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Abstract. Continuous in situ measurements of aerosol opti-days have been further analysed, obtaining highgs and

cal properties were conducted from 29 June to 29 July 2012ower wg during the workdays than on Sundays as a conse-
in Granada (Spain) with a seven-wavelength Aethalometer, @uence of the diesel traffic influence.

Multi-Angle Absorption Photometer, and a three-wavelength

integrating nephelometer. The aim of this work is to describe

a methodology to obtain the absorption coefficierttg,d

for the different Aethalometer wavelengths. In this way, datal Introduction

have been compensated using algorithms which best estimate

the compensation factors needed. Two empirical factors ard he radiative forcing in the Earth’s atmosphere caused by
used to infer the absorption coefficients from the Aethalome-2€rosols is highly uncertain (IPCC, 2013). The direct effect
ter measuremente — the parameter describing the enhance-Of aerosol influence is exhibited by scattering and/or absorb-
ment of absorption by particles in the filter matrix due to ing solar radiation. By scattering the light they contribute
multiple scattering of light in the filter matrix — anf, the  t0 the cooling of the underlying atmosphere and the surface
parameter compensating for non-linear loading effects in thdnegative radiative forcing). Furthermore, by absorbing light
filter matrix. Spectral dependence pffound in this study is  they contribute to the heating of the atmosphere (positive ra-
not very strong. Values for the campaign lie in the range fromdiative forcing). The latter is an important component of the
1.15 at 370nm to 1.11 at 950 nm. Wavelength dependenc@diaﬂon budget of the atmosphere which still needs to be
in C proves to be more important, and also more difficult better characterized to reduce uncertainties in climate models
to calculate. The values obtained span from 3.42 at 370 nniHoughton et al., 2001; Ramanathan et al., 2001; Kirchstetter
to 4.59 at 950 nm. Furthermore, the temporal evolution of€t al., 2004).

the Angstrém exponent of absorptiomafg and the single- The major light-absorbing compounds among aerosols are
scattering albedadp) is presented. On averaggysis around carbonaceous substances and mineral dust. However, the
1.1+ 0.3, andwg is 0.78+ 0.08 and 0.74- 0.09 at 370 and spectral dependence of the aerosol absorption coefficient
950 nm, respectively. These are typical values for sites with a/aries depending on their chemical and physical properties.
predominance of absorbing particles, and the urban measuréJght absorption by black carbon (BC) is generally con-
ment site in this study is such. Thepsaverage values are of Sidered to vary weakly with wavelength (Bergstrom et al.,
16410 Mm~1 (at 370 nm) and 3 3Mm~1 (at 950 nm), re- 2007). Nevertheless, other aerosol components — such as

