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Abstract. The aim of the present work is to carry out months plus September and March, in coincidence with the
a detailed analysis of columnar microphysical propertiesoccurrence of desert dust intrusions and highest AOD values.
obtained from Cimel sun-photometer measurements in théuring desert dust outbreaks, the particle size distribution is
Southwest of Spain within the frame of the Aerosol Robotic practically monomodal with strong prevalence of the coarse
Network (AERONET) — Iberian Network for aerosol mea- mode which also shows a shift of the modal radius toward
surements (RIMA). AERONET level 2 inversion products lower values.
are analysed, in particular the particle size distribution to- The size particle predominance defines the characteristic
gether with their associated microphysical parameters foiof the site and it has been analysed under two different pa-
both fine and coarse modes: volume concentration, effecrameters: thdngstom exponent and the fine mode volume
tive radius and the fine mode volume fraction. This work fraction Vf/Vt. We investigated the relationship between
complements previous works based on aerosol optical deptthem and also their relationship with the effective radius of
(AOD) and theAngstom exponent (AE) for a global charac- the size distribution.
terization of atmospheric aerosol in this area of southwestern
Spain.

The analysed dataset spans between February 2000 and |ntroduction
October 2008. Time series and statistical analysis has
been carried out for these parameters in order to asses&ccording to the latest IPCC-Report (2007), the direct radia-
their typical values and seasonality together with their re-tive forcing by atmospheric aerosols is now better understood
lationships with the AOD and AE. Mean values of volume and assessed than in previous reports. The accurate knowl-
particle concentration are 0.£6.07 unfpm~2 for total,  edge of this issue is very important, since small changes in
0.019£0.015 pnd um=2 for fine and 0.04:0.06 pn? um-—2 the direct radiative forcing could produce the change from
for coarse mode; mean effective radii are @0019 um for  a cooling effect to a warming effect. Because of that, it is
total, 0.14:0.02um for fine and 1.960.41 um for coarse important to know the aerosol optical properties at global
mode. and regional scales. In order to improve the spatial and tem-

The most relevant features are the clear bimodality of theporal knowledge of aerosol properties, worldwide networks
volume particle size distribution, with a slight dominance of were developed, like the AERONET (AErosol RObotic NET-
the coarse mode in the overall climatology given the pre-work, Holben et al., 1998) operating since 1996, PFR-GAW
vailing atmospheric conditions at the site (coastal marine).(Precision Filter Radiometer — Global Atmosphere Watch),
There is a clear prevalence of the coarse mode in summeBKYNET (SKY radiometer NETwork) and others.

As part of global and regional networks, El Arenosillo sta-
tion (Huelva, Spain) was the first AERONET site operating
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effort of theAtmospheric Optic Groupf the Valladolid Uni-  neous albedo (the site is 1km away from the shore), the
versity (GOA-UVA), Instituto Nacional de &cnica Aeroes- free-horizon terrace of the building is surrounded by a uni-
pacial (INTA) and theLaboratoire d’Optique Atmosifique  form Mediterranean pine forest giving a constant and low
(LOA) of the University of Lille. This site has a large data-set surface albedo throughout the year. Favourable weather con-
thanks to the favourable sky conditions. Due to the variety ofditions, with about 75% of clear-sky days along the year
air masses crossing over the site, it results in a high variabilitymake this station an excellent site for radiation and remote-
of aerosol type and properties: marine, desert dust, continensensing aerosol studies.
tal and biomass burning (Toledano et al., 2009), but with the Depending on the season, typical synoptic situations
prevalence of maritime type. This site is representative of thefavour the arrival of different air masses (Escudero et al.,
regional area of southwestern Spain, as it has been shown iB005, Toledano et al., 2009). Especially during late win-
a series of publications (Toledano et al., 2007,a, b; Bennounger and summer the Saharan air masses are very frequent
et al., 2011), in which it was demonstrated that its geograph{Toledano et al., 2007b), changing considerably the aerosol
ical location is very relevant for aerosol studies, especiallycharacteristics of the site, i.e. higher aerosol optical depth
for monitoring of Saharan dust outbreaks, with minor local and Iower,&ngstrbm exponents. Toledano et al. (2009)
anthropogenic (pollution) influence. showed the presence of Atlantic air masses in 60—70% of
In previous works (Vergaz et al., 2005; Toledano et al.,the days, but the wide rangeéﬁgstrt')m exponent for these
2007a) the columnar aerosol properties at El Arenosillo areair masses could indicate mixture with local and continental
were characterized by means of the aerosol optical deptlaerosols, as well as different relative humidity (Hess et al.,
(AOD) and theAngstidm exponent (AE). Both parameters 1998). Saharan dust intrusions occur on about 20 % of the
are well known in the field of atmospheric aerosol studies anddays. Also, local pollution due to the nearby Palos-Huelva
represent the first key properties for the aerosol characterizandustrial belt has its influence on surface aerosols at the site
tion, giving information about the load and the predominant (Sorribas, 2008), but its effect on columnar aerosol proper-
size of the aerosol. An air mass classification and analysigies has not yet been quantitatively evaluated.
of aerosol types based on air mass origin was performed by
Toledano et al. (2009), as well as an inventory of African 2.2 Instrument and database

desert dust events over the region (Toledano et al., 2007b). __ . .
gion ( ) This work is based on AERONET level 2 data and these data

