
Dear Editor, 
 
We are very grateful to the two referees for their appropriate and constructive suggestions and for 
their proposed corrections to improve the paper. We have addressed all issues raised and have mod-
ified the paper accordingly. If you and the referee agree on that, we are also ready to submit a re-
vised version of the paper where all these changes have been introduced. We believe that, thanks to 
their precious inputs, the manuscript has now sensitively improved. Below is a summary of the 
changes we made and our specific responses to the referees’ comments and recommendations. 
 
Summary of the changes 
 
(in black is the original comments of the referee and in red our responses) 
 
Anonymous Referee #2 
 
The manuscript fits within the journal scope, as assessing the optical and microphysical aerosol 
properties is crucial to reducing the uncertainty in climate model temperature rise (for example). 
Nevertheless, the proposed methodology is questionable, because the profile for aerosol backscat-
tering coefficient is not directly measured, but retrieved under assumptions. The result is then 
compared with the aerosol backscattering profile obtained combining aircraft measurements of aer-
osol concentration and Mie scattering model. The simulated profiles come too many assumptions 
(i.e., the aerosol type, size distribution and so on). It doesn’t make sufficient sense. 
 
The authors are not sure they properly understand this comment from the referee as in fact the pur-
pose of the present paper, as stated from the first sentence of the Abstract, is to compare: “…vertical 
profiles of particle backscattering coefficient at 355, 532 and 1064 nm measured by the lidar Ra-
man system BASIL … with simulated particle backscatter profiles obtained through a Mie 
scattering code based on the use of simultaneous and almost co-located profiles of optical and 
microphysical aerosol properties measured by an air-borne optical particle counter. So, differently 
from what stated above by the referee, the aerosol backscattering coefficient profile is directly 
measured by the Raman lidar and compared simulated profiles. 
We agree that simulated profiles implies a certain number of assumptions (primarily the aerosol 
type and size distribution), but a certain number of constraints can be applied to the assumed pa-
rameters based on the additional information available, besides the Raman lidar and the air-borne 
in-situ data. In this respect, it is to be specified that an assessment of the aerosol type and the differ-
ent possible components in it is supported and verified based on the use of back-trajectory analyses, 
which allow to identify aerosol origin and its specific path. This is true for both proposed approach-
es. The possibility to verify aerosol typing through back-trajectory analyses has been considered by 
a variety of authors in the past (among others, Man and Shih, 2001; Methven et al., 2001; Estellés et 
al., 2007; Toledano et al., 2009). In this regard, the following sentence was introduced in the text: 
“Back-trajectory analyses from a Lagrangian model ((HYSPLIT)) are used in support of the as-
sessment of aerosol types (Man and Shih, 2001; Methven et al., 2001; Estellés et al., 2007; Tole-
dano et al., 2009).” Nevertheless, we tried to further support and strengthen the considered assump-
tions based on additional arguments and a specific sensitivity analysis (see specific comments be-
low). 
 
I would instead suggest to retrieve the aerosol particle concentration using the three lidar wave-
lengths (as showed in Veselovskii et al.) and compare with OPC direct measurements.  
 
We agree that the use of the particle size and microphysical retrieval approach by Veselovskii et al. 
Authors had a specific interaction with Dr. Igor Veselovskii on this issue during the drafting phase 
of the  paper. However, an appropriate application of this approach imposes the use of particle 



backscatter and extinction profiles characterized by very small statistical uncertainties (5-10 %), 
otherwise the retrieval leads to unstable results. In this respect, it is to be specified that, due to the 
limited aerosol loading present in the atmosphere for these case studies when simultaneous ground-
based Raman lidar and aircraft in-situ measurements were available, the uncertainty affecting the 
measured particle backscatter and extinction profiles is not sufficiently low to allow an effective 
application of this approach. This is primarily true for the particle backscatter measurements at 
1064 nm. This aspect is now clearly specified in the text, where the following sentences have been 
introduced: “The possibility to retrieve the particle size and microphysical properties from multi-
wavelength measurements of the particle backscattering and extinction coefficient has been demon-
strated by several authors (among others, Müller et al., 2001, and Veselovskii et al., 2002) based on 
the application of a retrieval scheme employing Tikhonov’s inversion with regularization, which 
apply Mie scattering theory to ensemble of particles with spherical shape. However, an appropriate 
and effective application of this approach imposes the use of particle backscatter and extinction pro-
files with a statistical uncertainty not exceeding 5-10 %. Multi-wavelength Raman lidar measure-
ments of the particle backscattering and extinction coefficient for the considered case studies were 
not characterized by such low level of uncertainty, this being especially true for the particle 
backscatter measurements at 1064 nm.” 
 
In line 141 is stated that the air masses over the measurement site at higher altitude contain marine 
aerosol. This kind of analysis is way too simple, as the presence of upper air marine salt is rather 
sporadic and under very specific characteristics (e.g. hurricanes). Upper atmosphere marine aerosols 
were detected occasionally and just for very specific meteorological conditions (e.g. hurricanes, 
Sassen, 2003). 
 
We agree with the referee that typically the presence of upper air marine salt is rather sporadic and 
under very specific characteristics (e.g. hurricanes). In this specific case the presence of marine salt 
at upper levels affected by the occurrence of nearby hurricanes cannot be excluded. In this regard, it 
is to be specified that during the field campaign a very intense hurricane (hurricane Nadine) took 
place in the area near Azores, covering a long time period between 10 September and 04 October 
2012, with the two selected case studies considered in this paper being on 13 September and 02 Oc-
tober 2012. More specifically, the back-trajectory analysis carried out with a Lagrangian model 
(HYSPLIT) reveals that the air mass overpassing the lidar site at an altitude of 4000 m on 2 October 
2012 was overpassing few days earlier (29-30 September 2012) an area approximately 1000 km 
North of the Nadine hurricane. However, in the revised version of the paper we removed from the 
interpretation of the observations the specific reference to marine aerosols in the upper troposphere, 
aiming to investigate further on this point in a future research effort. Additionally, the hypothesis of 
observing an internal mixture of continental polluted aerosols with marine salt, i.e. an aerosol com-
ing from a marine polluted environment, has been removed from the analysis and the simulations. 
In this respect, it is to be also specified that the paper has been heavily reshuffled and now both case 
studies are analyzed with the same approach previously used for the second case study. This ap-
proach is not using back-trajectory analysis to make preliminary assumption of the aerosol 
type, but is using back-trajectory analysis only afterward as a verification tool. The text of the paper 
was modified accordingly. Consequently, the sentence pointed by the referee in former line 161 
(““Based on the involved air masses, we formulate the hypothesis that …”) was removed. 
 
Summary is pretty confusing. Line 330: the two approaches are not slightly different, but very 
different! Then the two approaches don’t allow to infer the aerosol types. For the first case study , 
the aerosol species are assumed from Hysplit back-trajectories analysis. 
 
We agree with the referee that the two considered approaches are quite different. Therefore in the 
modified version of the paper we decided to use a single approach throughout the paper. For this 
purpose we selected the second approach, as in fact this approach is not using back-trajectory 



analysis to make preliminary assumption of the aerosol type. This approach allows to infer the 
aerosol types and verify and to verify likelihood of the hypothesis and assumptions considered for 
aerosol types and size/microphysical properties. For both case studies, back-trajectory analysis 
carried out with the Lagrangian model HYSPLIT are used to verify aerosol typing and confirm 
measurement/simulation results. For both case studies, literature values of the refractive index are 
considered at different altitudes in combination with concentration measurements by the OPC to 
simulate “synthetic” backscattering profiles through a Mie scattering model; then, particle 
backscattering coefficient measured by the lidar Raman are compared with the synthetic profiles. 
 
The sentence on line 333 is immediately contradicted by line 334. 
 
The two sentences have been modified in order to remove the contradiction. Now the text reads: 
“Again, the typology analysis suggests the Continental/Urban component to be possible. Sounded 
aerosol particles at 3000 and 4000 m are compatible with continental polluted aerosols,  this 
possibility being confirmed by the back-trajectory analysis at 3000 and 4000 m.” 
 
Line 36: “smaller” is not the right word . Please rather use “shorter” 
 
The sentence has been modified and now reads: “Any experiment aimed at characterizing the 
temporal evolution of aerosol microphysical properties would require several consecutive balloon 
launches or flights, with the time lag between two consecutive launches/flights unlikely being 
shorter than 1 hour, with a consequent detriment of the temporal resolution.” 
 
Line 59: please consider using “ from.. to. . .” 
 
The sentence has been modified and now reads: “The system was deployed in Candillargues 
(Southern France) in the period from August to November 2012, in the frame of the Hydrological 
cycle in the Mediterranean Experiment (HyMeX) Special Observation Period 1 (SOP1).” 
 
Line 122: how the particle backscattering coefficient is retrieved ? Raman channel? 
Please specify. 
 
The method to determine the particle backscattering coefficient was illustrated in section 5.1 and 
has now been moved to the Methodology section (section 4), where the following paragrath - slight-
ly different from the previous one - is present: “Measured profiles of the particle backscattering co-
efficient profiles at 355 and 532 nm are obtained from the Raman lidar signals through the applica-
tion of the Raman techniques, which relies on the ratio between the 355/532 nm elastic signal and 
the simultaneous molecular nitrogen roto-vibrational Raman signal. The two signals are character-
ized by an almost identical overlap function, and therefore the overlap effect cancel out when rati-
oing the signals. Conversely, particle backscattering coefficient profiles at 1064 nm are obtained 
through the application of a Klett-modified inversion approach (Di Girolamo et al., 1995, 1999). 
The specific approach used in the present analysis considers a height-dependent lidar ratio profile 
and iterative procedure converging to a final particle backscattering profile Di Girolamo et al. 
(1995, 1995). It is to be specified that potential effects on our measurements associated with the in-
complete overlap of the laser beam and field of view are negligible. In fact, the particle backscatter-
ing coefficient at both 355 and 532 nm are obtained through the Raman lidar technique, which con-
siders the ratio of the elastic echoes over the corresponding N2 Raman lidar echoes, with the overlap 
function for the elastic channel and the corresponding N2 Raman channel being substantially identi-
cal. Additionally, the elastic backscatter signal at 1064 nm and an additional elastic backscatter sig-
nal at 532 nm are collected with two small telescopes, developed around two 50 mm-diameter 200 
mm-focal length lenses, with overlap regions not extending above 3-400 m.” However, for the pur-
pose of clarity this information is now also partially anticipated in an earlier stage of the paper. In 



this regard, the sentence in former line 76, has been modified as follows. “Elastic backscattering 
echoes from aerosol and molecular species at 355, 532 and 1064 nm, in combination with the Ra-
man scattering echoes from molecular nitrogen, are used to measure the vertical profiles of the aer-
osol backscattering coefficient at these three wavelengths. More details of the considered approach-
es are given in section 4.” 
 
Line 151: In the equation is missing a bracket (please use square brackets). Moreover, some terms 
are poorly or not at all described. 
 
We believe the referee is referring here to the equation 5 in line 131 and not in line 151. Here we 
could not find where a bracket was missing, but we introduced the term lnr –lnrm within square 
brackets instead of round brackets and we also squared the term within the square brackets ([lnr –
lnrm]2). Additionally, we specified that n(r) represents the number of particle within the size interval 
dr, N0 represents the particle integral concentration, rm represents the median radius of the distribu-
tion, S is the standard deviation of the distribution, which is a measure of the particle polydispersity. 
The portion of sentence following equation 5 has been modified as follows: “where n(r)=dN/dr is 
the number of particles within the size interval dr, with N(r) representing the cumulative particle 
number distribution for particles larger than R, rm is the median radius of the distribution, S is the 
standard deviation of the distribution and N0 is the particle integral concentration for the considered 
mode”. The following sentence was also introduced: “S is a measure of the particle polydispersity, 
with lnS being equal to 1 for monodisperse particles”. 
 
Lines 156-158: the sentence is not clear at all, please rephrase. 
 
There is no sentence starting in line 156 and ending in line 158. If the referee refers to the sentence 
starting in line 155 and ending in line 157, this sentence has been modified as follows: 
“Specifically, figure 4 illustrates back-trajectories computed with the NOAA HYSPLIT model of 
the air masses overpassing the lidar site at 20 UTC on 13 September 2012 at the altitudes of 600 m 
(red line), 4000 m (blue line) and 6000 m (green line). The trajectories extend back in time for 5 
days, thus illustrating the air masses path since 20 UTC on 8 September 2012.” 
 