spectively. Finally, differences between workdays and Sun-desert aerosols (Dubovik et al., 2002), organic compounds
(Jacobson, 1998), or biomass burning (Mukai and Ambe,
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1986) — exhibit a stronger wavelength dependence. There2 Site description and instrumentation
fore, the spectral dependence of aerosol absorption coeffi-
cient is important to distinguish different aerosol-absorbing2.1 Measurement site
components (Collaud-Coen et. al, 2004; Fialho et al., 2005;
Sandradewi et al., 2008a). Measurements presented in this study were performed
Different methods and instruments are used to measurén Granada, from 29 June to 29 July 2012. Granada
light absorption (Hansen et al., 1984; Horvath, 1993; Bond(37.18 N, 3.58 W, 680ma.s.l.) is a non-industrialized
and Bergstrom, 2006; Moosmdiller et al., 2009; Mdiller et al., medium-size city located in southeastern Spain with a popu-
2011). The most widely used method for in situ measure-lation of around 500 000 inhabitants, considering the whole
ments is the filter-based technique, which relies on determinmetropolitan areahgtp://www.juntadeandalucia.@s/Near-
ing the absorption coefficient by measuring the change ofcontinental conditions prevail at this site and are responsible
light attenuation due by aerosol collected on a filter matrix for large temperature differences, providing cool winters and
(Hansen et al., 1982). Instruments currently used for deterhot summers (Lyamani et al., 2010).
mining the aerosol absorption coefficient using filter-based The measurement station is located in the southern part of
technigues are the Aethalometer (Hansen et al., 1984), ththe city, less than 500 m away from a highway that surrounds
Particle Soot Absorption Photometer (PSAP) (Bond et al.,the city. Local aerosol sources are mainly road traffic (domi-
1999) and the Multi-Angle Absorption Photometer (MAAP) nated by diesel engines) together with soil re-suspension, es-
(Petzold and Schénlinner, 2004). pecially during the warm-dry season when the reduced rain-
It is known that all filter-based instruments suffer from fall may increase the contribution of local mineral dust. Due
several artefacts (Schmid et al., 2006; Miiller et al., 2011;to its location in the Mediterranean basin, it is influenced by
Collaud-Coen et al., 2010). Therefore, it is necessary to aptwo major aerosol source regions: Europe, as a source of an-
ply compensation to the data to determine the absorption cothropogenic pollutants, and northern Africa, as a source of
efficient. Several studies have proposed different numericahatural mineral dust (Lyamani et al., 2010).
methods to compensate these artefacts (Bond et al., 1999;
Weingartner et al., 2003; Arnott et al., 2005; Schmid et al.,2.2 Instrumentation
2006), and have proven to give quite satisfactory results when
compared to other non-filter-based instruments. Sampling for all the different instruments was obtained us-
From the instruments mentioned above, the MAAP ising a stainless steel tube 20cm in diameter 5m in length
one of the newer filter-based instrument for measuring(Lyamany et al., 2008). The inlet was located about 15m
the aerosol absorption coefficient (Petzold and Schénlinnerabove the ground. Measurements were carried out without
2004; Petzold et al., 2005). Measurements provided by then aerosol size cut-off or heating of the sampled air. From
MAAP are only available for one wavelength, which is a dis- the tube, several stainless steel pipes led the sampled air to
advantage since it is important to determine bb{hs and  each instrument at the appropriate flows. Different diameters
its spectral dependence. This information can be obtained byvere adjusted to maintain the laminar flow in the tubes and
combining the MAAP measurements with those performedminimize particle losses (Baron and Willeke, 2005).
by a multi-wavelength Aethalometer AE-31, which performs  The aerosol light absorption coefficient was measured
measurements at seven different channels covering the rangssing two different filter-based instruments. The MAAP
from the ultraviolet (UV, 370nm) to near infrared (NIR, (Thermo Scientific) measures the light transmitted through
950 nm). and backscattered from a particle-loaded filter. Dhg; at
The aim of this work is to obtain the spectral variation of 637 nm (Muller et al., 2011) is calculated using radiative
the compensation factors of the Aethalometer data and thetransfer model which includes a treatment of the scatter-
apply them to the measurements performed at the differening effects of the filter matrix and the light scattered by the
channels of the Aethalometer. In this way, the aerosol ab-aerosol component. A detailed description of the method is
sorption coefficients at all the different Aethalometer chan-provided by Petzold and Schonlinner (2004). The MAAP
nels are calculated, and then other optical parameters, sualiorks at a constant flow rate of 16.7 L mihand provides
as the spectral single-scattering albedg)(or the Angstrom  measurements every minute. The total method uncertainty
exponent of absorptionfpy, are determined and analysed. for the aerosol light absorption coefficient inferred from
The data set presented in this study was measured duringlAAP measurement is around 12 % (Petzold and Schoénlin-
one month, from 29 June 2012 to 29 July 2012, in Granadaner, 2004; Petzold et al., 2005).
(Spain) using a MAAP, an Aethalometer, and a nephelome- The MAAP was believed to be the instrument which is the
ter. In this work we will discuss the methodology used for least affected by artefacts for obtaining the aerosol absorp-
compensating the Aethalometer and MAAP data. Finally,tion coefficient among all the different filter-based methods.
the temporal evolution of the results obtained is presentedifferent studies have shown thaf,s measured by MAAP
and compared with results in other works to evaluate theis in good agreement with those measured by photoacoustic
reliability of the data. spectrometry (e.g. Petzold et al., 2005; Sheridan et al., 2005).
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However, a recent study by Hyvérinen et al. (2013) showedaffect our measurements. In this study, non-idealities due
that MAAP measurements suffer from some artefacts in lo-to truncation errors were corrected (Anderson and Ogren,
cations with high concentrations of light-absorbing parti- 1998). Uncertainties in the nephelometer measurements con-
cles. Therefore, to avoid these artefacts, MAAP data havesist of angular truncation errors, non-Lambertian nature of
been compensated using the method described in Hyvérinetie light source, and wavelength non-idealities. The calibra-
et al. (2013). A more detailed explanation can be found intion uncertainty is approximately 7 % (Anderson et al., 1996;
Sect. 3.1. Anderson and Ogren, 1998; Esteve et al., 2012).
The other instrument used to measure thgs is the
Aethalometer model AE-31-ER (Magee Scientific). The AE-
31 measures light attenuation at seven different wavelengths
(») covering the UV (370 nm), visible (470, 520, 590, and 3 Data compensation and methods
660 nm), and NIR (880 and 950 nm) ranges. A complete de-
scription of the operating principles of Aethalometers can beAll filter absorption photometers are affected by loading ef-
found in Hansen (2005). fects which need to be compensated, and the various com-
The Aethalometer measures the light attenuation througtPensation methods relied mostly on the continuity of data

a quartz filter matrix as aerosols are deposited on the filterf(Weingartner et al., 2003; Virkkula et al., 2007; Hyvarinen
This parameter is defined by et al., 2013) to derive the compensation parameters. Here we

propose a more robust method to determine the quality of the
10»)) (1) compensation for loading effects: the slope of the absorp-
IoW) )’ tion coefficient vs. the loading of the spot. This method was
) ) ) ) used to compensate the BC measurements (Park et al., 2010),
where [ is the intensity of light that passes though the i here we use it as an independent criterion to evaluate the
particle-loaded part of the filter, ariglis the intensity of light compensation. This criterion does not use any assumptions
passing through the unloaded part of the filter. The attenuag, exernal data, only the measurements from a single instru-
tion coefficient patn) at each wavelength can be obtained ment — it checks the measured parameters for internal con-

