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ABSTRACT 

Accurate measurements of the vertical profiles of 

water vapour are of paramount importance for 

most key areas of atmospheric sciences. A 

comprehensive inter-comparison between 

different remote sensing and in-situ sensors has 

been carried out in the frame work of the first 

Special Observing Period of the Hydrological 

cycle in the Mediterranean Experiment for the 

purpose of obtaining accurate error estimates for 

these sensors. The inter-comparison involves a 

ground-based Raman lidar (BASIL), an airborne 

DIAL (LEANDRE2),  a microwave radiometer, 

radiosondes and aircraft in-situ sensors.  

1. INTRODUCTION 

The ability to accurately forecast high-impact 

weather events, especially in the Mediterranean 

region, is limited by the present poor capability to 

properly simulate the contribution of very fine-

scale processes and their non-linear interactions 

with the larger scale processes [1]. The 

improvement of weather forecasting skills 

requires an appropriate comprehension of the key 

processes influenced by the three-dimensional 

distribution of atmospheric water vapor and 

temperature. As a consequence, accurate and 

high-resolution global-scale measurements of the 

vertical profiles of water vapour mixing ratio and 

temperature are highly demanded [2]. Space and 

time resolution must be sufficiently high to allow 

resolving the fine structure of the atmospheric 

boundary layer. 

Unfortunately, none of the currently available 

operational observational techniques for 

measuring water vapour and temperature 

tropospheric profiles (radiosounding, microwave 

radiometry, Global Navigation Satellite System) is 

characterized by the necessary measurement 

capability and performances (Wulfmeyer et al., 

2015 [3]). Only lidar systems exploiting the 

differential absorption (DIAL) and Raman 

techniques have the potential to overcome these 

limitations, thus providing high-precision low-

bias water vapour and temperature profile 

measurements with sufficiently high vertical and 

temporal resolution. 

For the purpose of characterizing the 

performances of  lidar systems and demonstrating 

their capabilities in terms of measurement 

precision and accuracy, comprehensive inter-

comparison efforts involving lidars and other 

sensors measuring the same atmospheric 

parameters are required. This paper illustrates 

results from a specific inter-comparison effort 

dedicated to water vapour sensors carried out in 

the frame work of the first Special Observing 

Period of the Hydrological cycle in the 

Mediterranean Experiment (HyMeX-SOP1) [4]. 

2. METHODOLOGY 

Different water vapour sensors were operated in 

the frame of HyMeX-SOP1. The University of 

BASILicata ground-based Raman Lidar system 

(BASIL) was deployed in the Cévennes-Vivarais 

site (Candillargues, Southern France, Lat: 43°37' 

N, Long: 4° 4' E, Elev: 1 m) and operated between 

5 September and 5 November 2012, collecting 

more than 600 hours of measurements, distributed 

over 51 measurement days and 19 intensive 

observation periods (IOPs). BASIL is capable to 

perform high-resolution and accurate 
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measurements of atmospheric temperature and 

water vapour, both in daytime and night-time, 

based on the application of the rotational and 

vibrational Raman lidar techniques in the UV [5, 

6, 7, 8, 9].  

This measurement capability makes BASIL a key 

instrument for the characterization of the water 

vapour inflow in Southern France, which is an 

important ingredient of heavy precipitation events 

in the North-western Mediterranean basin. BASIL 

makes use of a Nd:YAG laser source capable of 

emitting pulses at 355, 532 and 1064 nm, with 

single pulse energies at 355nm of 500 mJ.  

 

Figure1: Block diagram of the system setup. 

The receiver includes a Newtonian telescope in 

(50-cm diameter primary mirror). Data are 

acquired with a vertical and temporal resolution of  

7.5-30m and 10 sec, respectively. A block 

diagram of the system is illustrated in figure 1. 

The airborne water vapour DIAL system 

LEANDRE 2, embarked on-board the French 

research ATR42 operated by the Service des 

Avions Français Instrumentés pour la Recherche 

en Environnement,  is capable of profiling water 

vapour mixing ratio above or beneath the aircraft.  

Details concerning the design and the signal 

processing procedure of LEANDRE2 are given in 

Bruneau et al. (2001a [10], 2001b [11]). Nadir 

profiles from LEANDRE2 were considered in this 

study in the comparison with other sensors. 

The ATR42 is also equipped with a variety of in 

situ thermodynamic sensors 

(temperature/pressure/humidity) as well as with 

sensors for turbulence measurements and 

aerosol/cloud microphysics probes. The in situ 

thermodynamic sensors present on-board were 

considered in this study. More specifically, the 

humidity sensor is an hygrometer for water 

vapour mixing ratio and relative humidity 

measurements, developed by Aerodata 

(Braunschweig, Germany), whose sensing 

element is a capacitive relative humidity sensor 

used in combination with a temperature sensor. 

The temperature sensor is platinum resistance 

wire sensor, developed by Rosemount. 

A radiosonde launching facility was also set-up in 

the Cévennes-Vivarais site in Candillargues. The 

launched type of radiosonde was the RS92, 

manufactured by the Finnish company Vaisala. 

Radisondes were launched primarily during the 

intensive observation periods.  

These sondes provide vertical profiles of 

atmospheric pressure, temperature, humidity and 

wind (direction and speed), both during the ascent 

and the descent phase. 

Additionally, a micro-wave radiometer (MWR) 

was deployed in Candillargues, approx. 50 m 

away from the radiosonde launching facility and 

150-200 m away from BASIL. The MWR, 

operated continuously from 11 October to 05 

November 2012.  