The aim of the present work is to extend and complement . S
o : . are public and free for research. The AERONET archive is
the ch t t f the at h I t L ) .
e characterization of the atmospheric aerosol by s udym%llwded into 3 quality levels: level 1.0 for raw data, level

the microphysical properties provided by the AERONET in- .
version algorithm, in the frame of the previous studies citedl'5 for cloud-screened data and level 2.0 for quality assured

above. Specifically the aerosol particle size distribution anddata (Holben et al., 1998; Smirnov et al., 2000). However,

related parameters were analysed, like particle volume con€vel 2.0 data, that provide consistent information, are not

centration, fine to total volume concentration fraction and ef-"’lIWayS available or there are not enough data to make a reli-

fective radius, and their relations with the AOD and AE. The able anaIyS|s_(Prats, 2009).‘ D'ﬁ?‘re”F photometers are oper-
gted successively at one site, with different instrumental is-

size particle predominance in this area is also evaluated b .

means of two complementary parameters: the AE and th ues, not always described by AERONET. The user must take

fine mode volume concentration fraction (V/Vt) into account that level 1.0 and 1.5 are subject to changes af-
i ter post-calibration. According to AERONET protocols, one

The paper is structured as follows: first some information :
L oo sun-photometer should operate for approximately one year at
about the site, instrument and database status is given. Seg¢-  © . .
e site, and then be replaced and sent for calibration.

tion 3 provides a brief description of the AERONET inver- The sun-photometer CE-318 family are the standard in-

ion algorithm an i ion limitations of i . . . .

sion algo t a da dscussq abput t'ato s of its US€-struments in AERONET, and it has been extensively de-
Section 4 provides the analysis of time series and the statis-_- . i .
. o ) -scribed in Holben et al. (1998). Despite the differences,
tical characterization of the already mentioned aerosol mi-

crophysical properties. Finally the conclusions are given inaII of them used the standard nominal wavelengths of 440,
secr:io>r/15 brop ’ y g 670, 870 and 1020 nm for aerosol studies. These instru-

ments perform two types of measurements: direct Sun irradi-
ance, and sky radiances in the solar almucantar and principle
plane geometries, which are used to retrieve aerosol prop-
erties from inversion algorithms. Direct measurements pro-
21 Site vide also aerosol optical deptoh for each wavelength available
on each photometer type, aAagsttom exponent. For cli-
The atmospheric sounding station EI Arenosillo belongs toMatological studies thangstiom exponent (expressed in the
INTA and is located at the Spanish Atlantic coast (3N1 prefsent paper as AE) is calculated usually for the three fol-
6.7 W, sea level), 30km east of Huelva city and close to [0Wing nominal wavelengths: 440, 670 and 870 nm.
Dofana National Park. Apart of the sea-land inhomoge-

2 Site, instrument and database
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Fig. 1. (a)Cimel sun photometers operating at El Arenosillo site, labelled with AERONET num(b¢isdumber of daily inversion data in
level 2 per month.

In this study the level 2.0 data from February 2000 until 3 Aeronet inversion algorithm
October 2008 are analysed. Up to now, nine different instru-
ments have operated at our site, as shown in Fig. 1a, with th&#he AERONET inversion algorithm (Dubovik and King,
data level information for each photometer. Figure 1b shows2000; Dubovik et al., 2006) provides aerosol optical proper-
the number of days per month with level 2.0 data of micro-ties in the total atmospheric column derived from the direct
physical parameters. More inversion data are obtained duringnd diffuse radiation measured by AERONET Cimel sun-
the summer months than in winter, mainly due to the betterphotometers. Specifically, the AERONET code inverts sky
weather conditions. Overall, 1452 days with level 2.0 in- radiances for the complete solar almucantar together with
version data are available, i.e. 46 % of days in the 9-year pemeasurements of aerosol optical depth (AOD) at the same
riod, whereas the level 2.0 AOD data reach 68 % of coveragewavelengths (440, 670, 870 and 1020 nm), to derive the par-
Only two photometers have not reached level 2.0. Data fronticle size distribution and the complex refractive index.
instrument #114 (July 2000 until June 2001) are in level 1.5 The work presented by Dubovik and King (2000) was sig-
because of miscalibration problems (Cachorro et al., 2008)nificantly different from other previous inversions (Nakajima
A thunderstorm affected the sun-photometer #77 destroyingt al., 1996; Wendish and Hoyningen-Huene, 1994; to cite
the electronics, therefore it was not possible to perform thesome of them). It developed the simultaneous retrieval of the
calibration post-deployment (January 2006 until April 2006). particle size distribution and complex refractive index via si-
Even using level 2.0 data, knowledge about the operationaiultaneous fitting of the AOD and the almucantar radiances
issues of the photometers is of great importance for the cormeasured in the entire available angular range at the four
rect analysis of the data. mentioned wavelengths (440, 670, 870 and 1020 nm).

