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Abstract. We present a calibration method for a water vapour

Raman lidar using a meteorological probe lifted by a kite,

flown steadily above the lidar site, within the framework

of the Hydrological Cycle in the Mediterranean Experi-

ment (HyMeX) and Chemistry-Aerosol Mediterranean Ex-

periment (ChArMEx) campaigns. The experiment was car-

ried out in Menorca (Spain) during June 2013, using the mo-

bile water vapour and aerosol lidar WALI. Calibration us-

ing a kite demonstrated a much better degree of co-location

with the lidar system than that which could be achieved

with radiosondes, and it allowed us to determine the overlap

function and calibration factor simultaneously. The range-

dependent water vapour lidar calibration was thus deter-

mined with an uncertainty of 2 % in the 90–8000 m altitude

range. Lidar water vapour measurements are further com-

pared with radiosondes, showing very good agreement in

the lower troposphere (1–5 km) and a relative difference and

standard deviation of 5 and 9 % respectively. Moreover, a

reasonable agreement with MODIS-integrated water vapour

content is found, with a relative mean and standard deviation

of 3 and 16 % respectively. However, a discrepancy is found

with AERONET retrievals, showing the latter to be underes-

timated by 28 %. Reanalyses by the ECMWF/IFS numerical

weather prediction model also agree with the temporal evo-

lution highlighted with the lidar, with no measurable drift in

integrated water vapour content over the period.

1 Introduction

Because of its role in the energy balance of the atmosphere,

water vapour content is an essential parameter that drives

atmospheric dynamics in and above the planetary boundary

layer (PBL), as well as the hydrological cycle and of course

cloud formation (Kulmala, 1993; Melfi et al., 1989). Due to

the hygroscopic properties of airborne particles (e.g. Rood et

al., 1987; Randriamiarisoa et al., 2006), it also acts on the

radiative balance at a global scale (Haywood et al., 1997)

by enhancing the extinction power of plumes containing hy-

drophilic aerosols. This is one of the reasons why aerosols

remain a major source of uncertainty in long-term forecasts

of radiative forcing on the climate (IPCC, 2014). For the past

3 years, within the French MISTRALS (Mediterranean In-

tegrated Studies at RegionAL Scales) research program, the

western Mediterranean basin has been the focus of both wa-

ter cycle (Hydrological Cycle in the Mediterranean Exper-

iment (HyMeX); Drobinski et al., 2014) and aerosol radia-

tive forcing studies (Chemistry-Aerosol Mediterranean Ex-

periment (ChArMEx); Mallet et al., 2015) because of the

important societal impact of climate change in this densely

populated region as well as its complex atmospheric circula-

tion which makes both weather and chemical transport mod-

els fail to deliver reliable forecasts.

In this context, the range-resolved profiles of aerosol ex-

tinction and water vapour mixing ratio (WVMR) obtained

by lidar remote sensing are a powerful tool. Raman lidars

can measure WVMR through the calibrated ratio of water

vapour and nitrogen inelastic backscatter signals (Whiteman

et al., 1992). During the International H2O Project IHOP

(Weckwerth et al., 2004) in the American Great Plains, a

radiosonde-calibrated system (Whiteman et al., 2006a) en-

abled the first study of water-vapour-driven convective pro-

cesses in the PBL through the diurnal cycle (Whiteman et

al., 2006b). The European Convective Orographic Precipi-

tation Study COPS (Wulfmeyer et al., 2011) undertaken in

2007 in the Rhine Valley showed among other findings that
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biases between several Raman and DIAL (DIfferential Ab-

sorption Lidar) water vapour lidars and passive remote sens-

ing measurements remained below 5 % (Bhawar et al., 2011).

Such systems still operational in Europe include the Raman

lidars of BASIL (Di Girolamo and Summa, 2009) and IGN

(Bock et al., 2013) institutes, the upper tropospheric/lower

stratospheric Raman lidars at the Haute-Provence (Sherlock

et al., 1999a) and Réunion (Dionisi et al., 2015) observato-

ries and the scanning DIAL of the University of Hohenheim

(Behrendt et al., 2009).

The water vapour and aerosol lidar WALI (Chazette et al.,

2014a) is a portable and versatile system originally designed

to meet the scientific goals of the first special observation

period of HyMeX (Ducrocq et al., 2014) in autumn 2012.

HyMeX is dedicated to the study of the water cycle and the

role of water vapour and aerosols in cloud formation, lead-

ing specifically to the intense precipitation in the western

basin during the autumn season, using multiple instruments

in synergy and coupling their measurements to mesoscale

models. Its overarching goal is to improve forecasts of ex-

treme precipitation events on the orography of the western

basin. WALI was also implemented as part of the Menorca

Island (Spain) Cap d’en Font ground-based station during

the June 2013 special observation period of the ADRIMED

(Aerosol Direct Radiative Impact of the regional climate in

the Mediterranean region; Mallet et al., 2015) segment of

ChArMEx. ChArMEx aims to assess the present and future

state of the atmosphere (gaseous reactive species and aerosol

particles) in the Mediterranean basin, while its ADRIMED

segment focuses on how the Mediterranean climate is im-

pacted by direct aerosol forcing and may evolve in the next

50 years due to climate change and growing anthropic pres-

sure. It involved ground and airborne instruments to study

among others water vapour and aerosol coupling during sum-

mertime dust and pollution events in the western basin.

