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Abstract. In the field, aerosol in-situ measurements are oftenaerosol optical properties. A closure study showed the con-
performed under dry conditions (relative humidity RBO—  sistency of the aerosol in-situ measurements. Due to the large
40%). Since ambient aerosol particles experience hygrovariability of air mass origin (and thus aerosol composition)
scopic growth at enhanced RH, their microphysical and op-a simple parameterization gf(RH,.) could not be estab-
tical properties — especially the aerosol light scattering —lished. If f(RH,1) needs to be predicted, the chemical com-
are also strongly dependent on RH. The knowledge of thigposition and size distribution need to be known. Measure-
RH effect is of crucial importance for climate forcing cal- ments of four MAX-DOAS (multi-axis differential optical
culations or for the comparison of remote sensing with in-absorption spectroscopy) instruments were used to retrieve
situ measurements. Here, we will present results from avertical profiles ofoen(2). The values of the lowest layer
four-month campaign which took place in summer 2009 inwere compared to the in-situ values after conversion of the
Cabauw, The Netherlands. The aerosol scattering coefficienatter ones to ambient RH. The comparison showed a good
osp(A) was measured dry and at various, predefined RH coneorrelation 0fR?=0.62-0.78, but the extinction coefficients
ditions between 20 and 95% with a humidified nephelome-from MAX-DOAS were a factor of 1.5-3.4 larger than the in-
ter. The scattering enhancement facfgdRH,\) is the key  situ values. Best agreement is achieved for a few cases char-
parameter to describe the effect of RH@p(1) and is de-  acterized by low aerosol optical depths and low planetary
fined asosp(RH,A) measured at a certain RH divided by the boundary layer heights. Differences were shown to be de-
dry osp(dry,A). The measurement of(RH,A) together with  pendent on the applied MAX-DOAS retrieval algorithm. The
the dry absorption measurement (assumed not to change wittomparison of the in-situ extinction data to a Raman LIDAR
RH) allows the determination of the actual extinction coeffi- (light detection and ranging) showed a good correlation and
cientoep(RH,1) at ambient RH. In addition, a wide range of higher values measured by the LIDARY= 0.82— 0.85,
other aerosol properties were measured in parallel. The measlope of 1.69-1.76) if the Raman retrieved profile was used
surements were used to characterize the effects of RH on th® extrapolate the directly measured extinction coefficient to
the ground. The comparison improved if only nighttime mea-
surements were used in the comparisBA £ 0.96, slope of
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1 Introduction Measured and modeled enhancement factors have been de-
scribed in several previous studies, including studies on ur-
Atmospheric aerosol particles change in size due to watepan (yan et al, 2009 Fitzgerald et al. 1982, continental
uptake which is determined by their chemical composition (Sheridan et a]2001), biomass burningotchenruther and
and the ambient relative humidity (RH). As a result their Hobbs 1998, maritime Fierz-SChmidhauser et ak010h
optical properties — especially the aerosol light scattering wang et al. 2007 Carrico et al, 2003, free tropospheric
also strongly depend on RH. Therefore, long-term measure¢rierz-Schmidhauser et a2010a Nessler et a).20053 or
ments of aerosol physical and optical properties are generallyrctic aerosol Zieger et al. 2010).
recommended at dry conditions in order to keep measure- The comparison of remote sensing measurements to in-
ments comparable (e.g. RH30-40% as recommended by sty values of the aerosol extinction coefficient for validation
WMO/GAW, 2003. However, for the comparison of such pyrposes has been performed in several studies. Lidar mea-
ground-based measurements with other optical aerosol meay,rements have been compared to nephelometer measure-
surements (e.g. LIDAR, MAX-DOAS or satellite retrieval), ments, but almost always with dry nephelometer data using
for the purpose of aerosol correction of satellite retrievals, ormodel assumptions or literature valuesfgRH) (Ferrare et
for the use in climate models, accurate knowledge of the RHy| 1998 Voss et al, 2001) and only rarely using a humidi-
effect is very important. fied nephelometeorgan et al.2010. The MAX-DOAS
The size and the solubility of a particle determine the re-technique for aerosol retrieval is novel and only few compar-
sponse of an ambient particle to changes in RH. The wate[sons have been made with in-situ data. The first compari-
vapor pressure above a water droplet containing dissolvedon of the extinction coefficient (measured at Ghuangzhou,
material is lowered by the Raoult effect. The equilibrium size China) with a single MAX-DOAS instrument (similar re-
of a droplet was first described #§6hler (1936, who con-  trieval as for the instrument by the Max-Planck-Institute for
sidered the Kelvin (Curvature) and Raoult (Solute) effect. TheChemistry (MP|), see below) to nephe'ometer data was made
growth of an aerosol particle due to water uptake is describeghy Lj et al. (2010 using a single parameterization from a
by the hygroscopic growth fact@r(RH) which is defined as  gjfferent station (60 km further away) to calculate the ambi-
the particle diameteDyet at a certain RH divided by its dry  ent aerosol extinction coefficients from the dry nephelometer
diameterDqry: data. In addition, they only used ground based RH measure-
ments and differences between indoor and ambient RH and
(1) temperature conditions were not accounted for.
Dadry In this study, the RH dependency of the aerosol extinc-
The RH dependence af(RH) can be parameterized in tion coefficifent was exa_tmined using Qirect measurement§ of
a good approximation by a one-parameter equation, prog;lerosol optlca,l proper.tles as a function of RH taken during
posed e.g. byetters and Kreidenwe{8007): a four months campaign at Capauw, The Netherlaqu. The
data were compared in an optical closure study with Mie-
- >§ calculations, which relied on the aerosol number size distri-

g(RH)ZM_

2 bution corrected to a specific RH using hygroscopicity mea-
surements. As a proof of concept, the in-situ measurements

Here,ay is the water activity, which can be replaced by the of the aerosol extinction coefficient were compared to re-

relative humidity RH, if the Kelvin effect is negligible, as for mote sensing data from MAX-DOAS and LIDAR measure-

particles with sizes more relevant for light scattering and ab-ments. The vertical profiles of the aerosol extinction coef-

sorption, i.e. withDyet > 100 nm. The coefficiert is a sim- ficient obtained from MAX-DOAS and their comparison to

ple measure of the particle’s hygroscopicity and captures alLIDAR measurements are discussed in an upcoming publi-

solute properties (Raoult effect). The impact of hygroscopiccation Eriel et al.2011).

growth on the aerosol light scattering coefficient is usually

described by the scattering enhancement fag{&®H,n.):

osp(RH, 1) 3)

osp(dry,2)’ A field campaign was carried out from 8 June to 6 Oc-

tober 2009 at the Cabauw Experimental Site for Atmo-

spheric Research (CESAR, located at 511974.93 E) in

The Netherlands. The site is located approximately 33km
north-east of the city of Rotterdam and 30 km south-west
é)f Utrecht. CESAR is a facility dedicated to the obser-

vation and characterization of the state of the atmosphere,
its radiative properties and interaction with land surface,

for the study of physical processes, climate monitoring and

glaw) = <1+K 1

—awy

2 The Cabauw site and the CINDI campaign
F(RHA) =

where the scattering coefficient, depends on the wave-
lengthA and the relative humidity RH. In the following we
will discuss the characteristics of the scattering enhance
ment factor forh =550 nm. Since no clear wavelength de-
pendency was found during our measurement period (in th
range of 450—-700 nm), we will omitfor simplicity and refer

to the scattering enhancement factorféRH).
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validation studiesRusschenberg et aR005. A large set of  not conclusive in an experimental sense. In general the losses
continuous in-situ and remote sensing equipment is installedn similar inlet pipes can be calculated by theory (eRir;
at the site. A 213m high mast equipped with various mili et al., 2007). Losses through diffusion (for smaller par-
meteorological sensors (like temperature, dew point, windticles with D<0.1 um) and sedimentation (for larger parti-
direction, wind speed, etc.) is the main feature of the CESARcles withD>2 um) are expected to be below 10-20 %. Since
site. The continuous aerosol measurements are contributhe main contribution to the extinction in the visible neph-
ing to the EUSAAR (European Supersites for Atmosphericelometer wavelength will be in the size range between 0.1
Aerosol Research) projedPliilippin et al, 2009 with asso-  and 1 um, the effect of particle losses on the dry extinction
ciated quality control, site audits, and reporting. coefficient is assumed to be smaller than 10-20%. Addi-
During 16 June and 24 July 2009 our measurements weréonal losses are expected due to the use of a Nafion dryer
part of the CINDI campaign (Cabauw Intercomparison Cam-but there is no quantitative information for the specific dryer
paign of Nitrogen Dioxide measuring Instruments) where used in Cabauw.
the main goal was to compare different remote sensing and
in-situ techniques measuring NOBesides N@, other at- 3.1.2 Humidified and dry nephelometer
mospheric gases and aerosols were measured and intercom-
pared. For more details s&®scoe et ak2010 andPiterset A recently developed humidified nephelometer (WetNeph)
al. (2010. was installed for four months next to the continuously run-
ning aerosol in-situ instruments. The WetNeph is described
in detail by Fierz-Schmidhauser et g20109. Briefly, the
aerosol scattering coefficientsp(A) and the back scatter-
ing coefficientopsp(A) are measured at three wavelengths
fR =450, 550, and 700 nm) at defined RH between 20% and
95%. For this purpose a specifically designed single-stream
"humidification system (consisting of a humidifier followed
! -~ by a dryer) brings the initially dry aerosol (the aerosol is al-
to characterize the effects of RH on the aerosol ED(tmc'ready dried at the main inlet) to a defined RH before its scat-

t|_on coefficient will be described. The results_ of the in- tering properties are measured by an integrating nephelome-
situ measurements are later compared to two different atmo

) . . : ter (TSI Inc., Model 3563).
spheric profiling techniques: First to MAX-DOAS measure- T(he WetNeoh was ro) rammed to measure RH cvcles. In
ments (Sect3.2) and in a next step to LIDAR measurements P brog yCIes.

