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Abstract: This work evaluates the Lidar-Radiometer Inversion Code (LIRIC) using sun-sky
photometers located at different altitudes in the same atmospheric column. Measurements were
acquired during an intensive observational period in summer 2012 at Aerosols, Clouds, and Trace gases
Research InfraStructure Network (ACTRIS)/Aerosol Robotic Network (AERONET) Granada (GRA;
37.16◦N, 3.61◦W, 680 m above sea level (a.s.l.)) and Cerro Poyos (CP; 37.11◦N, 3.49◦W, 1820 m a.s.l.)
sites. Both stations operated AERONET sun-photometry, with an additional lidar system operating
at Granada station. The extended database of simultaneous lidar and sun-photometry measurements
from this study allowed the statistical analysis of vertically resolved microphysical properties retrieved
with LIRIC, with 70% of the analyzed cases corresponding to mineral dust. Consequently, volume
concentration values were 46 µm3/cm3 on average, with a value of ~30 µm3/cm3 corresponding to
the coarse spheroid mode and concentrations below 10 µm3/cm3 for the fine and coarse spherical
modes. According to the microphysical properties’ profiles, aerosol particles reached altitudes
up to 6000 m a.s.l., as observed in previous studies over the same region. Results obtained from
comparing the LIRIC retrievals from GRA and from CP revealed good agreement between both stations
with differences within the expected uncertainties associated with LIRIC (15%). However, larger
discrepancies were found for 10% of the cases, mostly due to the incomplete overlap of the lidar signal
and/or to the influence of different aerosol layers advected from the local origin located between
both stations, which is particularly important in cases of low aerosol loads. Nevertheless, the results
presented here demonstrate the robustness and self-consistency of LIRIC and consequently its
applicability to large databases such as those derived from ACTRIS-European Aerosol Research Lidar
Network (EARLINET) observations.
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1. Introduction

Atmospheric aerosol particles affect the Earth’s atmosphere system directly by scattering and
absorbing solar radiation and indirectly by acting as cloud condensation and ice nuclei, modifying
cloud properties. Atmospheric aerosol particles present large spatio-temporal variability, which makes
their accurate monitoring and characterization a challenging task. In spite of the large efforts during
the last decades, aerosol radiative effects continue to be largely uncertain as indicated in the 5th
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) [1]. Reducing aerosol
uncertainties still requires more in-depth knowledge about their vertical distribution, with particular
emphasis on their microphysical properties, i.e., their concentration, size and shape.

Improvement in aerosol characterization has been partly possible thanks to the development
of operational networks with adequate global coverage and high temporal resolution data using
sun-photometry measurements. Among the most successful networks is the Aerosol Robotic
Network (AERONET, [2]), followed by others such as SKYradiometer network (SKYNET) [3].
However, these networks only provide column-integrated aerosol optical and microphysical properties.
Aerosol lidar networks such as GALION (Global Atmospheric Watch Aerosol Lidar Observation
Network) and its participant networks, i.e., EARLINET (European Aerosol Research Lidar Network,
www.earlinet.org) [4], MPLNET (Micro Pulse Lidar Network) [5], LALINET (Latin American Lidar
Network [6,7]) or ADNET (Asian Dust Network) [8], provide vertically resolved aerosol properties,
overcoming this drawback. This potential of the lidar technique serves to advance estimations of
aerosol radiative properties [9,10]. However, only aerosol backscatter and extinction coefficients are
typically provided, because of the complexity of the technique. Further developments are essential
because of the need to take into account aerosol microphysics in estimations of radiative properties.
Inferring aerosol microphysical properties from lidar measurements alone requires complex inversion
algorithms (e.g., [11–13]) and is only possible if the particle backscatter coefficient is measured at
three wavelengths (typically 355, 532 and 1064 nm), particle extinction coefficient at two wavelengths
(typically, 355 and 532), and strict constraints are applied to the inversion (e.g., [14]).

