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Abstract 1 

A new methodology based on combining active and passive remote sensing and 2 

simultaneous and collocated radiosounding data to study the aerosol hygroscopic growth 3 

effects on the particle optical and microphysical properties is presented. The identification 4 

of hygroscopic growth situations combines the analysis of multispectral aerosol particle 5 

backscatter coefficient and particle linear depolarization ratio with thermodynamic 6 

profiling of the atmospheric column. We analysed the hygroscopic growth effects on 7 

aerosol properties, namely the aerosol particle backscatter coefficient and the volume 8 

concentration profiles, using data gathered at Granada EARLINET station. Two study 9 

cases, corresponding to different aerosol loads and different aerosol types, are used for 10 

illustrating the potential of this methodology. Values of the aerosol particle backscatter 11 

coefficient enhancement factors range from 2.1 ± 0.8 to 3.9 ± 1.5, in the ranges of relative 12 

humidity 60-90% and 40-83%, being similar to those previously reported in the literature. 13 

Differences in the enhancement factor are directly linked to the composition of the 14 

atmospheric aerosol. The largest value of the aerosol particle backscatter coefficient 15 

enhancement factor corresponds to the presence of sulphate and marine particles that are 16 

more affected by hygroscopic growth. On the contrary, the lowest value of the 17 

enhancement factor corresponds to an aerosol mixture containing sulphates and slight 18 

traces of mineral dust. The Hänel parameterization is applied to these case studies, 19 

obtaining results within the range of values reported in previous studies, with values of the 20 

γ exponent of 0.56 ± 0.01 (for anthropogenic particles slightly influenced by mineral dust) 21 

and 1.07 ± 0.01 (for the situation dominated by anthropogenic particles), showing the 22 

convenience of this remote sensing approach for the study of hygroscopic effects of the 23 

atmospheric aerosol under ambient unperturbed conditions. For the first time, the retrieval 24 

of the volume concentration profiles for these cases using the Lidar Radiometer Inversion 25 

Code (LIRIC) allows us to analyse the aerosol hygroscopic growth effects on aerosol 26 

volume concentration, observing a stronger increase of the fine mode volume concentration 27 

with increasing relative humidity.  28 

1. INTRODUCTION 29 



The influence of atmospheric aerosols in the Earth’s climate is still affected by a high 30 

uncertainty. Scientific knowledge on the interaction between atmospheric aerosol and solar 31 

radiation is quite low compared to other atmospheric constituents mainly due to 32 

atmospheric aerosol high spatio-temporal variability [IPCC, 2013]. As it is well known, 33 

atmospheric aerosol can affect the Earth-Atmosphere energy budget by means of direct 34 

effects (by scattering or absorbing solar radiation) and indirect effects (mainly by changes 35 

in cloud properties). Therefore, changes in aerosol properties can highly influence the 36 

Earth’s climate. Aerosol particles size may increase due to water uptake (hygroscopic 37 

growth) altering their size distribution and their associated optical and microphysical 38 

properties under high relative humidity conditions. Therefore, hygroscopic growth affects 39 

the direct scattering of radiation [Hänel, 1976; Hegg et al., 1996; Titos et al., 2014; Zieger 40 

et al., 2014] and especially the indirect effects, as the affinity of atmospheric aerosols for 41 

water vapor is highly related to their ability to act as cloud condensation nuclei (CCN) 42 

[Charlson et al., 1992; Feingold and Morley, 2003; Padró et al., 2010].  43 

In the past years there has been an increasing interest in the hygroscopic growth 44 

effects on the aerosol optical and microphysical properties and many studies have already 45 

been performed [e. g. Veselovskii et al., 2009; Zieger et al., 2013; Titos et al., 2014a, 46 

2014c]. Much of the recent research was performed by means of humidified nephelometers 47 

[Covert et al., 1972; Fierz-Schmidhauser et al., 2010a, and references therein] or 48 

humidified tandem differential mobility analysers [Massling et al., 2007; Wu et al., 2013, 49 

and references therein]. Nonetheless, these instruments present two main problems. Firstly, 50 

due to experimental set-up limitations it is difficult to provide accurate results above RH of 51 

85% [Wulfmeyer and Feingold, 2000]. Secondly, they modify the ambient conditions by 52 

drying the air sample and then humidifying it again up to a certain value of RH, altering 53 

thus the aerosol properties and being also subject to aerosol losses in the sampling lines.   54 

Opposite to in-situ measurements, lidar systems present as main advantage that they 55 

can provide vertically resolved measurements without modifying the aerosol sample or its 56 

surroundings. They also detect RH close to saturation, which is of great importance since 57 

the range between 85 and 100% RH is where the particles are more affected by hygroscopic 58 

growth [Feingold and Morley, 2003]. Therefore, they are adequate to provide useful 59 

information about aerosol hygroscopic properties if favourable atmospheric conditions 60 



occur. However, they present the major drawback that the sample and conditions are not 61 

controlled in anyway and the number of cases with adequate conditions is usually low 62 

compared to in-situ measurements. In the past years, some studies have already been 63 

performed by using lidar systems to detect aerosol hygroscopic growth with promising 64 

results [Ferrare et al., 1998; Wulfmeyer and Feingold, 2000; Feingold and Morley, 2003; 65 

Veselovskii et al., 2009; DiGirolamo et al., 2013]. However, many of these studies present 66 

the major drawback that experimental RH profiles were not available and assumptions were 67 

made to obtain RH data [Wulfmeyer and Feingold, 2000; Feingold and Morley, 2003; 68 

Feingold et al., 2006; Pahlow et al., 2006]. In some other cases, RH profiles were taken 69 

from quite distant radiosounding measurements [Veselovskii et al., 2009]. The availability 70 

of collocated radiosounding data allows the reduction of assumptions needed. In this study, 71 

a methodology to study aerosol hygroscopic growth based on lidar data and collocated 72 

radiosounding RH profiles is presented and applied at Granada EARLINET (European 73 

Aerosol Research Lidar Network) experimental site in order to study aerosol hygroscopic 74 

growth under unperturbed ambient conditions.  75 

2. EXPERIMENTAL SITE AND INSTRUMENTATION 76 

This study was performed at the Andalusian Institute for Earth System Research, 77 

IISTA-CEAMA, located in Granada (37.16º
 
N, 3.61º

 
W, 680 m a.s.l.). The station is 78 

described in more detail in [Lyamani et al., 2010; Titos et al., 2012; Valenzuela et al., 79 