Line 186, again, smaller is not a good choice. Use rather “poorer” 
 
The term “smaller” is not present in line 186. If the referee refers to the term “smaller” present in 
line 203, this sentence has been modified as follows: “In this case, the agreement between measured 
and simulated profiles is poorer, but still acceptable up to 3000 m.” 
 
Fig. 16 X-axis label is missing 
 
The X-axis label was added, which is  “Quadratic sum of deviations at 355 nm and 532 nm”. 
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Anonymous Referee #3 
 
This paper deals with the combined analysis of an optical particle counter deployed on airplane and 
lidar with the objective of providing aerosol typing at different altitudes. 
The topic is sounds and deserve a publication. The paper is also generally well-written and 
structured, although eventually lack of consistent scientific conclusions about the method proposed. 
 
The paper has been expanded and partially re-written with the aim of providing consistent scientific 
conclusions concerning the proposed methods and their applicability. The paper has been heavily 
reshuffled and now both case studies are analyzed with the same approach previously used for the 
second case study. This approach is not using back-trajectory analysis to make preliminary 
assumption of the aerosol type, but is using back-trajectory analysis only afterward as a verification 
tool. In addition to a variety of other integrations throughout the manuscript, the conclusions have 
been largely expanded proving scientific consistency to the proposed method and the achieved 
results. 
 
Before recommending the manuscript publication I have several issues that needs to be addressed. 
 
MAJOR CONCERNS 
 
My main concern is about the conclusions obtained in both studies cases when aerosol loads is very 
low, which is observed in the free troposphere for your study cases. Authors should address this 
limitation of their methodology by for example doing sensitivity tests using synthetic data. Such 
analysis will help to better understand the differences you obtain in your analyses. 
 
We agree with the referee that the applicability of the considered methodology in those cases when 
the aerosol loads is very low, typically in the free troposphere, has to be assessed through a specific 
sensitivity analysis based on the use of synthetic data. In this regard, synthetic profiles for the 
particle backscattering coefficient at the three wavelengths have been determined considering a 
certain range of variability for specific parameters. In what follows, for example, we discuss the 
sensitivity of the particle backscattering coefficient at 355 nm to variable values of the real part of 
the refractive index. We considered the second case study, i.e. the time interval 19:43-20:27 UTC on 
02 October 2012. Specifically, the left panel of figure 1 below shows the variability of particle 
backscattering coefficient at 355 nm for a ± 5 % variability of the real part of the refractive index 
for urban aerosols. These aerosols include a soot and pollution fine mode component, with a the real 
part of the refractive index of 1.75 (which was varied between 1,66 and 1,84), a water soluble 
accumulation mode, with a the real part of the refractive index of 1.53 (varied between 1,45 and 
1,61), and component and dust-like coarse mode component, also with a the real part of the 
refractive index of 1.53 (also varied between 1,45 and 1,61). The right panel of figure 1 shows the 
variability of deviations between measured and simulated particle backscattering profiles at 355 nm. 
Results in this figure reveal that, as a result of the a ± 5 % variability of the real part of the 
refractive index for all three modes the deviations between measured and simulated particle 
backscattering profiles typically increase by approx. 20 % from ~ 10 to ~ 30 %, which is not 
compromising the correct application of the algorithm. A comparable increase is observed for the 

quadratic sum of deviations at 355 nm and 532 nm (∆ 	 ∆ ∆ ), with values of increase 
by approx. 20 % from ~ 25 to ~ 45 % (figure 2). In this respect, it is to be pointed out that a ± 5 % 
variability of the real part of the refractive index, while appearing as a fairly limited variability, may 
correspond to a substantial change in aerosol composition. In this regard, it is to be underlined that 
values of real part of the refractive index for most aerosol components are within ± 5 % of the value 
of Sulphate aerosols (1,45): Sea-salt (1,39) Dust-like (1,53) Mineral (1,53), Water soluble (1.53)  
and Sulphate (1.45). 



  
Figure 1. left panel: particle backscattering coefficient at 355nm for the time interval 19:43-20:27 UTC on 02 October 
2012, variability for a ± 5 % variability of the real part of the refractive index for urban aerosols; right panel: variability 
of deviations between measured and simulated particle backscattering profiles at 355 nm. 
 

 
Figure 2: Variability of the quadratic sum of deviations at 355 nm and 532 nm, tot, again for the time interval 19:43-
20:27 UTC on 02 October 2012. 
 
The text has been integrated with the introduction of the following text:  
“A sensitivity study has been also carried out to assess the sensitivity of the results to changes of 
specific size and microphysical parameters’ values. The sensitivity study reveals that the considered 



methodology for aerosol typing is successfully applicable in the altitude region up to 3900 m, as in 
fact above this altitude the statistical uncertainty affecting the lidar signals is high and this severely 
reduces the sensitively of the aerosol typing methodology. The sensitivity analysis also reveals that 
in the lower levels, typically within the boundary layer where aerosol loading is larger, deviations 
between measured and simulated particle backscattering coefficient at the three wavelengths may 
vary by up to 20 % as a result of a ± 5 % variability of specific size and microphysical parameters 
(for example, the real part of the refractive index), which certainly reduces confidence in the aerosol 
type assessment, but is not compromising its outcome. Based on the results from this study we may 
conclude that the use of particle backscattering measurements at two wavelengths in combination 
with OPC measurements allow to get a sufficiently reliable assessment of the aerosol types, which 
can be verified and refined based on the use of back-trajectory analyses.” 
 
It is necessary to improve the methodology section about how you obtain different aerosol types 
from the fitting procedure you propose. 
 
As also indicated to the other referee, in the revised version of paper we have aligned the analysis of 
the first and second case studies, using the same approach (the approach formerly applied to the 
second case study) to both case studies. The methodology section has now been completely 
rewritten in the direction to include a detail description of how different aerosol types are 
obtained  through the fitting procedure. More specifically, the following new text has been 
introduced:  
“For the purposes of this research effort, particle concentration N0 is obtained by minimizing 
differences between the size distribution measured by the OPC and the simulated distribution, while 
the values of rm and S are those identified in the following section based on literature results. 
Simulated backscatter profiles  zpar

0
 are the obtained through the application expression (1) for all 

altitudes covered by the OPC, considering different refractive index and size parameters’ values for 
the three distribution modes, in dependence of the aerosol type, and integrating the expression over 
the three distribution modes. To perform these computations  a specific Mie scattering code was 
developed by the authors in IDL environment. The possibility to retrieve the particle size and 
microphysical properties from multi-wavelength measurements of the particle backscattering and 
extinction coefficient has been demonstrated by several authors (among others, Müller et al., 2001, 
and Veselovskii et al., 2002) based on the application of a retrieval scheme employing Tikhonov’s 
inversion with regularization, which apply Mie scattering theory to ensemble of particles with 
spherical shape. However, an appropriate and effective application of this approach imposes the use 
of particle backscatter and extinction profiles with a statistical uncertainty not exceeding 5-10 %. 
Multi-wavelength Raman lidar measurements of the particle backscattering and extinction 
coefficient for the considered case studies were not characterized by such low level of uncertainty, 
this being especially true for the particle backscatter measurements at 1064 nm. 
In order to determine aerosol typology, deviations between measured and simulated particle 
backscattering profiles at 355 nm and 532 nm were minimized. Initial values in terms of modal 
radius, ¯, standard deviation, σ, and refractive index for the different aerosol components were 
taken from d’Almeida et al. (1991). At each altitude, the particle size distribution measured by the 
optical particle counter is compared with the five aerosol typologies listed in d’Almeida et al. 
(1991), which for the sake of clarity are reproduced below: 
• Average continental (continental environment influenced by anthropic pollution), 
• Urban (continental environment heavy influenced by anthropic pollution), 
• Maritime-polluted (environment polluted as Mediterranean Sea or Northern Atlantic), 
• Clean-polar (Artic environment during summer period), 
• Clean continental-rural (rural continental environment without pollution). 
Specifically, both urban and continental aerosols include a soot and pollution fine mode component 
(as both aerosol types include the same aerosol components, they are treated in what follows as a 
single aerosol type), a water soluble accumulation mode component and dust-like coarse mode 



component; the maritime polluted aerosol type includes a soot and pollution fine mode component, 
a water soluble accumulation mode component and a sea-salt coarse mode component; the summer-
time Artic aerosol type includes a sulphate fine mode component and a sea salt and mineral 
accumulation mode component; the rural aerosol type includes a water soluble accumulation mode 
component and a dust-like coarse mode component. 
d’Almeida et al. (1991), Junge and Jaenicke (1971) and Junge (1972) suggested the use of a tri-
modal log-normal size distribution (see expression 5), indicating specific values for the two primary 
size distribution parameters, i.e. the modal radius, r̄, and standard deviation, σ . Values of the modal 
radius, the standard deviation and the real, nr, and imaginary part, ni, of refractive index at the three 
lidar wavelengths (355, 532 and 1064 nm) for the three different aerosol components considered in 
the present computations are inferred from different literature papers (d’Almeida et al., 1991; 
Shettle and Fenn, 1976; Shettle and Fenn, 1979; WCP–112, 1986) and are listed in Table 1.  
The log-normal size distribution has been computed considering the OPC data in the dimensional 
range 0.25 - 2.5 μm, with a 300 m vertical integration window. Results are illustrated in figure 2 
(bold black line). In this same figure the size distribution computed from the OPC data is compared 
with the theoretical distributions for the three different modes (fine mode - red line, accumulation 
mode - violet line, coarse mode - light blue line). 
For each of the three modes, the number of particles has been varied in order to have the total 
theoretical distribution (thin black line) matching the experimental distribution computed with the 
OPC data. The matching between the experimental and theoretical distributions has been optimized 
based on the application of a best fit procedure. This approach was applied to each altitude level. In 
figure 2, we are considering experimental and theoretical distributions at an altitude of 1529 m, this 
being the lowest altitude where aerosols larger than 0.7 – 0.8 μm were measured by the OPC. 
The vertical profiles of the particle backscattering coefficient at 355, 532 and 1064 nm have been 
simulated through the above mentioned Mie scattering code from the OPC data, considering values 
of  ¯ and σ for the different aerosol components. Measured profiles of the particle backscattering 
coefficient profiles at 355 and 532 nm are obtained from the Raman lidar signals through the 
application of the Raman techniques, which relies on the ratio between the 355/532 nm elastic 
signal and the simultaneous molecular nitrogen roto-vibrational Raman signal. The two signals are 
characterized by an almost identical overlap function, and therefore the overlap effect cancel out 
when ratioing the signals. Conversely, particle backscattering coefficient profiles at 1064 nm are 
obtained through the application of a Klett-modified inversion approach (Di Girolamo et al., 1995, 
1999). The specific approach used in the present analysis considers a height-dependent lidar ratio 
profile and iterative procedure converging to a final particle backscattering profile Di Girolamo et 
al. (1995, 1995). It is to be specified that potential effects on our measurements associated with the 
incomplete overlap of the laser beam and field of view are negligible. In fact, the particle 
backscattering coefficient at both 355 and 532 nm are obtained through the Raman lidar technique, 
which considers the ratio of the elastic echoes over the corresponding N2 Raman lidar echoes, with 
the overlap function for the elastic channel and the corresponding N2 Raman channel being 
substantially identical. Additionally, the elastic backscatter signal at 1064 nm and an additional 
elastic backscatter signal at 532 nm are collected with two small telescopes, developed around two 
50 mm-diameter 200 mm-focal length lenses, with overlap regions not extending above 3-400 m. 
A modified version of the approach defined by Di Iorio et al. (2003) was applied in order to 
determine the sounded aerosol typology. This approach is based on the minimization of the relative 
deviation between the measured and the simulated particle backscattering coefficient, i.e.: 

∆ ∑  ,    (6) 

where zk is the altitude. 
In the attempt to simultaneously minimize deviations between measured and simulated particle 
backscattering profiles at 355, 532 and 1064 nm, a total deviation can be computed as the root sum 
square of the single deviations at the two wavelengths, which can be expressed as: 

∆ 	 ∆ ∆ ∆ ,            (7)”. 



 
Finally, the possibility of having continental instead of marine aerosol at high levels for the case 
study on 13th September 2012 has been tested using for the first case study the same methodology 
considered for the second test case.  
 
It is not clear to me what aerosol parameters you are obtaining.  
 
The aerosol parameters that are obtained through the application of the first approach are the 
particle concentration N0,i for the three different aerosol modes. Particle concentration N0 is 
obtained by minimizing differences between the size distribution measured by the OPC and the 
simulated distribution, while the values of rm and S are those identified based on literature results. 
Based on this information, the simulated profiles of the particle backscatter coefficient at 355, 532 
and 1064 nm are obtained. This is now better specified in the text (see previous answer).  
 