Advances in the knowledge of aerosol vertically resolved microphysics have been proposed
through the synergy of different remote sensing instrumentations. Since information from
sun-photometry measurements when combining sun and sky radiances is enough to provide accurate
retrievals of aerosol microphysical properties (e.g., [15]), their synergy with lidar is ideal for advancing
the understanding of aerosol microphysics’ vertical distribution. Several algorithms have been
proposed in the framework of the European Project ACTRIS (Aerosols, Clouds, and Trace gases
Research InfraStructure Network) that join EARLINET and AERONET networks. Among the most
robust and feasible algorithms are LIRIC (Lidar-Radiometer Inversion Code [16,17]) and GARRLiC
(Generalized Aerosol Retrieval from Radiometer and Lidar Combined [18–20]). Backscattered lidar
signals, plus the information from AERONET inversion of aerosol microphysical properties, are
the inputs in LIRIC, and it is advantageous because of its ease of use for the scientific community.
Nevertheless, the additional retrieved parameters are only the vertically resolved concentrations
of fine and coarse modes. On the other hand, GARRLiC is mathematically more robust after its
implementation in the Generalized Retrieval of Atmosphere and Surface Properties inversion code
(GRASP, [21]), but it requires previous adaptation of the signal and is more complex to use.

This works evaluates LIRIC code using a combination of lidar measurements and two AERONET
sun photometers at different altitudes. Such an observational setup, established in Southeastern Spain
during the summer of 2012, was quite unique and takes advantage of the complex orography of the
area. This experimental setup allowed us to retrieve aerosol microphysical properties’ profiles with
LIRIC from two different altitudes with independent sun-sky photometer measurements. The first
AERONET instrument and lidar measurements were in the city of Granada (GRA,37.16◦N, 3.61◦W,
680 m a.s.l), while the second instrument was at Cerro Poyos (CP; 37.11◦N, 3.49◦W, 1820 m a.s.l.), at a
horizontal distance from Granada of 12 km and 1140 m higher.

www.earlinet.org
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2. Materials and Methods

2.1. Experimental Site and Instrumentation

Measurements performed in the Andalusian Global ObseRvatory of the Atmosphere (AGORA) in
Granada were used in this study. AGORA is formed of three sites located at different altitudes in the
metropolitan area of Granada. Details about the experimental setup can be found in [17,22].

The main station (GRA) is located in the Andalusian Institute for Earth System Research
(IISTA-CEAMA) in Granada city. Granada is a medium-sized city in Southeastern Spain with
almost 500,000 inhabitants, including the metropolitan area. The city, located in a natural basin,
is surrounded by mountains that can reach up to 3000 m a.s.l. at the Eastern part. It is also located
200 km from the African continent and around 50 km away from the Mediterranean Sea. The station is
mostly affected by aerosol particles from the Sahara Desert, a major source of mineral dust [23–27];
Europe, for anthropogenic pollution; local sources, such as traffic and re-suspension material from the
ground [28,29]; and biomass burning [30–32]. In winter, the use of domestic heating is an additional
source of aerosols from anthropogenic origin [33,34].

A second AGORA station is located in CP, a remote mountain site in Sierra Nevada, 12 km away
(horizontally) from Granada and 1140 m higher. Due to the short horizontal distance between GRA and
CP, we can assume that the measurements are performed in the same atmospheric column. Since 2010,
the CP station operates only during the summertime due to weather conditions. More details can be
found in [17] and [35].

Data for the present study were collected using the multiwavelength Raman lidar (LR331D400,
Raymetrics S.A.) system, included in EARLINET network since April 2005. This system is located in
the GRA site and is described in detail in [25,26]. Pulses are emitted at three wavelengths, namely 355,
532 and 1064 nm. The detecting system receives the backscattered radiation and splits it into the three
elastic channels (355, 532 and 1064 nm), two nitrogen Raman channels (387 and 607 nm) and a water
vapor Raman channel (408 nm). The system presents well-characterized depolarization capabilities at
532 nm (532-cross and 532-parallel detection channels) [36,37], thus providing aerosol profiles of the
extinction, backscatter and linear depolarization ratio.

Two sun-sky CIMEL CE-318-4 (Cimel Electronique) photometers operating in the AERONET
network were also used for this study: one was located in GRA and the other one was in CP.
The sun-sky photometers are used to obtain column-integrated atmospheric aerosol properties [15,38].
The automatic tracking sun and sky scanning radiometer makes direct sun measurements every 15 min
at 340, 380, 440, 500, 675, 870, 940 and 1020 nm (nominal wavelengths) with a 1.2◦ full-field of view.
Aerosol optical depth (τ) is computed from these solar extinction measurements at each wavelength,
except for the 940 nm channel, used to retrieve total column water vapor (or precipitable water) [39,40].
The τ estimated uncertainty is ±0.01 in the infrared–visible and ±0.02 in the ultraviolet channels [2,40].
In this study, AERONET products from both sun-sky photometers were Version 2 Level 1.5. We note
that differences between Level 1.5 and Level 2.0 data are critical for the aerosol refractive index and
single scattering albedo in the framework of inversions, but not for aerosol size distribution and
concentration [15]. Thus, to have a larger database we used Level 1.5, applying the same restrictions in
scattering angle as that for Level 2.0.