2012]. Granada is affected by continental climate conditions. Temperature presents large 80 

seasonal variations, with cool winters and hot summers, and a strong diurnal thermal 81 

oscillation (up to 20 ºC), which lead to strong RH variations along the day. Seasonal 82 

variations in RH are also quite important with mean monthly values ranging between 41% 83 

in summer and 76% in winter (source: State Meterological Agency, www.aemet.es). An 84 

analysis of RH profiles based on measurements of water vapour mixing ratio from Raman 85 

lidar and temperature from microwave radiometry for one-year period, performed for 86 

500m-layers at different altitudes revealed that over Granada the 60% of the data present 87 

RH values in the range between 20 and 60%, whereas only 25% of these layers present 88 

values larger than 60% [Navas-Guzmán et al., 2014].  89 

Due to its proximity to the African continent, the experimental site is usually affected 90 

by mineral dust events [Valenzuela et al., 2012], reaching altitudes of up to 5500 m a.s.l. 91 



[Guerrero-Rascado et al., 2008; 2009; Navas-Guzmán et al., 2013]. In addition, Europe acts 92 

as an important source of anthropogenic pollution [Lyamani et al., 2006a,b]. The 93 

experimental site is also affected by local and regional sources. In a recent source 94 

apportionment study of fine and coarse particulate matter at surface level, Titos et al. 95 

[2014b] pointed out that the major aerosol sources at Granada are road traffic (dominated 96 

by diesel engines) and mineral dust as well as fuel-based domestic heating during winter 97 

time. The levels of mineral matter increase considerably from winter to summer due to the 98 

dryness conditions, which favour re-suspension processes and the higher frequency of 99 

Saharan outbreaks. Traffic related sources increase its contribution during winter compared 100 

with summer [Titos et al., 2014b] as a consequence of higher emissions and lower mixing 101 

layer heights [Granados-Muñoz et al., 2012].  102 

The experimental station is equipped with a multiwavelength Raman lidar system 103 

model LR331D400 (Raymetrics S.A.). Such instrument, called MULHACEN, is described 104 

in detail in Guerrero-Rascado et al., [2008, 2009]. The lidar system emits at 355, 532 and 105 

1064 nm. The detection system records the elastic signals at these three wavelengths and 106 

Raman signals in three additional channels: 387 and 607 nm, corresponding to the nitrogen 107 

Raman channel, and 408 nm, corresponding to water vapour Raman channel. In addition, 108 

the perpendicular and parallel components of the visible channel are detected, allowing us 109 

to study the depolarization properties of the atmospheric aerosol [Bravo-Aranda et al., 2013 110 

and references therein]. Uncertainties associated to the elastic lidar signals are around 15%, 111 

considering the statistical uncertainties retrieved with Monte Carlo techniques according to 112 

Pappalardo et al., [2004] and Guerrero-Rascado et al., [2008]. The Raman lidar is part of 113 

EARLINET [Pappalardo et al., 2014]. It has been part of the EARLINET-ASOS (European 114 

Aerosol Research Lidar Network - Advanced Sustainable Observation System) project and 115 

currently is included in the ACTRIS (Aerosols, Clouds, and Trace gases Research 116 

InfraStructure Network) European project. 117 

In addition, the radiometric station is equipped with a sun photometer CIMEL CE-318-4. 118 

The sun photometer provides column-integrated atmospheric aerosol properties. The 119 

automatic tracking sun and sky scanning radiometer makes sun direct measurements with a 120 

1.2° full field of view every 15 min at 340, 380, 440, 500, 675, 870, 940 and 1020 nm 121 

(nominal wavelengths). These solar extinction measurements are used to compute aerosol 122 



optical depth (τλ) at each wavelength except for the 940 nm channel, which is used to 123 

retrieve total column water vapour (or precipitable water). The estimated uncertainty in 124 

computed τλ, due primarily to calibration uncertainty, is around 0.010–0.021 for field 125 

instruments (which is spectrally dependent, with the higher errors in the UV) [Eck et al., 126 

1999]. The sun photometer located in Granada is included in the AERONET network 127 

[Holben et al., 1998]. Uncertainty of AERONET inversion products is described in detail in 128 

Dubovik et al. [2000]. The study showed that the uncertainty in the retrieved single 129 

scattering albedo, ω(λ),  is ±0.03 for high aerosol load (τ440nm > 0.4) and solar zenith angle 130 

θ> 50°. In cases with low aerosol load (τ440nm < 0.2), the retrieval accuracy of ω(λ),  drops 131 

down to 0.02-0.07 [Dubovik et al., 2000]. For τ440nm > 0.4 and  θ > 50° the imaginary part 132 

of the refractive index is about 20-50%. The aerosol size distribution retrieval depends on 133 

aerosol particle sizes, types and actual values of the size distribution. For particles in the 134 

size range 0.1 < r < 7 μm, the uncertainty is around 10-35%, whereas for sizes lower than 1 135 

μm and higher than 7 μm the uncertainty increases up to 80-100%. The AERONET Version 136 

2 Level 1.5 data are used in this study for the characterization of the aerosol properties and 137 

for the retrieval of the aerosol microphysical properties profiles in combination with 138 

backscattered elastic lidar signals by means of the Lidar Radiometer Inversion Code 139 

(LIRIC) [Chaikovsky et al., 2012; Wagner et al., 2013; Granados-Muñoz et al., 2014]. 140 

For the analysis of the aerosol hygroscopic properties at the station, specific 141 

radiosounding launch campaigns are performed in order to obtain the RH humidity profiles 142 

since 2011. Radiosoundings (DFM-09 from GRAW Radiosondes) are launched 143 

simultaneously and collocated to the lidar measurements. They provide temperature 144 

(resolution 0.01ºC, accuracy 0.2ºC), pressure (resolution 0.1 hPa, accuracy 0.5 hPa), 145 

humidity (resolution 1%, accuracy 2%) and wind speed (resolution 0.1 m/s, accuracy 0.2 146 

m/s) profiles. Data acquisition and processing are performed by Grawmet5 software and a 147 

GS-E ground station from the same manufacturer. GRAW Radiosondes showed good 148 

performance at previous intercomparison studies, especially for the RH in the lower 149 

troposphere (deviations below 2%) [Sun et al., 2013]. 150 

In addition, analysis of backwards trajectories is performed in this study by means of 151 

the HYSPLIT model (HYbrid Single-Particle Lagrangian Integrated Trayectory) [Draxler 152 

and Rolph, 2003]. 5-day backwards trajectories of air masses arriving at the experimental 153 



site at different height levels depending on the region of interest are computed using the 154 

model including vertical wind information. The trajectories analysis allows the 155 

interpretation of the source regions of air masses reaching the experimental site. Under low 156 

wind conditions, trajectories can have relative error ~ 40% [Stunder, 1996]. The Global 157 