I would recommend adding references to Table 1. 
 
Former Table 1 has been removed, while former Table 2 (now Table 1) has been modified to include 
information previously present in former Table 1.Specific references to table 1  have now been 
introduced in the text. 
 
It is not clear to me the capabilities of BASIL and what you are actually using. You say that they are 
capable of obtaining independent extinction and backscattering at 355 and 532 nm by Raman 
technique. But at some points in the manuscript you mention that you use only elastic signals at 532 
nm. If this is true, it means that you are using the classical Klett method for obtaining 
backscattering method that imply constant lidar ratios and thus homogenous aerosol in the entire 
column. What is then the sense of applying your methodology for aerosol typing? This question is 
also applicable for backscttering at 1064 nm. 
 
The system is in principle capable to independently measure extinction and backscattering 
coefficient profiles at 355 and 532 nm. Extinction coefficient profiles at 355 and 532 nm are 
obtained from the molecular nitrogen Raman lidar echoes at 386,7 and 607 nm, respectively, 
through the application of the approach proposed by Ansmann et al. (1990). This approach is based 
on the application of a derivative operator to the two N2 Raman lidar echoes and provides accurate 
results only in case the two N2 Raman lidar echoes are characterized by very limited statistical 
fluctuations. Conversely, backscattering coefficient profiles at 355 and 532 nm are obtained from 
the elastic echoes at these two wavelengths in combination with the molecular nitrogen Raman lidar 
echoes at 386,7 and 607 nm, respectively, through the application of the approach by Ansmann et al. 
(1992). This approach considers the ratio of the elastic echoes over the corresponding N2 Raman 
lidar echoes. It is to be specified that, for the specific case studies considered in this manuscript, N2 
Raman lidar echoes at 386,7 and 607 nm are sufficiently intense, and consequently affected by 
sufficiently low statistical fluctuations, to allow the determination of particle backscattering 
coefficient profiles through the Raman technique (Ansmann et al., 1992), but their intensity is not 
sufficiently high, and consequently statistical fluctuations are too high, to allow the determination 
of particle extinction coefficient profiles through the application of the above mentioned derivative 
approach (Ansmann et al., 1990). 
The application of the Klett approach is considered only for the determination of the particle 
backscattering coefficient at 1064 nm. In this regard, however, we need to specify that the approach 
used in the present analysis refers to a modified version of the traditional Klett approach, proposed 
by Di Girolamo et al. (1995, 1995), which considers a height-dependent lidar ratio profile and 
iterative procedure converging to a final profile. Thus, the considered analysis methodology does 
not imply a homogenous aerosol layer throughout the entire column and its application does not 
alter its value for aerosol typing. This is now clearly specified in the paper, where the following 



sentences have been introduced: “The specific approach used in the present analysis considers a 
height-dependent lidar ratio profile and iterative procedure converging to a final particle 
backscattering profile Di Girolamo et al. (1995, 1995).” 
 
The two study cases are not very different. The area is usually affected by Saharan dust transport. 
The paper will definitely gain more interest if an study case affected by dust transport is included. 
 
While we agree with the referee on the importance and potential impact for this research effort of 
considering Raman lidar measurements in the presence of Saharan dust particles, we have to specify 
that simultaneous and co-located measurements of the Raman lidar and the air-craft sensors (the 
OPC being one of these) are available only during four specific days (i.e. 13 September, 02 and 29 
October and 05 November 2012), when flights hours of the French research aircraft ATR42 
dedicated to the 7th FP “WALiTemp” project were carried out. Unfortunately, during these days no 
Saharan dust outbreak event took place and consequently no evidence of Saharan dust layers could 
be identified in the lidar echoes. Indeed the two considered case studies are not very different, but 
none of the other potential candidate cases (29 October and 05 November 2012) reveals any more 
significant peculiarity (on these latter two days, winds are from N-NO and a very limited aerosol 
loading is observed). 
 
MINOR CONCERNS 
 
Why using HYSPLIT at different altitudes between the two examples? Please unify criterion. There 
should not be dramatical changes in your interpretation. 
 
We agree with the referee that it was confusing and not logical to consider in the HYSPLIT back-
trajectory analysis different altitudes for the two case studies. We modified the paper in the direction 
to consider the same altitudes for the two case studies. We are presently considering for both case 
studies the following altitude levels: 600 m, 4000 m and 6000 m. 
 
I agree with the previous referee about the interpretation of marine aerosol at high levels for the 
case study on 13th September 2012. See my previous comments about the applicability of your 
methodology for very low aerosol loads. 
 
This point has been already extensively addressed above (see specific replies to referee # 2 in the 
initial part of the response letter to him/her). Additionally, as we also illustrated in our reply to 
referee # 2, it is to be specified that during the field campaign a very intense hurricane (hurricane 
Nadine) took place in the area near Azores, covering a long time period between 10 September and 
04 October 2012, with the two selected case studies considered in this paper being on 13 September 
and 02 October 2012, i.e. within this period. More specifically, the back-trajectory analysis carried 
out with a Lagrangian model (HYSPLIT) reveals that the air mass overpassing the lidar site at an 
altitude of 4000 m on 2 October 2012 was overpassing few days earlier (29-30 September 2012) an 
area approximately 1000 km North of the Nadine hurricane. This information provides some 
confidence on the possible presence of marine aerosol in the upper troposphere. Nevertheless, we 
removed from the interpretation of the observations references to the presence of marine aerosols in 
the upper troposphere. 
 
Lines 30-35: Please provide references. 
 
As requested by the referee, references have been provided in support of the argument that only a 
limited number of remote sensing techniques can provide vertically resolved measurements of 
aerosol microphysical properties. Specifically, the following references have been introduced: 
Bellantone et al., 2008; Granados-Muñoz et al., 2016; Mhawish et al., 2018. 



 
Line 164: ‘particles at higher altitudes are internal mixtures of…’ It is impossible to know if they 
are internal or external mixtures with the instrumentation and methodology you used. Please 
correct. 
 
In the revised version of the paper this sentence has been removed, as well as any reference in the 
interpretation to the internal mixture of continental polluted aerosols with marine salt. Additionally, 
we agree with the referee that it is impossible to argue whether observed aerosols are internal or 
external mixtures based on the instrumentation and methodology considered in the paper. Any 
reference in the interpretation of the results to internal/external aerosol mixtures has been removed. 
 
Figure 1 needs improvements as in its current form does not provide any information. Why not 
include flight tracks? 
 
The ideal flight track of the ATR 42 was already present in the previous version of the paper. This 
was represented by the red line oblong circle, which indicates the footprint of the spirals 
(hippodromes) up and down around a central location approximately 20 km eastward of the Raman 
lidar site. In the new revised version of this figure we also included the flight track from the airport 
to the spiraling position. Additionally, to improve the information content of this figure, we also 
introduced a latitude-longitude grid. Now the figure caption reads: “ATR42 flight pattern in the 
frame of the “WaLiTemp” project (red line). The light blue dot represents the position of 
Montpellier Airport, where the ATR-42 was taking-off and landing, while the red dot represent the 
position of the Raman lidar BASIL. The red curve represents the footprint of the aircraft pattern, 
including the positions of the spirals (hippodromes) up and down and the ground track from the 
airport to the spiraling position. The distance between the lidar site and the flight pattern is approx. 
20 km.” 
 
What are the effects of incomplete overlap in your methodology? 
 
Effects of incomplete overlap are negligible in our methodology. In fact, the particle backscattering 
coefficient at both 355 and 532 nm are carried out based on the application of the Raman lidar 
technique (see more detail above), i.e. considering the ratio of the elastic echoes over the 
corresponding N2 Raman lidar echoes. The system received was conceived to be compact enough in 
order to have almost identical overlap functions for the elastic signal at 355 nm and the 
corresponding N2 Raman lidar signal at 386,7 nm, as well as for the elastic signal at 532 nm and the 
corresponding N2 Raman lidar signal at 607 nm. For what concerns the particle backscattering 
coefficient at 1064 nm, it is to be specified (and this is clearly described in the paper in section 2.1, 
describing the system layout for the Raman lidar) that the corresponding signals are not collected 
with the large aperture Newtonian telescope, but with a small telescope developed around a 50 mm-
diameter 200 mm-focal length lens. This receiver is located within 10 cm from the vertically 
propagating laser beam and this determines the presence of a very shallow overlap region, not 
extending above 3-400 m. Same is true for the elastic signals at 532 nm, which are collected with 
the large aperture Newtonian telescope, but are also collected with a second small telescope (again a 
50 mm-diameter 200 mm-focal length lens). This alternative 532 nm signal, used when the N2 
Raman lidar signal at 607 nm is not strong enough to allow applying the Raman technique, is 
characterized by the presence of a very shallow overlap region, as the one of the 1064 nm signal, 
not extending above 3-400 m. This aspect is now better stressed in the paper, where the following 
sentences have been introduced in the Methodology section of the paper: “It is to be specified that 
potential effects on our measurements associated with the incomplete overlap of the laser beam and 
field of view are negligible. In fact, the particle backscattering coefficient at both 355 and 532 nm 
are obtained through the Raman lidar technique, which considers the ratio of the elastic echoes over 
the corresponding N2 Raman lidar echoes, with the overlap function for the elastic channel and the 



corresponding N2 Raman channel being substantially identical. Additionally, the elastic backscatter 
signal at 1064 nm and an additional elastic backscatter signal at 532 nm are collected with two 
small telescopes, developed around two 50 mm-diameter 200 mm-focal length lenses, with overlap 
regions not extending above 3-400 m.” 
 
Line 325-326. ‘decreasing number concentration of the same aerosol type (Continental/Urban) as a 
result of the progressive attenuation of the underlying convective activity’ I do not understand this 
sentence. Please clarify. 
 
This unclear sentence was removed. The corresponding sentence has been changed as follows: 
“Above the top of the boundary layer and up to 2700 m (altitude 2), particle backscatter decreases 
with altitude”.  
 
Conclusions must be improved. 
 
Conclusions have been sensitively improved. The following new text have been introduced:  
“The added value of the reported methodology is represented by the possibility to infer the presence 
of different aerosol types and their microphysical properties based on the use of multi-wavelength 
Raman lidar measurement from a ground-based system in combination with an independent 
measurement of the particle concentration profile (in our case we are using the one coming from an 
optical particle counter mounted onboard an aircraft overpassing the lidar site). This methodology is 
applicable when sounded particles are spherical or almost spherical, which allows for the Mie 
scattering theory to be applied for the determination of the particle backscattering coefficient. 
The HYSPLIT-NOAA back-trajectory model was used to verify the origin of the sounded aerosol 
particles. Five different aerosol typologies are considered, i.e. Continental polluted, Clean 
continental-rural, Urban, Maritime-polluted and Clean-polar, with their size and microphysical 
properties taken from literature. The approach leads to an assessment of the predominant aerosol 
component based on the application of a minimization approach applied to the deviations between 
measured and the simulated particle backscattering profiles at 355 and 532 nm and for first test case 
study also at 1064 nm, considering all five aerosol typologies. 
The application of this approach to the case study on 13 September 2012 suggests the presence of 
Urban and Maritime aerosols throughout the entire vertical extent of sounded column, except in the 
altitude region 2600-2900 m and 4300-4500 m ranges, where the presence of a Rural component is 
likely to be possible. The application of the approach to the case study on 02 October 2012 reveals 
that Continental/Urban aerosols are likely to be the predominant components up to �1600 m, while 
the two distinct aerosol layers located in the altitude regions 2700-3600 m (with max. at 3000 m) 
and 3600-4600 m (with max. at 4000 m) are identified to likely consists of Continental/Urban 
and/or Marine polluted aerosols, respectively. The correctness of the results has been verified based 
on the application of the HYSPLIT-NOAA back-trajectory model, with the analysis extend backing 
in time for 5 days and allowing to assess the origin of the sounded aerosol particles.  
Finally, a sensitivity study has been carried out to assess the sensitivity of the aerosol typing 
approach to varying size and microphysical parameters. The study reveals that the reported 
approach is successfully applicable in the altitude region up to  
~ 4 km, while above this altitude the sensitively of the approach is sensitively reduced by the high 
statistical uncertainty affecting lidar signals. The sensitivity study also reveals that the within the 
boundary layer deviations between measured and simulated particle backscattering coefficient at 
355, 532 and 1064 nm may vary up to 20 % as a result of a ± 5 % variability of specific size and 
microphysical parameters. Such results reveal that application of the reported approach, based on 
the use of particle backscattering measurements at two wavelengths in combination with OPC 
measurements, allow to get a sufficiently reliable assessment of aerosol typing.”. 
 