The proper absolute calibration of the WVMR derived by

a Raman lidar, with less than 0.4 g kg−1 total uncertainty

as demanded by meteorological and climate applications

(NCAR/NOAA; Weckwerth et al., 1999), remains a criti-

cal issue. Indeed, several studies have shown that a purely

photometric calibration performed on a laboratory optical

bench to determine the gain ratio of the H2O and N2 paths

lacks precision and leads to significant bias on the retrieved

WVMR (a few g kg−1, ∼ 10 % in the lower troposphere;

Leblanc and McDermid, 2008; Whiteman et al., 2011). This

calibration method also requires a common optical path be-

fore the field diaphragm of the lidar, which was dismissed

for WALI in favour of modularity. A more precise yet practi-

cal approach using the sky background as a standard light

source (Sherlock et al., 1999b) requires radiative transfer

models and elimination of all parasitic light sources. This

was impossible in the set-up of this field experiment, where

an anti-dust blowing funnel was necessary above the lidar

windows, which scattered some sunlight onto the receptor.

Raman lidars can also be calibrated using water vapour pro-

files given by a multi-channel microwave radiometer, as was

done recently in the framework of the HD(CP)2 campaign

in Germany, in an automated fashion (Foth et al., 2015).

However, this instrument is still unavailable commercially.

In the end, co-located vertical sounding to deduce WVMR

from temperature and relative humidity (RH) measurements

up to the stratosphere is the most precise method available,

albeit limited by the accuracy of the meteorological probe.

Radiosoundings are, however, rather heavy, with costly ap-

paratus and a flight exclusion area needed to be granted by

air traffic control. Moreover, they may drift and not always

be well co-located with the lidar. Whereas the spatial homo-

geneity of WVMR is generally good in the free troposphere,

it is less so in the PBL, especially in a coastal area or close

to orography.

Incidentally, there is a long history of kite atmospheric

sounding, which started with the “meteorographs” of Teis-

serenc de Bort at Trappes, France, in 1898. Despite an im-

pressive altitude range (up to 9800 m in 1916), this technique

was lost during the 20th century in favour of weather bal-

loons. Due to the specific advantages of kites the team of

Balsley et al. (1992, 1998) at CIRES reinstated their use and

improved the technique for profiling the atmosphere. Indeed,

materials and fabrics have evolved making kites lighter, less

expensive and easier to handle. They also offer the possibility

of sounding the same layer for a longer time and remaining

stationary, like tethered balloons. They have been applied to

low-altitude water vapour sounding (Davidson et al., 2003)

or used for aerosol profiling (Reiche et al., 2012). Willitsford

and Philbrick (2005) used the data of Davidson et al. (2003)

in synergy with a ground-based Raman lidar to describe the

evaporation duct over the ocean. Generally, the use of kites

is only limited by adverse wind conditions and strict local

regulations due to ever-increasing air traffic.

In this article, we present an original calibration process of

a mobile water vapour Raman lidar using a kite-borne Vaisala

pressure/temperature/RH probe, flying at low altitude where

the lidar signal is strongest and biases due to temperature and

aerosols transmission remain limited. This calibration is vali-

dated by comparisons to balloon profiling, remote sensing of

integrated water content, and outputs from a meteorological

model.

In Sect. 2 we will describe the set-up of the kite payload

and WALI lidar, along with the location of the experiment

and the exogenous measurements used in this study. Sec-

tion 3 will present the calibration method and the assess-

ment of the associated uncertainties. The cross-validation is

presented in Sect. 4, where the lidar-derived WVMR profile

and integrated water vapour content are compared with ra-

diosoundings, satellite measurements (Moderate-resolution

Imaging Spectroradiometer, MODIS), ground-based sun

photometer measurements and reanalyses by the numerical

weather prediction model ECMWF/IFS (European Centre

for Medium-range Weather Forecasts/integrated forecast sys-

tem). Section 5 will summarise and conclude.

Atmos. Meas. Tech., 9, 1083–1094, 2016 www.atmos-meas-tech.net/9/1083/2016/
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Figure 1. Situation map of the Menorca/Cap d’en Font station (red

cross). The launch site of radiosoundings on Menorca island is

shown as a blue square within the insert. Origins of air masses on the

dates of lidar/radiosonde intercomparisons are noted as coloured ar-

rows (Menorca digital elevation model courtesy of NASA/ASTER

GDEM).

2 Experimental set-up

2.1 Location of the experiment

During the ADRIMED SOP-1 campaign in June to

July 2013, a background station was deployed near the

centre of the western Mediterranean, at Cap d’en Font

(39◦49′33′′ N, 4◦12′29′′ E), a cape on the southern coast of

the island of Menorca (Fig. 1). This site was chosen to

stay clear of local pollution sources in the dominant south-

westerly winds. It provides the opportunity to sample various

air masses with contrasted water vapour amounts within the

lower and middle troposphere. Moreover, the windy southern

coast of Menorca is a very suitable environment to use a light

instrumented kite.

