output (Institute
are shown in Figs. 2 and 3, respectively. Two computers enof Atmospheric Optics, Tomsk, Russia). Both lenses are AR
sure the automatic operation of the lidar. The first computercoated (SLS Optics Ltd.) for improved expander efficiency.
controls the lidar hardware and data acquisition, whereas théhe beam from the laser is directed to the expander input
second one is used for automated data treatment and da¥dth a fused-silica Pellin-Broca prism. The input and out-
transfer. The lidar is installed in a dedicated, clean compartPut surfaces of the prism are oriented at Brewster angle, and
ment of an air-conditioned cabin. Four tilted windows, in- the laser polarization is rotated with a multiple-order, half-
stalled above the telescope mirrors, and one horizontal winwave plate, installed before the prism to minimize the Fres-
dow above the beam expander ensure the weather tightne§€! losses on the prism surfaces. The beam steering before
of the cabin. The cabin is located in a hangar equipped witithe expander reduces the degree of potential beam versus
a sliding roof hatch. The lidar requires only a power supply receiver misalignment, caused by laser pointing instability,

and a LAN connection for data upload. laser misalignment or displacement of the laser versus the
expander, thus improving the alignment stability of the lidar.
3.1 Transmitter The use of a prism instead of a dielectric mirror improves the

reliability of the lidar and prevents back-reflected from the
The transmitter is based on a frequency tripled, Q-SWitChe%Xpander IR radiation from reaching the laser.
Nd:YAG laser (Continuum Powerlite I1 9030), supplying up
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J ___— Laserbeam Cabin r Opt|cal fibers
Windows s .

assembly

Windows
assembly support
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Fig. 2. Mechanical setup of the lidar: a support frame welded from

square stainless steel tubing holds the telescope assembly, the las
head, and a protective window support; the lidar polychromator is
mechanically separated from the telescopes using fiber coupling

(not shown in the figure).
Telescope

mirrors ,

Ray tracing analysis of the beam expander, taking into Laser head

account the specified lens aberrations, predicts a reductio
of the specified by the laser producer 0.5 mrad beam di-
vergence to approximately 0.06 mrad (full angle), and ex-
pansion of the beam diameter from 9 mm to approximately
140 mm. The measured beam divergence shows values o
0.090+0.020 mrad. The difference between the modeled-ig. 3. Photograph of the telescope assembly taken before installa-
and measured output divergence can be explained by urtion of the windows assembly support. Two of the four telescope
accounted lens aberrations or beam expander misalignmennirrors are seen.

According to the IEC 60825-1 standard, “Safety of laser

products”, the expanded beam is eye- and skin safe for expo-

sure times shorter than 5 s for altitudes below 400 m, wherea;
above 400 m the safe exposure time increases.

T e i i e e, (% (W)~

ﬁbers, installed near the mirrors focal planes, transmit the
collected light to the entrance of the lidar polychromator. The

3.2 Receiver fibers core diameter of 0.2 mm defines a 0.2 mrad FOV of the
receiver. Long-pass, edge filters (SemfdREF 364) with
3.2.1 Telescope assembly cutoff wavelength of 363.8 nm and transmission of 4@t

354.7 nm are installed in front of the optical fibers. The filters
The lidar receiver uses four, 30cm in diameter, f/3.33 prevent the strong elastic backscatter light from entering the
parabolic mirrors (Institute of Atmospheric Optics, Tomsk, fibers, thus eliminating any possible fiber fluorescence and
Russia) for collecting the backscattered light. Short focalconsequent artifacts. The filters contribute also to the total
length mirrors were chosen because they allow coupling berejection of the elastic light in the Raman channels.
tween the telescope and the polychromator with small core- The receiver is aligned by tilting the individual parabolic
diameter fibers, and compact telescope design. Furthermoreyirrors and displacing the fiber ends towards and away from
the comparatively small diameter of the mirrors makes possithe mirrors. Kinematic mounts with differential screws are
ble the use of dielectric coatings with reflectivity better than used to tilt each mirror axis within and across a plane de-
99 % for the wavelength range 375-410nm and AR coatedined by the mirror center and the expander axis. The axial
protective windows (both by SLS Optics Ltd.). The mirrors displacement of the fibers is performed by holders equipped
are tightly arranged around the beam expander (Figs. 1, 2 andith differential screws. To detect potential signal loss in the
3) in arobust assembly with a cross section of 0.7 x 0.7 m andar range, we use the product of the overlap function with
height of 1 m. The telescope assembly and the laser head atbe two-way aerosol transmission profile, derived from the
mounted on a frame welded from square stainless steel tulaitrogen Raman signal.
ing. The frame is fixed to the cabin floor with vibration iso-  The full overlap of the receiver is reached at approximately
lators for improving the lidar alignment reliability. The rigid 5 km for fibers positioned at 0.1 mm behind the focus (focus-
and compact transmitter—receiver design reduces the possiag at 10 km) and mirror axes parallel to the beam expander
bility of mechanical and thermal lidar misalignment. Multi- axe. To increase the signal level and improve the signal-to-
mode 0.22 NA, UV-enhanced (Ceram Offtpéused silica  noise ratio below 5km, we tilt the mirrors in the direction of
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reedh M ﬂ[ i H Deriving water vapor mixing ratio using the incomplete
1 | p—— o Wu ki MW”U i JPW overlap region is possible since the Raman backscatter is ex-
A U cited by a single monochromatic beam and the reflective type
0.8 i lidar telescopes used in our design. Hence, the ratio of over-
,/[ ~__ lap functions (Eq. 7) at the telescope output (respectively
0.6 T B fiber input) is range-independent for any altitude. Possible
= deviation from the range independence could stem from the
o f / chromatic aberrations introduced by the telescope protective
04 S, @ZIN T, [ windows and from the edge filters, installed before the fibers.
f —e—tilt 35 prad The ray tracing estimation shows that the 20 mm thick, fused-
0.2 [ 7 ~—tilt 60 prad silica windows, installed at 15° to the mirrors optical axes,
-/ ——tilt 00 prad introduce negligible lateral color (less than 0.1 um) for water
0 1 ! ! vapor and nitrogen wavelengths and practically do not influ-
0 1 2 3 4 6 8 10 ence the range independence of the overlap ratio. The ratio
z, km (AGL) is practically range-independent, even for observations taken