What is the added value of your methodology?  



 
The added value of our methodology is represented by the possibility to infer the presence of 
different aerosol types using two or three wavelength Raman lidar measurement from a ground-
based system in combination with an independent profile of particle concentration (in our case we 
are using the one coming from an optical particle counter mounted onboard an aircraft overpassing 
the lidar site). This aspect is now clearly specified in the Conclusions, where the following sentence 
has been introduced: “The added value of the reported methodology is represented by the possibility 
to infer the presence of different aerosol types and their microphysical properties based on the use 
of multi-wavelength Raman lidar measurement from a ground-based system in combination with an 
independent measurement of the particle concentration profile (in our case we are using the one 
coming from an optical particle counter mounted onboard an aircraft overpassing the lidar  site).”  
 
Under which circunstances is applicable? 
 
The circumstances under which the methodology is applicable are those when sounded particles are 
spherical or almost spherical, which allows for the Mie scattering theory to be applied for the 
determination of the particle backscattering coefficient. This aspect is now clearly specified in the 
Conclusions, where the following sentence has been introduced: “This methodology is applicable 
when sounded particles are spherical or almost spherical, which allows for the Mie scattering theory 
to be applied for the determination of the particle backscattering coefficient”.  
 
Which aerosol properties are you providing? 
 
The proposed approach is not aimed at determining specific aerosol properties, but instead it is 
aimed at inferring the different aerosol types present in the vertical column above the lidar site 
based on the use of particle backscattering measurements at two wavelengths from the Raman lidar 
in combination with OPC measurements. This aspect is now clearly specified in different parts of 
the paper. In the Abstract, where the following sentence is present: “The reported good agreement 
between measured and simulated multi-wavelength particle backscatter profiles testifies the ability 
of multi-wavelength Raman lidar systems to infer aerosol types at different altitudes.” In the 
Introduction, where the following sentence has been introduced: “Specifically, lidar systems with 
aerosol measurement capability are characterized by high accuracies and temporal/vertical 
resolutions, which makes them particularly suited for aerosol typing applications.” Further down in 
the Introduction, where the following sentence has been introduced: “In the present manuscript, 
measurements carried out by BASIL are illustrated with the purpose to characterize atmospheric 
aerosol optical properties. These measurements, in combination with in-situ measurements from an 
airborne optical particle counter and the application of a Mie scattering code, are used to infer 
aerosol types.” In the Methodology section, where the following sentence has been introduced: “A 
modified version of the approach defined by Di Iorio et al. (2003) was applied in order to determine 
the sounded aerosol typology. This approach is based on the minimization of the relative deviation 
between the measured and the simulated particle backscattering coefficient …”. In section 5.2, 
where the following sentence has been introduced: “Based on the results from this study we may 
conclude that the use of particle backscattering measurements at two wavelengths in combination 
with OPC measurements allow to get a sufficiently reliable assessment of the aerosol types, which 
can be verified and refined based on the use of back-trajectory analyses.” Finally, in the Summary, 
where the following sentence has been introduced: “Such results reveal that application of the 
reported approach, based on the use of particle backscattering measurements at two wavelengths in 
combination with OPC measurements, allow to get a sufficiently reliable assessment of aerosol 
typing.” 
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Abstract. Vertical profiles of particle backscattering coefficient at 355, 532 and 1064 nm measured by the lidar Raman 

system BASIL have been compared with simulated particle backscatter profiles obtained through a Mie scattering code 

based on the use of simultaneous and almost co-located profiles provided by an air-borne optical particle counter. . 

Measurements were carried out during dedicated flights of the French research aircraft ATR42 in the frame of the European 

Facility for Airborne Research (EUFAR) Project “WaLiTemp”, as part of the Hydrological Cycle in the Mediterranean 15 

Experiment - Special Observation Period 1 (HyMeX-SOP1). Results from two selected case studies are reported and 

discussed in the paper and two slightly different analysis approaches are illustrated and applied to the dataset. Results reveal 

a good agreement between measured and simulated multi-wavelength particle backscattering profiles. Specifically, simulated 

and measured particle backscattering profiles at 355 and 532 nm are found to deviate less than 15 % (mean value=7 %) and 

50 % (mean value=30%), respectively, when considering the presence of a Continental/Urban aerosol component. The 20 

Rreported results reveal a good agreement between measured and simulated multi-wavelength particle backscatter profiles, 

which ultimately testifies the lidar ability of multi-wavelength Raman lidar systems to infer the aerosol types from these 

measurementsat different altitudes. 

1 Introduction  

Aerosols are a key atmospheric component, playing a major role in meteo-climatic processes. Aerosols influence 25 

precipitation processes and the water cycles primary through two effects: the direct effect, as a result of the interaction in the 

form of scattering/absorption ofwith solar radiation (among others, Haywood and Boucher, 2000; Takemura et al., 2005), 

and the indirect effect, as a result of the interaction with clouds (among others, Sekiguchi et al., 2003; Yang et al., 2011). A 

semi-direct effect can also arise in the presence of high aerosol loading, determining a scattering and absorption 
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enhancement, ultimately leading to an alteration of the atmospheric stability conditions (e.g. Mitchell, 1971). Despite aerosol 30 

the well-recognized aerosol importance in meteorological processes and climate evolutionstudies, only a limited number of 

remote sensing techniques can provide vertically resolved measurements of the microphysical properties of this important 

atmospheric componentaerosol particles (among others, Bellantone et al., 2008; Granados-Muñoz et al., 2016; Mhawish et 

al., 2018). For example, in-situ sensors transported by air aerostatic balloons or any other flying vector allow measuring the 

vertical profile of aerosol size and microphysical properties, with high vertical resolution (of the order of 10 m), but typically 35 

with a limited temporal resolution. Any experiment aimed at characterizing the temporal evolution of aerosol microphysical 

properties would require several consecutive balloon launches or flights, with the time lag between two consecutive 

launches/flights unlikely being smaller shorter than 1 hour, with a consequent detriment of the temporal resolution. 

Additionally, in-situ particle sensors are quite heavy and bulky, which - in the case of balloon-borne experiments - implies 

the use of quite large aerostatic balloons. This makes monitoring by in-situ particle sensors very expensive and logistically 40 

difficult to implement.  

Remote sensing techniques can overcome these limitations. A variety of passive optical remote sensors (i.e. spectro-

radiometers, sun and sky photometers, etc.) have demonstrated their capability to characterize aerosol microphysical 

properties, but they lack in vertical resolution, which makes them scarcely suited for vertically resolved measurements of 

aerosol size and microphysical properties. Low vertical resolution is combined with a limited temporal resolution when these 45 

techniques are implemented on sun-synchronous orbiting platforms, with a typical “revisit time” of several hours. Active 

remote sensing systems may overcome this limitation. Specifically, lidar systems with aerosol measurement capability are 

characterized by high accuracies and temporal/vertical resolutions, which makes them particularly suited for this kind 

ofaerosol typing applications. Lidar measurements of aerosol optical properties have been reported since the early sixties 

(among others, Fiocco and Grams, 1964; Elterman, 1966). Originally, measurements were carried out with single-50 

wavelength elastic backscatter lidars capable to provide vertical profiles of the particle backscattering coefficient at the laser 

wavelength. In these systems the particle backscattering coefficient is determined from the elastic lidar signals based on the 

application of the Klett-Fernald-Sasano approach (Klett, 1981, 1985; Fernald, 1984) or similar derived approaches (Di 

Girolamo et al., 1995, 1999). More recently, the acquired capability to measure roto-vibrational Raman lidar signals echoes 

from nitrogen and oxygen molecules has made the determination of the particle extinction coefficient also possible 55 

(Ansmann, 1990; 1992). The possibility to retrieve particle size and microphysical parameters from multi-wavelength lidar 

data of particle backscattering, extinction and depolarization has been recently demonstrated by a variety of authors (Müller 

et al., 2001, 2007, 2009; Veselovskii et al., 2002, 2009, 2010). Theise measurements capability can be combined with the 

capability to measure simultaneous measurements of the atmospheric thermodynamic profiles (Wulfmeyer et al., 2005; Di 

Girolamo et al., 2008, 2018a) to characterize aerosol-cloud interaction mechanisms. The ground-based University of 60 

Basilicata Raman Lidar system (BASIL) has a demonstrated capability to provide high-quality and accurate multi-

wavelength Raman lidar measurements with high-quality and accuracy for the retrieval of particle size and microphysical 

parameters (Veselovskii et al., 2010; Di Girolamo et al., 2012). The system was deployed in Candillargues (Southern France) 
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in the period from August to November 2012August-November 2012, in the frame of the Hydrological cycle in the 

Mediterranean Experiment (HyMeX) Special Observation Period 1 (SOP1). In the present manuscript, measurements 65 

collected carried out by BASIL are illustrated with the purpose to characterize atmospheric aerosol optical properties. These 

measurements, in combination with in-situ measurements from an airborne optical particle counter and the application of a 

Mie scattering code, are used to infer aerosol types and their primary microphysical properties. Back-trajectory analyses 

from a Lagrangian model ((HYSPLIT)) are used in support of the assessment of aerosol types (Man and Shih, 2001; 

Methven et al., 2001; Estellés et al., 2007; Toledano et al., 2009). The outline of the paper is the following: section 2 is 70 

dedicated toprovides a the description of the Raman lidar system BASIL and the airborne optical particle counter; section 3 

illustrates HyMeX-SOP1. The methodology is illustrated in section 4, while measurements and simulations are reported in 

section 5. Finally, section 6 summarizes all results and provides some indications for possible future carry-on activities. 

2 Instrumental setup 

2.1 BASIL 75 

The Raman lidar BASIL was has been built developed around a pulsed Nd:YAG laser, emitting pulses at 355, 532 and 1064 

nm, with a repetition rate of 20 Hz. The system includes a large aperture telescope in Newtonian configuration, with a 400 

mm diameter primary mirror, primarily used toaimed for the collection of Raman and higher range signals. Two additional 

smaller telescopes, developed around two 50 mm-diameter 200 mm-focal length lenses, are used to collect the backscatter 

echoes at 1064 nm and the total and cross-polarized backscatter echoes at 532 nm. The Llaser emission at 355 nm (average 80 

power of 10 W) is used to stimulate Raman scattering from water vapour, nitrogen and oxygen molecules (Di Girolamo et 

al., 2004, 2006, 2009a), which are ultimately used to measure the vertical profiles of atmospheric temperature, water vapour 

mixing ratio and aerosol extinction coefficient at 355 nm. Elastic backscattering echoes from aerosol and molecular species 

at 355, 532 and 1064 nm, in combination with the Raman scattering echoes from molecular nitrogen, are used to measure the 

vertical profiles of the aerosol backscattering coefficient at these three wavelengths. More details of the considered 85 

approaches are given in section 4. Elastic scattering from aerosol and molecular species at 355, 532 and 1064 nm are used to 

measure the vertical profiles of the aerosol backscattering coefficient at these three wavelengths. Raman echoes are very 

weak and degraded by solar radiation in daytime. Consequently, the above specified high laser powers and large aperture 

telescopes aperture are required to generate and collectmeasure daytime Raman signals with a sufficient signal-to-noise ratio 

throughout a large portion of the troposphere. The instrumental setup of BASIL has been described in detail in several 90 

previous papers (Di Girolamo et al., 2009a, 2009b, 2012a, 2012b; 2016; 2017; Bhawar et al., 2011). 

2.2   Optical Particles Counter 

An optical particle counter (OPC), manufactured by GRIMM Aerosol Technik GmbH (model Sky-OPC 1.129), is used to 

measure the size resolved particle number concentration dN/dr in the size range 0.25 - 32 μm. The sensor includes 31size 
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bins. A The laser beam generated by a 683 nm diode laser invests the aerosol particles exiting from a pump chamber; the 95 

scattered radiation is deflected by two separate mirrors and detected by the a photon sensor (Heim et al., 2008). By summing 

up the particle number over all the size intervals, the total number concentration is derived (Grimm and Eatough, 2009). The 

OPC model used in the present effort has a specific airborne design (McMeeking et al., 2010). The use of a differential 

pressure sensor and an external pump allows the OPC measurements to be performed independently of environmental 

pressure conditions. The OPC was installed on-board the French research aircraft ATR42, operated by the Service des 100 

Avions Instrumentés pour la Recherche en Environnement (SAFIRE), as part of an ensemble of in-situ sensors for the 

characterization of aerosol and cloud size and microphysical properties. Dedicated flights by the ATR42 were performed 

during HyMeX-SOP 1 in the frame of the Wa-Li-Temp EUFAR project, with the aircraft looping up and down in the area 

proximity of the Raman lidar system. 