Data Assimilation System (GDAS) database is used as input meteorological database for 158 

the computations.  159 

3. METHODOLOGY 160 

3.1.Retrieval of aerosol optical and microphysical properties and relative humidity 161 

profiles 162 

From the inversion of the lidar data, the aerosol particle backscatter coefficient profiles 163 

(β
P

λ) are obtained by applying the Klett-Fernald inversion algorithm [Fernald, 1984; 164 

Fernald et al., 1972; Klett, 1981, 1985]. This algorithm assumes a reference height free of 165 

aerosol particles and a height independent aerosol particle lidar ratio (extinction-to-166 

backscatter ratio) for each wavelength. More details can be found in [Bravo-Aranda et al., 167 

2013 and references therein] and [Guerrero-Rascado et al., 2009; 2011]. Aerosol particle 168 

lidar ratios assumed when applying the Klett-Fernald algorithm to the lidar data are 169 

obtained by minimizing the difference between the integral of the aerosol particle 170 

backscatter coefficient profile multiplied by the particle lidar ratio and the aerosol optical 171 

depth provided by AERONET for each wavelength [Guerrero-Rascado et al., 2008; 172 

Landulfo et al., 2003]. The aerosol particle backscatter related Angstöm exponent profiles 173 

between 355 and 532 nm (β-AE(355-532nm)), related to the aerosol particles size, are also 174 

obtained. In addition, the particle linear depolarization ratio profiles (δ
P

532nm) are also 175 

calculated as explained in [Bravo-Aranda et al., 2013] in order to analyse variations in the 176 

shape of the particles. The assumption of a height-independent lidar ratio in Klett retrieval 177 

might be a source of error in cases of non-homogenous aerosol layers, but even incorrect 178 

assumed backscatter-to-extinction ratios can yield rather accurate results [Kovalev, 1995]. 179 

In general, the errors in the profiles obtained with the Klett method are less than 20% for 180 

β
P

λ and less than 25% for δ
P

532nm [Franke et al., 2001; Alados-Arboledas et al., 2011; 181 

Preissler et al., 2011]. 182 

The volume concentration profiles are retrieved by means of Lidar Radiometer Inversion 183 

Code (LIRIC) [Chaikovsky et al., 2012]. This algorithm provides vertical profiles of 184 



microphysical properties from a combined set of sun photometer and lidar data. LIRIC 185 

inputs are column-integrated optical and microphysical properties retrieved from the sun 186 

photometer measurements using AERONET code [Dubovik et al., 2006] and measured 187 

lidar elastic backscatter signals at three different wavelengths (355, 532, and 1064nm). The 188 

depolarization information from lidar data can be optionally used. From AERONET code, 189 

input variables used by LIRIC are columnar integrated volume concentration values for 190 

each mode, refractive index, single scattering albedo, integrated backscatter coefficients, 191 

the first and second diagonal elements of the scattering matrices at 180º, the fraction of the 192 

spherical particles and the aerosol optical depth. In addition, based also on AERONET 193 

code, an aerosol model, defined by the columnar integrated volume concentrations of each 194 

mode (fine and coarse modes) and based on a mixture of randomly oriented spherical and 195 

spheroid particles, is assumed [Dubovik and King, 2000; Dubovik et al., 2006]. These data, 196 

together with the elastic lidar raw signals at 355, 532 and 1064 nm, are used to obtain the 197 

volume concentration profiles for fine and coarse particles, distinguishing between coarse 198 

spherical and coarse spheroid mode when 532-nm cross-polarized lidar channel is used. 199 

The mathematical procedure used to retrieve the volume concentration profiles is described 200 

in detail in Chaikovsky et al., [2008.]. It is worthy to point out here that the refractive 201 

index, percentage of sphericity and size distribution for each mode are assumed as height-202 

independent in LIRIC retrievals. In cases of different aerosol types in the atmospheric 203 

column or variation of these properties with height, this assumption may introduce some 204 

uncertainties. Therefore, it is necessary to consider the limitations of LIRIC under these 205 

specific situations when analysing LIRIC results. Ancillary information, such as the lidar 206 

retrieved optical properties profiles, has to be used in order to guarantee the reliability of 207 

the results. In cases of hygroscopic growth, it is clear that the refractive index is height-208 

dependent, since it varies with increasing/decreasing relative humidity due to the changes 209 

in the aerosol composition. However, we performed some tests with LIRIC by varying the 210 

refractive index provided by AERONET, which is the one used by LIRIC, and keeping all 211 

the other parameters in LIRIC code unvaried. The volume concentration profiles retrieved 212 

for the different values of refractive index were almost the same (with differences below 213 

7.5%). Therefore, it can be assumed that LIRIC’s sensitivity to variations of the refractive 214 

index is very low and the associated uncertainty is quite small. 215 



The RH profiles are directly measured by the radiosounding simultaneously and 216 

collocated to the lidar measurements, therefore no assumptions concerning the RH profile 217 

are needed as in previous studies [Ferrare et al., 1998; Wulfmeyer and Feingold, 2000; 218 

Feingold and Morley, 2003]. 219 

3.2.Procedure for selection of hygroscopic growth case studies  220 

For the retrieval of the aerosol hygroscopic properties from lidar data, very specific 221 

conditions need to be fulfilled. Aerosol water uptake is associated to the increase in aerosol 222 

optical properties such as the aerosol particle backscatter coefficient β
P

λ and aerosol particle 223 

microphysical properties such as the volume concentration. Therefore, for the study of 224 

these hygroscopic properties, we need to observe an increase in the aerosol particle 225 

backscatter at a certain aerosol layer. This increase has to occur simultaneously to an 226 

increase in RH in this aerosol layer in order to consider hygroscopic growth as the possible 227 

cause of the changes in the aerosol particles properties. Those cases fulfilling the previously 228 

described conditions are considered as potential cases of hygroscopic growth.  229 

β-AE and δ
P

532nm profiles are analysed as ancillary information. In general, a 230 

simultaneous decrease of these two properties is indicative of larger and more spherical 231 

particles, which is a good indicator of aerosol hygroscopic growth. This positive correlation 232 

between these two aerosol properties usually occur only in cases of aerosol hygroscopic 233 

growth or aging processes. Nonetheless, during our analysis it was observed that the 234 

decrease in the β-AE, even though existing, is quite smooth and variations are within the 235 

uncertainty limits. Therefore, a more detailed analysis with more case studies and based on 236 