. . . . the first part of the cycle, the dry particles experience el-
ésrsﬁaizy;hls comparison is carried out only for the lowest evated RH in the humidifier, after which they are passed

through the turned off dryer before their scattering proper-

3 Experimental

Various physical aerosol properties have been measured du
ing the four-month period. The following section describes
the main experimental techniques used in this work. |
the first part (Sect3.1) the main in-situ instruments used

3.1 In-situ measurements ties are measured in the nephelometer (hydration mode). It
is noted that the temperature in the nephelometer’s detection
3.1.1 Inlet system cell is ~1°C higher than in the humidifier, thereby causing

a slight RH decrease of approximately 2—6% (see Fig. Al
Air is sampled at a height of 60 m at the Cabauw tower. Thein Fierz-Schmidhauser et a20109 and with that a concur-
inlet system consists of four parts: (a) Pdvsize selective rent shift of the observed deliquescence RH. Deliqguescence
inlets (4 PMg heads), (b) a Nafion drying system that dries is described as a sudden uptake of water of an initially dry
aerosol to or below 40% RH, (c) a 60-m stainless steel pipeand solid particle at the defined deliquescence relative hu-
and (d) a manifold that splits the flow to the suite of instru- midity. Inorganic salts (for instance ammonium sulfate or
ments. The manifold and the in-situ instruments are all lo-sodium chloride) exhibit a distinct deliquescence. Organic
cated at the basement of the tower. The in-situ measurementonstituents of mixed atmospheric aerosols can suppress the
used in this paper are those from the nephelometer, the multideliquescence of inorganic salSjdgren et al.2007). The
angle absorption photometer (MAAP), the aethalometer, thebehavior of dehydrating particles following the upper hys-
scanning mobility particle sizer (SMPS) and aerodynamicteresis branch of the growth curve is measured by setting the
particle sizer (APS), all of which are described below. Thesehumidifier to its maximum RH{95%), followed by RH re-
instruments sampled their flow from the manifold using sep-duction in the dryer and measurement in the nephelometer
arate pumps to adjust the required flow for proper operation(dehydration mode). The lowest possible RH in this mode
of the instruments. was ~55%, limited by the capacity of the dryer at the high

The total flow sustained in the 60-m inlet pipe was 60 Ipm, sample flow of 10 I min* chosen for this campaign. The RH

for optimal operation of the PM inlets. Whenever an in- inside the nephelometer cell is monitored by a HygroClip
strument was added or removed, the flows to the other instru¢Rotronic), which was calibrated before and after the cam-
ments were checked and adjusted when needed. Although apaign with standard salt solutions, and in addition by a dew
tempts have been made to characterize the losses, they wepeint mirror (Edge Tech, Model 2000, Dewprime DF). More

www.atmos-chem-phys.net/11/2603/2011/ Atmos. Chem. Phys., 11, 26232011



2606 P. Zieger et al.: Aerosol extinction coefficients at ambient conditions

technical details can be found Ferz-Schmidhauser et al. where A is the filter spot areaQ the volumetric flow, and
(20109. AATN (1) the change of light attenuation during the time in-

A second nephelometer (DryNeph, TSI Inc., Model 3563, terval At (Weingartner et a].2003. The empirical constant
operated by TNO) was used in parallel to measure the scat€ corrects for multiple scattering in the unloaded filter. Here,
tering coefficient under dry conditions as a reference. Thea value ofC = 4.09 was usedGollaud Coen et al.2010.

RH inside the DryNeph was always below 30% (campaignThe wavelength and ATN dependent fackocorrects for ef-
mean RH=17.7%). fects caused by the amount of particles deposited on the filter,

Both nephelometers measured within the scattering anglewhich decrease the optical path in the filter (also called the
of 7° to 170°. The scattering coefficients for the complete shadowing effect)R was set to unity as the single scattering
angle between®and 180 were retrieved by correcting the albedowq (defined as the ratio of scattering to extinction co-
measured values using the scheme proposethioerson et efficient) is larger than 0.8 most of the tim@/gingartner et
al. (1996 (truncation error correction) which also accounts al., 2003.
for non-idealities of the light source in the nephelometer. Since the aethalometer measures at various wavelengths,

Both nephelometers were calibrated (with particle-freethe absorptiongstibm exponeniap can be derived:
air and CQ) and compared directly (WetNeph without hu-
midifier system). In addition, the scattering coefficients
at dry conditions (RidetNepn<40%) were compared for \yherey is the wavelength of the aethalometer and con-
the entire campaign. From these measurements it Wageniration dependent constant.
found that the WetNeph scattering coefficients at dry con-
ditions were slightly higher than the ones of the DryNeph
(for 450nm: owetNeph= 1.070DryNeph+ 8.7 x 10~ 'm~1,
R%2=0.99; for 550nm: oweiNeph= 1.060pryNeph+ 6.7 x
10‘7m‘1,7 R? 1: O.g?; for 700nmowetneph= 1.030DryNeph+
45x 10 'm~+, R-=0.94), which was caused by differences Gap(k) = 7ap(637 nm(

Oap(h) = €A%, ®)

Using the measuredl,, of the aethalometer and the mea-
sured value ofrap(637 nm) from the MAAP, the absorption
coefficient for a different wavelengthwas calculated as fol-
lows:

(6)

in the absolute calibration of the nephelometer (WetNeph
nephelometer measured higher scattering coefficients) and _ o
losses in the humidifier~ 5%, seeFierz-Schmidhauser et 3.1.4 Measurement of the aerosol size distribution

al. 20109. The WetNeph measurements were therefore cor- ] - ] .
rected accordingly. A scanning mobility particle sizer (SMPS) and an aerody-

namic particle sizer (APS) were used to measure the aerosol
3.1.3 Measurement of the aerosol absorption coefficient Size distribution for dry diameters between approximately
10 nm and 5 um (both operated by TNO).
A multi-angle absorption photometer (MAAP) and an The SMPS (a modified TSI Inc., Model 3034) consists
aethalometer were used to quantify the aerosol absorptioff & bipolar particle charger, a differential mobility analyzer
properties. (DMA) and a condensation particle counter (CPC). Particles
The MAAP (Thermo Scientific Inc., Model 5012, oper- &ré charged before they are classified in the DMA accord-
ated by TNO) measures the light attenuation and light scatind t0 their electrical mobility diameter and are counted by
tered back from aerosol particles which are deposited on 41€ CPC. A correction for multiple charged particles was ap-
filter. The measurement is performediat 637 nm (which  Plied. Number size distributions in the diameter range be-
differs from the manufacturer's value of 670 nMjiller et~ tWeen approximately 10 and 520nm were recorded with a
al, 2010. A radiative transfer scheme is applied to retrieve time resolution of 5min. _
the fraction of light absorbed by the deposited aeroBet{ The APS (TSI Inc., Model 3321) measures the particle
zold and Schnlinner, 2004. The aerosol absorption coeffi- Size distribution between aerodynamic diameters of approxi-
cientogp is obtained by multiplying the measured black car- Mately 0.5 and 20 um. However, in Cabauw, particles larger
bon (BC) mass concentration with the instrumental set valu¢han approximately 5um are not sampled through the inlet
of the mass absorption cross section of 62gymt. system due to the P} size cut at the inlet and the drying
In addition, an aethalometer (Magee Scientific, Model AE- thereafter, which results in a reduction in size. One distribu-

31, operated by RIVM) was used which measures the lightion iS recorded each minute.
attenuation by the aerosol particles (also deposited on a fil- The overlap between the SMPS and APS showed to be

ter) at 7 wavelengths.(= 370, 470, 520, 590, 660, 880, and good for most of the cases. Small differences seen in the tran-
950nm). The aerosol absorption coefficienp(1) is then sition of the volume size distribution were caused by varia-

—aap
637 nm) '

derived from the light attenuation: tions in density and shape influencing the APS sizing. How-
ever, they were found to be negligible for our purposes, since

A AATN(L) 1 the scattering coefficient is dominated by contributions from

oap(t) = 0 At C-RATN®Q)) 4 the fine mode D,<500nm, measured by the SMPS). The

Atmos. Chem. Phys., 11, 2603624 2011 www.atmos-chem-phys.net/11/2603/2011/
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measured volume size distributions could be well fitted us-concentration is almost constant, changes in the observed ab-
ing a three modal lognormal size distribution equation. sorption can be attributed to changes in the atmospheric ra-

diative transfer, e.g. caused by the influence of aerosol scat-
3.1.5 Measurement of the hygroscopic growth factor tering and absorptionfagner et al.2004 Friel3 et al.2006.

