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Abstract. Remote sensing of aerosols provides importantThe modeled water volume fraction is highly variable and
information on atmospheric aerosol abundance. Howeverstrongly dependent on composition. During this campaign
due to the hygroscopic nature of aerosol particles observedve find that it is> 0.5 at approximately 80 % relative hu-
aerosol optical properties are influenced by atmospheric humidity (RH) when the aerosol composition is dominated by
midity, and the measurements do not unambiguously charadaygroscopic inorganic salts, ard0.1 when RH is below 40
terize the aerosol dry mass and composition, which compli-%, especially when the composition is dominated by less hy-
cates the comparison with aerosol models. In this study wegroscopic compounds such as organic matter. The scattering
derive aerosol water and chemical composition by a mod-enhancement factor (f(RH), the ratio of the scattering coef-
eling approach that combines individual measurements oficient at 85% RH and its dry value at 676 nm) during 1-14
remotely sensed aerosol properties (e.g., optical thicknesdviay is 2.6+ 0.5. The uncertainty in AERONET (real) refrac-
single-scattering albedo, refractive index and size distribu-ive index (0.025-0.05) is the largest source of uncertainty in
tion) from an AERONET (Aerosol Robotic Network) Sun— the modeled aerosol composition and leads to an uncertainty
sky radiometer with radiosonde measurements of relative huef 0.1-0.25 (50-100 %) in aerosol water volume fraction.
midity. The model simulates water uptake by aerosols base®ur methodology performs relatively well at Cabauw, but a
on the chemical composition (e.g., sulfates, ammonium, ni-better performance may be expected for regions with higher
trate, organic matter and black carbon) and size distribu-aerosol loading where the uncertainties in the AERONET in-
tion. A minimization method is used to calculate aerosolversions are smaller.

composition and concentration, which are then compared
to in situ measurements from the Intensive Measurement