In the AERONET inversion algorithm the statistically op-
timized inversion and corresponding retrieval error estimates
are obtained under the assumption of uncorrelated log normal
errors. This optimization accounts for different levels of ac-
curacy in the measurements, assuming the standard deviation

www.atmos-chem-phys.net/11/12535/2011/ Atmos. Chem. Phys., 11, 1PB36/-2011
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Table 1. Errors (%) in the volume particle size distribution accor
ing to Dubovik et al. (2000). | =volume particle concentration;
r = particle radius).

dvidine(r;), (%)

Water-Soluble  Dust Biomass Burning
0.1 umer <7 pm 15 35 25
r<0.1ym and->7um  15-100 35-100 25-100

N. Prats et al.: Column-integrated aerosol microphysical properties

d- the effective radius (Eff.R. oRes) for total, fine and coarse

mode, defined as:

_[dV ()
vc_/ i dinr (1)

3dN(r)
r dinr
R = L7 41" @

frz—l—ddNrf:)dlnr
Although the AERONET database provides values of both
. arameters, the geometrical mean or median radius and ef-
for error in AOD for each wavelength as 0.01 and the stan-p g

o ; . fective radius, we have chosen the effective radius for de-
0 1
dard deviation for error in sky radiance measurements as 5 /§cribing the size of the aerosol particles because single scat-

(Dubovik and King, 2000; Dubovik et al., 2000). Possible tering properties of the size distribution are closer related to

systematic offsets originating from instrument degradationeffective radius than to median radius (Hansen and Travis
or calibration uncertainty are also considered. For the cascigm) '

of the particle volume size distribution, ranging for radii be-

tween 0.05 and 15 pm, the estimated errors are shown in Ta-

ble 1 (Dubovik et al., 2000). This estimation of the error 4 Results

corresponds to the version 1 of the algorithm inversion; for

version 2 there is no specific information. In this section the microphysical aerosol parameters are anal-
The AERONET retrieval provides a set of additional pa- Ysed in order to characterize their time series and representa-

rameters and flags that are helpful for the assessment of tH&/e mean statistical values. We will also relate the results to

retrieval quality and for a comprehensive interpretation of thethe previous knowledge of AOD and AE given by Toledano

aerosol retrieved data. These outputs include both retrieve§t al. (2007a and 2009), that provided the first characteriza-

aerosol parameters (i.e. volume size distribution, complex refion of columnar aerosols.

fractive index and partition of spherical/non-spherical parti-

cles) and those calculated on the basis of the previously re-"

trieved aerosol properties (€.g. phase function, single Scattel) jjjustrate the main features and the values of the VPSD

ing alb edo-, b.road-band fluxes, etc.?. ) . the monthly averaged values for the entire dataset have been
The main improvements of version 2 retrieval algorithm calculated, from the daily mean values. To see detailed
(Holben et al., 2006), used in the present study, are the ingng specific examples of the VPSD behaviour under dif-
ternal evaluation of the spherical and spheroid models, thggrent situations related with low and high turbidity condi-
characterization of the surface albedo for different types ofijg,s we refer the reader to a previous work (Prats et al.,
surfaces, and a change in the restrictions to assure the qualiyoog)_ In Fig. 2 the mean VPSD value for every month is
of the inversion. A set of restrictions was developed accord-ggwn together with a table of the monthly mean of AOD
ing to sensitivity studies (Dubovik et al., 2000). at 440 nm (AOD(440)) and AE. First of all, the high vari-
There are two important limitations according to these sen-apility of the coarse mode concentration stands out (i.e. the
sitivity studies. The first one is that the solar zenith anglevalue at the peak varies from 0.008%jppm 2 in December
(SZA) must be larger than 80 Aimucantars close to local up to 0.038 prium=2 in August) in comparison with the
noon are not used, therefore it is not possible to have continufine mode variability (between 0.013 and 0.02Fm2),
ity throughout the day. This problem could be solved usingas well as the predominance of the coarse mode concen-
principal plane data as shown in Olmo et al. (2008). Typ-tration for the summer months and March. Although sum-
ically 8 almucantars are measured everyday at SZA largemer months are considered from June to August, September
than 50. The other severe restriction is that the AOD for may also be considered as part of the summer in the south
440 nm must be greater than 0.4 to retrieve the single scalof Spain. This issue is related to the frequency of desert
tering albedo and complex refractive index. This strong lim-dust intrusions, as shown in the desert dust inventory per-
itation does not apply to the retrieval of the microphysical formed by Toledano et al. (2007b). It was found that the
properties, which are the subject of this study. desert dust episodes are more frequent in February—March
Specifically, the microphysical parameters analysed inand the summer months. It should be noted that the high val-
this work are the aerosol volume particle size distribution ues of September (see fine mode concentration) are due to an
(VPSD) and its derived parameters: the volume concentraexceptional desert dust event registered in 2007 (Guerrero-
tion (V) of the total size distribution (VolCon-T), the fine Rascado et al., 2009), as it will be shown in the next section.
mode (radius from 0.05 te~0.6 um, VolCon-F) and the During the winter months the fine mode predominates and
coarse mode (from0.6 pm to 15 um, VolCon-C), as well as the month-to-month differences are smaller.