ATN (A):—In(

by sistency. For a long period of homogeneous measurements
A AATN (3) in terms of the sources and meteorology, the absorption co-
baTN (A) = VA (2)  efficient should not depend on the loading of the spot. The

uncompensated measurements of BC in filter photometers

where A is the filter spot area (1.67 &n V the flow rate, ~ are proportional to the time derivative of the attenuation of
and AATN is the variation in the attenuation measured dur- detected light intensity (MAAP: in reflection; Aethalometer:
ing the time intervalAz. The attenuation coefficient is deter- in transmission), not on the absolute attenuation values. Any
mined from the change of attenuation and is therefore duélependence of the measured absorption on the loading (at-
entirely to the loading of the filter by aerosols. In this work tenuation) is evidence of a bias due to the loading of the spot.
the instrument was operated with a flow rate of 4 L rdiand The parameter, which was shown to be most representative of
a Samp"ng interval of 5 min. The Compensation a|gorithm tothese effects, is the Slope of the attenuation or absorption Cco-
obtainbapsfrom bary is described in more detail in Sect. 3.2. €fficient or as a function of the loading (following the logic in
Aerosol scatteringbsca) and backscatteringgsy coef-  Park etal., 2010). We will demonstrate the usefulness of this
ficients at ground level were measured using a TSI Modelmethod as an independent criterion of the compensation for
3563 three-wavelength (450, 550, 700 nm) integrating nephboth absorption photometers used in the study — the MAAP
elometer (Anderson et al., 1996; Heintzenberg et al., 2006)and the Aethalometer AE-31 — by plotting the average value
This instrument draws the ambient air through atemperatureOf the attenuation or absorption coefficient as a function of
monitored inlet at a flow rate of 30 L mi, illuminates the  the loading of the spot with BC.
sample with a halogen lamp, and measures the scattered light
using three photomultiplier tubes. The scattered light is inte-3.1 MAAP compensation
grated over an angular range which can be adjusted to ei-
ther 7-170 or 90-170, using a backscatter shutter to give Hyvérinen et al. (2013) observed that at high BC concen-
total scatter and backscatter signals. Pressure and tempernaations the MAAP measurements are also affected by arte-
ture are measured in the sample chamber, so scattering acts which are different to those seen in other filter-based
air molecules can be calculated and then subtracted from thistruments, such as the PSAP or the Aethalometer. Two so-
total scattering to determine scattering by aerosol particleslutions were proposed to avoid or compensate for this prob-
In our case, although no drying of the aerosol stream wadem: either applying a compensation algorithm to the,
performed, the relative humidity measured within the neph-given directly by the MAAP’s internal algorithm or using re-
elometer chamber was low with a mean value oft2B) %. flectance signal only, as obtained from the photodetector at
Thus, we can consider that the hygroscopic growth does not65°, which was found to be relatively free of this artefact,
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the artefact jump at the tape advance (Hyvarinen et al., 2013).
In this work, the MAAP was set to give the photodetector
raw signals as an output, so the reflected signal at $65 Figure 2. Average attenuation and absorption coefficient vs. loading
chosen to obtain the absorption coefficient at 637 nm. The atof the spot{(a) the non-compensated MAAP attenuation coefficient

tenuation coefficient given by the MAAB{nmaap) can be batnmaap and the compensated (E4). MAAP absorption coeffi-

determined from the reflected signals by using the following ©'€"t?absmaap, and(b) the Aethalometer attenuation coefficient
equation (Petzold et al., 2005): batn and the compensated (Ef).Aethalometer absorption coeffi-

cientbgpg

BC spot loading (ug/cm?)

A Ro
batnMAAP = 0'57 In <?> , (3
Similar to Hyvérinen et al. (2013), values automatically pro-

where, in our case,Ro/R) is the ratio of the photodetector vided by the MAAP are lower than those calculated from raw

signal at 165 for a particle-free to a particle-loaded filter, ~ reflected signal for high absorption coefficientapsmaap)
i the filter spot area (2 By, andV is the sampled volume. (Fig. 1). We do not observe any systematic saturation in the
The multiplication factor of 0.5 in Eq:3j has to be applied measurements as found previously (Kanaya et al., 2008) or

because the light passes through the layer of sampled aeroggrge discontinuities in the data at the tape advance (Brito
twice before reaching the photodetector. et al., 2013). This indicates that the use of the reflection

The value obtained from Eq3) does not correspond to signals rather than the default values pompensated t_he data
the absorption coefficient since there is a filter-loading effectSuccessfully. To check the compensation, we plot (Fig. 2a)
which influences the measured signals. Petzold et al. (2005)'€ average value of the MAAP attenuation and absorption
determined an empirical method to compensate this arte¢0€fficient in a spot-loading bin (with width 0.3 ug ch)
fact using test aerosols. These test aerosols consisted of pufé @ function of the loading of the spot with BC between
black aerosol samples from kerosene flame particles, and ex2 ¢lean filter (no loading) and the BC value with enough
ternally mixed grey and black aerosols of varying single- data in t?e campaign to gather enough statistics (just above
scattering albedo. The obtained relation for the aerosol ab®Hg M “). The slope of the compensated MAAP absorp-

sorption coefficient for these aerosols using the reflected sigtion coefficient is half of that of the uncompensated ones,
nal is proving that the compensation reduces the loading effects.