2.2 Raman lidar WALI

The WALI is a transportable lidar instrument mainly ded-

icated to atmospheric research activities (Chazette et al.,

2014a, b, 2015a). Emitting at a wavelength of 354.7 nm, it

is designed to fulfil eye safety conditions. Its emitter is a

pulsed Nd:YAG (Quantel Brilliant) laser. The UV pulse en-

ergy is ∼ 60 mJ and the pulse repetition frequency is 20 Hz.

Its wide field of view of ∼ 2.3 mrad ensures a full overlap of

the transmitter and receiver paths beyond ∼ 200–300 m.

The system has three receivers and a total of four chan-

nels. On each channel, optical detection is performed by a

photomultiplier tube (PMT) placed behind interferential fil-

ters (0.2 nm bandwidth) manufactured by Materion/Barr and

a focusing lens. The amplification gain of the PMT between

its anode and cathode is directly linked to the input high volt-

age (HV) chosen by the lidar acquisition software. Automatic

HV variation allows optimisation of the detection dynamic

range for both night-time and daytime measurements (with

strong sky background light). In the following, gain variation

is corrected after calibration of gain versus HV as in Chazette

et al. (2014a), and water vapour calibration is given for fixed

night-time values of HVs. The acquisition system is based on

PXI technology with 12 bit digitisers running at 200 MS s−1

(mega sampling per second), manufactured by National In-

struments. Throughout the experiment acquisition was per-

formed for mean profiles of 1000 laser shots, leading to a

temporal sampling close to 1 min.

The first receiver, with two channels (co- and cross-

polarised), is dedicated to the detection of the elastic molecu-

lar, aerosols and cloud backscatter from the atmosphere. The

second and third receivers are dedicated to the measurements

of the inelastic nitrogen (N2 channel, ∼ 387 nm) and water

vapour (H2O channel, ∼ 407 nm) Raman backscattered sig-

nals respectively. They are identical to the elastic receiver

except for interference filters centred at the respective wave-

lengths of the first Stokes vibrational lines for the two gases

(386.65± 0.10 and 407.45± 0.15 nm filter bandpass respec-

tively) and an extra dichroic beam splitter on the H2O chan-

nel for better rejection of the elastic returns (complete details

are given in Chazette et al., 2014a).

The WVMR is obtained as the ratio between the signals

recorded by the H2O and N2 Raman channels. In previous

experiments with a properly calibrated WALI (Chazette et

al., 2014a), the uncertainty on the WVMR reached 11 %

in the marine boundary layer and decreased to 7 % be-

low the 5 km range, with temporal averaging over 20 min

and a nominal vertical resolution of 15 m. Precision deteri-

orated quickly above 5 km above mean sea level (a.m.s.l.)

due to the decreasing signal-to-noise ratio (SNR), which we

compensate here with larger averaging. The determination

of the water vapour profile is more difficult during day-

time due to low SNR, but the measurements have been per-

formed with sufficient precision for altitude ranges below

∼ 1 km a.m.s.l. using temporal averaging over ∼ 30 min. A

low-altitude WVMR calibration directly above the lidar is

especially interesting considering that the progressive over-

lap of the lidar emission and reception paths biases WVMR

up to 300 m, as noticed in the previous deployment of the

lidar.

2.3 Water vapour sounding

Kites were launched directly from Cap d’en Font, 100 m

from the lidar. The apparatus used for kite sounding is shown

on Fig. 2. The kites were both “rokkaku” (hexagonal) kites

(1.3 or 1.5 m width, for winds 3–15 m s−1, with vented sails

for improved stability) at the end of a single 650 m braided

polyester line, carrying a lightweight (360 g) probe and data

logger (Vaisala PTB-110 barometer+Vaisala SP 2000-35R

T/RH/V datalogger+2× 9 V batteries). This length of line

www.atmos-meas-tech.net/9/1083/2016/ Atmos. Meas. Tech., 9, 1083–1094, 2016
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Figure 2. View of the rokkaku kite and lightweight sonde and data

logger assembly used for lidar calibration.

allowed for an approximate maximum sounding altitude of

450 m given the payload and wind conditions encountered in

Menorca. Data were recorded every 10 s and retrieved after

the flight. Given the specifications in Table 1, the expected

absolute accuracy on each WVMR sample is 0.6 g kg−1.

A CNES team led by N. Verdier launched radiosondes on

weather balloons, along with particle and ozone counters, at

the Sant-Lluís air field (39◦51′56′′ N, 4◦15′17′′ E), located

8 km northeast of the WALI lidar at Cap d’en Font. This air-

field was the only site where radiosounding could be organ-

ised, authorised and made compatible with air traffic to and

from the nearby Mahon airport, whereas the aerosol/lidar sta-

tion had to stay on the coast. The characteristics of the Mo-

dem M10 GPSondes used are also given in Table 1. From

these data, an absolute uncertainty of 1.2 g kg−1 is expected

near the ground (mostly due to the inaccuracy of the GPS

altitude), which goes down to 0.04 g kg−1 at 10 km a.m.s.l.

At ground level, a Vaisala PTU-300, set on a 6 m mast

protruding from the mobile laboratory where WALI was em-

bedded, yielded WVMR measurements with an accuracy of

0.3 g kg−1.