By comparison with a forward model which describes the ef-
Hygroscopic particles are able to grow in size by absorbingfects of aerosols on the MAX-DOAS measurements, aerosol
water vapor even at sub-saturated conditions. A simple wayroperties can be inverted from the measurgag@sorption.
to describe the hygroscopicity of a particle is via the diam-Usually MAX-DOAS aerosol retrieval consists of two steps:
eter growth factog(RH) as defined in Eq.1). This prop- first, the Q optical depth is retrieved from the measured
erty can be measured directly with a hygroscopicity tandemspectra using the DOAS techniquitt and Stutz22008. In
differential mobility analyzer (H-TDMALiu et al, 1978. a second step, the aerosol properties are inverted by compar-
The aerosol sample is first dried in the H-TDMA, and then ing the measured Qoptical depths to those simulated by a
charged with a bipolar charger. Subsequently a dry size clasgadiative transfer model. As was shownfayeR et al(2009
of particles, Dqry, is selected using a DMAWinkimayr et andClémer et al(2010, dependent on the wavelength and
al, 1991). At Cabauw, the H-TDMA of the University of atmospheric visibility, typically 1-3 independent pieces of
Helsinki (modified version of the instrument presented byinformation on the aerosol extinction profile can be obtained
Ehn et al, 2007) was set up to measu®qry of 35, 50, 75,  from MAX-DOAS Q4 observations. It is noted that usually
110, and 165nm. Then the monodisperse particles are eXor some of the aerosol optical properties (e.g. the single scat-
posed to controlled relative humidity (90%) and temperature tering albedo or the asymmetry parameter) either fixed values
The wet aerosol goes through the second DMA, which scangire assumed or information from independent measurements
a size range covering possible growths factors from 0.7 tgle.g. sun photometers or in-situ measurements) is used.
2.5. A corresponding concentration for each size fraction In this study MAX-DOAS aerosol retrievals from four
is monitored with a CPC. A humidified size distribution for groups are included: the Belgium Institute for Space Aeron-
a certainDgry is then obtained. The growth factors in this omy (BIRA), the Institute for Environmental Physics of
study were determined withi#0.05, which is typical for a  the University of Heidelberg (IUPHD), the Japan Agency
well-maintained TDMA systemSwietlicki et al, 2008. for Marine-Earth Science and Technology, Research Insti-

In a complex location such as Cabauw, with several dif-tute for Global Change (JAMSTEC), and the Max-Planck-

ferent aerosol sources, the particles are typically externallyinstitute for Chemistry (MPI). All groups use similar re-
mixed. This is reflected in the hygroscopic growth factor trieval schemes for the spectral analysis of theabsorp-
spectrum by a widened distribution, or even by clearly sepadtion (first step); further details of the spectral analysis can
rated growth modes, for a given particle size. The piecewisebe found inRoscoe et al(2010. For the inversion of the
linear method of the TDMAIinv ToolkitGysel et al. 2009 aerosol properties by comparison with radiative transfer sim-
was used to retrieve the growth factor distributions. Althoughulations (second step) two different approaches are used.
many different sources can contribute to the aerosol popuBIRA, IUPHD, and JAMSTEC apply the optimal estima-
lation, typically one of the sources dominated. Therefore,tion method Rodgers 2000, which yields height-resolved
simply using the average growth factor for each distributionprofiles of the aerosol extinction coefficient. MPI uses a
is sufficient to describe the temporal variation of the growth more simplified approach following the technique Lofet
of the accumulation mode particles at 90% RH. In this work al. (2010: the aerosol extinction profile is described by
only the data at the largest dry size, 165nm, was utilizedonly two parameters (the total aerosol optical depth and the
as the larger particles contribute to the optical properties theerosol layer height) which are determined by fitting the

most Sundstém et al, 2009. measured @ optical depths to the radiative transfer simu-
lations using a least squares method (the aerosol extinction is
3.2 MAX-DOAS measurements assumed to be constant within the aerosol layer).

The properties of the different MAX-DOAS measure-

Multi-axis differential optical absorption spectroscopy ments and the specific settings of the aerosol inversion
(MAX-DOAS) is a technique to derive profiles of atmo- schemes are summarized in TahleNote that most groups
spheric gases and aerosols using spectral radiation meamnalyze the @ absorption band at 477 nm which is close to
surements under different (mostly slant) elevation angleshe wavelengths of the in-situ aerosol measurements. Be-
(Honninger and PlatR2002 Leser et al.2003 Van Roozen-  cause of the limited spectral range of the instrument, MPI
dael et al. 2003 Wittrock et al, 2004 Honninger et al.  uses the @ band at 360 nm. It should also be noted that
2004 Wagner et al.2004 Sinreich et al.2005 Heckel et some uncertainty with respect to the absolute value of the O
al., 2005 Friel3 et al.200§ Irie et al, 2008. absorption cross section exiswdgner et al.2009 Clemer

For the retrieval of aerosol extinction profiles, usually et al, 2010, and all groups apply a correction factor to the
the atmospheric absorption of the oxygen collision-inducedretrieved Q absorption ranging between 0.75 and 0.83, see
dimer (-0, or Oy) is analyzed. Since the atmospherig O Tablel. Additional information on the individual retrievals

www.atmos-chem-phys.net/11/2603/2011/ Atmos. Chem. Phys., 11, 26232011
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Table 1. Overview of the main MAX-DOAS technical and inversion properties.

BIRA? IUPHDP JAMSTECE mpd
Wavelength 400-700 nm 290-790 nm 223-558 nm 310-461nm
Spectral resolution 0.95nm 0.5-0.6nm 0.7nm 0.5-0.9nm
(FWHM)
Field of view 0.8 0.2 <1° 1.
O4 bands used 477 nm 477 fm 477 nnf 360 nm
Scaling factor 0.75 0.8 0.8 0.83
Elevation angles?() 1,2,4,5,8,10,15,30,90 2,4,8,15,30,90 2,4,8,15,39,90 2, 4,6, 8, 10, 15, 30, 90
Inversion scheme Optimal estimation Optimal estimation Optimal estimation Least squares
Time resolution 15min 15min 30 min 10min

1 elevation sequence 2-3 elevation sequences 1 elevation sequence 1 elevation sequence
Radiative transfer model ~ LIDORT v3!3 SCIATRAN! MCARaTd MCARTImK
Aerosol optical properties  AERONETin-situ OPAC" wp: 0.95, AP:0.68  wq: 0.95, AP: 0.68
Time period used 19.6.-21.7. 23.6.-26.9. 19.6.-24.7. 22.6.-14.7.
Vertical discretization 200m 200m 1km 20-5000 m

a Clemer et al(2010); b FrieR et al(2006); © Irie et al.(2008 2009; dljetal (2010; Wagner et al(2011); € oep is retrieved at 450 nm due to specifications of the radiative
transfer model and the employed OPAC databates$ et al.1998); f The retrievedep is for 476 nm, which is the @cross-section-weighted mean wavelength over the fitting

window used.9 from 08.06.—21.06. Bwas used instead of2h Spurr(2008; I Rozanov et al(2002); i Iwabuchi(2006); k Deutschmann and Wagngz008; I Holben et al.
(1998; M Calculated for an assumed mixture of water soluble and soot particles with a number mixing ratio of 0.46 and 0.54, resptastiretya(.1998; " wq: single scattering
albedo, AP: asymmetry parameter;

can be found in a comparison exercise of the spectral anal- Raman LIDAR instruments can retrieve aerosol extinction
yses during the CINDI campaigiiRoscoe et al.2010 and profiles using a single LIDAR signal at a nitrogen Raman
in a MAX-DOAS aerosol comparison paper Byie3 et al.  scattered wavelength (here: 387 nm), with just the help of an

(2012 atmospheric density profile (e.g. a radio sonde or an atmo-
. spheric model) Ansmann et a).1992. However, two ma-
3.3 Lidar measurements jor problems occur when extinction needs to be calculated at

daytime and close to the ground:
The LIDAR CAELI (CESAR Water Vapour, Aerosol and

Cloud Lidar; Apituley et al, 2009 is a high-performance, 1. Raman signals are relatively weak and often dominated
multi-wavelength Raman LIDAR, capable of providing by the daylight background, and

round-the-clock measurements. The instrument is part of the )

European Aerosol Research Lidar Network (EARLINET), 2 the geometry of the LIDAR instrument, the so-called
and provides profiles of volume backscatter and extinction ~ ©verlap-function, dictates a minimum distance beyond
coefficients of aerosol particles, the depolarization ratio, and ~ Which unbiased extinction values can be derived.

water-vapor-to-dry-air mixing ratio. A high-power Nd:YAG o cAELI, the Raman signals at 387 nm are strong enough
laser transmits pulses at 355, 532, and 1064 nm. Becauseg, qaytime performance up to a few km altitude, however,

large telescope is essentially blind for LIDAR signals from . ,snyorthy extinction profiles start between 500 and 1000 m
close to the instrument, a second, small telescope is needeg, e ground.