from tens of meters, when the chromatic focal shift due to
Fig. 4. Calculated overlap functions for different mirror tilt angles, ihe divergence of the incident on the windows radiation in-
compared to derived from acquired nitrogen signal overlap funCtion'creases. The edge filters are deposited on 3 mm thick, fused
The overlap functions were calculated for the telescopes focused gl o hstrates and installed in front of the fibers in a con-
10 km (0.1 mm fiber shift away from the mirrors), whereas the over- ST
lap estimate uses nitrogen signal recorded on 9 July 2008, average\(lergent _beam (f/3'33 tele_SCOpes)' Ra_y-_trac!ng indicates 5um
for 1 min (1800 laser shots) and over 37.5 m (10 bins). chromatlc focal shift, which has negllg|ble influence on the
ratio of ray-traced overlaps at the considered wavelengths. In
conclusion, there are no important chromatic aberrations for
Spogfrom | sy s _ the current telescope receiver design and the overlap ratio can
e N L/ : v be considered range-independent. The range independence
AP : i of the other terms of Eq.7§, which includes the parameters
of the spectral separation and detection unit, will be evaluated

in the corresponding sections.

Primary fiber

“NR” fiber

3.2.2 Extension of near range coverage

9

5

()

0 mm

Fig. 5. Positions of the primary and NR fibers and the blur spot As seen from Fig. 4, the value of the overlap function is close
contours at the focal plane of a telescope mirror: left — modeledt© z€ro at altitudes below 500 m because of the narrow FOV
blur spot contours from different distances; right — a sketch of theand the non-coaxial configuration of the lidar. As a result,
receiver showing the positions of the primary and NR fibers, thethe near-range signal-to-noise ratio is low and does not al-
beam expander (BE), and the telescope mirrors. low daytime water vapor retrieval with statistical error lower
than 10 % below 225 m. Two methods are usually used to ex-
tend the operational distance to lower altitudes: an additional
the expander at 35 prad, which results in full overlap at ap-receiver, including an additional telescope and a polychro-
proximately 3 km. Modeled overlap functions of a single mir- mator (Engelbart et al., 2006; Reichardt et al., 2012); or a
ror for several tilt angles are presented in Fig. 4. The overlapdual field-of-view telescope with an additional polychroma-
functions were calculated by ray-tracing (OS?)Oassum-  tor (Goldsmith et al., 1998). Since both methods increase the
ing flat-top energy distribution of the laser beam. An overlap complexity of the lidar, reduce its reliability and complicate
function, derived from a nitrogen Raman signal measured bythe data processing, we developed a new approach to extend
the system at mirror tilt angle of 35purad, is presented forthe near range coverage. In this approach, improvement of
comparison. A tilt with more than 45 prad results in slight the near range collection efficiency is achieved by using an
loss of full overlap at about 10 km, whereas the lidar does notadditional “near range” (NR) fiber in one of the telescopes.
reach full overlap at any distance for tilt angke$0 prad. The NR fiber is laterally displaced from the primary fiber in
As seen from Fig. 4, the increase of the tilting angle abovedirection opposite to the beam expander at a position where
35 prad does not lead to significant lowering of the full over- the blurred image of the laser beam, coming from distances
lap region and the overlap value is close to zero for altitudesclose to the lidar, is formed as shown in Fig. 5.
below 500 m. To extend the operational distance of the lidar Simulated lidar signals in terms of the effective receiver
down to 150 m, we use signals from the incomplete overlapaperture divided by the squared range (&Qz> are shown
region; the signal level below 1 km is enhanced by using anin Fig. 6. The overlap functions are calculated by ray-tracing
additional fiber, as will be described in the following section. for mirror tilt of 35 prad, and fiber positions of 0.1 mm behind
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z, km Fig. 7. NR fiber influence on the minimum detectable water vapor

mixing ratio profiles (SNR= 10): averaging 30 min, 65 MHz sky
Fig. 6. Simulated signals in terms of AQ)z? disregarding the at-  phackground in the water vapor channel, molecular two-way attenu-
mospheric transmission: signal from one telescope (1x), signal frongtion from US standard atmosphere, aerosol two-way transmission
four telescopes (4x), total signal from four telescopes including theassuming constant aerosol extinction at 550 nm of 0.11 up to 1.5
contribution of the near range fibex {. km with Angstom coefficient of 1.4.

the focal plane (focusing at 10 km). Due to the fiber displace-. . 1 .
ment, the NR fiber signal is higher than the principal fiber nCtion up to L1km of 0.16km- at 550 nm, and Angstim

. - . turbidity coefficient of 1.4.
signal within the range 50-800m in cases of one telescope. The )r/nodeled daytime detection limits, with and without

The signals from the four telescopes, together with the ad- S ) , .
ditional NR signal, are optically summed on the respectiveNR fiber, are compared in Fig. 7 for time averaging of 30 min

photomultiplier cathode. The resulting “sum” signals with and spatial averaging of 15 m below, and 300m above, 1km.

and without NR fiber (see Fig. 6) clearly show the contri- Igg detegtlpn limit without thehNngbe{( IS ?.Sgkblqt
bution of the NR fiber below 1 km. m and increases to more than 10 gkdor lower alti-