Campaign At the Cabauw Tower (IMPACT, May 2008, the 1 |ntroduction

Netherlands). Computed concentrations show good agree-

ment with campaign-average (i.e., 1-14 May) surface obserAtmospheric aerosol particles interact directly and indi-
vations (mean bias is 3% for Piland 4-25 % for the in-  rectly, i.e., through cloud albedo and lifetime, with radiation
dividual compounds). They follow the day-to-day (synoptic) (Lohmann and Feichter, 2005). Aerosols influence weather
variability in the observations and are in reasonable agreeand climate through visibility, sunshine duration, global radi-
ment for daily average concentrations (i.e., mean bias is 5 %ation and temperature, as has been observed on regional (e.g.,
for PMyo and black carbon, 10 % for the inorganic salts andVan Beelen and Van Delden, 2012) and global scales (Wang
18 % for organic matter; root-mean-squared deviations areet al., 2009; Wild et al., 2007; Forster et al., 2007). Relatively
26 % for PMig and 35-45 % for the individual compounds). large uncertainties are associated with the aerosol radiative
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forcing. Estimates of radiative forcing from models range al. (2013) use AERONET imaginary refractive index and
from —0.2 to —0.9Wn1 2 for the direct effect and-0.5 SSA to retrieve columnar black carbon, brown carbon and
and—1.5W nt2 for the indirect effect (Forster et al., 2007; dust in Beijing, China.
Quaas et al., 2009), while remote sensing estimates yield be- We present first results of a modeling approach that es-
tween—0.9 and—1.9 W n 2 for the direct effect (Bellouin  timates the aerosol dry mass, the masses of several aerosol
et al., 2005; Quaas et al., 2008) an@.24+ 0.1 W n 2 for species, and aerosol water based on AERONET data from
the indirect effect (Quaas et al., 2008). More recent esti-Cabauw (the Netherlands). The methodology is applied to
mates of the aerosol radiative effects from models and reindividual measurements so that the short-term variability
mote sensing tend to converge (e.g., Bellouin et al., 2008pf the concentrations is resolved. The model simulates hy-
Myhre, 2009; Lohmann et al., 2010), but the uncertainty re-groscopic growth and optical characteristics of an aerosol
mains large (Loeb and Su, 2010; Schulz et al., 2010; Kahnpopulation that is initialized with an a priori size distribu-
2012; Bellouin et al., 2013; Myhre et al., 2013a). The un- tion and chemical compaosition. In an iterative procedure the
certainty in aerosol forcing leads to large uncertainties in themodeled aerosol properties are optimized in order to min-
estimates of climate sensitivity and future projections of cli- imize the differences between observations and the model
mate change (Andreae et al., 2005; Myhre et al., 2013b). results. The resulting aerosol properties are compared with
A better characterization of the aerosol chemical com-detailed measurements, with a focus on chemical composi-
position and hygroscopicity is a necessary step in reducingion, from the measurement campaign IMPACT (Intensive
these uncertainties. Aerosol properties such as size distribuMeasurement Period At the Cabauw Tower; Kulmala et al.,
tion and chemical composition are often measured in situ2009; 2011; Mensah et al., 2012) during May 2008. Aerosol
for example during dedicated measurement campaigns (e.gcharacteristics resulting from this method can be used for a
Yu et al., 2009; Kulmala et al., 2011). These measurementsnore consistent comparison of modeled and remotely sensed
are relatively detailed and accurate, but they are only repreaerosol properties, as well as for a better understanding of
sentative of small areas, most of which are in the Northernaerosol-humidity and aerosol—cloud interactions (Feingold,
Hemisphere. Remotely sensed aerosol properties (e.g., fror003; Jeong et al., 2007; Koren et al., 2007; Roelofs and
AERONET (Holben et al., 1998), MODIS (King et al., 1992) Kamphuis, 2009). Section 2 describes the model, the mea-
and POLDER/PARASOL (Deschamps et al., 1994; Tanré etsurements and the minimization procedure, and presents a
al., 2011)) are available at larger spatial scales, but they rebrief literature overview of specific weights and refractive in-
flect a contribution of aerosol water. The amount of aerosoldices associated with aerosol chemical components. In Sect.
water, and thus total aerosol mass and size, is strongly depei3-we present the resulting aerosol chemical composition and
dent on not only the aerosol composition (hygroscopicity) compare it with measurements from IMPACT. Section 4
but also on relative humidity (RH). Discrepancies betweenpresents conclusions and a discussion of the results.
remotely sensed aerosol properties and aerosol—climate mod-
els can thus be caused by the description of RH or aerosol
processes in the model (e.g., Bian et al., 2009; Zhang et a2 Methodology
2012), which complicates the validation of aerosol properties
; . 2.1 Model
in aerosol-climate models.

In order to quantify the water contribution to AOT (aerosol \ye se a microphysical aerosol model that calculates aerosol
optical th|ckness), several studies have retrieved aerosol wefotar uptake by considering aerosol chemical composition,
growth or scattering enhancement factors due to aerosol Wagjze gistribution and relative humidity. The aerosol optical

ter uptakg. Schuster et al. (2009) derive the aerc.)soll Wate{)roperties are computed and compared to AERONET re-
fraction directly from measurements of the refractive indeX yjeals. Aerosol chemical composition and size distribution
and mass conservation, but they apply an empirical relayre found using an optimization method. This involves in-
t!on to constrain the msolluble—to-.soluble.aerosol Mass rAyerting the following equation:
tio. Jeong et al. (2007) derive vertical profiles of the aerosol

humidification factor (the ratio of the scattering coefficient y = F(x) + E,. (1)

of aerosol at ambient RH and at dry (40 % RH) conditions)

over the Southern Great Plains (USA) using airborne aerosoHere, F is our forward model in which aerosol water up-
measurements of scattering and absorption under high- anthke and optical properties are calculated. The state vec-
low-humidity conditions, together with ambient RH, tem- tor x contains the parameters that can be adjusted by the
perature and pressure profiles. Ganguly et al. (2009) useninimization routine. It is initialized with estimates of the
monthly average AERONET AOT, SSA (single-scattering mass concentrations of the dry aerosol chemical composi-
albedo) and volume distribution, and MPLNET (Micro-pulse tion, size distribution and RH, which are then used to calcu-
Lidar Network) extinction profiles to retrieve vertical pro- late aerosol water uptake and optical properties. The mea-
files of aerosol chemical compounds, assuming specific sizeurement vectory contains the AERONET retrievals and
distributions for each aerosol component. Finally, Wang etRH based on radiosonde measuremeifts. denotes the
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Table 1. Overview of the parameters in the state vecigr Subscripts f and ¢ denote fine and coarse mode, respectively.