The Cap d’en Font station was also equipped with a Cimel

sun photometer as part of the Aerosol RObotic NETwork

(AERONET, http://http://aeronet.gsfc.nasa.gov/) for the du-

ration of the campaign. It provided regular measurements of

precipitable water vapour in the atmospheric column, simul-

taneously with aerosol optical thickness and Angström expo-

nent.

2.4 Spaceborne measurements and numerical weather

prediction model

On board the Aqua and Terra satellite, launched in the

early 2000s as part of the Earth Observing System, MODIS

captures images in 36 spectral bands to provide measure-

ments of large-scale global dynamics, including in the

lower atmosphere. MODIS level 3 data sets are avail-

Table 1. Characteristics of the WVMR in situ sounding apparatus.

Kite PTU sonde (LSCE), Vaisala modules and recorder (360g)

Altitude range 5–400 m

Measurements Temperature, RH, pressure

Meas. period 10 s

Temp. uncertainty ±0.15 ◦C

RH uncertainty ±2 %

Pressure uncertainty ±0.6 hPa

→WVMR error ±0.6 gkg−1 (below 500 m)

Balloon rawinsounding (CNES), Modem GPSonde M10 (150g)

Altitude range 100 m–36 kma.m.s.l.

Measurements Temperature, RH, GPS altitude

Meas. period 1 s

Temp. uncertainty ±0.5 ◦C

RH uncertainty ±5 %

Altitude uncertainty ±10 m (±1 hPa down to 0.4 hPa

at 10 kma.m.s.l.)

→WVMR error ±1.2 gkg−1 down to ±0.04 gkg−1

at 10 kma.m.s.l.

able online from NASA (https://earthdata.nasa.gov/labs/

worldview/). They include daily precipitable water vapour

data given on a 1◦ grid on both land and sea, with sufficient

accuracy to allow comparison with ground-based measure-

ments of water vapour (Gao and Kaufman, 2003).

Modelled synoptic-scale meteorological fields (geopoten-

tial height, temperature, moisture) have been obtained over

a large domain around the western Mediterranean from the

IFS of the ECMWF (http://www.ecmwf.int). The 3-D fields,

available on the ESPRI/IPSL data server, are 6-hourly re-

analyses with a horizontal resolution of 0.5◦. The ECMWF

model produces a good representation of the low-resolution

moisture field as demonstrated in previous works (Chazette

et al., 2014b).

3 Lidar calibration

With the WALI lidar, the WVMR profile is obtained as

rH2O,lidar(z)=KWVMR

SH2O(z)/ξH2O(z)

SN2
(z)/ξN2

(z)
exp(1τ(z)), (1)

where KWVMR is a constant to be calibrated, SH2O(z) and

SN2
(z) are the lidar signals in the indexed channels, ex-

pressed as a function of altitude z, and ξH2O(z) and ξN2
(z)

are the lidar overlap factors of the indexed channels (both

reach 1 above 400 m). Correction factor 1τ(z) is the differ-

ence of total optical thickness between wavelengths 387 and

407 nm, which has to be estimated from the aerosol chan-

nel and the Angström exponent of the aerosols obtained by

the AERONET sun photometer, as explained in Chazette

et al. (2014a) (thus avoiding a bias of up to 10 % above

4 km a.m.s.l., as estimated from our uncorrected signals). We

Atmos. Meas. Tech., 9, 1083–1094, 2016 www.atmos-meas-tech.net/9/1083/2016/
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do not consider temperature dependence of the Raman lines,

as the H2O Raman interference filter is chosen at an insensi-

tive wavelength following Whiteman et al. (2006a). The re-

ceiver channels of the lidar were left confined and untouched

during the entire campaign to limit variations of the calibra-

tion parameters such as was reported by Bock et al. (2014).

We trust that this protocol allowed the complete stability

found between two calibrations of the WALI, 3 months apart,

in its previous involvement (Chazette et al., 2014a).

The overlap function ξN2
(z) of the N2 Raman channel is

estimated in a homogeneous atmosphere, as provided by a

profile with the lidar set up horizontally. In order to assess the

missingKWVMR and ξH2O(z) in Eq. (1), we performed simul-

taneous measurements of water vapour by kite (rH2O,kite(z))

and lidar and computed the following calibration function:

C(z)=
SH2O(z)

SN2
(z)/ξN2

(z)

1

rH2O,kite(z)
exp(1τ(z)) (2)

=
1

KWVMR

ξH2O(z),

the shape of which is that of the overlap factor ξH2O(z), and

the value at high altitude yields the calibration coefficient

KWVMR.

Three flights were performed to assess calibration func-

tion C(z), during which the kite remained at a horizontal dis-

tance between 60 and 300 m from the laser beam. An impor-

tant practical constraint was that these flights had to be done

in daylight conditions, under which the lidar profiles are af-

fected by sky background noise. Indeed, kite flight is more

risky and often restricted in the absence of light. After an

initial flight up to 140 m on the afternoon of 22 June, it was

determined that the full overlap zone had not been reached.