The use of a NR fiber enhances the near range signal IeVe}udes, a value insufficient for valuable measurements within

but simultaneously increases daylight background, thus reEhe first 150m. The use of a NR fiber reduces the detec-

, : . “tion limit to less than 1gkg! at 150m, 3gkg! at 75m
h NR of the f LT I he in-
ducing the daytime SNR of the far range. To evaluate the in nd to values above 10 gk§ below 50 m. The right plot

fluence of the NR fiber on near and far range measurement?, . . LY X
we calculated the daytime detection limit of the lidar. The of F'g.' 7 presents the correspondm_g de_teg:Uon limit proflles
detection limit is defined as the mixing ratio measured with for altitudes above 1km. The detection limit at 5 km without

relative error of 10% (or SNR-10). Only the water vapor the NR fiber is 0.65gkg" and increases slightly to about

1 i i i -
signal is considered in the analysis, since the detection Iimito'7lg kg™ with the fiber. Space averaging of 600m re

i 1
is defined mostly by its SNR. The signal variance is estimateodL.jCes these values to 0.42 gRguithout and to 0.46 g kg

using Poisson statistics, and the relative mixing ratio error isw'th the NR fiber. The decrease in detection limit COUlq
be compensated by increasing the laser output power with

8q OPuy0 /P,0 (@) + Bro 1 approx. 10 %, if necessary.
— @)~ (z) = ) (9)
Pr,0 Pr,0(2) vn

3.2.3 Spectral unit

where Py,0(2) is the background corrected water vapor Ra-

man lidar signal Bu,0 is the light background, both in terms To achieve long-term data consistency, system stability and
of count rate, and: is the product of the number of aver- negligible range dependence of the calibration constant, the
aged spatial bins and the number of laser shots. The daylighiRaman signals are spectrally isolated by a fiber-coupled grat-
background is taken as 65 MHz, a value typical for the wa-ing polychromator. The use of a grating-based, instead of a
ter vapor signal acquired with the lidar around 2008 summeffilter-based, polychromator eliminates the long-term gradual
solstice. This background corresponds to sky zenith radiancshift of the central wavelength and any changes in the trans-
of approximately 15 mWecr? st um-1 at the water vapor ~ mission, related to the interference-filter-based devices. Fur-
wavelength, assuming total channel efficiency of 6.8 % andthermore, grating polychromators, contrary to interference-

bandwidth of 0.3 nm. The Raman signal is calculated usindfilter-based polychromators, allow easy selection of the cen-
ray-traced overlaps, molecular two-way transmission fromtral wavelength position and bandwidth, hence optimization

US standard atmosphere, aerosol profile with a constant exaf the efficiency and minimization of the systematic errors
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) . ) o Fig. 9. Optical layout of the polychromator: L1-L2 — spherical lens
Fig. 8. Minimum values of the relative variations ofi,0 = collimator (f/2.39, F= 165 mm), REF — Raman edge filter, DG —

fc’l%\%()" T) IxHp,0 (1) di as a function of the Wat(:,\r vapor chan- hojographic diffraction grating (3600 mint, 85 x 85 mnf), M —
nel FWHM bandwidth for the temperature rang60 °C+ 40 °C. parabolic mirror (f/4, F= 445 mm), PMT — photomultiplier tubes.

related to the temperature dependence of the Raman cro$tber core and external diameter and are, respectively, 0.2
sections. and 1.1 mm. The three-lens collimator (L1-L2) with effec-
The polychromator is designed for narrow band isolationtive focal length of 165 mm (f/2.39) is designed with stan-
of the Q-branches of ro-vibrational water vapor and nitrogendard plano-convex spherical lenses. The pre-collimating lens
Raman spectra with high-throughput. An additional oxygenL1 matches the f-numbers of the fiber and the spherical dou-
channel for determining the aerosol extinction correction ofblet L2. The position of L1 is optimized with the OSEO
the water vapor concentration (Dinoev et al., 2006) was built,ray-tracing program for minimum aberrations. The colli-
but is still not in use. Introducing of a third signal (oxygen) mated beam is projected onto a 3600 mnblazed holo-
allows more precise correction for aerosol differential extinc- graphic grating (Carl Zeiss AG) installed at incidence angle
tion but also introduces additional noise. Therefore, its use iof 35.7° (diffraction angle 62° at water vapor wavelength).
justified only in a case of serious aerosol perturbation. MoreA parabolic mirror M focuses the diffracted beams on the
detailed investigation on the use of this correction is plannedespective exit slits. To reduce the aberrations in the water
in near future. channel, the mirror is in a close to on-axis configuration for
Special attention was paid to reduce the temperature dethe water vapor wavelength. All slits are 1 mm wide, 8 mm
pendence ofC_ by selecting the bandwidth and the cen- in height and match the images of the entrance slit. The im-
tral wavelength of the water vapor channel, thus minimizingage width at the water vapor wavelength was found to be
fH,0 (Eq. 8). Figure 8 shows the minimal variationsff,0 0.93 mm only if the optical magnification of 2.7 (collimator
in percent, with respect to its value at 0 °C, for the temper-and mirror) and the angular grating magnification of 1.73 are
ature range-60 °C+ 40 °C as a function of the water chan- taken into account, and increases to approximately 1 mm if
nel FWHM bandwidth. Thefy,o functions are calculated the aberrations are considered. The bandwidth of the spec-
using spectral data from Avila et al. (1999) and a Gaussiartral transmission function was found to be around 0.33 nm
instrumental function. The minimum values fif,o for each  if calculated using the reverse linear dispersion of the poly-
bandwidth are obtained by varying the central wavelength. chromator (about 0.3nmmm at the water vapor wave-
As seen from Fig. 8, th¢n,o variations are 1 % or less for  length). The more precise ray-tracing calculation (OB30
bandwidths larger than 0.25nm. The optimal central wave-which takes into account the system aberrations, confirmed
length for these bandwidths is around 407.45 nm and varieshis value. The calculated spectral transmission function for
slightly with the bandwidth. We have chosen the bandwidthwater vapor is presented in Fig. 10 as an example.
of 0.33nm centered at 407.45nm, which is a compromise The total efficiency of the lidar receiver is defined gen-
between the signal and the daylight noise levels. The nitro-erally by the polychromator transmittance and the PMT effi-
gen and oxygen slits are centered at 386.7 and 375.4 nm, resiency. To reduce the polychromator losses we use AR coated
spectively. The relative change of the transmitted intensity inlenses and a dielectric mirror coating. The polychromator
the nitrogen channel is 0.4 % per 100 K (Whiteman, 2003),transmission, however, is defined mostly by the grating effi-
which can be considered negligible. ciency. We measured 36 % absolute grating efficiency (devi-
The polychromator optical layout is presented in Fig. 9. ation angle of 26.3°) at the water vapor wavelength, a slightly
The optical fibers, delivering the light from the telescopes,reduced value compared to the 38 % efficiency specified by
are arranged vertically and act as a polychromator entrancéhe producer for an auto-collimation configuration. The total
slit. The effective slit width and height are defined by the polychromator transmittance at the water vapor wavelength
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1 - T - T - T - 7 estimate the magnitude of this error, we used a ray-tracing
L0 frodomdmie Ingtrumental function model of the polychromator. The simulation showed maxi-
r water vapor channel mum relative errors in the water vapor mixing ratio between
0.8 foitfli N 18 mm exit slit - —0.4 and+-0.1 % for the distance range 50-600 m. To avoid
- ‘ 3 3 errors due to vignetting of the optical beams inside the poly-
0.6 chromator, all the optical elements, including the grating, are
~ oversized. To cancel the known effect of the PMT high spa-
04 L tial non-uniformity, we use field lenses (Fabry, 1921) at the
I output of the polychromator, which convert the image of the
02k input fiber slit (formed by five fibers) to single spots on the
PMTs surfaces.
00 3.2.4 Light detection and signal acquisition