1 Volume particle size distribution
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AOD(440) | AE u , i u i i ize distribu-
Furthermore, the estimated uncertainty in the size distrib
January 0.12 1.82 tions (about 20—35 % in volume concentration within the size
February 0.15 1.22 .
March 0.18 1.08 range 0.1-7 um, see Table 1) does not allow deriving any fur-
0.050 H{April 0.15 1.12 . . .
May 0.16 111 —- January ther conclusion on this. On_ly in desert dust cases_the \(PSD
0.045 fjulne gig i;’g -+ === February | was transformed to a practically monomodal function with a
u . . . . . .
0.040 Augyust 021 0.99 —=March || high coarse mode concentration and the modal radius shifted
ol o CIF’”' to lower values (Prats et al., 2008). Such behaviour was al-
% 0.035 {November | 0.1 121 ' Juiye ready reported in other works as those of Eck et al. (2001) in
3 o030 [rreember 040 | 128 July | a monsoon study over the Kaashidhoo Island, in the Repub-
£ 0.025 August lic of Maldives, and Olmo et al. (2006) in south-east Spain.
£ == September However, in Eck et al. (2005) the particle coarse mode radius
;: A T Septa _ le co _
§ 0.020 A —~ October | does not show a clear trend in decreasing size as a function of
® 5o1s / N g:‘c’zzgz | increasing AOD, in agreement with what occurs in our case.
’ : /A' It is also interesting to emphasize the existence and superpo-
0.010 1 ) A sition of two or even three modes over the coarse mode size
00054 | istributions in some cases, e.g. in April. Finally, the moda
distribut April. Finally, th dal
0.000 / radius of the fine mode is essentially constant along the year,
0.01 o1 1 10 100 with values around 0.14 pum.
Radius, pm

4.2 Volume particle concentration
Fig. 2. Multi-annual monthly average of volume particle size dis-
tribution. Table shows the monthly averages of AOD (440 nm) and Table 2 shows the general statistics of the volume particle
AE (440-870nm), fitted in the range 440 to 870nm. Error barsconcentration (VPC) for the analysed period, derived from
are added to the highest (August) and lowest month (December) tthe volume particle size distribution according to Eq. (1).
illustrate the uncertainty of the measurements, about 20% in theThe mean values for the particle volume concentration are
range 0.1 prar <7um according to Dubovik et al. (2000). 0.06, 0.02 and 0.04 utum~2 for the total, fine and coarse

mode, respectively. It must be noted that in all cases the

standard deviation is similar to the mean, indicating the high

The lowest VPSD, not only for coarse mode but also for variability of the data. The difference between the mean and
fine mode, is obtained in December, in agreement with thethe median total concentration, 0.06 versus 0.0 yum 2,
minimum AQOD for this month. The highest VPSD are found shows that the predominant situations at El Arenosillo are
in summer due to the highest turbidity. Because of the stronghose with values of total concentration lower than the mean
and also variable influence of desert dust intrusions, the fin€also low AOD), in accordance with the coastal maritime
and coarse modes also present a greater variability duringharacter of the site. However, the strong contribution of
this season. Within the analysed period, the highest valughe coarse mode to the total volume concentration indicates
for the fine mode concentration is found in September andhat, although the desert dust events are less frequent than
for the coarse mode in August (associated with the summemaritime aerosol conditions, they have a substantial impact
AOD maximum of 0.021 in September and August). The low- and determine the general characteristics of the site. To iden-
est mean value of thengstidm exponent is measured during tify this fact, Fig. 3 shows the monthly mean time series of
August (0.99) in this data series, corroborating the desert dushe total volume particle concentration. A first look shows
influence. The fact that September also presents the maxthe different behaviour from one year to another, and al-
mum of AOD, with a relative low value of AE, is a partic- though in general the highest concentration is found in the
ularity of the analysed period due to the already mentionedsummer months, also few relative maxima appear in the late
specific strong intrusion of 2007 (Guerrero-Rascado et al.winter and early spring because of desert dust events. How-
2009), but it is likely that this maximum will disappear as ever, as it can be seen high values may also appear in other
the dataset includes more years of measurements. months. The extraordinary high values in several months,
There is almost a factor 2 difference in the coarse modalike September 2007, July 2004 or March 2000, are due to