Raman analysis will be needed to reinforce this conclusion.  237 

Once the potential cases of hygroscopic growth are detected, it is necessary to verify 238 

that in the analysed aerosol layer the atmospheric aerosol particles present a certain degree 239 

of homogeneity. In this way, we can corroborate that the variations in the aerosol particle 240 

properties such as β
P

λ and the volume concentration, are caused by the increase in the 241 

aerosol size due to water uptake and not to changes in the aerosol composition or load in 242 

the analysed layer. That means that the same aerosol type or mixture must be present along 243 

the analysed height range and almost no variations in the aerosol load must exist. For this 244 

purpose, ancillary information such as the backward trajectories of the air masses, the 245 



profiles of potential temperature, θ, or the water vapour mixing ratio profiles, r, are used to 246 

ensure that the aerosol layer under study is affected by hygroscopic growth. In this sense, if 247 

the origin and the trajectory of the air masses are independent of the altitude in the layer 248 

analysed, it is considered that the same aerosol type might have been advected and, 249 

therefore, a homogenous aerosol composition might be expected in the analysed layer. 250 

Otherwise, variations in the aerosol composition are expected and the case is not considered 251 

for analysis of hygroscopic growth. These air mass backward trajectories analyses are 252 

mainly used as a first approach selection criterion. In addition, good mixing is required as a 253 

boundary condition in order to guarantee the homogeneity of the atmospheric aerosol in the 254 

investigated layer. In general, constant profiles of θ and r are indicators of well mixed 255 

conditions within the atmosphere. In our analysis, θ and r are calculated in the analysed 256 

layer to check the mixing conditions. Both atmospheric variables are calculated from the 257 

radiosounding temperature and relative humidity profiles. Only those cases with almost 258 

constant values of θ and r in the analysed layer (variations lower than 2º and 2 g/kg 259 

respectively) will be consider for the analysis. Good mixed conditions cannot be guaranteed 260 

in any other case.  261 

The backward trajectories analysis and the height independency of r criteria for 262 

identifying hygroscopic growth were already used in the study by Veselovskii et al., [2009]. 263 

However, the height independency of θ is introduced for the first time in this study in order 264 

to provide more robust boundary conditions and guarantee the occurrence of hygroscopic 265 

growth within a well-mixed layer [Stull, 1988].  266 

If these requirements for the homogeneity on the atmospheric aerosol layer are 267 

fulfilled, these cases are selected for a more detailed analysis of atmospheric aerosol 268 

hygroscopic properties. For the analysis of the hygroscopic growth, the enhancement factor 269 

is defined as:  270 

fζ(RH) =
ζ 

(RH)

ζ 
(RHref)

 
Eq. 1 

 

where ζ(RH) represents an aerosol property at a certain RH.  RHref is the so-called reference 271 

RH. This RHref is chosen as the lowest value of RH in the analysed layer. For this study, 272 

fζ(RH) is obtained for β
P

λ profiles (fβ(RH)) and the volume concentration profiles (fVC(RH)). 273 



The enhancement factor total uncertainty is very difficult to determine since it is 274 

highly dependent on the uncertainties of the aerosol properties and the RH, the uncertainty 275 

in the vertical and temporal coordinates, on the range of RH considered as well as the 276 

hygroscopic growth of the particle itself and therefore it is not well characterized yet. There 277 

is still a lack of studies about the characterization of the enhancement factor uncertainty 278 

that should be fulfilled in future studies. Adam et al., [2012] provided estimations based on 279 

a sensitivity test and Mie calculations. According to their study, this uncertainty varies 280 

between 4% (for RH < 40%) and 38% (at RH > 95%).  281 

For different cases, the ranges of RH and, as a consequence, RHref values are 282 

different. Therefore, in order to make the different results comparable it is necessary to use 283 

a common RHref value. For this purpose, the Hänel model [Hänel, 1976] is used to 284 

parameterize the experimental enhancement factor curves. The general form of the Hänel 285 

equation is expressed as:  286 

fζ(RH) = (
1 − RH

1 − RHref
)

−γ

 
Eq. 2 

  

where γ is an indicator of the hygroscopicity of the particles. Larger γ values are related to 287 

more hygroscopic aerosol types.  288 

Since atmospheric aerosol hygroscopic properties are highly dependent on the aerosol 289 

chemical composition information, NAAPS (Navy Aerosol Analysis and Prediction 290 

System) [Christensen, 1997] model is also considered in this study to support the data 291 

interpretation with respect to the aerosol type. 292 

Summarizing, for the detection of aerosol hygroscopic growth the following 293 

procedure is followed: 1) Detection of the aerosol particle backscatter coefficient increase 294 

with simultaneous increase in RH in a certain aerosol layer, 2) Confirmation that the 295 

atmospheric aerosol layer under study is homogenous. For this purpose, homogeneity 296 

boundary conditions are implemented: the origin and the trajectory of the air masses at the 297 

analysed layer has to be independent of the altitude and the profiles of r and θ has to be 298 

constant with height in this layer as an indicative of well mixed conditions. 299 

4. RESULTS AND DISCUSSION 300 



Data corresponding to several radiosounding launch campaigns performed at the 301 

experimental site during the period 2011 to 2013 were analysed following the methodology 302 

described in the previous section. During this period, lidar measurements were always 303 

running in coincidence with the radiosounding launches. These lidar measurements have 304 

been exhaustively analysed together with the RH profiles provided by the radiosoundings 305 

in order to detect cases of aerosol hygroscopic growth. Two case studies corresponding to 306 

22
nd

 July 2011 and 22
nd

 July 2013 are presented here to show the potential of the technique 307 

described in section 3.2. In these case studies, atmospheric conditions are highly supportive 308 

for aerosol hygroscopic growth at certain height ranges. A detailed analysis of these cases 309 

is presented in the following paragraphs.  310 

Case I corresponds to the 22
nd

 July 2011. On this day, a radiosounding was launched 311 

at 20:30 UTC in coincidence with night-time lidar measurements. According to NAAPS 312 

model, 22
nd

 July 2011 at 18:00 UTC is characterized by the presence of mineral dust above 313 