407.0 4072 4074 4076 4078  408.0
A, nm

Hamamtsu metal channel dynode photomultipliers (PMT)
are used for detecting the light in the Raman channels. This

Fig. 10.Instrumental function of the water vapor channel calculated type of photomultipliers has been chosen because this type

with OLSOP for exit slit width of 1 mm. The function maximumis Shows good counting characteristics and can be operated in

centered at 407.45 nm for minimal temperature influence. both analog and photon-counting mode. Furthermore, this
small size type allows installation at the polychromator out-
put without additional steering optics. To enhance the detec-

becomes 33 % when the losses due to the coatings and " efficiency of the water vapor channel, we use high quan-
internal transmittance of the collimator optics are taken intotUm €fficiency (QE) photomuitipliers (R7600U-200). The
account. photocathode of this PMT type is ultra-bialkali with 40 %
The polychromator rejection of the elastic stray light in the duantum efficiency at 400 nm. The nitrogen and the oxygen
water vapor channel was measured by a stack of calibratefif@nnels are equipped with Hamamatsu photodetector mod-
neutral density filters and was found to be 7 2 10he elas-  Ules type H6780 with maximum quantum efficiency of 20 %

tic stray-light suppression of the channel is further enhancedt 400 nm. In order to preserve the photodetector modules
by Semroc® Rasor edge filters installed in front of each ffom the high amplitude of the signals, and to use photon-
fiber (in the telescope assembly) and at the polychromatofPunting mode, OD 1 and OD 0.6 neutral density (ND) fil-
entrance. Since the filters rejection at 355 nm i 1i6e total (€S are installed in the nitrogen and the oxygen channels,
rejection of elastic light in the water channel is estimated to"€SPectively. , , ,

be 107. The cross talk between the nitrogen and water va- D_urlng the four years of _operatlon of the lidar we notlceq
por channels was measured using calibrated neutral densify SlI9ht, stéady decrease in the measured water vapor mix-
filters and the first nitrogen Stokes, produced by stimulatednd ratio compared to the regular radiosonding. The decrease

Raman scattering. The value of the cross talk was found tdS MOreé pronounced during the summer months, as shown

be 0.5 x 10, low enough to be neglected as a cause of SyS_in detail in the companion paper (Brocard et al., 2013), and

tematic errors even in the high troposphere. requires periodic lidar recalibration. Analyzing the possible
As described in Sect. 2.1, the optics between the tele/€aSONSs for this decrease, we concluded that reduction of

scope and the photomultipliers can cause range dependend8€ Photocathode sensitivity due to aging of the water vapor
To eliminate or reduce this range dependence to negligibIéDMT is the most probable cause. A possible reason for faster

levels, we use a grating polychromator, fiber-coupled to the29ing of the water PMT is the higher intensity of the solar
telescope assembly. Fiber coupling is essential for the elimiPackground received by this PMT, compared to the back-

nation ofC, range dependence since fibers perform aperturdround received by the nitrogen PMT. The reason for this
scrambling and fix the object position and size at the p0|y_d|fference is the OD 1 ND filter used installed in front of the
chromator entrance, making it independent of the positionitrogen PMT. Another possible reason could be the aging
and size of the image of the laser beam at the telescopes oufate difference but since the ultra-bialkali photocathodes are
put. Furthermore, fiber coupling not only simplifies the lidar "€/atively new, there is no information about their aging. To
design and alignment, but also improves the system a"gn_monltor the absolute change in sensitivity of the water vapor

ment stability compared to a free-space connection. Sinc&MT and its relative change versus the nitrogen PMT, we are
developing a LED-based monitoring system. The system will

the optical fibers do not perform complete angular scram- , ; ; i
bling, the angle of the light cone at the fibers exit depends orPPerate during standby periods of the lidar (rain, low clouds)

the observation range. This dependence is noticeable at di@nd the information will be used for automatic correction of

tances shorter than 1 km and. combined with the polychro-the lidar calibration constant and as an indication for PMT

mator aberrations, could lead to a range-dependent error. T8Xchange.
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Data acquisition is carried out by a Licel GmbH transient 4 Data processing

recorder having simultaneously operated 250 MHz counter

and a 12 bit, 40 MSPS analog digitizer. The minimum time 4.1  Profile retrieval

resolution is 25 ns corresponding to a 3.75 m spatial resolu- .