A subsequent flight up to 390 m on the morning of 25 June

passed the required altitude to estimate the calibration co-

efficient. Finally, a third flight was performed during sunset

on 25 June when the sky background light was low, to bet-

ter assess the lowest values of the overlap function, from 0

to 115 m. Note that while this forms the best conditions for

lidar calibration, one must anticipate that wind strength can

fall quickly at dusk (as experienced on 23 and 24 June). The

kite was launched slightly beforehand.

The computed C(z) are given in Fig. 3. The resulting as-

sessment of KWVMR is 94.8±2.0 g kg−1, as a mean over the

three flights (note that even if the first flight could not reach

the full overlap altitude, as the overlap function remains the

same, KWVMR can be evaluated on each flight by dividing

C(z) by this function). The uncertainty, estimated between

0.4 and 1.7 g kg−1 for each individual flight assuming ran-

domly distributed error with altitude, is predominantly due

to lidar noise above 100 m during daytime and to sounding

errors at lower altitude or at dusk. Residual standard devi-

ation on the final result will be due to fluctuating bias on

either one of the instrument. Full overlap is obtained at 150

m and 50 % overlap is obtained at ∼ 90 m; in the following

Figure 3. Results of lidar calibration by kite-carried PTU, in terms

of calibration function C(z)= ξH2O(z)/KWVMR (dots) as mea-

sured during three separate flights: on 22 June afternoon up to

140 m, on 25 June morning up to 390 m and on 25 June at sun-

set up to 115 m, the latter providing less noisy estimations of the

overlap function at low altitude. The RMSE combining lidar signal

noise and sounding errors is shown as horizontal bars. The assessed

KWVMR is 95± 2 g kg−1.

WVMR profile retrievals, we corrected the overlap function

down to the latter altitude and discarded the lower profile. We

note an unusual shape of the overlap function with a plateau

around 50–70 m. Rather than pointing towards a wrong esti-

mation of the N2 overlap function, verified on five separate

occurrences, this effect has already been seen on the elastic

channel of other lidars with the same design and has been

associated with a bad re-collimation of the received beam

on the spectral filtering components. The response of the

dichroic beam splitter and interference filter (see Chazette

et al., 2014a) to close object points with even more inclined

rays is highly variable and may explain this effect. Better fo-

cusing of the system on an optical bench should attenuate

this phenomenon in future implementations.

4 Validation

In order to validate the kite-calibrated WVMR profile pro-

vided by WALI, we first compare it to the radiosoundings

carried out at Sant Lluís airfield during the beginning of the

ADRIMED campaign (12–17 June 2013), a period charac-

terized by several pollution transport events, followed by

a Saharan dust event. We then study the correlation of li-

dar WVMR profiles with reanalyses of the ECMWF/IFS

weather prediction model, over a longer period. Finally, we

compare the integrated profile in terms of precipitable water

vapour to the retrievals of the AERONET sun photometer,

www.atmos-meas-tech.net/9/1083/2016/ Atmos. Meas. Tech., 9, 1083–1094, 2016
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Figure 4. Comparison of lidar WVMR measurements to four rawinsoundings performed from Sant-Lluís air field on the evenings of

(a) 12 June, (b) 15 June, (c) 16 June and (d) 17 June 2013 (approximately 21:00 to 23:00 LT), under varied aerosol loads and atmospheric

water contents. The red line is the radiosonde-derived WVMR and the blue line is that obtained by lidar, with its standard deviation repre-

sented as a blue-shaded area. The black circle at zero altitude indicates WVMR as measured on the ground. Potential temperature θ , wind

sector and velocity (shown as circle size and colour, measured by the radiosonde), as well as profiles of aerosol backscatter coefficient βa

(measured by the lidar), are also given for reference. Layer boundaries as indicated by wind shears and strong potential temperature gradients

are denoted by black lines. Origins and contents of air masses as deduced by back trajectories (HYSPLIT; Draxler and Rolph, 2015) are

given in plain text. The lidar integration time is equal to the balloon ascent, i.e. approximately 40 min. MBL stands for marine boundary

layer.

the Aqua/MODIS instrument and the ECMWF reanalyses to

study the stability of the calibration factor.

4.1 Comparisons to local rawinsoundings

Figure 4 shows the comparison of lidar-derived WVMR to

the measurements of balloon radiosondes during their as-

cent. Note that the lidar integration time is equal to the du-

ration of the ascent phase, approximately 40 min. We recall

that the radiosonde uncertainty (not shown for better clar-

ity) is ∼ 1.2 g kg−1 at ground level, down to 0.04 g kg−1 at

10 km a.m.s.l. The lidar instrumental WVMR uncertainty,

calculated from the propagation of short-term profile-to-

profile standard deviation as in Chazette et al. (2014a), is

shown in blue. For reference, potential temperature, wind

sector and velocity given by the sonde and the backscatter

coefficient profile given by the lidar are shown. Ground-level

WVMR yielded by the Vaisala PTU-300 on a 6 m mast is

given by the black circle. Origins and contents of air masses,

as deduced from both back trajectories (HYSPLIT; Draxler

and Rolph, 2015) and optical parameters retrieved after the
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inversion of the other channels of WALI (lidar ratio, particle

depolarisation ratio), are given in plain text.