Another feature which is informative is the intercept of the
fit: this is the uncompensated MAAP attenuation coeffi-
cient (7.83MnT1; Fig. 2a) or the compensated absorption

1
R
babsMAAP = batnMAAP <0.226+ 1.415R—0.) (4)
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coefficient (6.94 Mm; Fig. 2b) characteristic for the cam- From the whole data set, 4% of the data did not satisfy
paign. We propose to use the difference between the interce@ny of these three criteria, leaving a total number of 8276
6.94 MnT 1 (that is, the compensated absorption coefficient,measurements.

representative for the campaign) and the campaign average

absorption coefficient 7.25 Mt as an additional internal  3-2.2 Data compensation

criterion for the “efficiency of compensation” with an empir- Aethal ¢ tefact like MAAP artefact I
ical limit of 5%. The compensation of the MAAP data using cthalometer arteacts, unfike arietacts, are we
known and five different algorithms have been proposed to

the reflection measurements, rather than the raw MAAP data, e th Wei : ¢ al. 2003 Amoft et al
satisfies this criterion, and we use the compensated MAAFOmpensate them (Weingartner et al., , Arnott et al,

absorption coefficient for comparison with the AethalometeréOOS; Schll”rngoeltoal.,_rﬁool(.i;h\ﬁr:;kula et aI.,. 200h7 ; ?lollaud]:
attenuation and absorption coefficients. oen et al, ) The light beam crossing the filter suf-

fers (1) multi-scattering effects due to the filter fibres;

3.2 Aethalometer (2) single-scattering effects, due to the aerosol particles de-
posited in the filter; and (3) filter-loading effects, which are
3.2.1 Data pre-processing related to the shadowing produced as the particles accumu-

late on the filter. The result of these optical interactions is

The Aethalometer raw data were first screened with threahatbary is generally larger thahans (Petzold et al., 1997;
criteria: data showing excessive noise, and the upper an@allach et al., 2001).
lower limits of the Aethalometer detection. High noise inthe  Due to the aforementioned aerosol—filter interactions, the
measurements degrades the determination of the absorptionethalometer requires specific site compensation factors. In
spectral dependence. This wavelength dependence can be apis sense, we have calculated these compensation factors
proximated by a power-law expression (Angstrém, 1929).for our site and used them to compensate the Aethalometer
A measurement is considered too noisy if the curve cannotiata by applying the algorithms proposed by Weingartner et
fit a spectrum satisfactorily (Rizzo et al., 2011); therefore, al. (2003) and Schmid et al. (2006). The reason to select these
only fits with R? higher than 0.85 have been chosen to re-two algorithms, out of the five existing ones, is that Wein-
duce noise. The same data treatment was applied to the nephartner et al. (2003) and Schmid et al. (2006) found a way
elometer data as well. to obtain the spectral dependence of the multiple-scattering

The second criterion is related to the lower detection limit compensation factor from aerosol single-scattering albedo.
of the instrument, as the measured attenuation should b&nowing this spectral dependence will allow us to convert
above it. According to the Aethalometer manual, this limit pary to baps for all seven Aethalometer wavelengths. The
corresponds to a mass increase of 5ng and can be expressgmst important difference between these two algorithms lies

in units of thebaps(Mm~1) by the following expression: in the fact that Weingartner’s algorithm does not consider
N the artefact produced by the single-scattering effect, while

Min (bap = w, (5)  Schmid’s does.
At-V In their test with ammonium sulfate, Weingartner et

where m =5ng, oarn (1) is the mass-specific attenuation &l- (2003) found no significant dependencebafn on the
cross section in fig~—L, At is the time-based period (set to Scattering component of the aerosol in the filter. Therefore,
5min in our case), and V is the sampling flow in Lmin  they proposed an algorithm to obtdigyswithout taking into
(4L min~t in our instrument). The attenuation cross section@ccount the single-scattering effect of the aerosols:

is calculated using the following equation: baTN
Pabs= CR (£ ATN)' @
14625 ROLATN)
OATN = (6) whereC is the parameter describing the enhancement of ab-

Alnm]” . . . , )
[nm sorption particles in the filter matrix and compensates for the

This equation is based on a calibration at 880 nm using thenultiple-scattering effects exhibiting values1 and R(f,
Malissa—Novakov method, a solvent-based thermal desorpATN) for the loading effect with values 1. The loading
tion method for elemental carbon analysis (Gundel et al.,compensation depends on the amount of the sample collected
1984). on the filter and is hence dependent on the attenuation mea-
Also, as a consequence of random voltage fluctuations andured by the Aethalometer. The parameter can be expressed
from recording discontinuities which take place during the as proposed in Weingartner et al. (2003):
Aethalometer’s tape advance, a third criterion related to the 1 INATN — In10%
upper detection limit is applied (De Castro et al., 2008). ToR (f, ATN) = <7 - ) n50%—1n10% " 1

(8)
identify these low-quality data, the 99th percentile of the at- _ ) i
tenuation coefficient (i.e. 162.2 Mm at 660 nm) was cho- Wheref is the shadowing factor, which depends on the type
sen as the extreme upper limit. of the aerosols. This parameter has been calculated by min-

imizing the difference between the ratio ipfry before and

www.atmos-meas-tech.net/7/2373/2014/ Atmos. Meas. Tech., 7, 22887, 2014
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Table 1.Compensation factors obtained for the seven AethalometeiTo calculateC, batn at 637 nm for the Aethalometer data
wavelengths;f corresponds to the “shadowing effect” in the load- has to be calculated sinégpsmaap in Eqg. Q) is related to

ing compensation; 10@s is the value given in Amott et al. (2005) 637 nm. The averag€ value at the wavelength of 637 nm
to the scattering fraction of particle€y ., is the value given in (Cea7) was determined to b€g37=4.22+0.06 from the
Arnott et al. (2005) to the multiple-scattering compensation facmrarithmetic mean (95 % confidence level of the mean) of the
(C* in Schrr_1i_d et aI_., 2006, and ilj thi_s workdi* and C are the ratios of barn (637) andbabsmaap (Schmid et al., 2008).
values specifically site-calculated in this work. Collaud-Coen et al. (2010) obtained differ&nhtialues rang-

ing between 2.8 and 7.8 at several sites. In particular, from
the different sites chosen in that paper, our value is close to
A(nm) 370 470 520 590 660 880 950  thnse obtainedd = 4.12+4 0.06 at 660 nmCeep) at Cabauw