3 HyMeX and the Special Observation Period 1 105 

The Hydrological cycle in Mediterranean Experiment was conceived with the overarching goal of collecting a large set of 

atmospheric and oceanic data allowing to be used to getfor a better understanding of the hydrological cycle in the 

Mediterranean area. Within this experiment a major field campaign, the Special Observation Period 1 (SOP1), took place 

over the northwestern Mediterranean area in the period September–November 2012. During HyMeX-SOP1 the Raman lidar 

system BASIL was deployed in the Cévennes-Vivarais atmospheric ‘supersite’, located in Candillargues (43037’ N, 4004’ E, 110 

elevation: 1m). BASIL was operated from 5 September to 5 November 2012, collecting more than 600 h of measurements, 

distributed over 51 measurement days and 19 Intensive Observation Periods (IOPs). 

The French research aircraft ATR42, hosting the OPC, was stationed at Montpellier airport. Its main payload consisted of the 

airborne DIAL LEANDRE 2, profiling water vapour mixing ratio beneath the aircraft. The ATR42 payload also included in-

situ sensors for turbulence measurements, as well as aerosol/cloud microphysics probes. Among these, the OPC. During 115 

HyMeX-SOP1, the ATR42 performed more than 60 flight hours: 8 were supported by the EUFAR project “WaLiTemp” and 

the remaining were supported by the “Mediterranean Integrated STudies at Regional and Local Scales” (MISTRALS) 

Program. A specific flight pattern was defined for the purposes of the “WaLiTemp” project (figure 1), with the aircraft 

making spirals (hippodromes) up and down around a central location, originally aimed to be the atmospheric supersite in 

Candillargues. Unfortunately, because of air-traffic restrictions, aircraft sensors’ operation was typically started 30 20 km 120 

eastward of the supersite. Flights hours in the frame of the “WALiTemp” project were carried out on 13 September, 02 and 

29 October and 05 November 2012. 

Spiral ascents and descents were carried out with a vertical speed of 150 m/min. During each flight, except in presence of 

specific logistic issues, a minimum of two ascent-descent spirals were carried out.  For the purposes of the present 

comparisons, in order to minimize effect associated with the sounding of different air masses, we selected days characterized 125 

by horizontally homogeneous atmospheric conditions. 
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4 Methodology 

The particle volume backscattering coefficient can be expressed as: 
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with Qback(r) being the particle backscattering efficiency and n’(r)=dN/dr being the particle size distribution. Qback(r) can be 130 

expressed as (Grainger et al., 2004): 
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where m is the complex refractive index; x=2 π r/ λ  is the particle size parameter,  given with λ is being the laser wavelength 

of the radiation and r is being the particle radius, assumed to be aof the sphere. The functions  xn  and  1
n  are Riccati–

Bessel functions defined in terms of the spherical Bessel function of the first kind (Temme, 1996). A log-normal size 

distribution is considered in this study, with an analytical expression for each mode of the form (Grainger et al., 2004): 140 
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(5) 

where

 

n’(r)=dN/dr is the number of particles within the size interval dr, with N(r) representing the cumulative particle 

numberdistribution for particles larger than R, rm is the median radius of the distribution, S is the standard deviation of the 

distribution and N0 is the particle integral concentration for the considered modeand the standard deviation of ln r is ln S. S is 

a measure of the particle polydispersity, with lnS being equal to 1 for monodisperse particles Thus, the log-normal 145 

distribution is completely described by N0, rm and S. Three modes are typically considered to describe the different aerosol 

components (d’Almeida et al., 1991): a fine or nucleation particles mode, a large or accumulation particles mode and a giant 

or coarse particles mode.  

Specifically, For the purposes of this research effort, particle concentration N0 is obtained by minimizing the differences 

between the simulated size distribution and the one measured by the OPC and the simulated distribution, while the values of 150 

rm and S are those identified in the following section based on literature results. Simulated backscatter profiles  zpar
0

 are 

the obtained through the application expression (1) at for all altitudes covered by the OPC, considering the different 

refractive index and size parameters’ values for the three distribution modes, whichin dependence ofn the aerosol type, and 
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integrating the expression over the three distribution modes. To perform these computations  a specific Mie scattering code 

was developed by the authors in IDL environment. The possibility to retrieve the particle size and microphysical properties 155 

from multi-wavelength measurements of the particle backscattering and extinction coefficient has been demonstrated by 

several authors (among others, Müller et al., 2001, and Veselovskii et al., 2002) based on the application of a retrieval 

scheme employing Tikhonov’s inversion with regularization, which apply Mie scattering theory to ensemble of particles 

with spherical shape. However, an appropriate and effective application of this approach imposes the use of particle 

backscatter and extinction profiles with a statistical uncertainty not exceeding 5-10 %. Multi-wavelength Raman lidar 160 

measurements of the particle backscattering and extinction coefficient for the considered case studies were not characterized 

by such low level of uncertainty, this being especially true for the particle backscatter measurements at 1064 nm. 

In order to determine aerosol typology, deviations between measured and simulated particle backscattering profiles at 355 

nm and 532 nm were minimized. Initial values in terms of modal radius, ¯, standard deviation, σ, and refractive index for the 

different aerosol components were taken from d’Almeida et al. (1991). At each altitude, the particle size distribution 165 

measured by the optical particle counter is compared with the five aerosol typologies listed in d’Almeida et al. (1991), which 

for the sake of clarity are reproduced below: 

• Average continental (continental environment influenced by anthropic pollution), 

• Urban (continental environment heavy influenced by anthropic pollution), 

• Maritime-polluted (environment polluted as Mediterranean Sea or Northern Atlantic), 170 

• Clean-polar (Artic environment during summer period), 

• Clean continental-rural (rural continental environment without pollution). 

Specifically, both urban and continental aerosols include a soot and pollution fine mode component (as both aerosol types 

include the same aerosol components, they are treated in what follows as a single aerosol type), a water soluble accumulation 

mode component and dust-like coarse mode component; the maritime polluted aerosol type includes a soot and pollution fine 175 

mode component, a water soluble accumulation mode component and a sea-salt coarse mode component; the summer-time 

Artic aerosol type includes a sulphate fine mode component and a sea salt and mineral accumulation mode component; the 

rural aerosol type includes a water soluble accumulation mode component and a dust-like coarse mode component. 

d’Almeida et al. (1991), Junge and Jaenicke (1971) and Junge (1972) suggested the use of a tri-modal log-normal size 

distribution (see expression 5), indicating specific values for the two primary size distribution parameters, i.e. the modal 180 

radius, r̄, and standard deviation, σ . Values of the modal radius, the standard deviation and the real, nr, and imaginary part, 

ni, of refractive index at the three lidar wavelengths (355, 532 and 1064 nm) for the three different aerosol components 

considered in the present computations are inferred from different literature papers (d’Almeida et al., 1991; Shettle and Fenn, 

1976; Shettle and Fenn, 1979; WCP–112, 1986) and are listed in Table 1.  

The log-normal size distribution has been computed considering the OPC data in the dimensional range 0.25 - 2.5 μm, with a 185 

300 m vertical integration window. Results are illustrated in figure 2 (bold black line). In this same figure the size 
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distribution computed from the OPC data is compared with the theoretical distributions for the three different modes (fine 

mode - red line, accumulation mode - violet line, coarse mode - light blue line). 

For each of the three modes, the number of particles has been varied in order to have the total theoretical distribution (thin 

black line) matching the experimental distribution computed with the OPC data. The matching between the experimental and 190 

theoretical distributions has been optimized based on the application of a best fit procedure. This approach was applied to 

each altitude level. In figure 2, we are considering experimental and theoretical distributions at an altitude of 1529 m, this 

being the lowest altitude where aerosols larger than 0.7 – 0.8 μm were measured by the OPC. 

The vertical profiles of the particle backscattering coefficient at 355, 532 and 1064 nm have been simulated through the 

above mentioned Mie scattering code from the OPC data, considering values of  ¯  and σ for the different aerosol 195 

components. Measured profiles of the particle backscattering coefficient profiles at 355 and 532 nm are obtained from the 

Raman lidar signals through the application of the Raman techniques, which relies on the ratio between the 355/532 nm 

elastic signal and the simultaneous molecular nitrogen roto-vibrational Raman signal. The two signals are characterized by 

an almost identical overlap function, and therefore the overlap effect cancel out when ratioing the signals. Conversely, 

particle backscattering coefficient profiles at 1064 nm are obtained through the application of a Klett-modified inversion 200 

approach (Di Girolamo et al., 1995, 1999). The specific approach used in the present analysis considers a height-dependent 

lidar ratio profile and iterative procedure converging to a final particle backscattering profile Di Girolamo et al. (1995, 

1995). It is to be specified that potential effects on our measurements associated with the incomplete overlap of the laser 

beam and field of view are negligible. In fact, the particle backscattering coefficient at both 355 and 532 nm are obtained 

through the Raman lidar technique, which considers the ratio of the elastic echoes over the corresponding N2 Raman lidar 205 

echoes, with the overlap function for the elastic channel and the corresponding N2 Raman channel being substantially 

identical. Additionally, the elastic backscatter signal at 1064 nm and an additional elastic backscatter signal at 532 nm are 

collected with two small telescopes, developed around two 50 mm-diameter 200 mm-focal length lenses, with overlap 

regions not extending above 3-400 m. 

A modified version of the approach defined by Di Iorio et al. (2003) was applied in order to determine the sounded aerosol 210 

typology. This approach is based on the minimization of the relative deviation between the measured and the simulated 

particle backscattering coefficient, i.e.: 

∆ ∑  ,    (6) 

where zk is the altitude. 

In the attempt to simultaneously minimize deviations between measured and simulated particle backscattering profiles at 215 

355, 532 and 1064 nm, a total deviation can be computed as the root sum square of the single deviations at the two 

wavelengths, which can be expressed as: 

∆ 	 ∆ ∆ ∆ ,            (7) 
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5 Results 220 

5.1 Case Study on 13 September 2012 

During the first ascending spiral, in-situ sensors on board the ATR42 were operated in the altitude region from 650 m to 

5700 m above sea level (hereafter in the paper all altitudes are intended above sea level), covering the 40 min-time interval 

between 19.55 and 20.35 UTC. BASIL was operated in the time interval 19.00-23.00 UTC. Figure 2 3 illustrates the 

temporal evolution of the particle backscattering coefficient at 532 nm over the time interval 19.30-21.30 UTC. The figure is 225 

illustrated as a succession of 5 min vertical profiles with a vertical resolution of 7,5 m. The figure reveals the presence of a 

shallow nocturnal boundary layer, which is testified by the presence of an aerosol layer extending up to 500-600 m, and the 

presence of a residual layer extending up to 1500-2100 m. 

Wind direction measurements performed by the on-board flight sensors reveal a primarily Northerly wind, with direction 

varying in the range ±30° depending on altitude. The NOAA HYSPLIT Lagrangian back-trajectory model (Draxler e Rolph, 230 

1998; Rolph et al., 2017; Stein et al., 2015) has been used to determine the origin of the sounded air-masses. The HYSPLIT 

model allows computesing air parcel trajectories, but it can also be used to simulate complex transport, dispersion, chemical 

transformation and deposition mechanisms. A common application of the HYSPLIT model is the back- and forward- 

trajectory analysis, which is used to determine the origin or destination of the investigated air masses and establish source-

receptor relationships. 235 

In the present effort the HYSPLIT model is used to estimate determine air masses trajectories at specific altitude levels in the 

days preceding their arrival on the lidar site in Candillargues. Specifically, figure 4 illustrates back-trajectories computed 

with the NOAA HYSPLIT model of the air masses overpassing the lidar site at 20 UTC on 13 September 2012 at an altitude 

of 600 m (red line), 4000 m (blue line) and 6000 m (green line). The trajectories extend back in time for 5 days, thus 

illustrating the air masses path since 20 UTC on 8 September 2012.Specifically, figure 3 illustrates the 5-days back-240 

trajectories at 428 m (red line), 2828 m (blue line) and 5826 m (green line) of the air masses reaching the lidar site at 20 

UTC on 13 September 2012. 