radius in August (1.71 um), in which the highest concentra-these strong Saharan dust events.
tion was observed, and December (3.00 um), in which we The year to year and monthly variability is given in Fig. 3;
observed the lowest coarse mode concentration. It couldrig. 4 depicts the general repeatable long term using the
be derived from this behaviour that the peak concentratiormonthly average or multi-annual behaviour of the particle
grows when the modal radius decreases. However the cowolume concentration together with the AOD(440). In this
relation between these two magnitudes (concentration anfigure we can better observe the similar behaviour of the to-
modal radius of the coarse mode), is very poor and is not obtal and coarse mode particle volume concentration with the
served in the data (nor in the long-term averages in Fig. 2) AOD for the seasonal evolution. As observed in the earlier

www.atmos-chem-phys.net/11/12535/2011/ Atmos. Chem. Phys., 11, 1P836/-2011
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Fig. 3. Monthly average of total volume particle concentration for each year. Note the very high values in September 2007.

0.25

= \/oICon-T Table 2. Statistical parameters of volume particle concentration
= VolCon-C (VolCon) of total, fine and coarse mode, fine mode volume fraction
020 EXOOIS(OZE)' (Vf/Vt), AOD for 440 nm and AE at El Arenosillo site for the period
t February 2000-October 2008 (level 2.0). STD=standard deviation.
Eos
§ VolCon (pn® pm~—2)
S 010 Total Fine Coarse V;/V; AOD(440) AE
§ : Mean 0.06 0.019 0.04 0.39  0.16 1.14
s STD 0.07 0.015 0.06 019  0.13 0.41
§ 005 Median 0.04 0.015 0.03 0.37 0.13 1.21
Percentile 10 0.02 0.006 0.01 0.15 0.06 0.50
Percentile 90  0.13 0.038 0.10 0.67 0.32 1.63
0.00 Maximum 113  0.173 1.09 092 161 2.35
Jan Feb Mar Apr May Jin Ju Aug Sep Ot Nov Dec Minimum 0.004 0.002 0.001 004 0.02 0.03

2000-2008

Fig. 4. Multi-annual monthly average of the volume particle con- Although difficult to observe in Fig. 4, the fine mode vol-
centration total (black), coarse (white) and fine (grey) mode (verti- - ’ . .

cal bars indicate standard deviation). The solid line represents the'Me concentration follows the .Same behav!our as .descnbed
monthly average values of the AOD at 440 nm. above for the coarse mode, with values slightly higher for
summer and March (larger than 0.0213mm~2) and lower

during the winter months (below 0.015 fipm=2). On the

Fig. 3, the highest values appear for summer months plu®ther hand, the time series of daily mean values of volume
September (0.09 ptum2 for total and 0.06 prhpm—2 for particle concentrations (not shown here) runs roughly paral-
coarse mode) but also in March (0.073jpm~2 for totaland  lel to the AOD, particularly for the coarse and total particle
0.05 pn¥ pm2 for coarse mode). This secondary maximum volume concentration.
is due to the desert dust intrusions that occur at the end of In Fig. 5 the relation of the AOD (440 nm) versus total
winter and early spring period, as already mentioned. Thevolume concentration is shown. Bearing in mind the def-
lower values are found for winter months: 0.033ym 2 inition of extinction efficiency (equivalent to the mass ex-
for total and 0.02 prhum~—2 for coarse mode. We note the tinction efficiency or the mass scattering efficiency, Wagoner
observed minimum of AOD in July, a local minimum in sum- et al., 1981) for these columnar quantities, we can interpret
mer months, not observed in previous works (Toledano et al.the slopes of this plot (not shown). The most relevant fea-
2007a) but assessed with new AOD added data and also otfdre in Fig. 5 is the existence of two well defined branches,
served with AOD MODIS data (Bennouna et al., 2011). Thewhich are associated with the aerosol type, being the lower
cause of this minimum in July seems to be linked to the fre-branch related to coarse-mode dominated aerosols (most red
guency of occurrences of Atlantic air masses during summepoints), i.e. desert dust for high values and marine for low
months (ultimately due to the dynamical circulation over the values, giving an average extinction efficiency Ef (440 nm)
Iberian Peninsula) which affect the seasonal patterns of AODof 1.8 pn? um~3 (AOD per unit of particle volume concen-
and also the columnar water vapour content (Ortiz de Galistration). The upper branch contains the fine mode domi-
teo et al., 2011), thus appearing as a particular characteristioated cases, such as clean continental (low values), polluted
of the area. (intermediate values), biomass burning (high values), where
the average extinction efficiency factor may be estimated

Atmos. Chem. Phys., 11, 125382547 2011 www.atmos-chem-phys.net/11/12535/2011/
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1.8 VIV, that the higher the concentration of the coarse mode (like for
16 W, I desert dust aerosol) the lower thagstiom exponent (Eck et
o = al., 1999; O’'Neil et al., 2001; Schuster et al., 2006), and the
1.4+ " higher the values okngstom exponent the higher the domi-
124 ) nance of the fine particles (like for biomass burning aerosol).
g 10 - : When the aerosol particle size distribution is taken accord-
=] . _., ing to the Junge function, a direct relationship is found be-
% 08 e ntle tween the AE and the Junge parameter (Junge, 1963, Ca-
9( 0.6 ’ T chorro and De Frutos, 1995), which does not account for
the curvature of the AOD. The size distribution is assumed
041 ] monomodal and hence the AE is linearly well correlated
024f with the geometrical and the effective radius (Cachorro et
0.0 . . al., 2001; Schuster et al., 2006). Otherwise, when the parti-