1204 1141 1120 1.093 1.084 1.044 1.041 :
{OOmS 335 457 523 616 713 1038 114g (the Netherlands), a background site located near populated

Spectral compensation factors

Cinon 1813 2073 2076 2104 2182 2226 2.199 and industrialized areas (Collaud-Coen et al., 2010).
C* 326 372 373 378 392 399 395 Some publications (Lack et al., 2009; Nakayama et al.,
¢ 342 387 390 398 419 435 459  2010)indicate that the multiple-scattering compensation fac-

tor might depend on the particle size, as the aerosol penetra-

] tion depth into the filter varies depending on the size. Since
after the filter spot change. The calculated mediavalues s effect is still difficult to quantify (Rizzo et al., 2011), itis

were plotted as a function ofand fitted with a linear equa- ot straightforward to conclude if there will be an overesti-
tion (Sandradewi et al., 2008b). Values obtained for this pasmation or underestimation in our absorption coefficients due
rameter are shown in Table 1. to this effect. A significant part of the aerosol loading on the
The effect of the compensation of the Aethalometer meafijer tape on the measurement site is always diesel exhaust
surements is shown in Fig. 2b. The slope reduces signifyaicles, so at least this part of the loading is extremely ho-

icantly to a value which is non-distinguishable from 0 — 5geneous. Therefore, we did not consider this effect further
the compensation is efficient in eliminating the loading ef- i, this manuscript.

fects. The difference between the intercept 7.14 Mrfthe

compensated absorption coefficient, representative for thg.2.3 Spectral dependence a and Aethalometer
campaign) and the campaign average absorption coefficient absorption coefficients

7.10Mn ! satisfies the empirical 5% criterion. Addition-

ally, the value lies extremely close to the average and théSchmid et al. (2006) parameterized (based on Arnott et al.,
intercept determined from the analysis of the MAAP com- 2005) the spectral dependence(lising the following ex-

pensation (Sect. 3.1). pression:
Since the loading effect is small for lightly loaded filters i wo (L)
(Weingartner et al., 2003); can be determined by compar- € () = C"(4) +-ms(2) T oo’ (12)

ing low loaded Aethalometer measurements (AZNO0 %) here C* is th itin| tteri tion fact
with the ones obtained by a different comparison instrument.Wh_err:a incl 'sd ethmu flfp et—sc? ering Icompt::‘n;a '_O.n tﬁc or,
In this study we compared the Aethalometer-derived absorp\-N Ich Includes the eflects of aeroso’ scattering, 1S the
tion coefficient withbansmaap from the MAAP, andC is fraction of the aerosol scattering coefficient erroneously in-

determined using the equation proposed in Weingartner eiierpreted as ahsorptiony is the aerosol single-scattering

albedo; and. is the wavelength. Botl€* (1) andms were

al. (2003) as . ]
calculated for ammonium sulfate particles by Arnott et
C= barn (ATN < 10). 9) al. (2005). They however showed that these values gave un-
babsmaAP satisfactory results when used to correct ambient measure-

C has been calculated at 637 nm, as the MAAP measureMents.

ments are performed at this wavelength. Since the nearest Equation (2) has been used to obtad¥* at 637 Cgg;)
wavelengths in the Aethalometer are 590 and 660y using Cg37 calculated in the previous section with E@).(
(637 nm) has been calculated by approximating the waveOnce it is calculatedC* values for the other wavelengths
length dependence of the attenuation spectra for each me¥!ill be obtained assuming the same wavelength dependence

surement to a power-law expression, such as as in Arnott et al. (2005). Values ofs used here were taken
7a from Arnott et al. (2005) since with our data it is not pos-

batn () =a - 277, (10)  sible to determine themwg (637) was calculated using the

whereq is a fitting parameter angkm is the Angstrom expo- ~ following expression (Schmid et al., 2006):

nent of attenuation. bscat(637)

o (637) = (13)

After taking logarithm of Eq. X10), a “linear fit” was ap-

plied to the log—log curve: becat(637) + babstanp (B37)

where bapsmaap (637) is the MAAP absorption coeffi-
In[batn M)] =Ina — agpmIin (). (12) cient measured at 637 nm ahga; (637) is the scattering
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coefficient from the nephelometer, interpolated to 637 nm by
using Egs. 10) and (1) for bscaf)).

To obtain the differentC values for the remaining
Aethalometer wavelengthgyy(1), C*(1), and mg()), are
required (Eq.12). Equation (3) is not useful in this case
since MAAP absorption is only obtained at one wavelength

and cannot be applied for the other Aethalometer channels.<

Therefore, for calculatingp(1) we used the following ex-
pression (Schmid et al., 2006):

A —Uscat
@o,ref \ 7

—Uscat
A A
o, ref (_)»ref) + (1 — woref) (rref)

wherewg ref is the reference single-scattering albedo calcu-
lated at 637 nmXef) using Eq. 13), ascatis the Angstrém
exponent of scattering, anehps is the Angstrém exponent

of absorptionascatdepends on thésca: measured at differ-
ent wavelengths and can be obtained from the nephelome:
ter measurements (450—700 nm). Howewggsis calculated
from the baps measured by the Aethalometer at different
wavelengths.