Air masses reaching the measurement site at altitudes of 428 600 and 2828 4000 m were originated around in the vicinity of 

Iceland and Greenland and passed at low altitudes (< 400 m) over the North Atlantic Sea and over industrialized areas in 

France, while air masses at 5826 m originated in the  North Atlantic Sea in the proximity of the Canadian coasts and 245 

persisted in marine environment for almost 5 days before reaching France. Based on the involved air masses, we formulate 

the hypothesis that low level sounded particles consist of continental polluted aerosols, while particles at higher altitudes are 

an internal mixture of continental polluted aerosols with marine salt (i.e. an aerosol coming from a marine polluted 

environment). 

In order to properly model these different particle types, we speculate that aerosols transported from a continental area with 250 

high anthropic impact are characterized by the presence of soot in nuclei mode, water soluble in accumulation mode and 

dust-like in coarse mode (d’Almeida et al., 1991). d’Almeida et al. (1991), Junge and Jaenicke (1971) and Junge (1972) 
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suggested the use of a tri-modal log-normal size distribution (see expression 1 below), indicating specific values for the two 

primary size distribution parameters, i.e. the modal radius, r̄, and standard deviation, σ:  Specifically, d’Almeida et al. 

(1991), reported values of r̄ and σ for the soot mode of 0.012 μm and 2.00, respectively, for the water soluble mode of 0.024 255 

μm and 2.24, respectively, and for the dust-like mode 0.471 μm and 2.51, respectively. These values are considered in the 

following computations. 

The log-normal size distribution has been computed considering the OPC data in the dimensional range 0.25 - 2.5 μm, with a 

300 m vertical integration window. Results are illustrated in figure 4 (bold black line). In this same figure the size 

distribution was computed with the OPC data is compared with the theoretical distributions for the three different modes 260 

(fine mode - red line, accumulation mode - violet line, coarse mode - light blue line). 

For each of the three modes, the number of particles has been varied in order to have the total theoretical distribution (thin 

black line) matching the experimental distribution computed with the OPC data. The matching between the experimental and 

theoretical distributions has been optimized based on the application of a best fit procedure. This approach was applied to 

each altitude level. In figure 4, we are considering experimental and theoretical distributions at an altitude of 1529 m, this 265 

being the lowest altitude where the OPC measured aerosols larger than 0.7 – 0.8 μm. Above 1529 m, the aerosol composition 

of the coarse mode has been modified by replacing the dust-like component with sea salt, consistently with the initial 

hypothesis of a different aerosol origin and composition above a definite altitude. The modal radius and distribution width 

( ¯=0.3 μm and σ = 2.51, respectively) used in the simulations for this aerosol typology are again derived from literature 

(d’Almeida et al., 1991; Shettle and Fenn, 1976, 1979). 270 

For the purpose of these simulations, values of the real, nr, and imaginary part, ni, of refractive index in the proximity of the 

three lidar wavelengths (355, 532 and 1064 nm) for the three different aerosol components are taken from different literature 

papers (d’Almeida et al., 1991; Shettle and Fenn, 1976; Shettle and Fenn, 1979; WCP–112, (986). These values are reported 

in Table 1.The vertical profiles of particle backscattering coefficient at 355, 532 and 1064 nm have been simulated through 

the above specified Mie scattering code from the OPC data, considering values of  ¯  and σ for the different aerosol 275 

components. 

 

Figure 5 compares the vertical profiles of the measured (black line) and simulated (red line) particle backscattering 

coefficient at 355 nm. The measured profile is obtained from BASIL the Raman lidar data integrated over the 40 min time 

interval coincident with the airplane ascent time (19.55-20.35 UTC on 13 September 2012), considering with a vertical 280 

resolution of 300 m. Simulated particle backscatter profiles include all five aerosol components specified above, i.e. the 

Continental/Urban components (red dashed line), the Continental (rural) component (green dashed line), the Arctic Summer 

component (black dashed line) and the Marine (polluted) component (blue dashed line). Figure 5 reveals a good agreement 

between the measured backscattering coefficient profile at 355 nm and those simulated at this same wavelength assuming a 

Continental/Urban aerosol component and a Marine (polluted) aerosol component.The agreement between measured and 285 

simulated profiles appear quite good up to 4000 m. 
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This same analysis approach was also applied to the data at 532 nm. Figure 6 compares the vertical profiles of the measured 

(black line) and simulated (red line) particle backscattering coefficient at 532 nm over the same 40 min time interval (19.55-

20.35 UTC) on 13 September 2012, again with a vertical resolution of 300 m. Simulated particle backscatter profiles include 

the five above specified aerosol components. Lidar data at 532 nm are affected by a larger statistical uncertainty than the 290 

data those at 355 nm.  Also in this case, the agreement between measured and simulated profiles appears quite good up to 

3500-4000 m. 

Figure 6 reveals that the measured particle backscattering coefficient profile at 532 nm is well reproduced by the simulated 

profiles at this same wavelength, especially those obtained considering a Continental/Urban aerosol component and a Marine 

(polluted) aerosol component, with simulated profiles slightly overestimate the measured profile, but being within or slightly 295 

exceeding the measurement error bar. Deviations between measured and simulated profiles are larger within the aerosol 

layer centred at 2800 m.  

Figure 7 compares the vertical profiles of the measured and simulated particle backscattering coefficient at 1064 nm over the 

same 40 min time interval considered in figures 5 and 6, again with a vertical resolution of 300 m. Particle backscatter 

measurements at 1064 nm are affected by a statistical uncertainty larger than the one affecting the data measurements at 532 300 

nm. This large uncertainty is the result of the use of a reduced laser emission power at 1064 nm because of the restrictions 

imposed by the air traffic control authorities. In this case, the agreement between measured and simulated profiles is 

poorersmaller, but still acceptable up to 3000 2500 m.  

Figure 8 illustrates the deviations between the measured and the simulated particle backscattering coefficient profile at 355 

nm. The smallest deviations between the two profiles up to 4500 m are obtained when considering the presence of a Marine 305 

polluted aerosol component (smaller than 53 %, with a mean deviation of  23.2 %). Simulated profiles obtained considering 

a Continental/Urban aerosol component (not exceeding 54 %, with a mean deviation of 24.9 %) deviate less only within the 

altitude interval 1200-1300 m, while deviations are very similar above 2600 m. The simulated profile obtained considering 

the presence of either a Continental rural or an Arctic Summer aerosol component largely deviates from the measured profile 

(up to 80 % and 92%, respectively, with a mean deviation of 50.9% and 25.9%). The Artic component deviates less only 310 

above 4500 m, where the high signal noise level and the limited particle loading make aerosol type discrimination difficult to 

accomplish. 

Figure 9 illustrates the deviations between the measured and the simulated particle backscattering coefficient profile at 532 

nm. Again, the maximum altitude for aerosol type retrieval is 4340 m. The smallest deviations between measured and 

simulated particle backscattering coefficient profile are obtained when considering the presence of a Continental/Urban 315 

aerosol component (not exceeding 105 %, with a mean value of 30.8 %) or a Marine polluted aerosol component (smaller 

than 106 %, with a mean value of  30.9 %), while simulated profiles obtained considering the presence of either a 

Continental rural or an Arctic Summer aerosol component largely deviate from the measured profile (up to 60.6 % and 87%, 

respectively, with a mean deviation of 39.6 % and 79.2 %). The only exception is given by the interval 2300-3000 m, where 

the simulated profile obtained considering a Rural aerosol component deviates less. 320 
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Figure 10 illustrates the deviations between the measured and the simulated particle backscattering coefficient profile at 

1064 nm considering the altitude up to 2500m. The smallest deviations between the two profiles over the considered altitude 

range are obtained when considering the presence of a Continental/Urban aerosol component (not exceeding 61.4 %, with a 

mean deviation of 21.2 %). Deviations between measured and simulated profile obtained considering a Marine polluted 

aerosol component are slightly larger (smaller than 55 %, with a mean deviation of  28.6 %), while the simulated profile 325 

obtained considering the presence of either a Continental rural or an Arctic Summer aerosol component largely deviate from 

the measured profile (up to 58 % and 82.7%, with a mean deviation of 40.9% and 67.3%, respectively). Again, the only 

exception is found in the interval 1600-1900 m, where the simulated profile obtained considering the Marine polluted aerosol 

component deviate less. 

The overall deviation was calculated for the five distinct aerosol components. Figure 11 illustrates the overall deviations 330 

between the measured and the simulated particle backscattering coefficient profiles at 355, 532 nm and 1064 nm for the 

different aerosol components. In order to facilitate the interpretation of results, the overall deviation between measured and 

simulated particle backscattering coefficient profile, for the different aerosol components, has been plotted together with the 

measured particle backscattering profiles at all wavelength (figure 12). In the lowest portion of atmosphere up to 1700 m, i.e. 

inside the Planetary Boundary Layer, the Continental/Urban aerosol component is predominant. The upper layer between 335 

1700 and 2400 m is characterized by the presence of a maritime aerosol component in the lower part and again a Urban 

aerosol component in the upper part. Deviations were computed above 2500 m, because of the high statistical noise of the 

1064 nm lidar signal. Additional layers are visible in altitude range 2400-3100 m and 3800-4500 m. Above 2400 m 

simulations based on t Urban and Maritime components show similar deviations from measurements, except in the central 

part of layer between 2600 and 2900 m and between 4300 and 4500 m, where Rural aerosols deviate less. HYSPLIT back-340 

trajectory analysis confirms that the sounded air masses in the previous days overpasses industrialized areas in France, 

Belgium, England. 

In order to quantify the agreement between measured and simulated particle backscatter profiles at the three considered 

wavelengths, deviations for each profile pair expressed in terms of the root mean squared (RMS) deviation and BIAS were 

calculated using the following expressions (Behrendt et al., 2007; Bhawar et al., 2011): 345 

, ,
∑

∑
 ,     (6) 

, ,
∑

∑
 ,    (7) 

where q1(z) and q2(z)  are the measured and simulated  particle backscattering coefficient profile, respectively. It is to be 

pointed out that the BIAS quantifies the potential offset between the two profiles, while the root mean squared deviation 

includes all the possible deviations between the two profiles, which may be caused by systematic and statistical error sources 350 

affecting measured and simulated profiles, but may be also associated with atmospheric variability (i.e. different air masses 

sounded by BASIL and the OPC). Figure 8 shows the BIAS (left panel) and RMS deviation (right panel) profiles of the 
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measured vs. the simulated particle backscattering coefficient at 355 nm. Black and red lines represent two different 

variability ranges (± 10 % and ± 60 %, respectively, for BIAS, and 0-10 % and 0-100 % for RMS deviation, respectively). 

The red and black scales are used to highlight the variability of these parameters at different altitudes. BIAS values are 355 

within the interval -1.36.45 % up to 3900 m and exceed 25 % above this altitude; RMS deviation values are within the 

interval 1.2-7.5 % up to  3900 m, being as large as 28 % above this altitude. 

Figure 9 shows the BIAS and RMS deviation profiles of the measured vs. the simulated particle backscattering coefficient at 

532 nm. BIAS values are within ± 10 % up to 3000 m and RMS deviation values are not exceeding 15 % up to this same 

altitude. Finally, figure 10 shows the BIAS and RMS deviation profiles of the measured vs. the simulated particle 360 

backscattering coefficient at 1064 nm, with values for the former quantity within ± 30 % up to 2500 m and for the latter 

quantity smaller than 50 % up to this same altitude. Again, these large BIAS and RMS deviation values are the result of the 

large statistical uncertainty affecting lidar measurements at 1064 nm to be attributed to the use of a reduced laser emission 

power at this wavelength, as already mentioned above. 

 365 

5.2 Case Study on 02 October 2012 

A second flight took place on 2 October 2012. During the ascending spiralpath, in-situ sensors on board the ATR42 were 

operated in the altitude region from 680 m to 5700 m, covering the 44 min time interval between 19.43 and 20.27 UTC. 

BASIL was operated over the time interval time interval 16.00-24.00 UTC.  

Wind direction measurements performed by the on-board flight sensors reveal a North-Westerly wind, with direction varying 370 

in the range 220-320° depending on altitude. Figure 11 13 shows the 5-days back-trajectories from the NOAA HYSPLIT 

model at 600 m, 4000 m and 6000 m (in red, blue and green, respectively), ending on the lidar site at 20.00 UTC on 2 

October 2012. HYSPLIT back-trajectories confirm the in situ data in terms of wind direction. 