0.4 06 08 10 12 cle size distribution has two size modes, the ratio of concen-
trations (given in number, surface or volume) also modulates
and determines the spectral shape of the AOD, as demon-

Fig. 5. Scatter plot between AOD (440 nm) and total volume parti- Strated by Schuster et al. (2006).

cle concentration as a function fine mode volume fraction (binned However, one of the main problems using the AE is that
by five values, color scale). Dashed lines represent the extreme valt has a more qualitative than quantitative character, because
ues of the extinction efficiency factor. of the approach used to relate it with the particle size dis-
tribution and, in the case of experimental measurements, the
high sensitivity to AOD error. Bear in mind that the AE is
e o determined in a certain experimental spectral range and, as
the extremesvalues of the extinction eff|C|ency3at 440nm of 4o onstrated by Cachorro et al. (2001), this parameter shows
1.4 unf um-3 for coarse particles and 6 gpm 3 for fine high dependence on the spectral range considered for its de-
partlcles_. We have hlghllghteq in this Fig. 5 the values of theye mination, Furthermore, there is no general consensus for a
ratio of fine mode concentration to the total volume concen—umque given range and also we must consider that the longer
tration (Vf/Vt) by bin-colour scale, to emphasize the preva- y,q shectral range we choose the poorer the linear approxi-
lence of coarse particle (values of V/Vt between 0. 10 0.4) j\ation (AE) is, because of the mentioned curvature of real

(see next paragraph). AOD spectra. The AERONEﬁngstr’Om exponent for cli-

Therefore we call attention that Figs. 4 and 5 give a goodatology analysis, which is used here, is determined using 3
representation of the extensive aerosol magnitudes in a g'Veﬂ/avelengths: 440. 670 and 870 nm.

site, as part of its general characterization. Figure 5 also

- o : Specifically, Schuster et al. (2006) determined the
ht t th f diff t It
gives insight about the presence of different aeroso ypes,&ngstrbm exponent for 7 wavelengths, between 340 and

over the site. A deep analysis of the aerosol type about mi- . ) :
crophysical or other optical properties, as single scatterin 020 nm. According to their analysis, AE(34O_1020). val-
es lower than 1 were related to cases clearly dominated

albedo, is not the aim of this work and hence further studie ) :

are necessary in this context, also linked with other areas o y coarse partples, whgreas AE(340—1QQZg))nd|cates bre-

the Iberian Peninsula. dominance of fine particles. However, it is not possible to
determine the size predominance for AE(340-1020%2,

precisely the most frequent range for atmospheric aerosols.

Within this range the AE parameter shows a great scatter

The fine mode volume fraction Vf/Vt is defined as the ratio When plotted versus other size-related parameters, such as
between fine mode particle volume concentration (VolCon-the effective radius and the fine mode volume fraction. It
F) and total particle volume concentration (VolCon-T). IS not easy to establish a well defined threshold for fine or
Hence, this fraction is a relevant parameter for determiningcoarse particle predominance in terms of the AE parameter
the predominance of the fine or coarse mode. Because of thi&s can be seen in different works in the literature (Eck et al.,
it is interesting to analyse the scatter plot of this fraction ver-1999, 2005). In spite of all these drawbacks the AE param-
sus the&ngstrbm exponent, which traditionally is being used €ter is widely used in aerosol studies as a first insight about
as a qualitative indicator to characterize the particle size (Eciéiz€ particle because it is simple to obtain.
et al., 1999; O'Neil et al., 2001; Cachorro et al., 2001), i.e. Both parameters, AE and the ratio Vf/Vt, are related to
for the identification of the aerosol type. particle size and then a correspondence between them is to
The spectral dependence of the AOD is given traditionallybe expected, in order to characterise fine and coarse patrticle
by the AE and this is related to the particle size predomi-predominance (taking into account the above cited results by
nance Angstrbm, 1961; Shifrin, 1995). It is well known Schuster et al. (2006)). Furthermore the AE vs. V{/Vt plot

0.0
VolCon-T, (um*/pm?)

as 3.5purAum 3. The two dashed lines in Fig. 5 represent

4.3 Fine mode volume fraction
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2 3. 0 A g ume fraction. Exponential regression is also shown.
o 5]
T 7 . 7 140 S
® 24 0 o £ o , . . .
= o ~ 3 hence it is not possible to a priori establish the predominance
% 1. ; 717 120 of fine or coarse particles. However, we have tried to find
@ w9ty 7 a a quantitative relation that could be represented by an expo-
0 oo | nential formula with a determination coefficient®f = 0.75
0.0 0.2 0.4 0.6 0.8 1.0 (Fig. 7).
VindViota To complete the analysis of size predominance, we have

considered the information provided by the fine mode vol-
ume fraction. In Fig. 6b the frequency histogram and the ac-
cumulative values are shown. Figure 6b indicates that 76 %
of the observations correspond to coarse particle predomi-
nance (Vf/V0.5).