2.2. Methodology

LIRIC is based on the synergetic use of lidar and sun-sky photometer data in order to retrieve
volume concentration profiles of the fine and coarse modes. Lidar elastic signals at three different
wavelengths (355, 532 and 1064 nm) and sun-sky photometer-retrieved optical and microphysical
properties using AERONET code [15] were used as input. More specifically, the aerosol optical depth (τ),
the sphericity and the column-integrated volume concentration of the fine and coarse modes were used.
The lidar depolarization information can be additionally used in order to obtain volume concentrations
of the fine, coarse spherical and coarse spheroid modes. The uncertainty of LIRIC-retrieved volume
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concentration profiles due to the user-defined input parameters of the algorithm is below 20% [17].
More details about LIRIC can be found in [16,41,42].

Measurements were acquired during the summer of 2012. Routine measurements were
performed weekly from GRA following the EARLINET strategy. Supplementary lidar measurements
were performed coinciding with CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations) overpasses and under special conditions, such as biomass burning, pollution and
dust events. In order to establish a more extensive climatology, additional measurements were also
performed in the afternoon during weekdays.

A total of 112 profiles were retrieved simultaneously from GRA and CP stations using LIRIC.
The final number of profiles was limited by the number of AERONET inversion retrievals, which
are typically lower in CP. The CP station is partly covered by clouds more frequently than GRA,
and measurements are also limited by the surrounding mountains that obstruct the visualization
of certain scattering angles. The statistical analysis presented here included the months of July
(35 retrievals during 7 days) and August (77 retrievals during 10 days). The number of retrievals varied
each day depending on the number of AERONET inversions and the availability of lidar data. In the
case of GRA, lidar data were used from 8000 m a.s.l. down to the surface, assuming constant values of
the signal in the incomplete overlap region [43,44], which ranged between the surface and 800 m a.s.l.
In the case of CP, data from 8000 m a.s.l. down to 1820 m a.s.l. were used for the retrieval, which
avoided the lidar incomplete overlap region and improved the accuracy of the retrievals.

3. Results

3.1. Column-Integrated Properties and Aerosol Type Classification

Figure 1 shows the temporal evolution of the aerosol optical depth at 440 nm (τ440 nm), Angström
Exponent (AE(440–870 nm)) and sphericity daily means, both for GRA and CP, for the study period.
As expected, τ440 nm presented larger values above GRA, since a larger atmospheric column was
measured, and it was affected by the local aerosol sources from the city, whereas the CP site is a remote
site usually above the atmospheric boundary layer (ABL) of the city of Granada. However, in most
of the cases, values were very close, indicating that most of the aerosol load was located above the
CP altitude and typically associated with the presence of advected aerosol layers above 1820 m a.s.l.
Nonetheless, similar values of the Angstrom Exponent between 440 and 870 nm (AE (440–870 nm))
were obtained for both stations, suggesting a good mixture of the different aerosol types along the
atmospheric column.

For the classification of the aerosol at GRA according to their type, similar criteria to those
suggested by [45] were used. Namely, cases corresponding to dust were those with an AE (440–870 nm)
< 0.75 and sphericity below 30%. Mixed dust presented values of AE (440–870 nm) in the range 0.75–1
and sphericity between 30% and 60%. Finally, for the cases labelled as mixtures of different aerosol
types, the AE (440–870 nm) varied between 1 and 1.5 and the sphericity was larger than 60%.

A great majority of the cases (70%) corresponded to mineral dust, which agrees with the statistical
analysis of backward trajectories at Granada station [46]. The vertical distribution of dust was observed
at Granada station using lidar measurements in previous studies [19,26,47]. Mixed dust was observed
for 24% of the cases, and only 6% corresponded to a mixture of different aerosol types.
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Figure 1. Aerosol Robotic Network (AERONET) retrieved τ440 nm, AE (440–870 nm) and sphericity
corresponding to the analysed days during summer 2012.