tion. The transient recorder channels are synchronously mg:l'he data treatment S(_)ftware was deSIgned to autonomously

gered by an optical trigger activated by the 532 nm laser raProcess the raw data in near real-time and to transfer the wa-

diation. Optical triggering eliminates the electric connection (€7 Vapor mixing ratio profile and its random error estimate

between the laser and the transient recorder, thus reducinf the MeteoSwiss data base. The data treatment procedure

any possible electromagnetic interference. The raw signal&® carried out every half-hour when data are available and

are acquired in analog-to-digital (AD) and photon-counting consists of th(_a following steps: desaturgnon of the PhC sig-

(PhC) modes with spatial resolution of 3.75m and averaginq]a,IS and scaling the AD water vapor signal to PhC, calcu-

over 1800 laser shots (approximately one minute). ation of the 5|g_nal variance from Poisson _statlstlcs, back-
ground subtraction, time and space averaging, water vapor

3.2.5 Lidar automation mixing ratio calculation using predefined calibration con-
stant, and Rayleigh correction. The PhC signals from all de-

The lidar autonomous operation is ensured by two computtection channels are desaturated using the assumption for

ers. The first one, a lidar automat computer (LAC), controls“non-paralyzable” counter (Ingle and Crouch, 1972):

the lidar hardware, records the hardware operational param-

eters and acquires the raw lidar data. A second, data treatpd _ Pi (10)

ment computer (DTC), is designated for automated onsite © (1= P)

data treatment and data transfer. d: . .

A lidar automat (LA) code that runs in LabView environ- wherePi is the desaturated coun_t rate from a d|stancg bin

ment on LAC controls the lidar and can be operated in auto-P{ is the measured coun.t rate ands the counter dead time.

or manual modes. In the auto mode, the lidar operates auSNce some of the daytime water signals are oversaturated,

tonomously after initial activation by the operator. In this W€ Use glued water signals consisting of PhC and scaled AD

mode LAC controls the lidar hardware and terminates andS!9nals for the processing. The AD signal is scaled to match

resumes the measurements, depending on the weather cofft€ PhC signal according to the following formula:

ditions. Weather information is supplied by a precipitation A; —ug
detector and a collocated ceilometer. The program stops thé’iAS = lT
lidar in case of precipitation, clouds lower than 500 m, or
dense fog and restarts it when the cloud base is higher tham,herepiAS is scaled analog signal;, C is scaling coeffi-
1.5km and if no rain or fog are detected within a predefinedcient andug is the electric offset of the channel ADC. The
time. After initial timeout for the laser heat-up, the acquisi- dead time and the scaling coefficient are calculated by a lin-
tion system is activated and the lidar is operational. The lasegar regression of PhC to AD signals and the electric off-
power is continuously monitored and an automated align-set is derived from the last 1000 bins of nighttime-acquired
ment of the harmonic crystals is activated when the poweraD signals. The glued signal is equal Rfs for photon
at 355 nm drops below a predefined level. All metadata rel-cont rates above a predefined threshold, and etu)“’to
evant to the lidar, including the laser power, are logged. Infor photon count rates below this threshold. The signal noise
manual mode, the automated procedures for lidar start-Up calculated before the background subtraction, using either
operation, and shutdown are deactivated, leaving the controj signal variance from Poisson statistics or a variance esti-
to the operator. mate from a digitized analog signal (Liu et al., 2006). The
The real-time data treatment is performed by an automategackground value in each channel is determined from the
data treatment (ADT) program, developed under Matlab andast 1000 time bins. The corrected signals are averaged over
run on DTC. Each half-hour the program reads the availablezg min. The spatial averaging is done using a window size,
raw data files, processes the data, and stores the result inghich is variable as a function of height. The window size is
file available for upload. The file consists of a water vapor jefined by the software to maintain the relative error below
mixing ratio profile with the corresponding statistical error. 1094 The relative error is calculated using Eq. (12). The wa-
Remote.control of the system is available via secured Internefg, vapor mixing ratio is derived from the ratio of water vapor
connection. to nitrogen Raman signals following Eq. (5), where the cal-
ibration constant is obtained from a set of intercomparisons
with radiosondes. Finally, the water vapor profile is corrected
for molecular atmospheric differential transmission using US
standard atmosphere model.

(11)
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4.2 Error budget 270 120 : : -
— Water vapor (x2)

The measurement error of the water vapor profile has three 2257 1007 /1 7 1 pitrogen
main components (Whiteman et al., 2001):{ncertainty of g N o/ ‘
the calibration constant?) uncertainty in the differential at- ~ x 1801 2 sor
mospheric extinction, and) uncertainty of the water vapor § 135 & 6ol
to nitrogen signal ratio. S e |

The uncertainty of the calibration constant is mostly sys- € o.90 § a0t |
tematic and is due talj uncertainty of the reference instru- & ‘ h
ment, @) uncertainty due to the calibration methodology, and ~ 045F 20/
(3) systematic errors due to the lidar design. The first two er- ] ’ i
ror sources are widely discussed in the literature (e.g. Nash 0 % 1000 2000 3000 4000
et al., 2011; Ferrare et al., 1995; Turner et al., 2000, 2002; z,m