x Description Remarks

mg, me (SO4)  column-average mass mixing ratio sulfate  The inorganic composition is determined from sulfate by using (fixed)
ammonium-to-sulfate and nitrate-to-sulfate ratios (see text).

mg, mc (OC)  mass mixing ratio organic carbon Water uptake is determined assuming 20 % wt levoglucosan, 40 % wt
succinic acid and 40 % wt Suwannee River reference fulvic acid (Sven-
ningsson et al., 2006).

mg, mec (BC)  mass mixing ratio black carbon -

N, N¢ column-average number concentration -

of, o¢ (geometric) standard deviation Fine- and coarse-mode aerosols are assumed to be lognormally dis-
tributed. Geometric standard deviation of each mode can be varied by
the model.

SPH aerosol spherical fraction Only used when the (440-870 nm) Angstrém exporehfisind the
AOT is > 0.1, otherwise SPH=1.

RH column-average relative humidity Initial guess is derived from sounding data.

Table 2. Overview of the parameters in the measurement vegfoarid the uncertaintieE , in y used in this study.

y Description Ey

RRI(A) real part of the refractive index for four ERRI = max[0.005R R1/AOT 440nm 0.025]
wavelengthsX =440, 676, 870, 1020 nm)

IRI(A)  imaginary part of the refractive index EiRrl = IRImax[1/(1+ 2.5(A0T440nm— 0.05)), 0.5]

AOT(») aerosol optical thickness EpoT =0.01

SSAQ) single-scattering albedo Egsa= 0.07/(1 + 3(AOT440nm— 0.05))

V; volume distribution in 22 bins Ey =0.15v*

SPH aerosol spherical fraction ~25%

RHprior  column-average relative humidity from soundings~10 %"

* Approximation; see text.

uncertainty estimates of the parametersyinin an itera- over a flat surface and the Kelvin equation for the curva-
tive procedure the parametersanare adjusted so that the ture effect. We have neglected the Kelvin effect because it is
discrepancies between modeled and observed aerosol optrery small compared to the Raoult effect for optically active
cal properties, size distribution and RH are minimized. An aerosols with diameter larger than 0.1 um (Tang, 1996). The

overview of the model structure is presented in Fig. 1. water activity @) of an aerosol component is then directly
linked to the ambient RH by %RH = 104Q,. Measurements
2.1.1 Aerosol: initialization, water uptake and optical describing water uptake by OC are taken from Svenningsson
properties et al. (2006). We have followed their assumption that wa-

. _ ter uptake by OC can be described by a mixture of levoglu-
Tables 1 and 2 present an overview of the parametess in ¢osan, succinic acid and Suwannee River fulvic acid. Water
and y together with their uncertainty estimates used in this\5take by ammonium sulfate, ammonium bisulfate, sulfuric
study. The model describes aerosol using dry mass mixingcjg ammonium nitrate and sea salt is obtained from water
ratios, the number concentrations and (geometric) standargctivity measurements by Tang and Munkelwitz (1994), Tang

deviations of lognormal fine and coarse modes, assuming int1996) and Tang et al. (1997). The density of the mixture of
ternally mixed randomly oriented spheroid particles. Aerosolingrganic salts and water is estimated from measurements of