Overall very good agreement is observed in all the com-

parisons, except at sharp transitions. The altitude of transi-

tions is sometimes shifted and absolute values of WVMR can

differ in thin layers. The largest discrepancies occur near the

ground, making these non-collocated radiosoundings unsuit-

able for the measurement of the overlap factor. Moreover,

strong deviations are seen in a dust layer on the evening of

16 June. Such an effect remains unexplained, as the most im-

portant inhomogeneity, corresponding to a change in circula-

tion, occurred 24 h earlier with little impact.

We assess the calibration factor KWVMR that would have

been obtained by using the ratio between radiosounding and

lidar, averaged between 1 km and 6 km a.m.s.l. and over

all profiles: KWVMR = 95.7± 3.5 g kg−1. This is compatible

with the result of calibration by kite: no drift of the calibra-

tion factor is measured during the span of 13 days covered

by these comparisons. Note that the above standard devia-

tion, computed using the lidar profile error and the specifi-

cations of Table 2, shows a higher value than with the kite,

which seems due to the horizontal inhomogeneity of WVMR

and maybe also to the shorter averaging time available with

balloons quickly ascending through the troposphere.

After the measurements of Fig. 4, average deviations

between lidar and radiosondes are plotted in Fig. 5. The

mean absolute difference between lidar-derived WVMR

versus that of balloon radiosondes is under ±0.2 g kg−1

across the whole profile. The root mean square differ-

ence (RMSD) is∼ 1 g kg−1 below 1 km a.m.s.l., < 0.6 g kg−1

above 1 km a.m.s.l. and < 0.2 g kg−1 above 7 km a.m.s.l. Not

shown but also informative, the mean relative difference

(i.e. 2 (lidar−sonde) / (lidar+ sonde)) is under ±5 % until

7 km a.m.s.l. Relative RMSD reaches 13 % near the ground,

is under 8 % between 1 and 4 km a.m.s.l. and grows to

12 % at 7 km a.m.s.l. At higher altitudes, it diverges up to

40 % at 10 km a.m.s.l. Indeed, depending on SNR the max-

imum range of the lidar can be reached between 7.5 and

10 km a.m.s.l., above which the retrieved WVMR is null per

our processing algorithm (truncation at SNR= 5 on the N2

Raman channel).

Note that the balloons have already travelled between 15

and 20 km from the lidar when at 7 km a.m.s.l. Recently, the

fine-scale horizontal structure function of WVMR in the free

troposphere was assessed using a DIAL lidar onboard an air-

plane travelling across several hundred kilometres (Fischer

et al., 2013). By taking – from Fig. 2 of the cited reference –

the order 2 structure function estimated at 4.1 km a.m.s.l. in a

non-convective case, one can straightforwardly estimate the

RMSD of WVMR between two points horizontally separated

by distance d to scale as 1rH2O,RMS(d)/<rH2O>≈ 14 %

(d/10 km)0.6. This amounts to ∼ 19 % for the balloon drift

of 20 km given above and would explain a majority of the

observed RMSD between lidar and balloons around this alti-

tude.

Figure 5. Average deviations between profiles of WVMR by bal-

loon radiosondes and lidar shown in Fig. 4: (a) mean difference and

(b) root mean square difference (RMSD).

4.2 Long-term correlation with NWP model reanalyses

In order to extend this validation to a broader data set,

we compare a longer period of lidar measurements (12–

28 June) to the ECMWF/IFS reanalyses over Menorca,

resulting in the scatter plot shown in Fig. 6a. We also

plot root mean square difference (RMSD(x,y)= 〈(x−

y)2〉1/2) and correlation coefficient (COR(x,y)= 〈(x−

〈x〉)(y−〈y〉)〉/(var(x)var(y))1/2) between the two profiles

as defined in Boylan and Russell (2006). The scatter plot

demonstrates very little bias in terms of lidar calibration, ex-

cept for the lower values (< 2 g kg−1)which are mostly found

in the upper layers that can be out of range of the lidar. There

is however some dispersion around the identity line, investi-

gated against altitude in terms of RMSD and COR in Fig. 6b

and c. We see that the higher RMSDs (∼ 1.5 g kg−1) between

lidar and model occur mostly in the lower troposphere (be-

low 3 km), where moisture may vary rapidly and might not

be well resolved by the model. Between 3 and 5 km a.m.s.l.,

a correlation coefficient around 0.9 is found, which is satis-

factory.

For completeness, we also compared the lidar profiles to

the operational meteorology radiosoundings performed twice

daily at Palma de Majorca (39◦34′ N, 2◦39′ E; 135 km ESE

of Cap d’en Font). The results are not shown here because

the observed moderate value of correlation (∼ 0.6–0.7) in

the middle free troposphere, and even worse in the bound-

ary layer, was mostly due to the long baseline between the

lidar and Palma. The NWP model reanalyses remain neces-

sary to interpolate the radiosounding data at the location of

the lidar.
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Figure 6. (a) Scatter plot between ECMWF and lidar-derived WVMR over all simultaneous measurements (blue dots). The red line is the

identity. (b) Root mean square difference and (c) correlation between simultaneous profiles as a function of altitude (RMSD and COR as

defined in the text).

In conclusion, we see that WVMR profiles obtained by

lidar are well correlated with model reanalyses (which in-

terpolate all moisture measurements in the area), further

validating WALI and its calibration over a long period.