to cover the near range, in particular for measurements in 14 \work around the overlap problem for this study, extinc-
the planetary boundary layer. The LIDAR echoes at the elasgjgn, profiles were calculated via the Raman aerosol backscat-
tic and Raman scattered wavelengths are relayed to the phoig, profiles down to about 60m above ground. This was
detectors through optical fibers. The LIDAR reFurzned signals,.hieved by calculating the Raman aerosol backscatter pro-
strongly dep_endzon the rangeand decrease with®. Mul- e from the ratio of the N Raman signal and the elastic
tiplication with #< thus removes the range dependence. '”(normal) LIDAR signal Ansmann et al.1992. Because

.this way, the range-corrected sigqals for the vertically pom,t'both of these signals are affected in the same way by the
ing ground-based LIDAR are obtained. Range-corrected Si9%verlap function, for a well-aligned LIDAR system, it does

nals at 1064 nm are dominated by particle backscatter anfly atect their ratio. For CAELI, correct alignment could be

are therefore well-suited to display aerosol layering struc- qrified using methods described Byeudenthalef2008.
ture and dynamics and to detect the presence of clouds (see

e.g. Fig.7a).
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For a given measurement, the Raman backscatdear{d these high RH values between the hydration and dehydration
extinction gep) profiles are calculated. From these profiles branch). During the periods when the WetNeph was operated

the LIDAR ratio LR is determined: in a constant RH mode Eqg8)Y was used with a campaign
oep(h) mean value fou = 0.7 (upper branch only).

LR(h)=—— @) Figure 1a shows the temporal evolution of(RH) for
B RH =85% for the entire campaign period. The values var-

whereh denotes the height above the ground. ied between mid June and the beginning of October be-

The LIDAR ratio is only valid beyond the minimum over- tween approximately 1.3 and 3.9 (10th percentile =1.93, 90th
lap height where bothep andg are valid. However, it can be ~ percentile=2.9). The corresponding measured dry and wet
argued that within well-mixed states of the boundary layer,(@t RH=85%) scattering coefficients (at 550nm) and dry
LR should be fairly constant, since it is representative forabsorption coefficients (at 637 nm) are shown in Fig.

a particular type of aerosol and only RH can be a signiﬁ_The main contribution to the ambient extinction coefficient
cant factor determining the LFS@lemink et a].1984 Ack-  (=scattering plus absorption coefficient) is the scattering co-
ermann 1998. So by assuming an effective LR, LRhe  €fficient, since the absorption coefficient is about an order of
backscatter profile at lower altitudes can be converted to afnagnitude lower than the scattering coefficient.
extinction profile using LRas a conversion factor in EGZ)( The distinct periods of lowered and elevag@RH) values
By varying LR over a range of values and comparing to in- (Se€ Figla) were correlated with the origin of the air masses
situ measurements, it can be determined whether the valuegs revealed from 48-h air-mass back trajectories which were
obtained in this way are consistent. calculated using the FLEXTRA trajectory mod&téhl et

al., 1995 Stohl and Seibert1999 and ECMWF (European

Centre for Medium Range Weather Forecasts) meteorolog-
4 Results ical data (trajectories are provided by NILU aivw.nilu.

nol/trajectories The result is shown in Figka where the
The results of the in-situ measurements are presented in thgyck trajectories are color coded by tfitRH = 85%) mea-
first Sects4.1t0 4.3 FiI’Sl‘, the results of the WetNeph anal- sured at Cabauw. In generaL th‘éRH = 85%) is lower in
ysis and the factors influencing(RH) at Cabauw are dis-  ajr masses originating from the continent and urban regions
cussed in Sectg.1and4.2. A closure Study using different (||ke Rotterdam or Ruhr area)’ probab'y reﬂecting the pres-
aerosol in-situ measurements is shown in Sé&.The pre-  ence of aerosol particles with lower hygroscopicity resulting
diction of f(RH) without explicit WetNeph measurements at from anthropogenic emissions and lower sea salt content. Air
Cabauw is also discussed in SetB. The ambient aerosol masses that were transported over the North Atlantic Ocean
extinction coefficient is compared to MAX-DOAS and LI- or the North Sea prior to their arrival in Cabauw likely con-
DAR measurements in Seét4. tain more sea-salt leading to higher hygroscopic growth and
therefore to higher values gf(RH = 85%). Mixtures of both
extremes are frequently observed, for example air parcels
. . that have their origin over the Atlantic Ocean and are passing
During the four-month campaign the WetNeph and DryNeDhover heavy industrialized areas (like the Rotterdam area or

were running continuously without any major interruptions o ", .
southern Great Britain) where the addition of anthropogenic
(except for a 70-h break at the end of August). The WetNeph llution lead | )h L Pog
was set up to measure humidograms for most of the time expo ution leads to ower ygr_oscopmﬁy.
cent for two 7- and 11-dav lond periods in Julv and Au L'IS'[ Examples of typical humidograms measured at Cabauw
whpere the relative humidi): Wgspset on a corilstant Va|?Je O’fare shown in Fig2b—f. These averaged humidograms are
aporoximately 82—85% Tr?/is was done to further investi atesorted according to the origin of the air masses arriving at
bp y " o ! 98%%he site. A typical maritime case is presented in Rig(se-
diurnal cycles. Due to the large variation of air masses, no ex; _ _.. L R - .
L . lection criteria used: direction of arriving air parcel between
plicit diurnal cycles were found. The humidograms were pa-

rameterized with an empirical equation, which has been use%‘50<9<3150' f(RH =85%,550 nm)-3.5, average of 4 hu-
in previous studiesGlarke et al. 2002 Carrico et al. 2003 idograms). This humidogram shows a sudden increase of

o ) : ;
and has been found to best descripe the individual branche (()Ffjg)(ﬁtcreissf OFEFFL,fedlgﬁe;ﬁeen;%s;r_mgut:i]neg?ﬁgrzte'?,;_
(hydration, dehydration separately). dration mode (humidifier constantly at high RH and dryer
f(RH)=a(l—RH)7, (8) on, light blue circles), the deliguescence RH is passed and
f(RH) decreases until RH~ 58%. This is not the crystal-
wherea andy are two independent curve fit parameters ( lization RH, which unfortunately can not be measured with
is the intercept at RH= 0% andy parameterizes the magni- our set-up, due to temperature and flow conditions inside
tude of the scattering enhancement). The humidograms werthe WetNeph (see Se@.1.2. The distinct hysteresis be-
averaged (3-h mean values for 2% wide RH-bins) and fittedhavior indicates that an almost pure maritime aerosol con-
with Egq. @) for RH>70%. No differences were found at sisting mainly of inorganic salts — e.g. NaCl — was detected

4.1 WetNeph analysis
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Fig. 1. Panel(a) Time series of the scattering enhancement fagi@H = 85%, 550 nm) measured at Cabauw, The Netherlands, over the
period from mid June to the beginning of October 2009. P#neScattering coefficient at = 550 nm at RH=85% (blue line) and at

dry conditions (green line) measured by the humidified nephelometer (WetNeph) and reference nephelometer (DryNeph). The absorption
coefficient at. = 637 nm (orange line) was measured by the multi-angle absorption photometer (MAAP) at dry conditions.

here. Figure2d and e are two further examples of air massesdue to the high variability of size and composition and the
having a maritime origin, although they show no clear del- short measurement period. For a better statistical analysis a
iquescence behavior. The maritime slightly polluted caselonger time period of at least a year would be desirable.
(Fig. 2d; with 225 <6<315 and f(RH=85%, 550 nm)
>3, average of 31 humidograms) reveals a similarly high4.2 Factors influencing f (RH) at Cabauw
magnitude of f(RH) as the clean maritime case (F&b),
but without deliquescence, while the maritime heavily pol- What determines the magnitude ¢{RH) and what other
luted case is characterized by much lower valueg @H) parameters can be used as proxies to estinfigiRH)? To
(Fig. 2e; with 228 <6 <315 and f(RH =85 %,550 nmXx 2, answer these questions, the main in-situ aerosol parame-
average of 25 humidograms). This is probably caused byters available during our measurement period were cross-
additional pollution and/or a higher fraction of organics, correlated. The result is presented in F3g.which shows
which suppresses the deliquescence and/or reduces the hijre coefficient of determinatioR? (squared correlation co-
groscopic growth of the particledlfng and Russe]12001). efficient) of f(RH=85%) versus each parameter (the pos-
Figure 2c and f show two examples of air masses havingitive or negative sign shows the algebraic sign of the cor-
a continental origin (continental south: 3% <225 and relation coefficient). The strongest correlaticR?(= 0.72)
f(RH=85%,550nmk 2, average of 48 humidograms; con- of f(RH=85%) exists with the hygroscopic growth factor
tinental east: 60<6<13%, average of 75 humidograms). g(RH, 165nm) measured by the H-TDMA for the dry diam-
Both humidograms show a smooth increase (RH) with- eter of 165 nm. The chemical composition of the particle at
out a distinct deliqguescence behavior. This means that théhis rather large diameter is the main factor that determines
particles are liquid over a broad RH range. The continen-its ability to grow. This value seems to be the best proxy
tal south air masses (Figc) show the lowest values of measured independently that can be used to estifi(&El).
f(RH) of ~1.9 at RH=85%. These air parcels originated It will be shown later that together with the measured size
from northern France, Belgium and The Netherlands souttdistribution and Mie theory this factor can be used to get an
of Cabauw. It is emphasized that these are examples of seestimate off (RH).
lected air masses only. A simple and generalized categoriza- The BC volume fractiorVgc/ Viot (@ssuming a density of
tion using the air mass trajectories could not be establishe@.1gcnT3) shows only a weak (negative) correlation with
f(RH). Also the coarse mode volume fracti®aps/ Viot is
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Fig. 2. Panel(a) FLEXTRA trajectories (48 h backward calculation) of air parcels arriving at Cabauw. The trajectories are color coded with
the mean aerosol scattering enhancenféRiH = 85%, 550 nm) measured at the site. PaftBls(f) Example humidograms classified by the

origin of the air masses. Dark blue circles denote averagg$Rifl) for the hydration branch of the humidogram, while light blue circles are
averages of the dehydration branch (2% RH bins). Underlined in grey are the individual humidograms of each trajectory. Error bars denote
the standard deviation.