A Table 2 summarizes the statistics for AE using level 2.0 in-
o o version data. Mean value is 1.14 (the median is 1.21), which
~To set up the quantitative limit between coarse andaccording to Fig. 7 falls inside the area where there is no
fine particle predominance according to the AE values atqear relation between AE and Vi/Vt. On the other hand,
El Arenosillo, the frequency histogram of this parameter 515 in Table 2 the mean for the ratio Vf/Vt is 0.39 and the
(Fig. 6a) has been analysed. In this histogram we observg,egian value is 0.37, which according to Fig. 7 is also re-
a bimodality with a minimum at AE=0.75, separating sit- |ated to a large range of AE values (0.6-1.6). These results
uations where coarse particles predominate (mainly due tQpqyy that EI Arenosillo station is defined by a nearly simi-
maritime aerosol or Saharan dust intrusions). Below this|ar presence of fine and coarse particles that yield intermedi-
threshold in AE we find 23 % of the measurements. If the 5¢¢ values of the AE, maybe with a slight dominance of the
limit between coarse and fine predominance is fixed in thesine particles considering the dataset as a whole. However in
literature at about AE = 1, this means that in this 37 % of 0b-tarms of volume concentration, a dominance of coarse par-
servations_ there is a prevaleqce of coarse particles. If thigicles is observed. Finally, Fig. 8 shows the monthly means
threshold is extrapolated to Fig. 7, which shows the scattefq; the analysed period for the fine mode volume fraction and
plot of AE versus fine mo<_je volume fraction, we can obs_ervethe AE (AOD is also displayed). The Vi/Vt values indicate
that for measurements with AB.75 there are no data with 3 gecrease from winter (0.56 in January) until March (0.36),
Vi/Vt>0.5. For AE=0.75the Vf/Vtvaries from 0.15t0 0.45. peing constant in April and May and decreasing again to 0.3
According to Fig. 7 we would establish the limit of the fine , the summer months. The seasonal pattern is nearly similar

particle predominance in AEL.8 approximately, since for g, that of the&ngstr'om exponent, as could be expected.
higher AE values there are almost no data with VEGt5.

But for 0.75<AE<1.8, the Vf/Vt ranges predominantly
between 0.2 and 0.8, which represents a great scatter and

Fig. 6. Normal and cumulative Frequency (@) theAngstrbm ex-
ponent andb) fine mode volume fraction.

(Fig. 7) as a whole also defines the aerosol characteristics
the study site.
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Fig. 8. Multi-annual monthly average of the fine mode volume fraction (vertical bars indicate standard deviation). Solid line represents
monthly average AOD (440 nm). Thick dashed line indicates the AE.
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Fig. 9. Multi-annual monthly average of the effective radius of total (black), coarse (white) and fine mode (grey) (vertical bars indicate
standard deviation).

4.4 Effective radius the correlation was lower but significar®{=0.79), but this
is not an important issue because the total particle size distri-

As mentioned before the effective radius (instead of the getution is an effective representation of a bimodal size particle
ometrical mean radius) is taken to study the physical be-distribution by a monomodal one.
haviour of the VPSD represented by this parameter. Hansen The statistic about the total effective radius (Table 3)
and Travis (1974) emphasize that the primary characteristiGhows values that range between 0.14 um and 1.48 pm with
of any physically plausible size distribution of spherical par- a mean value of 0.40um, and a high variability indicated
ticles is the effective radius. Schuster et al. (2006) also usedby the standard deviation STD=0.16 (40%). Similar fea-
the effective radius to study the relationship between particleures are also obtained for the effective radius of the coarse
size andAngstidm exponent, as we will do in this subsection. mode, which ranges between 0.92um and 4.42 um, with

From a lognormal monomodal particle size distribution mean value of 1.96 um and STD =0.41 (21 %). On the other
function, the effective and the geometrical radius differ by hand, the fine mode effective radius presents a small variabil-
a constant (see Fig. 2 of Schuster et al., 2006) therefore foity, with a standard deviation of 0.02 (14 %)for a mean value
experimental data a good correlation must be expected besf 0.14 um. The near equal values of mean and median ef-
tween both parameters, as can be seen in Prats (2009) fdective radius, for the total, coarse and fine mode, reveal that
the El Arenosillo dataset. The correlation was very high for the size distribution is close to lognormal.
the coarse mode and the fine mode respectively, both with The effective radius multi-annual monthly means for to-
R?=0.95 (plots not shown). For the total size distribution tal, coarse and fine modes are shown in Fig. 9. The total
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4.0

Table 3. Statistical values of effective radius (EffR) for total, fine
and coarse mode at El Arenosillo site (level 2.0). STD =standard
deviation.