There is however an impact of strong WVMR inhomogene-

ity in the lower layers including the marine boundary layer

(< 500 m a.m.s.l.), which are not resolved by the model.

4.3 Intercomparisons of integrated water content

Thanks to the ability of the calibrated lidar to measure the

bottommost layers (down to 90 m), another quantitative com-

parison can be made by integrating the night-time WVMR

lidar profile over the whole atmospheric column to obtain

precipitable water vapour content (PWV) WVp as

WVp =

z=zmax∫
z=0

ρair,dry(z)

ρwater

rH2O(z)dz, (3)

where zmax is the maximum altitude of the night-time lidar

measurements (zmax = 10 km a.m.s.l.), ρair,dry(z) the density

profile of dry air, which is here deduced from the ECMWF

model, and ρwater = 103 kg m−3 the density of water. Note

that the lidar WVMR profiles have been prolonged down

to the ground by linearly interpolating between the value at

90 m above ground level (a.g.l.) and the measurement of the

Vaisala PTU-300 on a 6 m a.g.l. mast at the lidar station.

Lidar PWV can be compared directly to that derived from

the WVMR profiles obtained by radiosounding at Sant Lluís

and by the ECMWF model as well as to products given

by AERONET and MODIS on Terra and Aqua (discarding

cloudy pixels with lesser PWV). The aim of this section is

not to intercompare water vapour measurement techniques,

which has been done extensively elsewhere (e.g. Bock et al.,

Figure 7. Comparison of various retrievals of integrated water

vapour content (precipitable water vapour, PWV, in cm) from 12 to

19 June 2013: by lidar (blue), AERONET sun photometer (green),

MODIS (average within a 10 km radius area around the lidar, dis-

carding cloudy pixels with lower PWV, red circles), ECMWF 0.5◦

model reanalyses (interpolation, yellow diamonds) and radiosound-

ings at Menorca (cyan triangles, error bars computed after uncer-

tainty in Table 1) as a reference. Error bars given for MODIS repre-

sent 10 % relative error (Pérez-Ramirez et al., 2014).

2013), but to further validate the accuracy of the lidar and es-

pecially the stability of the calibration factor, shown to vary

by 17 % over 45 days in the same study by Bock et al. (2013).

PWV retrievals are plotted as a function of time for 12–

29 June period in Fig. 7. The AERONET sun-photometer-

derived PWV and, to a lower extent, the MODIS PWV level

2 product show the most discrepancies with other measure-

ments.
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Table 2. Statistics for the comparison between various integrated water vapour content retrievals and the lidar (simultaneous measurements

within ±1 h).

Mean bias (cm) SD (cm) Mean rel. bias (%) Rel. SD (%)

Sun photometer −0.93 0.92 −28 28

ECMWF −0.08 0.26 −1.5 8.9

ECMWF (w/o 6/14) −0.12 0.18 −2.7 5.8

MODIS −0.17 0.50 −3.1 15.6

Radiosoundings −0.15 0.19 −4.0 6

The sun photometer PWV did not pass 3 cm for the whole

period, generating a strong mean negative bias of −0.93 cm

compared to the lidar. The strong diurnal variation on sun-

photometer-derived PWV observed in the figure seems to be

correlated with the diurnal evolution of the solar zenith angle.

While several studies have commended the reliability of the

AERONET retrieval, compared to GPS for instance (Bock et

al., 2013), others warn about a slight dry bias (Pérez-Ramirez

et al., 2014) and the impact of misty and slightly cloudy

weather (Liu et al., 2013) or of an improper calibration of

the sun photometer (Schmid et al., 2001). However, the lidar

observations ensure that sun photometer measurements were

acquired under perfectly cloud-free conditions, the sun pho-

tometer was recently calibrated, and the AERONET retrieval

at Palma (not shown here) was similarly very strongly biased.

This excludes both weather- or instrument-related problems

and points towards a systematic error of the retrieval method

or calibration process.

For MODIS, the PWV uncertainty is estimated to lie be-

tween 5 and 10 % (Gao and Kaufman, 2003), which ex-

plains part of the discrepancies observed (about 15 % stan-

dard deviation overall). On 12, 22 and 29 June, however,

the MODIS retrieval is significantly lower than that of the

lidar and the ECMWF reanalyses. A possible explanation is

that cirrus contamination is suspected over the whole area on

these days, which would have biased MODIS PWV (given

“above the cloud level”) towards lower values.

In contrast, both ECMWF and radiosonde retrievals lie

much closer to the lidar values (5.5 and 4.5 % RMSD respec-

tively), validating the soundness of absolute lidar-derived

PWV. The largest difference is seen on 14 June, when a very

dry layer is seen extending down to 2 km a.m.s.l. by the li-

dar, whereas the ECMWF/IFS model does not see it as low.

This can explain the larger PWV found by the model. Ex-

cluding this particular measurement, the relative mean (resp.

standard) deviation between lidar and other retrievals is only

−1 % (resp. 11 % RMSD). If we further restrain the compar-

ison to the most reliable data given by radiosoundings and

ECMWF/IFS, RMSD is less than 6 %. Above these random

errors, no consistent drift is found for the calibration factor

of the lidar over the 17 days of this study, in contrast to other

instruments. If there is a drift, it must be much smaller than

10 %. This good stability may be due to the careful confine-

ment of the lidar in its carrier van, equipped with powerful

air conditioning.