only weakly (positively) correlated t¢g(RH). These rather scattering, where both size and chemical composition are
low correlations tof(RH) are accompanied by significant input parameters. If the chemical composition (hygroscopic
correlations of both/gc/ Viot and Vaps/ Viot to g(RH). The growth and refractive index) is assumed to be constant for
positive correlation can be explained by the fact that a largela given wavelength,f(RH) will decrease with increasing
coarse mode volume fraction is an indicator for the pres-particle size. This can be compensated if the size changes
ence of sea salt, which exhibits a higher hygroscopic growthconcurrently with its hygroscopicity. A similar effect was
(therefore positively correlated). Increased BC fractions one.g. observed and modeled for Arctic aerosol (see Fig. 9
the other hand are an indicator for anthropogenic pollutionin Zieger et al.2010, where smaller but less hygroscopic
with a reduced hygroscopic growth, causing a negative corparticles had a similar magnitude gf(RH) compared to
relation because high amounts of BC in the aerosol reduce itkarger but more hygroscopic particles (in that case the coarse
ability for hygroscopic growth\{eingartner et al.1997). mode was also dominated by hygroscopic sea salt).

The mean diameter Dmean = N1 ]S’O(Ddry The scattering&ngstrbm exponentogp (retrieved simi-
dN/dlogDgry)dlogDgry measured by the APS (repre- lar to Eq. 6) but usingosp instead ofoap) of the dry and
sentative for the coarse mode) and by the SMPS and APSvet (at RH=85%) scattering coefficient show no correla-
(representative for the entire size distribution) show similartion with f(RH). asp is commonly used as a proxy for the
values of R? as the coarse mode fraction if compared to mean size (as can be seen in the clear anticorrelation be-
f(RH). Both coarse mode proxie$/Aps/ Viot and Daps) tweenasp and the coarse mode volume fractiBips/ Viot).
are more highly correlated t9(RH) than tof(RH), because This implies that they can not be used as a simple proxy for
f(RH) is a measure for the entire size distribution (where f(RH), as for example it has been proposed and verified for
the hygroscopic properties may change with size) whilethe typical aerosol found at the high alpine site Jungfrau-
g¢(RH) is representative for only one dry diameter. This joch (JFJ) Nessler et a].2005a Fierz-Schmidhauser et al.
may also point towards effects of non-linearity in the Mie- 20109. The reason for this is the occasional presence of
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Fig. 4. Retrieved imaginary part of the complex refractive index
versus the hygroscopic growth factor measured by the H-TDMA (at
Fig. 3. Correlation plot of all intensive aerosol parameters measuredip = 165 nm and RH = 90%).

in-situ at the Cabauw tower.f(RH=85%, 550 nm): scattering

enhancement factotrpy: Angstiom exponent off (RH = 85%,

550 nm); asp dry: Angsttbm exponent of scattering coefficient at set on the period 4 July to 18 July 2009, because during this
low RH; asprH=85% Angstiom exponent of scattering coeffi- period all instruments were operating successfully (for the
cient at RH=85%bgry: backscatter fraction (at =550nm) at  gther periods the SMPS did not measure). Independent mea-
low RH; Daps: mean (dry) diameter of APS size distribution  grements of the chemical composition were not available
measurementpsyps mean (dry) diameter of SMPS size distri- ¢ this study, but are needed to calculate the complex re-

ion m rement . singl ring al low RH . . . .
butio easue. € @O,dry. single scattering a_bedo atlo fractive index used in the Mie calculations. Therefore, an
(at » =550 nm); Vaps/ Viot: coarse mode fraction measured by

APS and SMPS¥ac/ Vior: black carbon volume fraction mea- ?nversion of the dry §cattgring apd absorp@ion coefficients us-
sured by MAAP, SMPS, and APS(RH =90%,165nm): hygro- iNg the measured size distribution and Mie theory was done
scopic growth factor measured at the dry diamee= 165nmand ~ (assuming a 58 50 field of real and imaginary parts of the
at RH=90% by the H-TDMA. Plus and minus signs indicate the refractive index). With this inversion only a mean refractive
slope of the regression line. index (representative for the entire aerosol size distribution)
can be derived. This procedure is not a critical issue for the
WetNeph closure itself because the closure will be done for
a hygroscopic coarse mode (sea salt) at Cabauw (and mosthigh RH (here, at 85%) as an example, where the particle’s
probably for all measurement sites with maritime influence), refractive index will be close to that of water.
whereas at the JFJ a coarse mode is mainly composed of The retrieval of the refractive index showed additionally
mineral dust with very low hygroscopicity. Neither the dry that the imaginary part anticorrelates well with the hygro-
backscattering coefficiey, (measured by the nephelome- scopic growth factor which is measured independently by the
ter) nor the dry single scattering albedgqr, (e.g. measured H-TDMA (R?=0.51, see Fig4). This shows that less hy-
by the nephelometer, the MAAP and/or the aethalometer) argroscopic particles at Cabauw are also characterized by an
suitable proxies. Thé\ngstrijm exponent of the scattering enhanced absorption, which indicates the presence of black
enhancement factar ;rH) shows no significant correlation carbon. A functional description (e.g. polynomial fit) can not

to any in-situ parameters. be established due to the clear and strong presence of organic
matter at CabauwMorgan et al, 2010, which is expected to
4.3 Closure study lower the hygroscopic growth while having a minor influence

on the refractive index (negligible imaginary part of the re-

To check for consistency within the aerosol in-situ measure{ractive index compared to BdJessler et al20053. There-
ments a closure study using Mie theory was performed. Thdore, an extrapolation tg = 1 in order to estimate the imag-
main goal was to reproduce the WetNeph measurements usaary part of BC can not be made without assumptions. The
ing independent measurements of the hygroscopic growtlimaginary part versus the BC volume fraction showed a very
factor (H-TDMA), the aerosol size distribution (SMPS and good correlation 2 = 0.96,m; = 0.68Vgc/ Viot —0.0013 at
APS), the aerosol absorption (MAAP and aethalometer), and50 nm); an extrapolation t&sc/ Viot — 1 would lead to
scattering properties (DryNeph). The Mie-based model isan imaginary part of pure BC of0.7, which is in accor-
described in detail irZieger et al.(2010. The focus was dance with literature values (see eBpnd and Bergstrom
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P. Zieger et al.: Aerosol extinction coefficients at ambient conditions 2613

(@) Using1 gwjasured rowa(dg=1650m,RH=90%) (b) Using measured g, ;.,(d,=165nm RH=90%)
15% 35

e ¥=(0.96:0.013)x + (-2.4e-7:3.1e: 1.45 - y=(0.77+0.033)x + (0.38+0.087)  ~

= 2_ 7, = 2_ s

3 R?=0.96 . - o, R?= 0.62 . i/,/ ’

/, K o ®

< A & L e, o —
% 1.0 Y T 9 'Y L
3 4 14 ] Coz <
—_ Y, 1 35 = — L) =
) /e £ E 25 o o0 S 095 B
3 4 3 S &g“/ > ° 5
] 7Y - 8 P2 o
F o5 7 13 s ) & ® s
£ Y % Z o, % ° 09 7
c = =

2 B /

& 125 & ) §

o /
° o 15 0.85
0 05 1 15, 45 15 2 25 3 35
0,,(550nm RH=85%) measured m™ f(RH,550nm) meas. [-]
i =00%)= d )
© Using mean g,;p,(dy RH=90%)=1.48 @ Using 9(VgeVioVapsVio! 10

3.5

o

y=(-0.06120.025) + (2.6+0.068),
R%=0.011 ’

90%) [-]
S

6_ (550nm) DryNeph [m™"]

sp

w

165nm,RH

N

f(RH,550nm) calc. [-]
f(RH,550nm) calc. [-]

gHTDMA(HO

5 5
15 2 25 3 35 1.5 2 25 3 35
f(RH,550nm) meas. [-] f(RH,550nm) meas. [-]

Fig. 5. Panela) Scattering coefficientsp calculated vs. measured using the hygroscopic growth factor measured by the H-TDMAbpanel

(d) Scattering enhancement factg(RH =85%, 550 nm) calculated vs. measured values. R@)erhe measured hygroscopic growth
factor of the H-TDMA (dry diametetly = 165 nm) has been used for the calculation, the color code denotes the ragjg:9ZHTDMA -
Panel(c) A fixed value ofg(dgRH = 90%) = 1.48 (mean for that period) has been used for the calculation. Rdén&h empirical relation

of g(Vec/ Viot, Vaps/ Viot) has been used for the calculation/fRH). All values are shown at RH =85%. The solid black line represents a
bivariate linear regression including weights (with calculated uncertainty of slope and intercept). The 1:1-line is shown as a dashed line.