These Back-trajectory analysis results reveal that air masses reaching the measurement site at an altitude of 600 m were 

originated in Northern Atlantic Ocean, Ssouth of Iceland, and have passed at low altitudes (500-600 m) over highly 375 

anthropized continental areas with high anthropic impact (Ireland, England and Northern France). A different path 

characterizes air masses at 4000 m. These were originated over the Northern Atlantic Sea, off-shore the Canadian coast., and 

have overpassed an area North of Azores, the Northern coast of Spain before reaching the measurement site. Finally, the air 

masses reaching the measurement site at 6000 m originated over the North Pacific Ocean, have overpassed Canada, the 

North Atlantic Ocean, the northern Northern coast of Spain and have finally reached the measurement site. 380 

In the analysis of this second case study, we applied the same methodology considered for the first case study.a different 

approach: we didn’t formulate any a-priori hypothesis on the composition of the sounded aerosol particles. The aerosol 

typology was instead determined by minimizing variances between measured and simulated particle backscattering profiles 

at 355 nm and 532 nm. Initial values in terms of modal radius, ¯, standard deviation, σ, and refractive index for the different 

aerosol components were taken from d’Almeida et al. (1991). At each altitude, the particle size distribution measured by the 385 
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optical particle counter is compared with the five aerosol typologies listed in d’Almeida et al. (1991), which for the sake of 

clarity are reproduced below: 

• Average continental (continental environment influenced by anthropic pollution), 

• Urban (continental environment heavy influenced by anthropic pollution), 

• Maritime-polluted (environment polluted as Mediterranean Sea or Northern Atlantic), 390 

• Clean-polar (Artic environment during summer period), 

• Clean continental-rural (rural continental environment without pollution). 

Specifically, both urban and continental aerosols include a soot and pollution fine mode component (as both aerosol types 

include the same aerosol components, they are treated together as a single aerosol type in what follows), a water soluble 

accumulation mode component and dust-like coarse mode component; the maritime polluted aerosol type includes a soot and 395 

pollution fine mode component, a water soluble accumulation mode component and sea-salt coarse mode component; the 

summer-time Artic aerosol type includes a sulphate fine mode component and a sea salt and mineral accumulation mode 

component; the rural aerosol type includes a water soluble accumulation mode component and dust-like coarse mode 

component. As for the previous case study, given the microphysical parameters and aerosol typology for each of the three 

given modes, the number of particles has been varied in order to have the theoretical distribution matching the experimental 400 

distribution computed with the OPC data, with the matching between the experimental and theoretical distributions once 

again based obtained throughon a best fit procedure. The modal radius, standard deviation and refractive index reported by 

d’Almeida et al. (1991) for the different considered aerosol components are listed in Table 21. 

Figure 12 14 illustrates the vertical profiles of measured (black line) and simulated particle backscattering coefficient at 355 

nm over the 44 min time interval between 19.43 and 20.27 UTC on 02 October 2012. Simulated particle backscatter profiles 405 

include all five aerosol components specified above, i.e. the Continental/Urban components (red dashed line), the 

Continental (rural) component (green dashed-dotted line), the Arctic Summer component (black dashed line) and the Marine 

(polluted) component (blue dashed-dotted line). Figure 12 14 reveals a good agreement between the measured backscattering 

coefficient profile at 355 nm and those simulated at this same wavelength assuming a Continental/Urban aerosol component 

and a Marine (polluted) aerosol component. 410 

 We applied this same analysis approach also to the data at 532 nm, with figure 13 15 illustrating the vertical profiles of the 

measured and simulated particle backscattering coefficient at 532 nm over the same time interval considered in figure 1214. 

Again, simulated particle backscatter profiles include the five above specified aerosol components. Figure 13 15 reveals that 

the measured particle backscattering coefficient profile at 532 nm is well reproduced by the simulated profiles at this same 

wavelength, especially those obtained considering a Continental/Urban aerosol component and a Marine (polluted) aerosol 415 

component, with simulated profiles slightly underestimating the measured profile, but being within or slightly outside 

exceeding the measurement error bar. Deviations between measured and simulated profiles are larger within the aerosol 

layers centred at 3000m and 4000 m. Due to the limited laser power at 1064 nm for this specific measurement session, 

measured profiles the particle backscattering coefficient at 1064 nm are characterized by high statistical noise, which 
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prevents from considering the comparison between measured and simulated particle backscatter profiles at this wavelength 420 

to be sued in the presents analysis. 

More specifically, in this case study, differently from the first one, a modified version of the approach defined by Di Iorio et 

al. (2003) was applied in order to determine the sounded aerosol typology. This approach is based on the minimization of the 

relative deviation between the measured and the simulated particle backscattering coefficient, i.e.: 

∆ ∑  ,    (8) 425 

where zk is the altitude. Figure 14 16 illustrates the deviations between the measured and the simulated particle 

backscattering coefficient profiles at 355 nm. The smallest deviations between the measured and the simulated particle 

backscattering coefficient profiles over the considered altitude range are obtained when considering the presence of a 

Continental/Urban aerosol component (not exceeding 15 % up to 5000 m, with a mean deviation of 5.9 %). Deviations 

between the measured and simulated profiles obtained considering a Marine polluted aerosol component are slightly 430 

exceeding these values (smaller than 20 % up to 5000 m, with a mean deviation of  9.5 %), while the simulated profile 

obtained considering the presence of either a Continental rural or an Arctic Summer aerosol component largely deviates 

from the measured profile (up to 80 %, with a mean deviation of 50.9% and 25.9%, respectively). 

Figure 15 17 illustrates the deviations between measured and simulated particle backscattering coefficient profiles at 532 

nm. Again, the smallest deviations between the measured and simulatedtwo profiles are obtained over the considered altitude 435 

range are obtained when considering a Continental/Urban aerosol component (not exceeding 50 % up to 5000 m, with a 

mean deviation of 25.9 %), with the only exception for the interval 3100-3700 m, where the simulated profile obtained 

considering a Marine polluted aerosol component deviates less. Above 3700 m simulated profiles obtained considering a 

Continental/Urban and a Marine polluted aerosol component equally deviate from the measured profile. 

In the attempt to simultaneously minimize deviations between measured and simulated particle backscattering profiles at 440 

both 355 and 532 nm, following expression 7, a total deviation can be computed as the root sum square of the single 

deviations at the two wavelengths, which can be expressed as: 

∆ 	 ∆ ∆ ,             (98) 

  

This quantity was calculated for the five distinct aerosol components. Figure 16 18 illustrates the total deviations between 445 

the measured and the simulated particle backscattering coefficient profiles at 355 and 532 nm for the different aerosol 

components. In order to facilitate the interpretation of these results, the total deviation between measured and simulated 

particle backscattering coefficient profiles for the different aerosol components has been plotted together with the measured 

particle backscattering profiles at both 355 and 532 nm (figure 1719). It is to be noticed that the deviation in the form of the 

particle backscattering profiles at 355 and 532 nm below 600 m is due to the overlap effect, which is primarily affecting the 450 

inversion procedure applied to the 532 nm elastic signals in this altitude interval. The inversion approach applied to the 

elastic signals to determine the corresponding particle backscattering coefficient profiles is in fact different for the two 
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wavelengths (355 and 532 nm). Specifically, particle backscattering coefficient profiles at 355 nm are obtained through the 

application of the Raman techniques, which relies on the ratio between the 355 nm elastic signal and the simultaneous 

molecular nitrogen roto-vibrational Raman signal; these two signals are characterized by an almost identical overlap 455 

function, and therefore the overlap effect cancel out when ratioing the signals. As opposed to this, particle backscattering 

coefficient profiles at 532 nm are obtained through the application of a Klett-modified inversion approach (Di Girolamo et 

al., 1995, 1999), which does not rely on the ratio between signals with an almost identical overlap function. 

Figure 17 19 allows revealing the following considerations.  In the lowest portion of the atmosphere, up to an altitude of 

1300 m (altitude 1), aerosol particles are most likely characterized by a predominant Continental/Urban component.  This 460 

aerosol layer extends up to 1600 m, which is the altitude where the boundary layer height is located as also indicated by the 

simultaneous radiosonde data (not shown here). In the upper portion of the boundary layer, in the vertical interval 1300-1600 

m, deviations associated with Continental/Urban, Marine polluted and Continental rural component overlap, which suggests 

that all three aerosol components are possible. However, while this upper portion of the boundary layer is typically 

characterized by entrainment effects (interfacial region), which may allow different aerosol components to be ingested, the 465 

Continental/Urban component is likely to be the predominant component. 

Above the top of the boundary layer and up to 2700 m (altitude 2), particle backscatter decreases with altitude, which is 

probably the effect of the decreasing number concentration of the same aerosol type (Continental/Urban) as a results of the 

progressive attenuation of the underlying convective activity.. The typology analysis suggests Continental/Urban aerosols 

likely to be the predominant component, as in fact total deviation between the measured and the simulated particle 470 

backscattering coefficient profiles for this aerosol component is far lower than for all other aerosol components. 

In the altitude interval 2700-3600 m (altitudes 2-3, with max. at 3000 m) the measured particle backscatter profiles reveal the 

presence of a distinct aerosol layer. The typology analysis indicates both the Continental/Urban and the Marine polluted 

components to be possible.  An additional distinct aerosol layer is found in the altitude interval 3600-4600 m (altitudes 3-4, 

with max. at 4000 m). Again, the typology analysis suggests the Continental/Urban component to be possible. Sounded 475 

aerosol particles at 3000 and 4000 m are compatible with continental polluted aerosols,  this possibility being confirmed by 

the back-trajectory analysis at 3000 and 4000 m.Again, the typology analysis suggests both the Continental/Urban and the 

Marine polluted components to be possible. Sounded aerosol particles at 3000 and 4000 m are compatible with an internal 

mixture of continental polluted aerosols with marine salt (i.e. an aerosols originated in a marine environment and mixed with 

polluted continental aerosols), this possibility being confirmed by the back-trajectory analysis at 3000 and 4000 m. 480 

A sensitivity study has been also carried out to assess the sensitivity of the results to changes of specific size and 

microphysical parameters’ values. The sensitivity study reveals that the considered methodology for aerosol typing is 

successfully applicable in the altitude region up to 3900 m, as in fact above this altitude the statistical uncertainty affecting 

the lidar signals is high and this severely reduces the sensitively of the aerosol typing methodology. The sensitivity analysis 

also reveals that in the lower levels, typically within the boundary layer where aerosol loading is larger, deviations between 485 

measured and simulated particle backscattering coefficient at the three wavelengths may vary by up to 20 % as a result of a ± 
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5 % variability of specific size and microphysical parameters (for example, the real part of the refractive index), which 

certainly reduces confidence in the aerosol type assessment, but is not compromising its outcome. Based on the results from 

this study we may conclude that the use of particle backscattering measurements at two wavelengths in combination with 

OPC measurements allow to get a sufficiently reliable assessment of the aerosol types, which can be verified and refined 490 

based on the use of back-trajectory analyses.  