Granada (Figure S1a from Supplementary material). However, this is not in agreement with 314 

the experimental data at the time of the measurements. Mineral dust was observed just as a 315 

remaining small layer at high altitude from a previous dust event above the station, but it 316 

was not the predominant aerosol type. No presence of mineral dust was detected in the 317 

aerosol layer studied for hygroscopic growth, as we will show later on. A second case of 318 

hygroscopic growth is detected on 22
nd

 July 2013 (Case II) during the summer 319 

radiosounding campaign. For this specific day, the radiosounding was launched at 20:00 320 

UTC in coincidence with simultaneous lidar measurements. On this day, NAAPS model 321 

indicates the presence of sulphates and smoke above the experimental site (Figure S1b).  322 

[Figure S1] 323 

Sun photometer experimental data are also used for this analysis, since they provide 324 

information about the aerosol properties. In addition, sun photometer data are required for 325 

the retrieval of the volume concentration profiles with LIRIC. For Case I, sun photometer 326 

data suggest the presence of a Saharan dust plume that dissipates at late afternoon (Figure 327 

1a), when our measurements took place. The aerosol optical depth at 440 nm (τ440nm) 328 

decreases during the afternoon, changing from 0.30 in the morning to values of 0.20 at 329 

18:30 UTC. The Angström exponent between 440 and 870 nm (AE(440-870nm)) increases 330 

from 0.5 to 1.1, indicating an enhancement in the contribution of fine particles from 15:00 331 



UTC. The aerosol size distributions retrieved during the day also indicate a decrease in the 332 

coarse mode and an increase of the fine mode from midday onwards. At 18:30 UTC (Figure 333 

1b) the aerosol size distributions indicate a balanced presence of both fine and coarse 334 

particles. This is confirmed by the fine mode fraction, determined through the SDA 335 

(spectral deconvolution algorithm, not shown) [O'Neill et al., 2003] that increases from 336 

0.35 in the early morning up to 0.55 in the late evening. In the retrievals of single scattering 337 

albedo, ω(λ), corresponding to the morning hours it is observed a strong influence of 338 

mineral dust (high ω(λ) values and increasing ω(λ) with wavelength) (Figure 1c). However, 339 

in the late afternoon, ω(λ) values around 0.93, and its neutral spectral dependence suggest 340 

the presence in the atmospheric column of aerosol from anthropogenic origin with 341 

influence of residual mineral dust [Lyamani et al., 2006; Valenzuela et al., 2012], which 342 

will be confirmed later with the lidar data and the backward trajectories analysis (Figure 343 

1c).  344 

For the second case, τ440nm values indicate high aerosol loads reaching values above 345 

0.40 at 17:19 UTC (Figure 1d). The AE(440-870nm) exhibits values larger than 1.2 during 346 

the whole day reaching 1.4 at 18:30 UTC, thus indicating a predominance of fine particles. 347 

The AERONET inversion retrievals during the whole day show bimodal size distributions 348 

with predominance of fine particles mode (Figure 1e). Both, the ω(440 nm) values close to 349 

0.9, and their spectral dependence, with a decreasing trend with wavelength, evidence the 350 

presence of anthropogenic pollution and/or smoke over Granada [Lyamani et al., 2006] 351 

(Figure 1f), in agreement with NAAPS forecast model. 352 

[Figure 1] 353 

 354 

On both case studies, lidar measurements were running from 20:00 to 22:00 UTC. On 355 

22 July 2011, lidar range corrected signal (RCS) time series (Figure 2a) indicate the 356 

presence of atmospheric aerosol up to 3000 m a.s.l. Moreover, a strong increase of the RCS 357 

is observed inside the height range around 2400 m a.s.l. between 20:30 and 21:00 UTC. On 358 

the other hand, the time series of the lidar RCS on 22 July 2013 (Figure 2b) indicate that 359 

the atmospheric aerosol reach altitudes up to 3500 m a.s.l. with the strongest backscattered 360 

lidar signal around 3000 m a.s.l. For this second case, some clouds were observed from 361 



21:30 UTC. The occurrence of these clouds might be related to the ability of hygroscopic 362 

aerosol to act as CCN.  363 

[Figure 2] 364 

The analysis of lidar data by means of the Klett-Fernald inversion algorithm for both 365 

cases is shown in Figure 3. Mean profiles of β
P

532nm, β-AE(355-532nm) and δ
P

532nm 366 

corresponding to the period from 20:30 to 21:00 UTC for Case I and to 20:00- 20:30 UTC 367 

for Case II are presented in this figure. On both cases, we observe a marked increase with 368 

altitude in β
P

532nm in the range between 1330 and 2330 m a.s.l. for Case I and 1300 and 369 

2700 m a.s.l. for Case II (Figure 3a). Simultaneous to this increase in β
P

532nm, the RH also 370 

increase with altitude in both layers (Figure 3b). Water vapour mixing ratio, r, profiles 371 

retrieved from the radiosounding data are shown in figure 3c. Opposite to β
P

532nm, β-372 

AE(355-532nm) decreases with altitude in the both layers (Figure 3d, Table 1). The 373 

decrease in β-AE(355-532nm) with altitude indicates an increase in aerosol particles size at 374 

higher altitudes, even though it is necessary to be aware that the decrease is very smooth 375 

and the variations are within the uncertainty limits in both cases. The δ
P

532nm also decreases 376 

with altitude for both cases in the corresponding aerosol layers (Figure 3e). The decrease in 377 

δ
P

532nm is stronger than the one observed in β-AE(355-532nm) and it indicates that there is 378 

an increase in particle sphericity, which is a typical behaviour of hygroscopic growth. The 379 

observed positive correlation between β-AE(355-532nm) and δ
P

532nm might be a very good 380 

indicator of aerosol hygroscopic growth and, up to our knowledge, it has never been 381 

presented in previous studies. However, due to the uncertainty in β-AE(355-532nm), it has 382 

to be carefully read in this particular study and a more comprehensive study with more case 383 

studies will be necessary, as previously stated. On Case I, δ
P

532nm profiles retrieved from 384 

lidar data in the analysed aerosol layer are rather low (δ
P

532nm ~ 0.07), indicating 385 

predominance of spherical particles in the analysed layer. However, at higher altitudes 386 

δ
P

532nm reach values of 0.15 and β-AE(355-532nm)~0.6 with RH values lower than 40%, 387 

indicating that the influence of mineral dust observed in the column with the sun 388 

photometer data is more important in this upper layer than in our region of interest.  389 