EffR (um)
Total Fine Coarse
Mean 040 0.14 1.96
STD 0.16 0.02 041
Median 036 0.14 191

Percentiie 10 0.22 0.12 1.47
Percentile 90 0.62 0.17 2.53
Maximum 148 0.28 4.42
Minimum 0.14 0.10 0.92

effective radius show higher values in summer (around 0.44—
0.47 pum) decreasing toward the lowest in winter (around
0.30-0.35 pm), somewhat similar to the AOD seasonal be-

hav_lour (although noi as close as AOD and volume concen-Fig' 10. Scatter plot between AE and total (black squares), fine
tration seasonal patterns).

) . ) . mode (grey squares) and coarse mode (grey triangles) effective ra-
With regard to the coarse mode effective radius, there is ngy; ;s (grey sq ) (grey gles)

clear seasonal pattern. The sm&l-C in March is some-
what surprising, because an increase was expected for thie
month due to desert dust intrusions (as it is seen for sum- 1.4 y = 0.18x°%7
mer). However, as indicated in section 4.1, an increase in R? =093
AOD due to desert dust intrusions can entail a decrease in 1.2
the coarse mode effective radius.

The fine mode effective radius appears to be constant 1.0 -
along the year, with values around 0.15um (Fig. 9). The
constancy along the year was also observed by Gonzi ef§ 0.8 |
al. (2002) for 48 AERONET sites in Europe. However we
must bear in mind the uncertainty of this radius because of = 0.6
the detected artefact of the inversion algorithm due to the ™
poor sensitivity to this size range (Dubovik et al., 2000). Fur- 04 7
thermore, the importance of desert dust intrusions in this areg
with a strong influence of non-spherical particles over this 0.2
parameter may be also considered but it is difficult to evalu- 0.0
ate. . ‘ ‘ ‘ ‘

The correspondence between the total effective radius anc 0.0 0.2 0.4 0.6 0.8 1.0
the AE must be plotted as a characteristic of aerosols at the VIVt
site. Figure 10 shows this plot where even though there i

a clear decreasing of the total effective radius for increasinﬁ:ig' 11. Scatter plot between fine mode volume fraction and total
9 gef‘fective radius. Black line represents the correlation by a power

AE, we have not tried to establish a mathematical relation-¢, tion
ship because of the high scatter. The fine and coarse mode
effective radii are also displayed (only for visualization be-
cause it has no physical meaning to find a correlation in thi
case).

The AE indicates the relative importance between the fine
®and coarse mode of the size distribution, hence a correlation
. , between AE (or the volume ratio Vf/Vt) and the effective
In Fig. 11 we have also plotted the fine mode volume fraC'radius is to be expected, but not for either the fine mode or

tion and the total effective radius, as representative of the Sit%oarse mode alone. Therefore, Figs. 10 and 11 synthesise the
aerosol characterization. Since both magnitudes are retrieveg ' ' )

) , ) ehaviour of the intensive magnitudes of the aerosol colum-
in the same inversion process, these results should be cons

|ﬁ- . . . .

. ! ) ..~ nar microphysical properties at El Arenosillo.
tent. A high correlation represented by a power function with Phy brop

a coefficient ofR%=0.93 is found.
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5 Conclusions The analysis of the later parameters is absolutely disturbed
because of the reduction in the amount of data imposed by
The characterization of the columnar aerosol volume particlethe requirements of the level 2 retrieval for optical parame-
size distributions, VPSD, and derived microphysical parame-ers (i.e., AOD-0.4), making the data-record not as repre-
ters over a South-western-coastal area of Spain has been caentative of the real aerosols in the area. In our case, level 2
ried out. The VPSD presents a well defined bimodality for optical parameters only represent desert dust aerosols.
general conditions (dominance of marine coastal aerosols) Data and Sharing Resources: Data of this work can be

but with a different weight of coarse or fine mode depend-downloaded from the AERONET webpadwtp://aeronet.
ing on the month. The bimodal behaviour changes for condigsfc.nasa.gav

tions of clear desert dust aerosol intrusions where the prevail-
ing coarse mode transforms the distribution to a practically
monomodal shape and shifts the coarse mode radius to lowe¥cknowledgementsrinancial support from the Spanish MICINN
values. The low frequency of desert dust intrusions (or Sahatprojects of ref. CGL2008-05939-C0O3-01/CLI and CGL2009-
ran air masses) is not enough to change the global bimodalit§9740 and “Acddn Complementaria” CGL2010-09480-E)
of the VPSD that defines the climatology of the site, but has?® 9ratefully acknowledged. The authors thank the ESAL-EI
a marked influence showing the moderate prevalence of thé"€"osillo staff, as well as the AERONET, PHOTONS and RIMA
coarse mode, as it is also shown by the other derived aerosor > for their support and collaboration.
parameters. Edited by: W. Lahoz
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