2006. The good correlation is not surprising since the imag-and the good linear relationship are clear indicators that the
inary part was retrieved using the BC measurements from th@erosol in-situ measurements are consistent with each other
MAAP in conjunction with the size distribution and neph- (at least for the investigated period). The slightly lower val-
elometer measurements. ues of the calculategsy(RH = 85%) can be explained by the
The hygroscopic growth factog(RH) is measured by fact that the H-TDMA measures only rather small particles
the H-TDMA at the dry diameters of 35, 50, 75, 110, and misses the coarse mode which might include large hy-
and 165nm. Since the H-TDMA measured at a constanroscopic particles such as sea salt. This is also seen in the
RH=90%, the value of(RH) for different RH was calcu- applied color code. While the H-TDMA measures particles
lated using Eq.J), where instead of the water activity, ~ With low hygroscopicity (e.gg <1.3, blue points) the mea-
the relative humidity RH is used. The largest diameter is thesured values ofsp(RH=85%) are larger than the calculated
most important one for the determination of the optical prop-ones. One reason could be the presence of a mixture con-
erties. The change of the size distribution at RH = 85% wast@ining a polluted fine mode (e.g. soot) and a coarse mode
calculated assuming that particles larger than 165nm havéonsisting of sea salt, which can not be measured with the
the same hygroscopic growth as the 165-nm-particles. Thél-TDMA. The calculatedf (RH =85%) using the measured
result for the wet scattering coefficieny(RH = 85%) is pre- g(RH) of the H-TDMA is therefore lower than that derived
sented in Fig5a (the results are shown far=550nm and  from the measurements (see F5b).
are similar for the other nephelometer wavelengths). For the Keeping the dry refractive index at a fixed value does
linear regression a bivariate weighted fit accordingrtok not significantly change the agreement within this closure
et al.(2009) as described i€antrell(2008 with the assump-  study. Despite the fact that the number size distribution
tion of a 10% error in the measuredlr(derson et a).1996 dominates the magnitude of the calculated dry scattering co-
and calculated scattering coefficients has been used. Thisfficient the variation of the dry refractive index still has
method includes the uncertainties of both thandy vari- an influence. Taking e.gn = 1.5291+ 0.024 at 550 nm
ables and allows the calculation of the uncertainties of the(used inFierz-Schmidhauser et 20108 for polluted air
retrieved slope and intercept. The high correlation coefficientat Mace Head, Ireland) gives= (1.04+ 0.014)x + (2.2 x
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1077+ 2.4 x 10°)ym~1 and R?=0.94 for the comparison  The question arises whether other continuously measured

of the wet scattering coefficients to the calculated valuesaerosol properties can be used as a proxy to estiyfigél)

(analog to Fig.5a). For the comparison of the measured or g(RH). f(RH) correlates poorly with other in-situ mea-

and calculatedf(RH) using the growth factor of the H- sured parameters as already shown in Bjdput clearly cor-

TDMA (analog to Fig.5b) gives a slightly lower agreement relates withg(RH). g(RH) on the other hand correlates well

y =(0.64+0.029x + (0.57+0.078 andR?=0.61. with the coarse mode and black carbon volume fraction. An
To further demonstrate the effect of the limited size rangeempirical equation was retrieved from the available measure-

of the H-TDMA measurements for the closure study, the hy-ments

groscopic growth factor was derived via Mie theory from

the WetNeph, DryNeph and size distribution measurements

(for more details se@ieger et al.2010. The results are &(RH=285% = b1+b2Vec/ Viot+b3Vaps/ Vot +

presented in Fig6 together with the hygroscopic growth baVaps/ Viot Vec/ Viot 9)

factors measured with the H-TDMA (both at RH=90%).

While the correlation between both methods is quite goodWith b1=1.38, b = —1.64,b3 =0.35, andb4 = —1.77 and

(R?=0.71) and the agreement is good for certain periods,found to be thg best_ suitable equation. The result of the

the WetNeph basegwic(RH) is generally slightly higher /(RH) calculation using Eqo for ¢(RH) compared to the

(emie (RH) = 1.3gntoma (RH) — 0.4 derived by an orthogo- Measurements is pre_sented in Fd. Although the varia-

nal linear regression), but there are certain periods where thlOn is quite large, an improvement compared to the constant

differences increase substantially. These are most probablgn€mistry assumption is clearly seen. Nevertheless, these ex-

episodes with enhanced sea salt influence, as can be seen ﬁg]ples demonstrate the need for a full chemical analysis and

an enlarged coarse mode measured by the APS and SMpgeasured size distribution to predjofRH) if no humidified
(see color code in Fig). nephelometer (or at least H-TDMA) measurements are avail-

The calculations were repeated using a fixed hygroscopi@ble-

growth factor of g(dg,RH=90%)=1.48 (mean campaign . .
value for 165nm) to demonstrate the effect of assumingA"4 Comparison to remote sensing data

a.constar;lt hyglroslcoplc growthl. The reISU|tI'S| depched "MThe WetNeph measurements allow the determination of the
Fig. 5¢c. The calculatedf(RH) values are clearly lower than -, pient extinction coefficient, assuming that the absorption

the measured values of(RH). The color code shows the .,fficient does not change with RH. This assumption can be
8(RH) measured by the H-TDMA, which is high for the un- ., 4o ‘hecause the scattering is the dominant part of the ex-

derestimated and low for the.overestimated \_/alueﬁ(ém)._ _tinction (medianwo = 0.81, 10th percentilex = 0.70, 90th

If f(RH) needs to be predicted, thglchemlcal composition ercentilewp = 0.89 at dry conditions for the entire cam-
(especially the coarse mode composition) needs to be knownyaiany and model studies for free tropospheric aerosol (al-
Fierz-Schmidhauser et 20103 andNessler et al(20053 though with a highetg) show that the effect of RH on the
used one mean growth factor to successfully pref®H)  jhqqrption coefficient (with respect to the extinction) is neg-

at the JFJ, but they were in a comfortable position that th§;yip e (Nessler et a.2005. The extinction is then calcu-
aerosol coarse mode consisted only of non-hygroscopic min[ated as follows:

eral dust.
oep(RH) =c,, (f (RH)osp+ oap). (10)
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osp andogp are measured by the DryNeph and the MAAP the temperature was measured next to the RH sensors (for
and aethalometer under dry conditions, is a correction ~ MPI again the COSMO data was used). It should be pointed
factor for pressure and temperature differences (see belowput that the comparison of the lowest MAX-DOAS extinction
All optical measurements were inter- or extrapolated to thecoefficient with in-situ measurements is of special interest
relevant wavelength using t%gstrﬁm law (Eqg. B), with since the MAX-DOAS retrieval has its highest sensitivity at
oep)- ap=0.84 was assumed for periods without aethalome-the ground Eriel et al. 2009 while LIDAR measurements
ter measurements which represents the mean value measurate usually challenged with the overlap problem at low al-
until the 6th of July by the aethalometer at the site. The asditudes. In a recent study.i et al., 2010, good agreement
sumption of a constant value @fp is justified in our case due was found between aerosol extinction coefficients retrieved
to the low variation of the measured value (10th percentile:from MAX-DOAS and surface in-situ measurements. MAX-
0.71, 90th percentile: 0.98) and due to the negligible impactDOAS aerosol extinction coefficient profiles have only been
of aap 0N the ambient extinction coefficient where the scat-compared in very few studies with other independent profil-
tering is the clearly dominant part (e.g. taking 1 or 1.5 asing techniques.Irie et al. (2008 2009 made comparisons
a fixed value foruap would increase the ambient extinction between lower-tropospheric vertical profiles retrieved from
coefficient only by a factor of 1.002 or 1.01, respectively). the JAMSTEC MAX-DOAS and coincident LIDAR obser-
f(RH) was interpolated assuming a linear relationship. Timevations at Tsukuba, Japan. They found reasonable agreement
periods with RH-95% were ignored, due to the uncertainty for layers of 0—1 and 1-2 km to within 30% and 60%, respec-
in the parameterization of (RH) at very high RH values tively, for most cases. However, these very few studies also
(e.9. f(RH)— oo for RH— 100%). ¢, = p(h)To/ poT (h) show the need for further independent validation studies like
accounts for pressure and temperature differences ingige (  the one presented here.
To) and outside g (h), T (h)) the nephelometer. For the cal-  InFig.7 an example measurement of 24 June 2009 is seen.
culation of p(h) the barometric formula was used, whéris This day was characterized by almost entirely cloud free con-
the height of the RH measurement. This is mainly of impor- ditions in the morning and was classified as one of the golden
tance for the comparison to the MPI measurements where thdays during CINDI Roscoe et al.2010. This is also re-
measured extinction coefficient is a mean value for a varyingflected in the LIDAR measurement (Figa), which showed
layer height (20-5000 m). At the Cabauw tower, the tem-the appearance of cirrus clouds at around 10:00a.m. and
perature and dew point (from which the RH can be derivedlow level clouds at around 11:30a.m. The agreement be-
via the Magnus formula) are continuously measured at 10tween MAX-DOAS and in-situ is good during the forenoon,
20, 40, 80, 140, and 200m. For the MPI comparison thewhich was characterized by high ambient RH values, which
temperature and RH profiles were taken from the operationalvere decreasing until noon (see color code of ambient in-
weather forecast model COSMO (based on assimilated dataitu values in Fig.7b—e); concurrently the extinction was
seehttp://www.cosmo-model.ord/ It was assumed that the decreasing within all measurements. From approximately
aerosol type and concentration are constant with altitude and0:30 a.m. (12:00p.m. for IUPHD) the MAX-DOAS and
only RH is changing. Only the retrievals at the lowest heightambient in-situ values ofep were diverging. This was co-
level of the remote sensing instruments were compared to inincident with an increase of the planetary boundary layer