Schmid et al. (2006) used fixed values éqe4:calculated
using wavelengths 450—708<tata50-700) andwo(545) mea-
surements given by Chand et al. (2006) for Amazonia, and a
range of differentrgpsbased on Kirchstetter et al. (2004) to
obtain a parameterization function 6f(1) and aaps Then
they applied an iterative procedure over this function to

wo(A) = (14)

—Qabs’
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obtain C(1) and agps The fixed values used wetgcai=
2.0+ 0.4 andwo(532)= 0.92+0.02, which differ from our
values in Granada during July 2012¢ata50-700= 1.3+ 0.3

and wp(637)=0.76+ 0.08, consistent with the prevalence
of diesel traffic on the highway near the measurement site.
These differences between both sites are significant anc
make the parameterization function@f).) given by Schmid

et al. (2006) not applicable to our measurements. Thereforerigure 3. Comparison of the Aethalometer vs. MAAP absorp-
based on their work, the iterative procedure has been used ton coefficient papsmaap) at 637 nm for(a) non-compensated
calculateagps and, then,C (L) andbapgr), following these  Aethalometer databpry) and (b) Weingartner's compensation
steps: (babsw)-

1.

40

0

30

=

&0

1
Bops pamap M)

The Angstréom exponent of attenuatiamg) is calcu-
lated by fitting the logarithm of the spectral attenuation

coefficients with a linear fit as presented in EfL)( 4 Results of the compensations

4.1 Non-compensated/compensated Aethalometer vs.
MAAP data

. Theaatn is used in EqQ.14) as a first estimation afaps
to obtainwg()), and then the compensation factor
for each Aethalometer wavelength is calculated using

Eq. 12).
%42 ) . 637 nm obtained using Eql) are compared tdapsmanp

. The compensation factar(2) at different wavelengths 65 The Aethalometer and the MAAP are well correlated,

is used in Eq.) to obtain the new compensated absorp- i r —0.917, while the slope of 3.66 shows the relation-

tion coefficients kaps - ship between the Aethalometer attenuation coefficient and
. This newbapgA) is used again in step 1 to get a better the MAAP absorption.

estimation folwaps After Weingartner's compensation (Weingartner et al.,
2003) is applied to the Aethalometer attenuation coefficient,
we obtain the compensated Aethalometer absorption coef-
ficient, which is represented dspsw in this section to

In Fig. 3a, non-compensated Aethalometer dagN) at

. Repeat steps 2—4 untilyps converges with a precision
of 0.005.
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Table 2. Statistics of MAAP and Aethalometer compensated and non-compensated absorption coefficients at 637 nm: mean standard error,
standard deviation, median, maximum, minimum, 25th percentile, and 95th percentile. MAAP correspbsidsiinp statistics;barn
corresponds to non-corrected Aethalometer diafgs\w corresponds to data compensated as proposed by Weingartner et al. (2003); and
bansAmott represents data compensated with the algorithm and compensation fattansié) from Arnott et al. (2005).

bga7 (Mm~1) Mean+ SE SD Median Minimum Maximum P25 P95

babsMAAP 9.15+0.07 5.8 7.7 1.76 490 53 202
bATN 34.0+02 215 28.7 6.37 1715 19.7 76.0
babsw 9.35£0.07 6.1 7.8 1.87 480 53 213
babsAmott 17.84+0.13 116 14.8 3.56 915 101 406