3.2. Microphysical Properties Profiles

The volume concentration profiles (fine, spherical and spheroid modes) obtained by the LIRIC
algorithm using GRA and CP data are presented in Figure 2. Figure 2 shows a box-and-whiskers
diagram with the main statistical parameters for the 112 retrievals obtained from each AERONET
station considering 500-m layers. As observed, there was a clear predominance of the coarse spheroid
mode. This result agrees well with the aerosol type classification, since 70% of the cases corresponded
to mineral dust and the sphericity was below 30% according to our classification. The fine and
coarse spherical modes presented very low concentrations, with both median and mean values below
10 µm3/cm3. Maximum values up to 20 µm3/cm3 for the fine mode and 60 µm3/cm3 for the coarse
spherical mode were observed. These maximum values were found only in the lowermost layers in
the retrieval from GRA, below the altitude of CP. Considering the retrieval from CP, maximum values
for the fine and the spherical mode were 15 and 40 µm3/cm3, respectively. The slightly larger values of
the fine and especially the coarse spherical mode observed below 2000 m a.s.l. at GRA station may
be related to the contribution from local sources located at the surface, such as traffic emissions or
local fires. Since the mixing layer remains usually below the altitude of CP station [48], these particles
hardly reached the second station, and their contribution was not detected by the sun-sky photometer
at a higher level. Nonetheless, it is worthy to also consider the effects of the incomplete overlap and
the larger uncertainties affecting LIRIC retrievals in this height range. The lidar signal was affected
by incomplete overlap up to 800 m above the GRA station [43,44], and LIRIC retrievals presented
larger uncertainties in this region, as demonstrated in [17]. In both stations, the predominant coarse
spheroid mode presented mean values ~30 µm3/cm3. Slightly larger values were obtained in the
lowermost height ranges. An important decrease was observed above 5500 m a.s.l., where the volume
concentration dropped towards zero. Maximum values were 120 and 130 µm3/cm3 in the retrievals
from GRA and CP, respectively. The large standard deviation (from 5 to 25 µm3/cm3 depending on the
height range), interquartile range (up to 48 µm3/cm3) and extreme values indicated a strong variability.
This resulted from the variability in the frequency of dust events as indicated by [49]. As discussed
in [49], aerosol particles reach quite high altitudes (up to 6000 m a.s.l.) during summer, mainly due
to two factors: the larger values of the atmospheric boundary layer height [50] and the frequent
long-range transport of aerosol particles in the free troposphere [e.g., 27,28,31,53]. Comparing the
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mean values of the retrievals from both stations, high agreement was found, with differences below
5 µm3/cm3. Volume concentrations equal to 0 µm3/cm3 were observed above 6000 m a.s.l from GRA,
whereas from CP some scattered data were observed above this altitude. The number of data available
over 6000 m a.s.l. was quite reduced (11 data points); therefore, the statistic is not significant and no
significant conclusions can be inferred from these few points. Actually, these points are outliers mostly
associated with situations with low aerosol load and noisy lidar signals, in which LIRIC retrieval is not
reliable at high altitudes.

Figure 2. Box-and-whisker plots of the volume concentration of every mode in layers of 500 m. The red
cross indicates the mean value, and the central line in the box is the median. The extremes of the box
correspond to the first and third quartile, and the bars indicate the standard deviation.

In order to compare the retrievals from GRA and CP, only the height range corresponding to
altitudes above 1820 m a.s.l. of the profiles retrieved from GRA were considered. Figure 3 shows
the distribution of the volume concentrations by height levels in percentages. The length of the
bars indicates the contribution of every layer to the total volume concentration for the whole period.
Inside each bar, the different colors indicate the apportionment to the total volume concentration in
the corresponding height range by the fine, coarse spherical and coarse spheroid modes. As we can
see, the largest aerosol loads were located between 2000 and 3000 m a.s.l., and a very low portion was
observed above 5000 m a.s.l. Actually, retrieval from CP tended to distribute above 5000 m some of the
aerosol load that retrieval from Granada located in the layers between 4000 and 5000 m a.s.l.