[Table 1] 390 

[Figure 3] 391 

[Figure 4] 392 



 393 

In order to corroborate that the variations with height in the aerosol properties are due 394 

to water uptake and not to inhomogeneities in the aerosol layer, the boundary conditions 395 

established in section 3.2 are checked (Figure 4). The 5-day backward trajectories analysis 396 

performed with HYSPLIT model reveals that the origin and trajectories of the air masses 397 

are almost identical for the different altitudes within the aerosol layer considered in each 398 

case. Therefore, the same aerosol type might have been advected over Granada in the 399 

investigated aerosol layers. For Case I, air masses come from the Northwest of Europe, 400 

going through the Northern Iberian Peninsula, finally arriving over Granada after 401 

overpassing the Iberian Peninsula Mediterranean Coast (Figure 4a). These air masses might 402 

have transported anthropogenic aerosol from Europe to the experimental site, especially 403 

considering that they were travelling at very low altitudes, located within the planetary 404 

boundary layer according to HYSPLIT retrieved boundary layer heights. The backward 405 

trajectories analysis also revealed that the air masses were travelling very close to the sea 406 

surface above the Mediterranean Sea and marine aerosols might be probably present in the 407 

aerosol mixture (Figure 4a). For Case II, the air masses come from the Mediterranean 408 

region at the three altitude levels considered (Figure 4b) and they were travelling within the 409 

marine boundary layer before reaching Granada station, so they are likely loaded with 410 

marine aerosol from the Western Mediterranean Sea together with sulphates and smoke 411 

from Europe as indicated by the NAAPS model. The trajectories are very similar to those 412 

on Case I, but as for this case they travelled more slowly above the Mediterranean Sea they 413 

are likely loaded with more marine aerosol than in the previous case. 414 

 Vertical profiles of θ and r measured with radiosounding data are also checked in 415 

order to corroborate good mixing conditions within the analysed aerosol layers. Both θ and 416 

r profiles present almost constant values in the analysed layers in both case studies (Figure 417 

4c) and thus it can be inferred that the analysed layers are well mixed in both cases. Once 418 

these conditions are fulfilled, vertical homogeneity in the analysed layers can be assumed. 419 

Therefore, hygroscopic growth is foreseen for these cases since there is a high likelihood 420 

that changes in the aerosol properties are due to water uptake.  421 

Therefore, according to all the previous results, these cases are considered 422 

representative of hygroscopic growth since there is an enhancement in β
P

532nm in 423 



coincidence with an increase in RH in the selected aerosol layers. In addition, the positive 424 

correlation between the β-AE(355-532nm) and the δ
P

532nm values suggests hygroscopic 425 

growth, since aerosol particles become larger and more spherical due to water uptake. 426 

Backward trajectories analysis with HYSPLIT and the height independency of θ and r in 427 

the analysed height range corroborates that the enhancement of β532nm
aer  is due to water 428 

uptake because of the homogeneity of the aerosol layer. 429 

Following the methodology described in Section 3.2, from the combination of the 430 

β
P

532nm and RH profiles in Figure 3, the aerosol particle backscatter coefficient 431 

enhancement factor  fβ(RH) is obtained as indicated in Eq.1.  432 

In Case I, RHref=60%, which is the lowest value measured in the investigated layer.  433 

The dependence of fβ(RH) with the RH is shown in the resultant humidogram in Figure 5a. 434 

From this figure, it is evident that β
P

532nm increases 2.5 times (fβ(90%) = 2.5) in the range of 435 

humidity between 60 and 90% . The humidogram in Case II shows that fβ(83%) = 3.5, in 436 

the range of RH between 40 and 83%. For Case II, RHref  is established at 40%, since it is 437 

the lowest RH value reached in the analysed layer for this case.   438 

[Figure 5] 439 

 440 

In a similar study performed by Veselovskii et al. [2009] in the East Coast of the 441 

United States, they got a value of the aerosol particle extinction coefficient enhancement 442 

factor, fα(85%) = 2.3 in the presence of the typical continental haze using RHref = 60%. It is 443 

necessary to take into account that Veselovskii et al. [2009] used the aerosol particle 444 

extinction coefficient profile ant thus results are comparable only in a contextual way, since 445 

it would be necessary to know the influence of the aerosol hygroscopic growth on the 446 

aerosol particle lidar ratio to perform a quantitative comparison.  For Case I, the value 447 

obtained here for fβ(85%) is much lower than the one provided by Veselovskii et al. [2009] 448 

(fβ(85%) = 1.5). However, for Case II fβ(85%) = 2.6 using RHref = 60%, which is very 449 

similar to the one obtained by Veselovskii et al. [2009].  450 

A qualitative comparison with in-situ studies can be done in order to contextualize 451 

our results. However, when making this comparison it is necessary to take into account the 452 

differences between both techniques. In addition, in-situ analyses are usually performed 453 



under controlled conditions, whereas lidar data are measured under real and unperturbed 454 

conditions.  In addition, in-situ studies are frequently based on the retrieval of the aerosol 455 

particle light-scattering coefficient enhancement factor 𝑓𝜎(𝑅𝐻) and not on the 𝑓𝛽(𝑅𝐻) used 456 

here. They usually provide values for  fσ (85%) using RHref values of 40% or lower (dry 457 

conditions). In order to compare our results to these in-situ studies using a RHref of 40%, 458 

the Hänel parameterization is applied to our data in Case I (Figure 5a). For Case II, the 459 

Hänel parameterization is necessary to obtain fβ(85%), since RH values above 83% are not 460 

reached. Values of fβ(80%), fβ(85%) using RHref=40% and γ obtained are summarized for 461 

both cases in Table 2.  462 

[Table 2] 463 

As it can be inferred from Table 2 and Figure 5, the atmospheric aerosol presents a 464 

stronger hygroscopic growth for Case II. According to the experimental AERONET and 465 

lidar data and the ancillary information of the model, this may be to the larger contribution 466 

of sulphates (in the fine mode) and marine aerosol (in the coarse mode) during Case II than 467 

during Case I in the analysed layers. In addition, a minor influence of the residual mineral 468 

dust particles (which presents very low hygroscopicity) from the morning hours in Case I 469 

may have led to low hygroscopic growth of the aerosol mixture (especially for the coarse 470 

mode).  fβ(80%) values obtained (1.60 ± 0.03  for Case I and 3.00 ± 0.02 for Case II) are in 471 

agreement with those presented in Titos et al., [2014a], that range between 1.4 and 3.4, 472 

being larger in those cases with marine influence. fβ(85%) (2.10± 0.06 for Case I and 3.90 ± 473 