highlight that it has been obtained using Weingartner’'s com-ters,Cg,, can be calculated by using E4.9) and assuming
pensation. The slope betwebshsw andbapsmaap changes  mg(637) ~ mg(660)=0.0713 (Table 1). The value obtained
to 1.005 and there appears a slight increase of the correlatiois 3.93, which differs from the value obtained by Arnott et
coefficient: from 0.917 to 0.926 (Fig. 3b). The compensational. (2005) in the laboratory(y,.; of 2.182 at 660 nm), as
factors used (g37=4.22+0.06 and fg37~ feeo=1.131)  can be seen in Table 1. On the other hand, this value is con-
were already obtained in Sect. 3.2.2. Dispersion of somesistent with their proposal of* (521)=3.69 for ambient
points is due to some noise in the data which has notmeasurements. Following thi€;*(1) values at other wave-
been removed by the filtration algorithm described above inlengths have been calculated assuming the same spectral de-
Sect. 3.2.1.We can further reduce this dispersion by averageendence of'; . ..; (*) given by Arnott et al. (2005) and nor-
ing the data over a more extended period of time. Furthermalized toCy,,(660). As can be seen from Table 1, the ob-
more, the compensatdgpsw values are on average 73 % tainedC* (1) are much higher than those estimated by Arnott
lower than corresponding non-compensaiggk values and et al. (2005) or by Weingartner et al. (2003) in the laboratory.
differ from bapsmaap ON average by around 2 %. Once we had retrieved th€*()1) values, the iterative
The statistics of the comparison between the two datamethod explained in Sect. 3.2.3 was applied for each mea-
sets are shown in Table 2. Average valuesbgdsmaap surement to calculate th@(x), which will be used to com-
and bapsw With their standard deviations are 5.8 and  pensatebarn (A). AImost 93 % of the data converges at the
9.44 6.1 Mm 1, respectively. The 25th and 95th percentile fourth iteration, while the remaining 7% does at the fifth
for both data sets are very similar, indicating a similar dis- iteration. The averaged values fa6r(1) are shown in Ta-
tribution of the data. The statistical analysis shows a goodble 1. It is evident thatC increases withi, from 3.42 in
agreement betweebapsmaap and bapsw. Therefore it is  the UV (370nm) channel to 4.59 in the infrared (950 nm).
concluded that Weingartner’s compensation, with our site-Comparing these values with our refereriggy, calculated
specific compensation parameters, compensates satisfactosing Eq. 9), a higher wavelength dependence is observed
rily the Aethalometebarn to obtain absorption coefficients at lower wavelengths< 23 % for C at 370 nm) than at near-
which agree well with those measured by the MAAP. infrared wavelengths~4 % for C at 950 nm). Weingartner
et al. (2003) assumed that there was no wavelength depen-
4.2 Compensation parameters at different wavelengths  dence onC since the difference in their measurements be-
and final compensation tween 450 and 660 nm was smaller than 10 %. This is con-
. ] sistent with our data since the differenceGrbetween 470
The spectral dependence®@tan be obtained using EA2).  4nd 660 nm isv 8 %, and the only wavelength differing more
To start, C* and ms as proposed in Arnott et al. (2005) s 370 nm (see Table 1). Furthermore, the differences in our
for 660nm were used (see Table 2). Tbgeo value of  cajculatedC values at each wavelength are similar to the
2.21 was obtained, which is only 50 % of the value ob- 5peg reported in Schmid et al. (2006) fafs~ 1. In addi-
tained at 637 nm (see previous Sect. 3.2.2). Applying thisiion, the averageansobtained with the iterative method was
compensation factor leads to unsatisfactory comparison withgnd to be 1.09 with a standard deviation of around 0.25.
babsmaap, since the new compensated dat@§amott) OVer-  \we performed a sensitivity analysis on the effect of the com-
estimate the MAAP data (slope of 1.92). The statistics of thepensation on th€ values: a 15% change of the parameter
comparison of these two data sets are shown in Table 2 a$ causes a change in ti@ values smaller than 1% for all
babsAmott- These results corroborate that & andms pa- wavelengths.
rameter values from Arnott et al. (2005) are not applicable Tpe obtainedbaps are, on average, around 72 and 79 %
for this campaign. To get a better estimation of the specqgwer than the correspondirigyry values measured at 370
tral dependence o@, specific ambient measurements were 504 950 nm, respectively. Rizzo et al. (2011) reported a de-

calculated to obtai*(2). As we only have availabl€s37  crease of 75 % at 450 nm, which is similar to the findings in
for the direct comparison of the two absorption photome-
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70 whole measurement period, their sensitivity tests consisted in
C_JAETH varying these values and seeing how this affected the final re-

60+ _ LIMAAR | - sult for bapsandaaps They obtained a maximum deviation in

o 1 = the results of-10 and+-40 % onbgpsandagps respectively.

Following their tests, in our measurements, ofl§y % for

babs and+£2 % for agps deviations are observed. This is due
= ) to the fact that we have used concurrent absorption and scat-
2 50 i : X - | tering measurements at multiple wavelengths and have thus

| reduced deviations ibgpsandagps significantly.
20 4
|
B e e | T8
. [ T
4;’0

=
1
T T T T T
520 590 637 660 880 950

single-scattering albedo, and Angstrém
exponent of absorption

, . 5 Spectral absorption coefficient, spectral
I =

3%0
k(nm) . .
5.1 Temporal evolution of aerosol spectral properties

The statistics forwg obtained for the seven Aethalometer
1.0 channels were calculated (Fig. 4b). Averaggdralues from
1 I I 370 to 950 nm lie between 0.78 and 0.74, with a standard
0.9 ? deviation of 0.08-0.09. Lyamani et al. (2010) reported an av-
T Ji——ge—l | erage value odbg at 670 nm of 0.73: 0.06 in summer, which
9'3‘|} = | l e ‘ is close to the value obtained in this wotlg at 660 nm of
— L 0.76+0.08. In general, theg(A) average values show that
during the measurement period the atmosphere in Granada at
& o | surface level contained a large fraction of absorbing particles.
¢ X 1 | Figure 5 shows the temporal evolution of hourly and daily
averaged data for the different optical aerosol parameters

0.7

o ] calculated in the previous section during the period from
0.4 - 29 June to 29 July. Figure 5a and b display the hourly
and daily average values ag(1) obtained for the 370 and
0.3 T . : : , : : 950 nm channels of the Aethalometer. In Fig. 5a it can be
M0 470 520 890 660 840 BED observed that they minima of 0.5-0.6 correspond to max-
A {nm) imum peaks ofaps (Fig. 5d). These maxima ihaps are a