6 Summary 

During HyMeX-SOP1, the Raman lidar system BASIL was deployed in Candillargues (Southern France) and operated 

almost continuously over a two month period in the time frame October-November 2012. Dedicated flights of the French 

research aircraft ATR42 were carried out in the frame of the EUFAR-WaLiTemp Project. The ATR42 payload included in 495 

situ sensors for turbulence measurements, as well as aerosol/cloud microphysics probes. Among these, an optical particle 

counter (GRIMM Aerosol Technik GmbH, model: Sky-OPC 1.129) capable of measuring particle number concentration in 

the size interval 0.25 - 2.5 μm. A specific flight pattern was considered for the purpose of this study, with the aircraft making 

spirals up and down around a central location approximately 20 km eastward of the lidar site. Vertical profiles of the particle 

backscattering coefficient at 355, 532 and 1064 nm have been simulated through the use of a Mie scattering code, using the 500 

data provided by the optical particle counter. The simulated particle backscatter profiles have been compared with the 

profiles measured by the lidar Raman system BASIL. Results from two selected case studies (on 13 September and on 02 

October 2012) were reported and discussed. Two slightly differentAn analysis approaches, both based on the application of a 

Mie scattering code, isare considered and applied. These approaches ultimately allows inferring the sounded aerosol types 

and its primary microphysical properties. The added value of the reported methodology is represented by the possibility to 505 

infer the presence of different aerosol types based on the use of multi-wavelength Raman lidar measurement from a ground-

based system in combination with an independent measurement of the particle concentration profile (in our case we are using 

the one coming from an optical particle counter mounted onboard an aircraft overpassing the lidar site). This methodology is 

applicable when sounded particles are spherical or almost spherical, which allows for the Mie scattering theory to be applied 

for the determination of the particle backscattering coefficient. 510 

The HYSPLIT-NOAA back-trajectory model was used to verify the origin of the sounded aerosol particles. Five different 

aerosol typologies are considered, i.e. Continental polluted, Clean continental-rural, Urban, Maritime-polluted and Clean-

polar, with their size and microphysical properties taken from literature. The approach leads to an assessment of the 

predominant aerosol component based on the application of a minimization approach applied to the deviations between 

measured and the simulated particle backscattering profiles at 355 and 532 nm and for first test case study also at 1064 nm, 515 

considering all five aerosol typologies. In the    approach applied to the first case study an hypothesis on aerosol composition 

is formulated in the light of the involved air masses and their back-trajectories. Simulations of the particle backscattering 

coefficient profile are carried based on an assumed aerosol composition. In this approach, literature values of the modal 
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radius, standard deviation and refractive index for the different aerosol components of the assumed aerosol typologies are 

used as input parameters for the simulations. In order to quantify the agreement between measured and simulated particle 520 

backscattering  profiles at the three wavelengths, the root mean squared (RMS) deviation and BIAS are calculated for each 

profile pair. At 355 nm the BIAS of the measured vs. the simulated profile is in the range -1.36.45 % up to 3900 m, while 

RMS deviation is in the range 1.2-7.5 %. Above this altitude both the BIAS and the RMS deviation exceed 25 %.  At 532 nm 

the BIAS is in the range ±10 % up to 3000 m and the RMS deviation is not exceeding 15 %. At 1064 nm BIAS and RMS 

deviation are rather large, with values within ± 30 % up to 2500 m. The small BIAS and RMS deviation values, especially at 525 

355 and 532 nm, demonstrate the applicability of the considered approach to infer sounded aerosol typologies. 

In the second approach, which is been applied to second case study, no a-priori hypothesis concerning aerosol composition is 

formulated and five different aerosol typologies (Continental polluted, Clean continental-rural, Urban, Maritime-polluted 

and Clean-polar) are considered, with their size and microphysical properties taken from literature. The approach leads to an 

assessment of predominant aerosol component based on the application of a minimization approach applied to the deviations 530 

between measured and the simulated particle backscattering profiles at 355 and 532 nm, considering all five aerosol 

typologies. The application of this approach to the case study on 13 September 2012 suggests the presence of Urban and 

Maritime aerosols throughout the entire vertical extent of sounded column, except in the altitude region 2600-2900 m and 

4300-4500 m ranges, where the presence of a Rural component is likely to be possible. The application of this the approach 

to the case study on 02 October 2012 suggests reveals that Continental/Urban aerosols are likely to be the predominant 535 

components up to 1600 m, while the two distinct aerosol layers located in the altitude regions 2700-3600 m (with max. at 

3000 m) and 3600-4600 m (with max. at 4000 m) are identified through the typology analysis to likely consists of 

Continental/Urban and/or Marine polluted aerosols, respectively. The correctness of the results has been verified based on 

the application of the HYSPLIT-NOAA back-trajectory model, with the analysis extend backing in time for 5 days and 

allowing to assess the origin of the sounded aerosol particles.  The two aerosol layers are also compatible with an internal 540 

mixture of continental polluted aerosol particles with marine salt (i.e. marine aerosols mixed with polluted continental 

aerosols), this possibility having been verified through back-trajectory analysis. 

Finally, a sensitivity study has been carried out to assess the sensitivity of the aerosol typing approach to varying size and 

microphysical parameters. The study reveals that the reported approach is successfully applicable in the altitude region up to  

~ 4 km, while above this altitude the sensitively of the approach is sensitively reduced by the high statistical uncertainty 545 

affecting lidar signals. The sensitivity study also reveals that the within the boundary layer deviations between measured and 

simulated particle backscattering coefficient at 355, 532 and 1064 nm may vary up to 20 % as a result of a ± 5 % variability 

of specific size and microphysical parameters. Such results reveal that application of the reported approach, based on the use 

of particle backscattering measurements at two wavelengths in combination with OPC measurements, allow to get a 

sufficiently reliable assessment of aerosol typing. 550 
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Figure 1: ATR42 flight pattern in the frame of the “WaLiTemp” project (red line). The light blue dot represents the position of 705 
Montpellier Airport, where the ATR-42 was taking-off and landing, while the red dot represent the position of the Raman lidar 
BASIL. The red curve represents the footprint of the aircraft pattern, including the positions of the spirals (hippodromes) up and 
down and the ground track from the airport to the spiraling position. The distance between the lidar site and the flight pattern is 
approx. 20 km.ATR42 flight pattern in the frame of the “WaLiTemp” project (red line). The light blue dot represents the position 
of Montpellier Airport, where the ATR-42 was taking-off and landing, while the red dot represent the position of the Raman lidar 710 
BASIL. The red curve represents the footprint of the aircraft pattern. The distance between the lidar site and the flight pattern is 
approx. 20 km. 
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Figure 42: Size distribution computed from the OPC data (bold black line), together with the total theoretical distribution (thin 
black line) and theoretical distributions for the three different modes: fine mode (soot and pollution, red line), accumulation mode 715 
(water-soluble aerosols, violet line) and coarse mode (sea salt, light blue line). 
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Figure 23: Time evolution of the particle backscattering coefficient at 532 nm over the time interval 19.30-21.30 UTC on 13 
September 2012. 

 720 
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Figure 34: Air masses back-trajectories at 428 600 m (red), 2828 4000 m (blue) and 5826 6000 m (green) ending over the lidar site 
at 20 UTC on 13 September 2012. 

 

Figure 4: Size distribution computed from the OPC data (bold black line), together with the total theoretical distribution (thin 
black line) and theoretical distributions for the three different modes: fine mode (soot and pollution, red line), accumulation mode 725 
(water-soluble aerosols, violet line) and coarse mode (sea salt, light blue line).  

 ¯ 

(m) 

σ mr 

(355 nm) 

mi 

(355 nm) 

mr 

(532 nm) 

mi 

(532 nm) 

Soot 0.012 2.00 1.75 4.65x10-1 1.75 4.44x10-1 

Water soluble 0.024 2.24 1.53 5.00x10-3 1.53 6.00x10-3 

Dust-like 0.471 2.51 1.53 8.00x10-3 1.53 8.00x10-3 

Sea-salt (fine) 0.300 2.51 1.39 1.20x10-7 1.38 3.70x10-9 

Sulphate 0.069 2.03 1.45 1.00x10-8 1.43 1.00x10-8 

Sea-salt (acc.) 0.400 2.03 1.39 1.20x10-7 1.38 3.7x10-9 

Mineral 0.270 2.67 1.53 1.70x10-2 1.53 5.50x10-3 

Table 1: Modal radius, standard deviation and refractive index (real and imaginary part) for the different considered aerosol 
components (from d’Almeida et al., 1991). 
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Wavelengths/Component Soot 

(fine mode) 

 water-soluble 
(accumulation mode) 

 sea salt (coarse 
mode) 

 

 nr ni nr ni nr ni 

350nm 1.750 0.465 1.530 5.00E-3 1.390 1.20E-7

550nm 1.750 0.440 1.530 6.00E-3 1.381 3.70E-9

1000nm 1.760 0.440 1.520 1.55E-2 1.370 2.43E-5

Table 1: Values of nr and ni at 350, 550 and 1000 nm for the three different aerosol components. 

 730 

Figure 5: Vertical profiles of the measured (black line) and simulated (red line) particle backscattering coefficient at 355 nm over 
the time interval 19.55-20.35 UTC on 13 September 2012. The error bar in lidar measurements accounts for the statistical 
uncertainty. 
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Figure 6: Same as Fig. 5 but for the particle backscattering coefficient at 532 nm. 735 

 

Figure 7: Same as Fig. 5 but for the particle backscattering coefficient at 1064 nm 
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Figure 8: Deviation, expressed in percentage, between measured and simulated particle backscattering coefficient profiles at 355 740 
nm. Simulated profiles are: Arctic Summer (black dashed line), Continental/Urban (red dashed line), Marine (polluted) (blue 
dashed line) and Continental (rural) (green dashed line).Vertical profiles of the BIAS (left panel) and RMS deviation (right panel), 
expressed in percentage, of the measured vs. the simulated particle backscattering coefficient at 355 nm.  Black and red lines 
represent two different variability ranges (± 10 % and ± 60 %, respectively, for the BIAS, and 0-10 % and 0-100 %, respectively, 
for the RMS deviation). 745 
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Figure 9: Same as figure 8, but obtained considering particle backscattering coefficient profiles at 532 nm.Vertical profiles of 
BIAS (left panel) and RMS deviation (right panel), expressed in percentage, of the measured vs. the simulated particle 
backscattering coefficient at 532 nm. Black and red lines represent two different variability ranges (± 10 % and ± 100 %, 750 
respectively, for the BIAS, and 0-10 % and 0-100 %, respectively, for the RMS deviation. 
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Figure 10: Same as figure 8, but obtained considering particle backscattering coefficient profiles at 1064 nm up to 2500 m.Vertical 
profiles of BIAS (left panel) and RMS deviation (right panel), expressed in percentage, of the measured vs. the simulated particle 755 
backscattering coefficient at 1064 nm.  Black and red lines represent two different variability ranges (± 10 % and ± 100 %, 
respectively, for the BIAS, and 0-50 % and 0-100 %, respectively, for the RMS deviation 
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 760 

Figure 11: Total deviation, in percentage, between measured and simulated particle backscattering coefficient profiles at 355,  532 
nm and 1064 nm (until 2500m) for the different aerosol components. Simulated profiles are: Arctic Summer (black dashed line), 
Continental/Urban (red dashed line), Marine (polluted) (blue dashed line) and Continental (rural) (green dashed line). 

 

 765 



33 
 

 

Figure 12: Total deviation, in percentage, between measured and simulated particle backscattering coefficient profiles for the 
different aerosol components (Arctic Summer: black dashed line, Continental/Urban: red dashed line, Marine polluted: blue 
dashed line; Continental rural: green dashed line) and measured particle backscattering profiles at both 355 (blue line) and 532 
nm (red line). The horizontal blue and red axes refer to the particle backscattering coefficient at 355 and 532 nm, respectively, 770 
while the horizontal black axis refers to the total deviations. Horizontal orange lines are also drawn at specific altitudes to identify 
different aerosol types in support of the interpretation of the reported results.  
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Figure 1113: Back-trajectories at 600 m (red), 4000 m (blue) and 6000 m (green) ending on the lidar site at 20 UTC on 02 October 775 
2012. 

 

Figure 142: Vertical profiles of measured (black line) and simulated particle backscattering coefficient at 355 nm over the time 
interval 19.43-20.27 UTC on 02 October 2012. Simulated particle backscatter profiles include five distinct components: 
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Continental/Urban (red dashed line), Continental (rural) (green dashed-dotted line), Arctic Summer (black dashed line) and 780 
Marine (polluted) (blue dashed-dotted line). The error bar in lidar measurements accounts for the statistical uncertainty. 

 

Figure 153: Same as figure 142, but with particle backscattering coefficient profiles at 532 nm. 
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Figure 164: Deviation, expressed in percentage, between measured and simulated particle backscattering coefficient profiles at 355 
nm. Simulated profiles are: Arctic Summer (black dashed line), Continental/Urban (red dashed line), Marine (polluted) (blue 
dashed-dotted line) and Continental (rural) (green dashed-dotted line). 

 

Figure 175: Same as figure 164, but obtained considering particle backscattering coefficient profiles at 532 nm. 790 
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Figure 186: Total deviation, in percentage, between measured and simulated particle backscattering coefficient profiles at 355 and 
532 nm for the different aerosol components. Simulated profiles are: Arctic Summer (black dashed line), Continental/Urban (red 
dashed line), Marine (polluted) (blue dashed-dotted line) and Continental (rural) (green dashed-dotted line). 795 
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Figure 197: Total deviation, in percentage, between measured and simulated particle backscattering coefficient profiles for the 800 
different aerosol components (Arctic Summer: black dashed line, Continental/Urban: red dashed line, Marine polluted: blue 
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dashed-dotted line; Continental rural: green dashed-dotted line) and measured particle backscattering profiles at both 355 (blue 
line) and 532 nm (red line). The horizontal blue and red axes refer to the particle backscattering coefficient at 355 and 532 nm, 
respectively, while the horizontal black axis refers to the total deviations. Horizontal black orange lines are also drawn at specific 
altitudes to identify different aerosol types in support of the interpretation of the reported results.  805 
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