0.03 for Case II) values are similar to those obtained in previous in-situ studies within 474 

measurement differences limitations, ranging between 1.2 and 3.4 [Kim et al., 2006; Fierz-475 

Schmidhauser et al., 2010a,b;  Adam et al., 2012; Zieger et al., 2013]. The γ values 476 

obtained from the Hänel parameterization in these case studies are in the range of values 477 

obtained in previous studies for the scattering coefficient using tandem of nephelometers 478 

(between 0.1 and 1.35) [Raut and Chazette, 2007; Gasso et al., 2000; Randriamiarisoa et 479 

al., 2006; Titos et al., 2014a,b]. 480 

The availability of the AERONET inversion retrieval data at late afternoon during 481 

both cases as shown in Figure 1 allows us to retrieve volume concentration profiles by 482 

means of LIRIC algorithm, assuming no drastic temporal change in aerosol properties 483 



between the last AERONET retrieval and lidar measurements [Chaikovsky et al., 2008, 484 

2012; Wagner et al., 2013; Granados-Muñoz et al., 2014]. Figure 6a represents these 485 

volume concentration profiles obtained by the combination of lidar data from 20:30 to 486 

21:00 UTC and the closest sun photometer retrieval (at 18:30 UTC) on Case I. Figure 6b 487 

shows the volume concentration profiles for Case II retrieved from AERONET data at 488 

18:10 UTC and lidar data from 20:00 to 20:30 UTC. As it can be observed, there is a 489 

combination of coarse and fine particles along the whole profile for both cases. In both 490 

cases, the fine mode volume concentration increases with altitude in both analysed layers. 491 

The total volume concentration for Case I increases with height reaching a maximum 492 

around 2500 m a.s.l. Figure 6c shows the volume concentration enhancement factor 493 

(fVC(RH)) for the fine mode and the total volume concentration against RH for Case I. In 494 

this case, a threshold value of the volume concentration has been established at 10 μm
3
/cm

3
 495 

since fVC(RH) is a ratio and lower values may induce a significant overestimation of 496 

fVC(RH). Because of this, RHref for the fine mode is around 73%. The fine mode volume 497 

concentration presents a strong increase with RH, being  fVC(80%)=1.57. The total volume 498 

concentration smoothly increases with RH, mainly due to the increase in the fine mode 499 

(fVC(80%) = 1.16 with RHref=60%). For case II, Figure 7d shows fVC(RH) versus RH for the 500 

fine mode and the total volume concentration. It is observed an increase of fVC(RH)  with 501 

RH for the fine mode, slightly smoother than in the previous case, with fVC(80%) = 1.28. 502 

Using RHref=60% in order to make a comparison with Case I, fVC(80%) for Case II  is 1.57 503 

which is larger than in Case I.  According to these results, the fine mode is the one 504 

dominating the hygroscopic growth in the analysed layers in both cases. Nonetheless, in 505 

Case II there is a larger increase of the total volume concentration with RH than in Case I, 506 

indicating that the coarse mode is more hygroscopic for Case II. This can be attributed to 507 

the higher influence of the marine aerosol advected from the Mediterranean Sea in the 508 

analysed layer in Case II and the minor influence of the residual mineral dust in the 509 

analysed layer in Case I, evidencing the influence of the chemical composition on the 510 

hygroscopic growth. Larger values of f(RH) are usually obtained for fine mode particles [Di 511 

Girolamo et al., 2012; Titos et al., 2014]. In our study, it seems that the fine mode is clearly 512 

more dominated by more hygroscopic particles whereas the coarse mode is dominated by 513 

substances with very low hygroscopic growth, especially for Case I (possible influence of 514 



mineral dust in the aerosol mixture). Di Girolamo et al. [2012] observed similar behaviour 515 

analysing aged dust particles partially mixed with maritime, urban and organic aerosols. 516 

However, according to Zieger et al., [2013], the relative contribution of the fine and the 517 

coarse modes and the specific chemical composition for each mode are very important for 518 

determining f(RH).  519 

[Figure 6] 520 

4. CONCLUSIONS 521 

A new methodology to detect aerosol particle hygroscopic growth is implemented at 522 

Granada EARLINET experimental site. Aerosol hygroscopic properties are analysed using 523 

a multispectral lidar system in combination with radiosounding data obtained during 524 

specific campaigns within the period 2011-2013. In the proposed method, an increase of the 525 

aerosol particle backscatter coefficient with relative humidity is used to detect aerosol 526 

hygroscopic growth. In addition, results point out that there is an associated decrease in the 527 

Angström exponent and in the particle depolarization ratio. The hypothesis about the 528 

positive correlation between the Angström exponent and the particle linear depolarization 529 

ratio is presented here for the first time as an indicator of the aerosol hygroscopic growth. 530 

However, the decrease in the Angström exponent is not significant in the case studies 531 

presented here since the variation is within the uncertainty limits. A further analysis with 532 

additional and more reliable data (e. g. Raman measurements) is needed in order to 533 

corroborate this hypothesis.  534 

The height independency of the air masses arriving at the station and of the water 535 

vapour mixing ratio and the potential temperature profiles are also used as constraints in the 536 

method presented here in order to provide more strictness to the identification of the 537 

hygroscopic growth cases. The method proved to be reliable for the identification and 538 

analysis of hygroscopic growth situations based on the analysis of the aerosol particle 539 

properties profiles. The methodology is also applied to the analysis of the hygroscopic 540 

growth effects on the volume concentration profiles retrieved by means of LIRIC 541 

algorithm, which have never been done before.  542 

Two cases of hygroscopic growth within the available dataset (one on 22
nd

 July 2011 543 

and another on 22
nd

 July 2013) are presented in this study to illustrate the potential of the 544 



exposed methodology. Different conditions were observed in these two cases allowing us to 545 

analyse the hygroscopic behaviour of different aerosol types. In order to compare the two 546 

analysed cases, the Hänel parameterization was used and data were recalculated using a 547 

common RHref value of 40%. From this comparison, it was observed that the atmospheric 548 

aerosol presented a stronger hygroscopic growth during the case study corresponding to 549 

22
nd

 July 2013, as indicated by fβ(80%), fβ(85%) and γ values. This can be explained by the 550 

different atmospheric conditions in the two cases. The case corresponding to the 22
nd