consequence of traffic emissions; this suggests that lower val-

MAAP (red) compensated absorption coefficienigyg and (b) ues Ofa_)o are caused by traffic emissions which _increase the
single-scattering albeda§) for the seven aethalometer channels. absorbing ?Omponent at Surface level (Lyar_nan_l etal., 2010,
The square inside the boxes represents the average: the centrdP11). During the whole periodo at 950 nm is higher than
line corresponds to the median; the edges of the box are the 25tf0 at 370 nm, except for ordinal days 181 (29 June) and 202—
and 75th percentiles; the whiskers correspond to 5th and 95th pe203 (20 and 21 July). A more detailed analysis of these days
centiles; and horizontal lines outside the boxes correspond to maxwill be discussed below.
ima and minima. In the case of thexaps (Fig. 5¢), except for the men-
tioned special episodes, values of this parameter show point-
to-point variations no greater than 0.1. Hourly average val-
this study. Figure 4 shows a boxplot of the compensated abues of agps are mostly between 0.9 and 1.2. The spectral
sorption coefficientd,ps at each wavelength obtained from dependence dbaps does not vary a lot, nor does the daily
the Aethalometer and the MAAP. On one hand, it can beaverage ofxaps Which exhibits values around 1.1 for most
seen that the MAAP absorption coefficient is in reasonableof the month. Values ofaps around 1 are related to the
agreement with the boxes from the compensated Aethalomepresence of traffic aerosols (Sun et al., 2007) and are typ-
ter data at 590 and 660 nm. This is expected when the data aieal of urban areas (Bergstrom et al., 2007). This corrobo-
properly compensated, since the spectral behaviour of the alrates the fact that the site in Granada is dominated by ur-
sorption coefficient follows a power law as shown in Eidf))( ban aerosols whose major source is traffic (Lyamani et al.,
Rizzo et al. (2011) performed sensitivity tests and showed2008, 2010; Titos et al., 2012). Maxima are greater than 1.55
that the main source of error duelighsandaapsis driven by (P95) and reach values up to 2.5. These high values are re-
the choice ofxsca: Since they used averaged values over thelated to special aerosol episodes (dust and biomass burning

Figure 4. Whisker boxplot of(a) the Aethalometer (black) and
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Figure 6. Five-day back trajectories from HYSPLIT at three differ-
ent heights (500 (red), 1500 (blue), and 3000 m (green) a.g.l.) for
(a) 29 June andb) 20 July.
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ol 4 Taadll ik L 2008) and included in EARLINET (European Aerosol Re-
QBW 183 1H;5 187 189 191 193 195 197 189 201 203 205 207 209 211 searCh lear Network; Boesenberg et al’ 2001) Were used to
ulan Day support the interpretation of the data. Images of the tempo-

Figure 5. Temporal evolution of(a) wg 370 andag, gso hourly av- ral evolution o_f the lidar range-corrected si_gna_l (RCS) can be
eraged(b) wp, 370 andawp, 950 daily aver’age(xc) Ofat;shour|y (black copsulted online ahttp://atmosfera.ugr.es/inv/index.php/en/
line) and daily averaged (blue dots), aft) baps370 andbapsoso quicklooks.html
hourly averaged and daily averaged valuesiigys370 (blue dots) Figure 6 shows the five-day back trajectories arriving at
with their standard deviations. Black lines correspond to hourly av-Granada on 29 June and 20 July 2012. Figure 7 shows the
erages at 370 nm and red lines to hourly averages at 950 nm, excepbncentration of different types of particles (dust, biomass
for aapsand pane(b), where they correspond to daily averages. All smoke) at ground level predicted by the NAAPS model for
these data correspond to the period June—July 2012. 29 June and 20 July at 12:00 and 18:00 UTC. On 29 June,
the trajectories arriving at 1500 and 3000 m a.g.l. came from
the western Sahara, while the trajectory at 500 ma.g.l. came
particles) affecting Granada during the measurement periodrom the Mediterranean Sea between Spain and northern
which will be described in more detail below. Africa (Fig. 6a). In addition, from Fig. 7a it can be seen that
Figure 5d shows the hourly average values of ijg at on 29 June NAAPS predicted a significant surface concen-
370 and 950 nm. Both channels exhibit very similar tempo-tration of dust particles (80-160 ug™ at Granada. Fur-
ral behaviour, although absorption coefficients in the UV arethermore, no significant contributions from biomass burning
considerably higher than those in the near infrared. The samand sulfate aerosols were obtained from the NAAPS model.
evolution is seen fobgpsat the other five channels, with val- Figure 8a shows the temporal evolution of the lidar RCS at
ues located between these two channels (not shown). Avei532 nm on 29 July. Early in the morning the presence of an
aged values obtained for the compensatgdrange between aerosol layer decoupled from the planetary boundary layer
16 (at 370nm) and 5 Mmt (at 950 nm) with standard devi- is evident. The analysis of the backward trajectories suggests
ations of 10 and 3Mm?, respectively (Fig. 4a). that the decoupled layer extending from 2000 to 3000 m a.s.l.
For the two events already mentioned — ordinal days 18loriginated in northern Africa. This is clear evidence of the
(29 June) and 202-203 (20 and 21 July) — an extendedGaharan dust outbreak over our station.
analysis of surface level characteristics was made using To study whether there is any noticeable effect in the opti-
back trajectories and results from the Navy Aerosol Anal- cal properties at ground level or not, the 24 h average values
ysis and Prediction System (NAAPS({tp://www.nrimry. of both wg(X) andbapgA) obtained on 29-30 June and 20—
navy.mil/aeroso). The model used for calculating back 21 July are shown in Fig. 9a and b, respectively. Figure 9a
trajectories is the Hybrid Single-Particle Lagrangian Inte- shows a strong spectral dependencegih) on 29 June with
grated Trajectory Model (HYSPLIT) developed by the Na- considerably lower values{(0.80) for the UV channel than
tional Oceanic and Atmosphere Administration (Draxler andin the IR, which is a well-known characteristic of dust. On
Rolph, 2003). On the other hand, the NAAPS model is a30 June, the spectral dependencegfr) is not strong, and
global model that pred