Evans et al., 2000; Leblanc et al., 2012) and, as shown i i
(Turner et al., 2002), the existing reference instruments and 9
calibration methods allow for achieving uncertainty on the

order of 5%. The systematic errors caused by the instrumenfggigned and used for tropospheric measurements, this is not
design are much less discussed and usually correction funGgne Other systematic error sources are due to PMT satura-
tions are ap.plled. to reduce th?'r magnitude (e.g. Whiteman,, i photon-counting mode. The magnitude of these errors

et al., 2012; Whiteman, 2003; Turner et al., 2002). In thiSjg reqced to levels lower than the random error by desatu-

work we have tried to identify, analyze and finally reduce the a4iqn and constraining the desaturated signal to simultane-
instrumental systematic errors through the lidar design. Theously recorded analog signals.

system error sources were discussed in the Part 2 compan- thq random component due to photon detection noise is

ion paper (Brocard et al., 2013) where the technical solutionge gominating and highly variable error source in water va-

usedr:o reqlﬁlci thde sys'ternatlcfer:rors were alreagy presentefh, measurement. Therefore it is calculated for each lidar
together with the description of the respective subsystems o rofile. The relative errol’—"? of the water vapor measure-

the lidar. Here we W'” presc_ant a brief summary of these " ment is estimated from the standard errors of the Raman sig-
rors. The systematic errors in the overlap region (near to m'dhals,o (z) and their respective daytime backgrounsl (2)
range) caused by the optical imperfection of the receiver hav?ollow)icng error propagation formulas:

been reduced to less than 1% by using a grating polychro- '

mator fiber, coupled to a reflective telescope. The systematic

. 11.Lidar signals from water vapor and nitrogen channels.

2 2 2 2

errors induced by PMT non-uniformity were reduced to a 9¢(z) 91,0218, 4 o\, (D) +og,, (12)
negligible level by the field lenses installed in front of each ¢(z) — [PHZO(Z)_PBHZO]z P P 2

PMT. By reducing the error magnitude in the overlap region, [ N, (2)— BNz]

we eliminated the need for overlap corrections and related hereP. is th ber of the sianal i d th
errors. The systematic error caused by the temperature senglt €r€7x 1S In€ nUMbEr ot e Signal counts summed over the

tivity of the water vapor Raman cross section was reduced tgveraging time and space range, @ is the number of the

around 1% by proper selection of water vapor central Wave_:jeipe::tglg bz;cktground (t:_ounts. ;’he statistics zf;h?hs'%”a_‘ls
length and bandwidth. etected in photon-counting mode are governed by the Pois-

The uncertainty of the differential atmospheric transmis- son distribution, i.e. the standard error is equal to the square

sion arises mostly through aerosol scattering, but is rel<':1tivel>7°(_)|_thOf th: ntjr{]ber of phfo tt(r)]nsl_céjountedt. il
low in conditions of normal visibility. Therefore, aerosol cor- i etadsgu € eror o ef car water r\]/ap(_)(;.tpro e was
rection is not applied in the current version of the lidar. estimated by comparison of ohe year humidity measure-

The uncertainty of the water vapor to nitrogen signal ratio ments simultaneously obtained by the lidar, collocated reg-

has a systematic and a random component. The additive syé‘-l"’_lr radiosonding, a microwave radiometer, and a GPS re-

tematic errors are caused by fluorescence, elastic signal peffs o The resuilts of this intercomparison are discussed

etration in the water channel, and Raman channels cross tall! the companion paper (Brocard et al., 2013) and show

The error due to fluorescence and elastic signal penetratioﬂOOd agreemen't .Of the three measurement technlques. This
in our system is reduced to negligible levels by blocking thea_lgree_ment 5|gn|f|e_s t_hat the absolut_e error of the I'd‘?‘r pro-
elastic light at the telescope output and at the polychromaf'les IS _at least w!thm the uncertainty of the mentioned
tor input. The measured cross talk level between water Vapoponventlonal techniques.

and nitrogen Raman signals is low enough for tropospheric

measurements but may cause wet bias in the tropopause and

the low stratosphere regions. The cross talk level can be eas-

ily further reduced by a band-pass filter but since the lidar is
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26 Aug 2008 19h38 UTC Lidar Ag/q 26 August 2008 at 19:38 UTC. The left plot presents com-
2 [T 7 1 . parison of the mixing ratio profiles, and the right plot shows

x| 30min 10 min = the statistical error profile of the lidar measurement. Mixing
| |

" L L 10 ratios higher than 2gkg are presented in a linear scale,
a :izj‘;‘:’ White whereas the smaller values are plotted in a logarithmic scale.
The linear scale compares the data up to approximately 3 km,
an altitude reached by the radiosonde for about 10 min, as-
£ \ : suming radiosonde ascending rate of about 5tEor bet-
N L ter comparison with the sonde profile, the lidar data were av-
{ eraged for 10 min within the first 3 km. The logarithmic scale
! g‘\ 4{ compares the lidar and the radiosonde using a lidar mixing
K= 3 ratio profile obtained with 30 min time average. The vertical
2 resolution of the lidar is variable in order to keep the sta-
X 1 tistical error below 10%. The initial resolution is 15m, it
0ol o P OKS 5 90 s is reduced to 30 m above 4 km, to 105m above 6.5 km, and
q(2), g/kg Aa/a, % to 300 m above 9km. Above 11 km the range resolution is
900 m. Error bars at the beginning and the end of the lidar

Fig. 12. Left: Vertical water vapor mixing ratio profiles mea- ofije present the random error of the lidar measurement,
sured quasi-simultaneously by the lidar and an equipped-with Snow