situ measurements. height and the appearance of low level clouds (see LIDAR
measurement in Figa), while the surface values of RH (be-
4.4.1 MAX-DOAS tween 0—200 m) stayed below 70%. The comparison of the

aerosol optical depth (AOD), which is the integrabaf over
For comparison with the in-situ measurements, aerosol exthe vertical column, retrieved by the MAX-DOAS and mea-
tinction coefficient from the lowermost layer of the MAX- sured by a Cimel sun photometer showed good agreement
DOAS profiles from BIRA, IUPHD and JAMSTEC are used. during the entire day, although this is just a columnar value
BIRA and IUPHD retrievals use a layer thickness of 200 m, being compared and gives no information on the true profile
whereas from the JAMSTEC retrieval with a layer height of shape (further details iRriel3 et al, 20117).
1km, an extinction coefficient representative for the lower- Figures8 and9 display the comparison of the entire data
most 200m has been estimated by assuming an exponemset, for the time periods given in Tahle All MAX-DOAS
tially decreasing extinction profile. In the MPI retrieval a instruments detect generally a higher extinction coefficient
mean aerosol extinction coefficient in the boundary layer isthan the in-situ measurements. The slope of the applied bi-
estimated by retrieving the layer height and the aerosol opvariate linear regressiorCantrel| 2008 York et al, 2004
tical thickness. Thef(RH) value was calculated for each varies from 2.9 (IUPHD), 3.4 (JAMSTEC) to 3.4 (BIRA,
available RH measurements of the tower (for MPI taken fromwith sun photometer (Cimel) used as input values). The MPI
the COSMO model), and a mean value was then calculatet1AX-DOAS shows a lower slope (1.5), but has to be treated
using Eq. 10). For the correction factoe,, the pressure with care since the retrieval height varied and RH profiles
was taken from ground based measurements (and taking the@ere taken from a re-analyzed weather model (COSMO).
barometric height formula for the height dependency) andAll comparisons are well correlate®{ = 0.62 to 0.78). An
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Table 2. Results of an orthogonal linear regression (using weights) between ambient in-situ and MAX-DOAS extinction coefficients for the
time periods given in Tablg. Values in parenthesis are for time periods when all four MAX-DOAS instruments were measuring in parallel.

BIRA with Cimel BIRA with in-situ IUPHD JAMSTEC MPI
Slope 3.4(2.9) 2.7 (2.4) 2.9(2.2) 3.4 (2.6) 1.5(1.2)
Error slope 0.06 (0.08) 0.04 (0.06) 0.05 (0.06) 0.06 (0.09) 0.08(0.2)
Intercept —16x1075(-24x107%) —82x106(-13x107%) -12x1072(12x105) —29x106(14x1075 46x10°°(4.3x10°5)
Error intercept % 10% (3x1079) 1x 1076 (2x1076) 2x1078 (4x 1076) 2x 1078 (3x 1076) 8x10°%(2x1079)
No. of points 404 (124) 362 (132) 830 (177) 629 (96) 642 (194)
1 0.78 (0.79) 0.81(0.83) 0.66 (0.76) 0.74 (0.75) 0.62 (0.72)
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Fig. 7. Example day 24 June 2009 (golden day). PdapRange corrected signal (RCS) at 1064 nm measured by the RIVM backscatter
and the CAELI LIDAR. Panel¢b)—(e) Time series of the aerosol extinction coefficient retrieved by MAX-DOAS instruments (black line)
compared to in-situ measurements (red line: dry in-situ extinction coefficient, grey line: ambient value at the RH denoted in the color coded
dots).

overview of the coefficients retrieved from the orthogonal the algorithm sede Haij et al, 2007, 2010. The points with
linear fit and the correlation is found in Tal?e Slope and  better agreement show a low PBL height.

R? improve slightly if only identical time periods (when all Figure 10 illustrates the comparison of the MPI measure-
four MAX-DOAS instruments were measuring at the samement, where the layer height is kept variable during the re-
time) are being compared, although the number of comparatrieval. The agreement improves with decreasing layer height
ble points is largely reduced (see TaBJeA distinct number  despite the assumptions that had to be made (well mixed
of points show a good agreement and are located on the 1:laerosol layer, same aerosol type, RH from COSMO).

line. The color code in Fig8 reveals that these are times  The error bars of the ambient in-situ extinction coefficient
with a low aerosol optical depth (data from the AERONET in Figs.7-10 were derived from Gaussian error propagation
sun photometer measurement, level 2.0). Figirghows  assuming a 10% uncertainty of the nephelometerdérson

the same comparison, but with the planetary boundary layeet al, 1996 and a 12% uncertainty of the MAARPétzold
(PBL) height as color code. The PBL height is measured byand Sclnlinner, 2004).

a ceilometer (Vaisala, Model LD-40; for details concerning
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Fig. 8. Ambient extinction coefficient retrieved by MAX-DOAS vs. in-situ measurements brought to ambient conditions. The color code
denotes the AOD measured by the Cimel sun photometer (AOD interpolated in accordance with the appropriate wavelength; grey points are
times with no sun photometer measurements). The solid black line represents a bivariate linear regression including weights (with calculated
uncertainty of slope and intercept). The dashed line is the 1:1-line.

(a) . b ~
x107° © g
1 1
_ y=(3.4£0.054)x £ (-1.6e-5+1.2e-6) 1000 y=(2.940.041)x + (#1.2e-5 +1.9e-6) 1400
T 2.
E osgf R=078 900 08
= e 1200
3 800 _ = _
€ E € E
K o6 / 700 = E o6 B 1000 =
T - £ 3 - 5
o° - 600 2 "v% - 800 2
s 04 - 500 & o 04 Phe @
= - o [=} - o
e - 400 £ 600
z 02 300 2 02 400
o No. of points=404 200 ‘ No. of points=830
0 05&= 200
0 2 4 L 6, 107 0 2 4 L 64107
In-situ amb.cep(477nm) m ] In-situ amb.cep(450nm) m ]
c) _. d .
¢ x107 @ et
1 1
En y=(3.4£0.056)x £ (-2.9e-6+1.4e-6) y=(1.5£0.075)x + (4.6e-5+7.9e~6)
£ 2_
= og| R=074 1000 . 08 1000
£ _ ' -
2 800 E = 800 E
g 06 P = £ 06 =
o” - g g g
£ e 600 <= e 600 <
S 04 - 2 s 0.4 2
S ] - o ° o
] -7 400 o
'g 02 e - 2 42 400
=S No. of points=629 200 No. of points=642
o o 200
0 2 4 6, 10 0 2 4 6, 10"

In-situ amb. o, (476nm) m™ In-situ amb. o, (360nm) m™

Fig. 9. Same as Fig8, but here the color code denotes the planetary boundary layer height measured by the ceilometer (grey points: no
quality assured PBL data available).
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Fig. 10. Ambient extinction coefficient measured by the MPI MAX-DOAS instrument, where the layer height is kept variable during the
MAX-DOAS retrieval vs. in-situ. The aerosol type is assumed to be constant within the layer (for the calculation of therip;sinly

the RH changes with height). The RH profiles are taken from assimilated COSMO data. Solid line represents a bivariate linear regression
including weights (with calculated uncertainty of slope and intercept), dashed line is the 1:1-line.