The apportionment of the fine mode to each layer was very similar at both stations. However, larger
differences were observed for the coarse spherical mode. For GRA, the contribution was almost
constant up to 3500 m a.s.l., and some values were observed up to 5000 m a.s.l. On the other hand,
for CP, a larger apportionment of the spherical mode was observed for the lower layers up to 2750 m,
and no contribution was observed above 4500 m a.s.l. The spheroid mode was clearly predominant in
every layer, always representing more than 60% of the total volume concentration.

Figure 4 shows the frequency distributions of the volume concentration values obtained, with
LIRIC retrievals from both stations. For the retrievals from GRA station, only points above 1820 a.s.l.
were considered (altitude of CP stations). According to the frequency distribution of the fine mode,
90% of the data corresponded to volume concentrations below 10 µm3/cm3. For the coarse spherical
mode, a small fraction of the data reached values up to 40 µm3/cm3, but 90% of the values were below
5 µm3/cm3. The coarse spheroid mode presented a much more homogeneous distribution, with 95%
of the data in the range 0–60 µm3/cm3. The total coarse mode and the total volume concentration
presented distributions similar to the one of the coarse spheroid mode, although the fraction of data
corresponding to the bin 0–5 µm3/cm3 was much lower. The frequency distributions were very similar
for every mode at both stations, as it could be expected from the comparison of the mean profiles.
Some small discrepancies were observed, i.e., the frequency of total volume concentration values below
25 µm3/cm3 was larger in the retrieval from GRA than from CP.
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Figure 3. Percentage of the total volume concentration distributed by layers of 250 m. The lengths of
the bars indicate the contribution of every 250-m layer to the total volume concentration. The total
volume concentration is calculated as the sum of the 112 profiles during the whole analysed period
and the sum of the values for the entire vertical profiles. Inside each bar, the different colors (blue, red,
green) indicate the apportionment to the total volume concentration in the corresponding height range
by fine, coarse spherical and coarse spheroid modes, respectively.

In order to better explain the slight differences observed in Figures 3 and 4 between the retrievals
from GRA and CP, the deviations between the profiles retrieved from both stations are presented in
Figure 5. These deviations were calculated by subtracting the vertically resolved volume concentration
profiles from GRA above 1820 m a.s.l. to those retrieved from CP for each mode. Besides the fine,
coarse spherical and coarse spheroid modes, calculations were also performed for the total coarse
mode (spherical plus spheroid) and the total volume concentration (sum of the three modes). For the
fine mode, the deviations were always below 5 µm3/cm3, since the volume concentrations for this
mode were very low. In the case of the spherical mode, 95% of the values presented an absolute
deviation lower than 5 µm3/cm3. However, deviations as large as −15 µm3/cm3 were also obtained.
The deviations for the spheroid mode exhibited a larger range of variation, with 90% of the data
distributed between −5 and 15 µm3/cm3. Nonetheless, 50% of the data presented deviations close to 0,
indicating very good agreement between both retrievals. For the total coarse mode, the histogram was
basically the same as the one obtained for the coarse spheroid mode, since it was the predominant
mode, as observed in Figure 2. The total volume concentration presented deviations lower than
5 µm3/cm3 (in absolute value) for 70% of the data and below 10 µm3/cm3 for 90% of the data, which is
indicative of the good agreement between both retrievals. Seventy percent of the data points exhibited
positive deviations, indicating that the total volume concentration retrieved from CP was larger than
that retrieved from GRA. This was observed also in the results presented in Figure 2 and may be
related to the effect of the incomplete overlap in the lowermost height region of the profiles retrieved
from GRA. Underestimation of the volume concentration above 1820 m a.s.l. could be associated to an
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overestimation in the lower height range of the retrievals from GRA, which are affected by a larger
uncertainty because of the incomplete overlap of the lidar signals in this region [17].

Figure 4. Frequency distribution of the volume concentration for every mode, the total coarse mode
and the total volume concentration for summer 2012. Each point of the 15-m vertically resolved profiles
was considered as independet to retrieve the frequency distributions. In the retrievals from Granada
station, only those data corresponding to heights above 1820 m a.s.l. were considered for comparison
with the retrievals from Cerro Poyos.

Figure 5. Histogram of the frequency distribution of the deviations for the whole dataset corresponding
to summer 2012. Deviations were obtained by subsctracting the profiles from Granada above
1820 m a.s.l., to the profiles retrieved from Cerro Poyos at every height level (15 m vertical resolution).