3. RESULTS 

The inter-comparison effort described in this work 

allows obtaining accurate error estimates for the 

involved sensors. For this purpose, simultaneous 

and co-located profiles from different sensors’ 
pairs are considered.  

These are used to compute the mutual bias and 

root-mean-square (RMS) deviation between the 

different sensors’ pairs as a function of height. 

Expressions to compute these quantities are: 

 

 

(1) 

 

 

 

(2) 
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where i is an index denoting the intercomparison 

sample, q1(z) and q2(z) are the water vapour 

mixing ratio values from the two sensors at height 

z, z1 and z2 are the lower and upper boundary of 

the considered height interval, respectively, and 

Nz is the total number of data points for each 

sensor in the interval [z1, z2].  Profiles of mean 

bias and RMS deviations are computed 

considering the total number of possible 

intercomparisons for each sensors’ pair.  

Table 1: Intercomparison BASIL and LEANDRE2: the 

first and second column identify date and time of the 

intercomparison, respectively; the third column 

identifies the flight number and IOP; the fourth column 

identifies the minimum distance between BASIL and the 

ATR42 footprint (expressed in km), the fifth and sixth 

column identify the relative bias and RMS deviation 

(expressed in %) between the two sensors, respectively. 

To apply equation (1) and (2) a common height 

array has to be considered for each sensors’ pair. 
Equations (1) and (2) allow computing the 

relative, or percentage, bias and RMS deviation. 

These quantities allow quantifying the mutual 

performances of the two compared sensors, i.e. 

the performance of one sensor with respect to the 

other. This approach attributes equal weight to the 

data reliability of each sensor and it is particularly 

appropriate when none of the two compared 

sensors can a priori be assumed to be more 

accurate than the other one [12]. 

Comparisons between BASIL and LEANDRE2 

were possible on a variety of case studies. This 

effort benefitted from the dedicated ATR42 flights 

in the frame of the EUFAR Project “WaLiTemp”. 
In addition to these dedicated flights, LEANDRE 

2 data from additional HyMeX flights were used 

for intercomparison purposes (see complete list in 

Table 1).  Due to eye-safety issues, LEANDRE 2 

has been acquiring nadir profiles only once the 

ATR was flying higher than 2 km above surface. 

Specifically, Table 1 lists the date and time of the 

intercomparison, the number of the flight and 

corresponding IOP number, the minimum distance 

between BASIL and the ATR42 footprint, as well 

as the relative bias and RMS deviation (expressed 

in %) between the two sensors, respectively. The 

table reveals that single bias values do not 

exceeding 20 %, with an average value of -2.65%, 

while single RMS values are not exceed 45% with 

an average value of  21%. 
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Figure 2: Relative bias (panel a) and RMS deviation 

(panel b) of BASIL vs. the water vapour in-situ sensor 

(expressed in %) 

 

Date 

(2012) 
Time 
(UTC) 

Flight 

/ IOP 

Min. 

Dis. 

(km) 

Mean 

bias 

(%) 

Mean 

RMS 

(%) 

11 Sept. 11:31 34 / IOP 1 0.13 -20 32 

23 Sept. 14:19 39 / IOP 5-6 28.02 -21,80 45,20 

23 Sept. 17:06 39 / IOP 5-6 61.05 -22,90 33,60 

26 Sept. 06:16 40 / IOP 7a 26.21 -6,4 21,60 

26 Sept. 09:24 40 / IOP 7a 34.27 6,45 20,10 

28 Sept. 15:07 41 / IOP 8 28.29 -6,67 30,20 

28 Sept. 20:15 41 / IOP 8 63.42 -11,60 29,70 

02 Oct. 21:00 42 / IOP 9 6.17 -1,06 11,30 

02 Oct. 21:10 42 / IOP 9 7.13 -2,54 13,20 

02 Oct. 21:20 42 / IOP 9 7.92 2 11,40 

02 Oct. 21:25 42 / IOP 9 8.38 -3,82 12,60 

02 Oct. 21:30 42 / IOP 9 7.83 0,15 9,20 

02 Oct. 21:35 42 / IOP 9 7.66 -2,19 9,4 

11 Oct. 06:45 43 / IOP 12a 145.1 -4,28 37,10 

11 Oct. 09:43 43 / IOP 12a 38.78 -1,66 21,20 

12 Oct. 01:18 44 / IOP 12b 28.45 -6,46 11,90 

12 Oct. 06:57 45 / IOP 12b 38.17 -1,78 8,10 

14 Oct. 08:28 46 / IOP 13 28.00 4,30 24,60 

14 Oct. 15:27 47 / IOP 13 22.25 16,10 30,40 

15 Oct. 05:24 48 / IOP 13 27.59 14,50 11,60 

18 Oct. 15:43 51 / IOP 14 26.39 16.1 26,10 

18 Oct. 19:02 51 / IOP 14 38.29 7,41 19,1 

20 Oct. 10:03 52 / IOP 15a 37.58 3,93 36 
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Intercomparison between BASIL and other 

sensors were also carried out. Figure 2 illustrates 

the mean bias (left panel) and RMS deviation 

(right panel) of  BASIL vs. the water vapour in-

situ sensor on-board the ATR42 aircraft. Mean 

bias and RMS deviation between these two 

sensors are -1.17% and 33.41 %, respectively, 

while mean bias and RMS deviation of  BASIL 

vs. radiosondes  are -1.8% and 21%, respectively. 

Additional results considering with all possible 

sensors’ pairs will be illustrated and presented. 
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