White radiosonde (chilled mirror hygrometer). The sonde Wasesfllrr?ateq from the Ilda}.rIS|gnaIs.h . I Il withi
launched at 19:38 UTC. Time averaging 10 min below 3 km and 30 e mixing ratio profiles match exceptionally well within

min above. The vertical resolution is variable; initial 15m, above € whole range from 75m up to 12.5km. The very good
4 km — minimum 30 m, above 6.5 km —minimum 105 m, above 9 km @greement in the lower parts of the profiles, retrieved from
— minimum 300 m; above 11 km the resolution is 900 m (maximum the incomplete overlap region, demonstrate the negligible
allowed). Right: Lidar statistical error profile. range dependence of the lidar calibration constant. The small
discrepancies between the sonde and the lidar, seen in the
lower part of the profile, can be explained by the different
5 Measurement examples temporal and spatial resolutions of the two instruments, am-
plified by the high temporal and spatial variability of water
Figure 11 shows nighttime recorded nitrogen and water vavapor. The validity of the last argument is supported by the
por desaturated photon-counting signals, summed over 5 mihigh temporal variability of the water vapor field clearly seen
(9 x 1@ laser shots) using 37.5 m (10 bin) vertical resolution, in the 10 min resolution time series presented in Fig. 14. The
presented in a count rate (MHz) and photon counts. The delidar correctly reproduces the atmospheric stratification. The
saturated nitrogen signal has a maximum value of 110 MHz differences between the sonde and the lidar in the 5-5.5 km
whereas the water vapor signal, recorded in relatively dryregion are probably caused by the difference in the air masses
nighttime conditions, reaches 17 MHz. The first peak in Ra-sampled by the two instruments, or by the smoothing effect
man signals at approximately 0.7 km clearly shows an in-of the longer time averaging by the lidar, or both.
crease in the collection efficiency due to the NR fiber. The The two profiles compare very well in the region 6.5—
second peak, at approximately 1.3km, is due to signal col-L1 km, despite the reduced to 105m lidar resolution. The
lection by the primary fibers in the four telescopes. very good correlation in this region is an indicator for
The lidar calibration constant is derived using vertical pro- the negligible temperature sensitivity of the measurements,
files taken by either Vaisala RS92 or Snow Whité(hel et  i.e. the correct selection of polychromator central wave-
al., 2003) radiosondes. The calibration flights were carriedengths and bandwidths. Above 11 the relative error increases
out in nighttime and stable weather conditions. The Snowabove 10% and to compensate, the software increases the
White dew point profile is converted to mixing ratio with vertical averaging to 900 m, defining a measurement point
Goff-Gratch equations for saturation pressure over water andt 11.8 km (relative error 19 %), followed by a measurement
ice (1946 formulation), accounting for the internal flag indi- point at 12.6 km (relative error of 40 %). Above that alti-
cating ice formation on the mirror. The same calibration con-tude the noise prevails. It is worth mentioning that the laser
stant is used for several months and is periodically verified.is operated at 9 W. Increasing the power to its nominal 12 W
Recalibration is done when the calibration error exceeds avalue and longer averaging time could extend the measure-
predefined level. The calibration constant used in the follow-ments to the lower stratosphere when necessary.
ing examples was derived from a Vaisala RS92 profile using Daytime lidar mixing ratio profile obtained on
the first 6 km of the profile. 9 April 2009 is shown in Fig. 13. The lidar data are
Figure 12 shows comparison of nighttime water vaporaveraged from 11:00 to 11:30UTC with initial vertical
mixing profiles obtained by the lidar and an equipped-with averaging of 30 m, increased to 75m at 2.5 km, and to 300 m
Snow White radiosonde, launched from the lidar site onabove 4km. The profile is compared to an equipped-with
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Figure 14 presents time series with high temporal and spa-
Fig. 13. Left : Daytime profiles of water vapor mixing ratio com- 5| resolution taken from 26 August to 1 September. The
pared to Vaisala RS92 radiosonde launched on 9 April 2009 e m o1 resolution of the data is 10 min and the vertical res-
11:00UTC; Right : Lidar statistical error profile. olution is 30 m up to 4 km; the vertical resolution increases
to 75m above this height. The white strips indicate an ab-
sence of data (lidar inauguration and rain). The high spa-

Vaisala RS92 radiosonde launched at 11:00 UTC (13 h locatiotemporal resolution of the profiles allows visualizing well-

time). The right plot shows the relative error profile of the ynown — put difficult to observe with the classical methods
lidar measurement derived from the signal statistics. The first processes, such as the enhanced turbulent mixing in the
lidar point is at 75m, and the measurement statistical errohoundary layer during the early afternoon, seen as alternating
is about 5% due to the sky background in the water vaporeq and orange vertical strips with changing intensity around
channel. A well-mixed boundary layer defines an almost12:00 UTC. Another interesting atmospheric phenomenon,
constant mixing ratio profile up to about 700 m, captured bypesides the temporal evolution of the boundary layer, is the
both instruments without big differences. Within the range g psidence of dry air from high altitudes to the lower tropo-
from 700 to about 1.6km, the mixing ratio decreases togphere. The most pronounced subsidence during the observa-
about 1.5gkg*. A small difference between the profiles tional period was recorded on 28 August and is probably the
is present and could be explained by variation of the watefegylt of stratosphere—troposphere exchange. The fast tempo-
vapor field, which is typical for daytime conditions with 3| evolution and spatial displacement as seen from Fig. 14

strong vertical mixing. At above 1.6km the lidar signal can explain a great part of the lidar to sonde discrepancies
amplitude decreases (due t02) and the statistical error gpserved in the previous examples.

increases despite the almost constant up to 2.5km mixing

ratio. Compared to nighttime measurements the statistical

error is higher, mainly due to the presence of daytime skys Summary and outlook
background in the water vapor channel.