To further investigate the variation of the deviations with height, box-and-whiskers plots
corresponding to the absolute deviations in layers of 500 m are represented in Figure 6. For the fine
and spherical modes, the mean values of the deviation were always close to zero, and the standard
deviations were mainly in the range ±5 µm3/cm3, since the profiles corresponding to these modes
presented usually very low values. However, for the coarse spheroid mode, the deviations were
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larger, with mean values between −2 and 4 µm3/cm3 and standard deviations ranging from −17
to 16 µm3/cm3. The interquartile range also exhibited larger values than in the fine and spherical
modes, indicating larger variability of the spheroid mode during the analysed period. This larger
variability may be related to the differences in the sphericity parameter retrieved by AERONET at both
stations. This parameter is affected by large uncertainties, especially in those cases when the aerosol
load is not very high. The deviation values were mainly positive, indicating that for the spheroid
mode, the volume concentration values retrieved were usually larger in the retrieval from CP, as
observed also in Figure 4. The largest variability in the absolute deviations was observed between 4
and 6 km a.s.l., as already noticed in Figure 2, where larger standard deviations were observed in the
retrieval from GRA than in that from CP. The total coarse mode and the total volume concentration
profile plots were very similar to the plot of the coarse spheroid mode, since it was clearly predominant,
as inferred from the previous results. The limits of the boxes corresponding to the total volume
concentration always presented positive values, confirming that the volume concentration retrieved
from the CP station was slightly larger. This again may be an indicator that, in the retrieval from
GRA, the aerosol volume concentration in the layer between the surface and 1820 m a.s.l. (below CP)
is being slightly overestimated, as it was previously indicated. It is worth noting that this region is
affected by incomplete overlap of the lidar system and more affected by the uncertainties as discussed
in [17]. This overestimation of the volume concentration profiles retrieved from GRA in the lowermost
height level and the consequent underestimation above 1820 m a.s.l. was also confirmed by the
height-integrated volume concentration values. The volume concentration profiles retrieved from GRA
were integrated in the height range between 1820 m a.s.l. and the top of the profiles. When compared
to the integrated volume concentration profiles retrieved using CP AERONET data, 85% of the values
were lower in the case of GRA retrieval.

Figure 6. Box-and-whisker plots of the deviation profiles distributed in 500-m layers for fine, coarse
spherical, coarse spheroid, total coarse mode and the total volume concentration. Deviations are
obtained by subtracting the retrieved volume concentration profiles from Granada above 1820 m a.s.l.
to those retrieved from Cerro Poyos at every height level (15 m vertical resolution).
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Scatter plots of the vertically resolved profiles retrieved simultaneously above GRA and CP were
also obtained for the 112 retrievals (not shown). As previosly indicated, in the retrieval from GRA,
only those data above 1820 m a.s.l. were considered. Linerar fits were calculated, and 112 correlation
coefficients (R) corresponding to these linear fits between both retrievals were obtained. R values
greater than 0.6 were obtained for 80% of the 112 retrievals for all the modes. For the coarse spheroid
mode and the total volume concentration profiles, correlation values of 1 were obtained in 73% and
77% of the profiles, respectively. Negative values of R were also observed, although only for 12% of the
cases for the fine and the spherical modes. These cases were reviewed in detail, and it was observed
that this occurred mainly in those profiles where the volume concentration was below 7 µm3/cm3.
For these profiles, the variations with height were more related to noise than to real aerosol vertical
distribution. For the different analysed modes, most of the data presented values of the slope around
one, i.e., at least 65% of the profiles for all the modes, except for the spherical one with 50%.

It is also remarkable that as much as 40% of the data for this mode were grouped around zero.
After reviewing 40% of the cases in detail, it was observed that there were three possible scenarios.
Around 85% of them corresponded to situations where the volume concentration of the spherical mode
was very low (usually close to zero) in comparison to the total volume concentration. A small fraction
(~4 %) corresponded to situations where different aerosol types were observed above and below CP
(as in [17]). These situations were not very often during summer 2012, and it seems that even though
the methodology presents some weakness in these special cases that should be excluded, they did not
introduce much uncertainty in the statistical analysis. Finally, the third scenario corresponds to those
cases when the aerosol load was very low above CP (~10% of the cases). For these cases, retrieval of
the sphericity parameter was affected by high uncertainties (especially if it has extreme values), and
there were enormous differences between the sphericity assumed at GRA and that assumed at CP.
Consequently, for these cases the spheroid mode also presented slope values close to zero. However, for
the total coarse mode, the agreement and the slope were quite good. The sphericity parameter needs
to be carefully reviewed when making this kind of statistical comparison. The distinction between
spherical and spheroid particles within the coarse mode is not reliable in cases with extreme sphericity
values, precisely due to the large uncertainties in the sphericity parameter. Therefore, for further
statistical analysis, these cases should be either rejected or depolarization should not be considered,
retrieving only the total coarse mode.