5 Summary and conclusions

The aerosol/H2O/N2 Raman lidar WALI was imple-

mented in response to the main scientific questions of

the HyMeX research project about the water cycle over

the western Mediterranean basin. In the framework of the

ChArMEx/ADRIMED special observation period, WALI

was deployed on Menorca from June to July 2013 for com-

plementary studies on tropospheric water vapour content and

aerosols. During each field experiment, the WVMR profiles

derived from WALI measurements have to be calibrated lo-

cally for maximum accuracy and to retrieve the overlap factor

of the lidar. Radiosounding measurements from the approved

balloon launch site were prone to sample a different air mass,

which could be aggravated by balloon drifting. In our case,

due to the separation between the launch site and the lidar

station, the RMSD could reach ∼ 1 g kg−1 in the first kilo-

metres of the troposphere.

We used a meteorological probe lifted by a kite launched

from the lidar site, allowing a relative uncertainty of 2 % on

WVMR calibration, down to 90 m a.g.l., thanks to the co-

located measurement and the slower ascent permitted by the

kite. After several trials, a∼ 45 min flight up to 300 m at dusk

(for better lidar SNR) seems to be optimal for this method.

The calibration uncertainty achieved with this method is

better than the one reached for the previous deployment

of WALI (with radiosoundings and a plane-carried sonde;

Chazette et al., 2014a). It is predominantly due to lidar noise

above 100 m during daytime and to uncertainty on the kite

measurements at lower altitude or at dusk. The relative cali-

bration uncertainty is in the same range as the one of 1.4 %

obtained with microwave radiometers over long periods by

Foth et al. (2015) and better than the 4.5 % reached with sev-

eral night-time radiosoundings by Whiteman et al. (2006a)

and confirmed here. We find that the kite-borne method has

suitable precision and allows characterising the lidar overlap

function, while being lighter to implement.

The calibrated WVMR profiles have been cross-compared

with radiosoundings, as well as integrated moisture derived

from satellite measurements and the ECMWF/IFS reanaly-
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ses. The profiles are shown to be in very good agreement

in the free troposphere (1–5 km a.m.s.l., mean absolute devi-

ations within 0.2 g kg−1, ±5 % relative), less so in the ma-

rine boundary layer due to inhomogeneity, and above 7–

8 km a.m.s.l. due to the range limitation of the lidar. Devi-

ations between integrated water vapour contents appear to be

within 6 % RMSE (compared to model reanalyses and local

radiosoundings), and no drift is reported over the measure-

ment period of ∼ 3 weeks. The MODIS level 2 data of PWV

do not agree as well, with a RMSD ∼ 15 % comparatively

with the PWV derived from WALI. Finally, large discrep-

ancies (more than −1 cm bias) are observed when consider-

ing the sun-photometer-derived PWV. The fact that sun pho-

tometer measurements were acquired in verifiably cloud-free

conditions, that the sun photometer was recently calibrated,

and that the AERONET retrievals at Palma were similarly

very strongly biased excludes both weather- or instrument-

related problems and points towards a systematic error of the

retrieval method or calibration process. It may still be spe-

cific to the conditions experienced in the Balearic sea dur-

ing this period. While several previous studies have warned

about a slight dry bias (Pérez-Ramirez et al., 2014) or wet/dry

biases and drifts below 0.3 cm depending on the Cimel sun

photometer used (Torres et al., 2009), this much stronger ef-

fect (up to 1 cm) has not been reported elsewhere, to our

knowledge, despite multiple works on the subject (Estellés

et al., 2007; Martinez-Lozano et al., 2007; Mavromatakis et

al., 2007; Ortiz de Galisteo et al., 2010). It should be inves-

tigated further, by comparison to GPS network retrievals for

instance, in similar conditions. However, overall the lidar cal-

ibration is found to be accurate and stable over the period.

Assuming full lidar overlap at the maximum sounding al-

titude and no bias at higher altitude, kite sounding therefore

appears to be a practical and reliable way to calibrate both

the water vapour retrieval and overlap factor of a H2O Ra-

man lidar, thanks to maximum SNR, longer sounding and

immediate proximity to the lidar beam. Limitations include

the need for good wind conditions, although only a couple of

knots are enough and frequent in many open sites, and regu-

lations due to air traffic control, which vary geographically.

This technique could be extended to any physical parameter

measurable both by a lidar and a probe weighting less than a

kilogram, such as temperature, aerosol size distribution, con-

centration or optical properties.

This calibration method may be considered within the con-

text of medium-term prospects such as the operational use of

H2O Raman lidar systems for monitoring water vapour con-

tent in the low and middle troposphere. Such monitoring will

provide the necessary constraints to forecast extreme precip-

itation events, like those encountered during autumn 2015 on

the orography of the western Mediterranean basin. Indeed,

during the upstream phase of HyMeX, a good coherence was

found between the water vapour mixing ratio profiles mea-

sured by WALI and those estimated by mesoscale model re-

analyses of AROME-WMED and ECMWF/IFS (Chazette et

al., 2015a, b).
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