In order to explore the full potential of the lidar to resolve A new Raman lidar designed for unattended, continuous
the spatiotemporal evolution of a water vapor field, time se-measurement of vertical water vapor profiles for operational
ries with high temporal and spatial resolution were taken inmeteorology has been described. To attain daytime opera-
favorable weather conditions while operating the laser at itstion, the lidar uses narrow field-of-view (NFOV), narrow-
nominal energy of 400mJ (12W). As already mentioned,band (NB) configuration and a UV laser. A t%eam ex-
during regular operations the laser output energy is limitedpander ensures low beam divergence, essential for the NFOV
to 300 mJ (9 W) to extend the lifetime of the flash lamps anddesign, and reduces the laser energy density to levels meeting
to prevent damage of the optical elements of the laser angye safety regulations. The receiver consists of four 30 cm
the transmitter. The lidar performance at reduced energy isn diameter mirrors fiber-coupled to a grating polychroma-
sufficient for regular profiling, as demonstrated by the com-tor. The detection is carried out by Hamamatsu metal dyn-
panion paper (Brocard et al., 2013), and the lidar can alway®de photomultipliers and a Licel transient recorder acquires
be operated at nominal laser energy in case of special eventthe signals in analog and photon-counting mode. The need
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for range-dependent overlap corrections is eliminated by the\ppituley, A., Wilson, K., Potma, C., Volten, H., and de Graaf, M.:
careful design of the receiver, which eliminates the range de- Performance assessment and application of CAELI — A high-
pendence of the instrumental part of the lidar calibration con- performance Raman lidar for diurnal profiling of Water Vapour,
stant, thus allowing data retrieval from the incomplete over- Aerosols and Clouds, Proceedings of the 8th International Sym-
lap region without the need for range (overlap) corrections. POSium on Tropospheric Profiling, edited by: Apituley, A., Russ-
Additional fiber in one of the telescope mirrors collects the gggn;ggl’ft"'_‘”\:\é d;ﬁgﬁa'\:ggng(')gV'oAl'oA'é(l;?oE:)Nergngggo_G%o-
scattered light from the near range, thus extending the d'sArnoId, D. L.: Severe deep moist convective storms: Forecasting
tance range down to 100 m. The value of the temperature and mitigation, Geography Compass, 2, 30-66, 2008.
correction is reduced to levels around 1% by selection of theajj, G, Fernandez, J. M., Mate, B., Tejeda, G., and Montero, S.:
polychromator central wavelength and bandwidth. The opto-  Ro-vibrational Raman cross sections of water vapor in the OH
mechanical design of the lidar ensures long-term alignment stretching region, J. Mol. Spec., 196, 77-92, 1999.

stability and eliminates the need for frequent transmitter-Balin, 1., Serikov, I., Bobrovnikov, S., Simeonov, V., Calpini, B.,
receiver alignments. The unattended automated control of the Arshynov, Y., and van den Bergh, H.: Simultaneous measure-
lidar is carried out by two computes controlling the hardware ment of atmospheric temperature, humidity, and aerosol extinc-
and performing automated data treatment. After its installa- tion end backscatter coefficients by a combined vibrational—pure-
tion in July 2007 and the initial tests, the lidar has been in__rotational Raman lidar, Appl. Phys. B, 79, 775-782, 2004.
regular operation since August 2008 at the main aerologicaposenberg’ J.: Ground-based (_j!fferentlal absorption lidar for water
station of the Swiss Meteorological Office (MeteoSwiss). \ézzgr_gggoteggzrature profiling: methodology, Appl. Opt., 37,
. Since 2007, the lidar has shown annuel technicell ‘,”Wa"ap”'Bbsenberg, J.,and Li-rém H.: Continuous ground-based water vapor
ity between 65 and 90 %. More information on this is avail-  profiling using DIAL, Reviewed and revised papers presented at
able in the companion paper (Brocard et al., 2013). The main 23 rd ILRC, 24-28 July, Nara, Japan, 679-683, 2006.
technical problems encountered during the first three yeargrocard, E., Philippona, R., Haefele, A., Romanens, G. Mueller,
of operation were related to the supporting equipment (cool- A., Ruffieux, D., Simeonov, V., and Calpini, B.: Raman Lidar for
ing water chiller, air conditioning, roof hatch) or the laser.  Meteorological Observations, RALMO — Part 2: Validation of
The technical unavailability due to the supporting equipment Wwater vapor measurements, Atmos. Meas. Tech., 6, 1347-1358,
and some of the laser problems, namely those related to the d0i:10.5194/amt-6-1347-20113. _ o
internal cooling system, were resolved to a great extent. ABrowell, E., Ismail, S., and Grant_, W.: Differential absorption lidar
persisting problem is the laser misalignment after flash-lamp (D!AL) measurements from air and space, Appl. Phys. B, 67,

. - e 399-410, 1998.
replacement, caused by insufficient positioning accuracy OfBruneau, D., Quaglia, P, Flamant, C., Meissonnier, M., and Pelon,

the oscnlator and amplifier pumpln.g chambers. Redesigning J.: Airborne Lidar LEANDRE Il for Water-Vapor Profiling in the
of the pumping chambers and their support, planned for the ropgsphere. I. System description, Appl. Opt., 40, 34503461,
near future, are expected to resolve this problem. 2001.

The lidar was upgraded with a pure rotational Ramancalpini, B., Ruffieux, D., Bettems, J.-M., Hug, C., Huguenin, P.,
channel for temperature, aerosol backscatter and extinction Isaak, H.-P., Kaufmann, P., Maier, O., and Steiner, P.: Ground-
measurements, which has been operational in test mode since based remote sensing profiling and numerical weather predic-
2009. The channel design and analysis of the data will be pre- tion model to manage nuclear power plants meteorological
sented in a separated paper after completing the test period surveillance in Switzerland, Atmos. Meas. Tech., 4, 1617-1625,

and initiation of regular operations. doi:10.5194/amt-4-1617-2012011. _
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