For the BIRA and IUPHD retrieval the error bars repre- The following hypotheses concerning the disagreement
sent the sum of the noise and smoothing error. Forwarchre being made. On the in-situ side:
model errors were not considered heRe@gers200Q Friel3 . ] ) o .
et al, 200§ Cléemer et al. 2010. For the JAMSTEC re- — Particle losses due to impaction or diffusion in the inlet
trieval the errors have been quantified by the retrieval co- ~ Systém
variance matrix, which is defined to represent the sum of
the smoothing error and the retrieval noise erfRodgers
2000. For the MPI retrieval so far no full error assess-
ment was implemented, and the errors were assumed to be _ pgrameterization off (RH) (Eg. (8), large errors for
0.250¢p+0.05x 1073 m~1. RH > 90%)

As already mentioned, BIRA uses the values of the asym-
metry factor and the single scattering albedo inverted fromOn the MAX-DOAS side:
sun photometer measurements in their standard retrieval. The
comparison improves if in-situ measurements (at ambient — BIRA, JAMSTEC, IUPHD: systematic overestimation
conditions) of the asymmetry factor and the single scatter- ~ Of the lowest level (0-200m). The most probable ex-
ing albedo are taken as input parameters (See mbrér"s planation for this flndlng is that due to the limited verti-
however can be caused by the large uncertainty of the single cal resolution of the retrievals, the presence of aerosol at

scattering albedo and the asymmetry factor retrieved from  higher altitudes200 m) might resultin an overestima-
AERONET at low AOD. tion of the lowest level obep. In addition, in the case

of an uplifted aerosol layer with a strong vertical gra-
dient near the surface, the vertical resolution of about

— Underestimation of the measured extinction due to the
PMjiq size cut
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aerosol type dependencies). No clear dependency was found.
With this and with the favorable results from the closure
study in mind (Sec#.3), we assume that the in-situ measure-
ments are not the main reason for the disagreement and only
a certain percentage (possibi10-30%) can be explained

B in-situ (dry)
©  in-situ (ambient)

through errors in the in-situ data.

1500

4.4.2 LIDAR

Height [m]

Due to the long averaging times, only 22 profiles (within
the period 23 June—20 September, averaging timetl0&bh
(mean= standard deviation) of the aerosol extinction coef-
ficient measured by the CAELI LIDAR could be compared
to the in-situ measurements. The aerosol extinction coeffi-
cient (at 355 nm) can be measured directly using the Raman
channel above approximately 750 m. The backscatter signal,
retrieved using the Raman method, starts at approximately
. 60 m and can be used to extrapolate the direct measurement
of oep if an appropriate LIDAR ratio LR (Eq7) is assumed.
Fig. 11. Lidar and in-situ measurements of the aerosol extinc- Instead of an educated guess, the measured_ LR of the upper
tion coefficientogp at A =355 nm (4 August 2009, 00:59-03:07). layers between _700 and 1700m Was_deter_mlned (mean val-
Black line: Direct LIDAR measurement afep; Colored lines: ~ U€S for 200 m thick levels) and multiplied with the backscat-
oep calculated from the backscatter signal using measured LIDARter signal.
ratios (LR) obtained from mean values of different height levels An example day is presented in Figl. The extinction is
(£100m); black squaresep measured in-situ at dry conditions; directly measured above750 m (black line). The LR of the
colored circlesioep brought to ambient conditions (color code de- upper layers increase with height from LR=37 to LR=48
notes the ambient RH measured at the tower, error bars are retrieve(@ue to changing RH and/or aerosol type changes or lower
via Gaussian error propagation). signal to noise ratio). These values are used to calculgte
by multiplying the backscatter signal with the LR. The in-situ
i , . _values at dry (black square) and at ambient conditions at the
250m near the_ surface will be insufficient and result in RH measurement of the tower (color coded circles) are also
an overestimation of the surface value. shown. The large RH gradient results in a strong increase of
oep concurrently determined indirectly from both the in-situ
aerosol measurements and the LIDAR measurements.

The LR values are within the range as e.g. modeled
by Ackermann (1998 for marine (LR=-10-25 between
RH=0-99%) or continental aerosol (LR40-70 between
The influence of clouds was tested by comparing only dataRH =0-99%) or as observed kyiiller et al. (1997 for
points for which AERONET AOD measurements (level 2.0) urban haze in central Europe (LR=b82). As mentioned
were available (other time periods were excluded in theabove, the LR depends besides the aerosol composition also
AERONET data processing due to the presence of clouds)strongly on the RH. To illustrate the effect of RH on the LR
No clear improvement could be observed; therefore the in-measured here, the LR of the individual layer versus the layer
fluence of clouds is believed not to be the main cause for thilRH is shown in Figl2a. The RH-profiles were taken from
disagreement. a re-analyzed weather model (COSMO). One can observe

The smaller slope of the regression line for the MPI mea-that for most of the cases the LR increases with increasing
surements could indicate that the coarser resolution withRH, similar to the model results @fckermann1998or the
more simplified assumptions is a more robust retrieval. Itmeasurements @alemink et al(1984. Of course, also the
should, however, also be noted that the scatter and the y-axigerosol type might change with altitude which can not be ex-
intercept for the MPI retrieval is larger than for the other re- cluded here.
trievals. The LR of the lowest possible height level was multi-

The comparison was also tested against other parametegdied with the mean backscatter coefficient measured be-
like the ambient RH (to check the validity of thfRH) pa-  tween (60-200m) to retrieve a mean extinction coefficient
rameterization), the aerosol mean diameter (to check for defor the ground (see Eq). In addition, the individual re-
pendencies concerning the size dependent losses), the winideved LR-RH-relationships (see Fit2a) were used to cal-
direction, and the single scattering albedo (to check forculate (interpolate) the LR for the mean RH measured at the

1000

500 RH ambient (tower) [%]

0,,(A=355nm) [m ‘*] x 10

— Influence of the horizontal aerosol gradient, which
might exhibit large variation

— Influence of clouds
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Fig. 12. Panel(a): The LIDAR ratio LR measured in 200-m altitude intervals between 700 and 1700 m versus the RH in the individual layer
(taken from COSMO). Grey crosses denote the LR of the lowest layer, red crosses show the interpolated LR for the RH measured at the
ground (mean 60-200 m). The profiles used to retrieve the interpolated value are shown in blue. Grey are all profiles (where no interpolation
was possible or where no WetNeph measurements were available). (Ban@bmparison of the extinction coefficieagy at the ground

retrieved from LIDAR vs. the in-situ values (mean for 60—200 m). Circular points denote the mean value if the LR from the lowest level is
taken (black daytime measurements; blue nighttime measurements). Red crosses show the mean value if the LR interpolated to the groun
RH is taken (see Pana). The y-error bars give the range of the retrieveg taking the measured minima and maxima LR of the upper

layer. The x-error bars give the calculated error in the ambient in-situ measurement. The solid lines represent linear orthogonal regressions
(see legend).

ground. With this method only 15 profiles could be com- tering enhancement factgf(RH) was found to be highly
pared since the no extrapolation was performed. The resultariable (f(RH) varied between-1.4 and 3.8 at RH =85%)
is shown in Fig.12b. The error bars denote the range of and dependent on the air mass origin. Continental aerosol
the retrieved extinction coefficient taking the maximum and showed a lower scattering enhancement possibly due to an-
minimum value of the measured LR to calculatg at the  thropogenic pollution and lower sea salt content. Hystere-
ground. sis was observed only during some very few events, when
Orthogonal linear regressions (without weights) revealedthe air masses arrived directly from the oceans. The best
that the LIDAR retrievedsep were about~1.7-1.8 higher  quantity to estimatef(RH) from other continuous in-situ
compared to the ambient in-situ values. There is no largemeasurements was found to be the hygroscopic growth fac-
difference if the LR interpolated to the ground RH (instead tor measured e.g. by a H-TDMA. The use of the scattering
of the LR from the lowest layer) is being used, which indi- Angstiom exponent did not correlate well witfi(RH) due
cates that the LR of the lowest level has been a good estimat® the large variability in the chemical composition. This
for the LR at the ground (at least for most of the cases). Bothmakes a simple prediction of (RH) at Cabauw, in con-
sets ofoep are well correlated to the ambient in-situ values trast to other sites (e.g. Jungfraujoch), quite difficult. Here,
(R2=0.82-0.96). Nighttime measurements showed to haveontinuous measurements gtRH) and/or better chemical
a better agreement (slope 1.2 = 0.96) compared to day- composition measurements would be desirable to better re-
time measurements, which might be due to lower noise inlate dry measured values to the ambient ones. A closure
the LIDAR measurements during nighttime. However, this study, which relied on the measured size distribution and the
improvement has to be treated with care since only 6 profilediygroscopic growth, showed the consistency of the aerosol
were measured during nighttime. in-situ measurements. The imaginary part of the retrieved
complex refractive index was found to correlate well with
) the hygroscopic growth factor of the HTDMA, which means
5 Conclusions that more absorbing particles grow less. As a proof of con-
cept, the in-situ measurements were compared with remote

In this study, the influence of water uptake on the aerosol ex-sensing data from MAX-DOAS and LIDAR measurements.

tinction coefficient was investigated during a 4-month cam- good correlation was found between in-situ and MAX-
pgign at the Cabauw field station (The Nether!ands) us'in OAS measurements. For certain cases (low AOD and low
direct measurements of aerosol optical and micro-physica BL height) good agreement was found, but for most of the

properties. While the scattering coefficient was measure ime MAX-DOAS retrieved a-~1.5-3.4 higher extinction co-

as a function of RH, the absorption coefficient was mea-giciant pifferences could have been caused by e.g. particle
sured dry and assumed not to change with RH. The scat-
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