chemical species considered by the model are sulfate (reprgne gensities of the binary solutions of water and solute us-
sented as a mixture of3$0y, NH4HSOs and (NH)2504),  jng a volume additivity rule (Tang, 1997). The total water
ammonium nitrate (NeNOs), sea salt (NaCl), organic mat- ntake of a mixture of components is assumed to be the sum
ter (OC), black carbon (BC), and mineral dust. We remarkf the water uptake of each individual component (ZSR re-
that sea salt and mineral dust have been omitted from th'?ation; Zdanovskii, 1936; Stokes and Robinson, 1966). Some
study for reasons explained in Sect. 2.2.1. _ inorganic salts display strong hysteresis behavior between a
The hygroscopic growth of aerosols can be described fron}jry (crystalline) and wet state (Tang and Munkelwitz, 1993;

their chemical composition by the Kohler relation (Kohler, Wang et al., 2008). Aerosols remain in the wet (deliquescent)
1936), a combination of Raoult’s law for water activity
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o ; Table 3. Specific densities for the aerosol chemical components.
x: Initial guess dry chemical
components and RH
* Compound Dry density Range Reference
Aerosol water uptake model (NH4)2S0y 1.76 - 1
¥ NH4HSOy 1.78 - 1
HoSOy 1.841 - 2
T-matrix optical model NaCl 2.165 - 3,4
* Organic matter  1.547 1.2-1.8 5
(6,7,8,9,10)
= Amoeba minimization Black carbon 1.8 1620 11
(10, 11)
y: AERONET *
retrievals P Dust 2.65 2.5-2.75 12

.- 6;< rtol (12, 13)
Water 0.9971 - 14

> Final estimate
aerosols & water

IMPACT
<

. * Weighted density from 20 % wt levoglucosan, 40 % wt succinic acid, and 40 %
observations

Suwannee River reference fulvic acid (Svenningsson et al., 2006).
** Bond and Bergstrom state that a density of 1.0 has never been observed.

; ; ; 1 Tang (1996), 2 Weast (1985), 3 Kopke et al. (1997), 4 Hess et al. (1998),
Flgl'.m.e.l' Flow dlagr_am of the model. The state _Vt_ec.tpcqntalns . 5 Svenningsson et al. (2006), 6 Turpin and Lim (2001), 7 Dick et al. (2000),
the initial guess, which can be updated by the minimization routine g Haliquist et al. (2009), 9 Dinar et al. (2006), 10 Ganguly et al. (2009),
which compares the output of the model with the measurement vec-ié a;md and B?r?;ég);; (ZgOG)f, 12 McC%nne!l (2009),

H agnher etal. and references therein,

tor Y. When the cost functiog hgs reached a val'ue lower than a 7, Tang and Munkelwitz (1994).
certain thresholdtol, or when the improvement @f in subsequent
runs is smaller thantol, a final estimate of the aerosol is obtained

and compared to observations.

<=>

mixing state for the calculation of the effective refractive in-
dex of these species causes only a moderate change in RRI,
~0.01-0.02.
state until RH drops below the efflorescence (crystallization) - Taple 3 lists molecular masses and specific densities of the
RH. Boundary layer RH in the Netherlands is generally highmodel species, and we notice that the specific densities for
enough for deliquescence. Also, for complex aerosol mix-oc and BC cover a large range over different studies. Table 4
tures, the deliquescence RH is unknown but generally lowehresents an overview of R values for aerosol dry components
than its pure substances (Seinfeld and Pandis, 1998). Finallyyyrrently found in the literature. The variation of RI with
organic constituents in mixed aerosols suppress the deligjavelength has been estimated from published values when
quescence behavior of inorganic salts (Marcolli and Krieger,measurements for that specific wavelength were not avail-
2006; Sjogren et al., 2007; Meyer et al., 2009). able. Also, a wide range of Rl values can be found here for
Aerosol optical properties (i.e., AOT, SSA) are calculated oC, depending on its source: clean continental sources are
using ther-matrix code described in Dubovik et al. (2006), associated with lower RI (e.g., Kanakidou et al., 2005), while
taking into account the complex refractive index (RI) for pollution and biomass burning are associated with higher val-
each aerosol mode at four WaVelengthS (440, 676, 870 anQes (“brown Carbon”; e_g., Dinar et a|_, 2008) For ammo-
1020 nm) and non-sphericity of the aerosol (Mishchenko ethjym nitrate, most studies list a real refractive index (RRI)
al., 1997). The RI of the mixture of inorganic salts and wa- petween 1.56 and 1.60 (e.g., Stelson, 1990), which is used in

ter is calculated with the partial molar refraction method oyr study (Table 4), but sometimes a much lower RRI of 1.42
(Moelwyn-Hughes, 1961; Stelson, 1990; Tang and Munkel-js ysed (e.g., Weast, 1987).