 July 551 

2011 was affected by a mixture of atmospheric aerosols dominated by anthropogenic 552 

pollution and slightly affected by mineral dust and marine aerosol, whereas the case 553 

detected on 22
nd

 July 2013 was influenced mainly by sulphates with a stronger influence of 554 

marine aerosol than Case I, as indicated by AERONET data and the NAAPS model. The 555 

values obtained for the backscatter enhancement factor 𝑓𝛽(85%), considering the 556 

associated uncertainties, are within the range obtained with in-situ studies for the case on 557 

22
nd

 July 2011, and slightly larger on 22
nd

 July 2013. Uncertainties presented here are 558 

related only to the aerosol backscatter coefficient. Since the experimental determination of 559 

the enhancement factor by both remote sensing and in-situ instrumentation is not 560 

straightforward and presents similar problems regarding its determination, further studies 561 

should point in this direction and would be a significant contribution to this research field.  562 

The analysis of the volume concentration profiles reveals an increase of the total 563 

volume concentration with relative humidity, dominated in our particular cases by an 564 

increase in the fine mode fraction. The increase in the total volume concentration is larger 565 

in Case II corresponding to the 22
nd

 July 2013, due to the larger influence of the marine 566 

aerosol for this case and to the slight influence of mineral dust (non hygroscopic particles) 567 

on Case I.  568 
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 Case I Case II 

 1330 m a.s.l. 2330 m a.s.l 1300 m a.s.l. 2700 m a.s.l. 

β532nm
aer (Mm

-1
·sr

-1
) 2.17 4.20 1.11 3.84 

RH (%) 60 90 40 85 

β-AE(355-532nm) 1.3 0.8 2.0 1.0 

δ
P

532nm 0.10 0.05 0.07 0.03 

Table 1. Values of the different aerosol properties at the lowest and highest altitudes of the analysed layers for 797 

Case I and Case II.  798 

 799 

 800 

 801 

 802 
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 812 

 813 

 814 

 815 

 816 

  Case I  Case II 

fβ(80%)  1.6 ± 0.6 3.0 ± 1.0 

γ  0.56 ± 0.22 1.1 ± 0.4 

fβ(85%)  2.1 ± 0.8 3.9 ± 1.5 

Table 2. Values of fβ(80%), fβ(85%) and γ for the two cases of hygroscopic growth corresponding to the 817 
22nd July of 2011 and 2013, respectively. The uncertainties in fβ(RH)  are obtained by error propagation 818 
applied to Eq. 1. Only the uncertainty introduced by the aerosol particle backscatter coefficient is 819 
considered. 820 
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Figure 1. a) AERONET τ440 and AE(440-870) daily time series for Case I. b) AERONET retrieved volume 845 
size distributions for Case I. c) ω(λ) for Case I. d) AERONET τ440 and AE(440-870) daily time series for 846 
Case II. e) AERONET retrieved volume size distributions for Case II. f) ω(λ) for Case II. 847 
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 849 

 850 

Figure 2. a) Lidar RCS time series at 532 nm (arbitrary units) on 22nd July 2011 from 20:00 to 22:00 851 
UTC. Features shown here are aerosol related. b) Lidar RCS time series at 532 nm (arbitrary units) on 852 
22th July 2013 from 20:00 to 22:00 UTC. For this case, some clouds were present between 21:35-24:45, 853 
leading to a strong attenuation of the RCS. On both cases data were cloud-screened before proceeding 854 
to the investigation of hygroscopic growth effects.  855 

 856 

 857 

 858 

 859 

 860 

 861 

a) 

b) 



1000

1500

2000

2500

3000

3500

4000

0 1 2 3 4 5 6 0 20 40 60 80 100 0.0 0.5 1.0 1.5 2.0 2.5 3.06 9 12 15 18

 r(g/kg)
0.0 0.1 0.2

 Case I

 Case II

A
lt
it
u
d
e
(m

 a
.s

.l
.)

e)c)a)


par

532nm
 (Mm

-1
·sr

-1
)

b)

 RH(%)  AE(355-532nm)

d)


P

532nm

 862 

 863 

Figure 3. a) βP
532nm retrieved with Klett-Fernald algorithm (LR=65 sr for Case I and LR=70 for Case II) 864 

from 20:30 to 21:00 UTC on Case I and 20:00 to 20:30 UTC on Case II b) RH profiles from the 865 
radiosounding launched at 20:30 UTC on Case I and at 20:00 UTC on Case II. c) r profiles from the 866 
radiosounding launched at 20:30 UTC on Case I and at 20:00 UTC on Case II. d) β-AE(355-532nm) 867 
retrieved with Klett-Fernald algorithm for the same periods. e) δP

532nm retrieved from lidar data for the 868 
same periods. Horizontal lines represent the height limits of the aerosol layers selected for the analysis 869 
in Case I (red line) and Case II (blue lines). 870 
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Figure 4. a) 5-day backtrajectories of the air masses ending on 22nd July 2011 at 20:00 at Granada at 3 886 
altitude heights within 1330-2330 m a.s.l. height range. b) 5-day backtrajectories of the air masses 887 
ending on 22nd July 2013 at 20:00 at at Granada at 3 altitude heights within 1300-2700 m a.s.l. height 888 
range. c) Vertical profiles of θ(in °C)  and r (in g/kg) from radiosounding data  on 22nd July 2011 at 889 
20:30 UTC (Case I) and 22nd July 2013 at 20:00 UTC (Case II). 890 
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Figure 5. a) fβ(RH) retrieved on  22nd  July 2011 (Case I) from  20:30 to 21:00 UTC for the height range 895 
between 1330 and 2330 m a.s.l. (yellow dots for RHref=60% and green dots for RHref=40%). b) fβ(RH) 896 
retrieved on 22nd July 2013 (Case II) from 20:00 to 20:30 UTC for the layer corresponding to heights 897 
between 1300 and 2700 m a.s.l. using RHref=40%. 898 
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Figure 6. a) LIRIC retrieved volume concentration (fine mode, coarse mode and total concentration) 903 
profiles on 22nd July 2011 from 20:30 to 21:00 UTC. The shaded area indicates the height range where 904 
hygroscopic growth was investigated. b) LIRIC retrieved volume concentration profiles on 22nd July 905 
2013 from 20:00 to 20:30 UTC. The shaded area indicates the investigated height range. c) fVC(RH) 906 
versus RH for the fine mode and the total volume concentrations for 22nd July 2011 and the layer 907 
corresponding to heights between 1330 and 2330 m a.s.l. d) fVC(RH) versus RH for the fine mode and 908 
the total volume concentrations for 22nd July 2013 and the layer corresponding to heights between 909 
1300 and 2700 m a.s.l. 910 
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