4. Conclusions

The analysis presented in this work has been used to evaluate LIRIC algorithm retrievals with a
unique setup of AERONET sun-photometers at two different altitudes collocated approximately in the
same atmospheric column. Lidar measurements were collocated with the sun photometer operating at
the lowest altitude. This setup operated continuously during summer 2012 in the surroundings of the
city of Granada, Southeastern region of the Iberian Peninsula, and was frequently affected by Saharan
dust intrusions.

Sun-sky photometer measurements of the aerosol optical depth at 440 nm at both Granada (GRA)
and Cerro Poyos (CP) stations presented similar results, suggesting that most aerosol particles were
located above both stations and were explained by the strong presence of advected aerosol layers at
high altitudes. Classification of the aerosol types indicated that a large number of long-range transport
dust events (presence larger than 60%) affected the experimental site, which was reflected by the
predominance of the coarse spheroid mode in the retrievals by LIRIC. The volume concentration had a
mean value of 46 µm3/cm3, with the mean value of the coarse spheroid mode equal to 60 µm3/cm3.
Values up to 20, 60 and 130 µm3/cm3 were obtained for the fine, coarse spherical and coarse spheroid
modes, respectively, and, in general, a large variability was observed due to the variations in the
frequency of the dust events above the Southeastern Iberian Peninsula, as observed in previous studies
over the same region. Aerosol layers reached up to 6000 m a.s.l., which is also in agreement with
previous studies performed over the Southeast of Spain.
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Besides the statistical analysis, use of the sun-sky photometer measurements at the two stations
allowed us to compare LIRIC retrievals from two different height levels using independent sun-sky
photometer data. For 90% of the intercomparisons, differences between both profiles were minimum
and were, generally, within the uncertainties associated with LIRIC, especially for fine and coarse
spheroid modes. The spherical mode also agreed quite well, but larger discrepancies than for the other
two modes were observed in the height range close to CP station. Nevertheless, some differences were
expected because of the effects of the incomplete overlap in the retrieval from GRA and the very low
aerosol load above CP in some cases.

A more detailed analysis considering the variations in the different layers also revealed quite
a good agreement with height, except in the upper part of the profiles. In this uppermost part,
the retrievals from CP tended to distribute some of the aerosol load up to higher altitudes than the
retrievals from UGR in some cases.

Cases with significant differences observed when comparing the spherical and spheroid modes
between Granada and Cerro Poyos profiles were found. For these cases, we found three possible
explanations: (i) situations with very low volume concentration values; (ii) situations with different
aerosol types above and below CP station height (~2% of the total cases) and (iii) situations with very
low aerosol load above Cerro Poyos, which led to large uncertainties in the retrieval of the sphericity
parameter. For the three exposed situations, very different values of the sphericity parameter were
obtained from the two sun photometers. Thus, some assumptions need to be carefully reviewed,
that is, the height independency of the size distribution or the sphericity, and the performance of the
LIRIC algorithm under very low aerosol load conditions, associated with larger uncertainties of the
aerosol-retrieved properties. All these situations are inherent with limitations in the hypothesis used
in LIRIC, and the use of depolarization information is not recommended for these cases.

In spite of the general good agreement, larger values of the total volume concentration were
obtained above 1820 m a.s.l. in the retrieval from CP than in the retrieval from GRA. Underestimation
of the volume concentration values above 1820 m a.s.l. in the retrieval from GRA may be associated
with an overestimation of the profiles in the lowermost part. According to these results, the way the
incomplete overlap effects were considered in this region by LIRIC and the assumption of constant
volume concentration values below the incomplete overlap height should be reviewed in order to
improve the algorithm results. Therefore, considerations about the impact of incomplete overlap must
be taken into account when systematically applying LIRIC to the different EARLINET lidar systems.
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