witz, 1994). The imaginary refractive index (IRI) of inor-

ganic salts is assumed to be negligible. Weakly soluble or2.1.2 Minimization procedure

insoluble species (e.g., OC, BC, dust) generally do not homo-

geneously mix with the water—salt solution (e.g., Péré et al. Modeled aerosol optical properties and size distribution are
2009; Song et al., 2012). Since their mixing state and moleccompared to observations from the AERONET Sun—sky ra-
ular mass is poorly known, we assume that the final Rl fordiometer, an optical, ground-based aerosol monitoring sta-
each mode is represented by the volume-weighted average Ribn located at Cabauw during May 2008. AERONET ver-
of the wet inorganic salts and the other components (Lesinsion 2, level 2.0 (L2.0) inversions are quality assured, and
et al., 2002). This method can lead to an overestimation oinclude SSA and Rl when AO¥ 0.4. For the period un-
the absorption by aged black carbon of up to 35 % (Oshimader study at Cabauw, the AOT is generally smaller than
et al., 2009) and thus an underestimation of the amount 0D.4. Whenever L2.0 AOT and size distribution are available
BC, but this has a smaller impact than the uncertainty in itsbut L2.0 SSA and RI are not, SSA and RI are taken from
refractive index and density (e.g., Schuster et al., 2005). Erthe corresponding L1.5 retrievals (Dubovik and King, 2000;
lick (2006) and Erlick et al. (2011) show that the choice of cloud screened but not quality assured, Smirnov et al., 2000)
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to improve data coverage to 66 points. This effectively ap-The AERONET spherical fraction is used when the (440-
plies the AERONET L2.0 criteria to all parameters, except870 nm) Angstrém exponent is 1.2 and the AOT is> 0.1
AOT > 0.4 for SSA and RI. In this study, we refer to this (Holben et al., 2006); otherwise the particles are assumed to
data set as L2*. In addition, we consider a data set of all L1.5be spherical. We note that the optimization does not appear
inversions in Cabauw in May 2008, amounting to 132 datato be sensitive to the magnitude of the uncertainties of the
points. We note that the L1.5 data set also includes retrievalsmallest and largest size bins and of the aerosol spherical
from measurements containing fewer scattering angles — fofraction. The column effective RH is used both as an initial
example, when a portion of the angular scan is affected byguess £) to calculate aerosol water uptake, as well as a pa-
cloud contamination or when the solar zenith angle is rela-rameter (Rkior, in y) that is used in the optimization. It can
tively low, e.g., between 40 and &(~or a complete overview be adjusted by the model if this leads to a better fit with the
of the differences between L1.5 and L2.0, the reader is reAERONET aerosol parameters, but this will contribute to the
ferred to Holben et al. (2006). The results of our study en-cost function. The variance of the RH in the column is used
able a comparison of the quality and consistency of both datas an uncertainty estimate, and is generally on the order of
sets, LZ and L1.5, required for an accurate optimization of 0.1 (i.e., 10 %).
aerosol physical and chemical properties. A cost functiong(x) quantifies the total difference be-
Parameters used in our study are AOT, SSA and comiween modeledK (x)) and observedy() aerosol parameters:
plex refractive index data at four wavelengths=(440, 676,
870 and 1020 nm), the volume size distribution resolved N @ 2
in 22 size bins between 0.05 and 15um, and the aerosap (x) :Z<M> . 2)
spherical fraction (Table 2). The model size distribution is i=1 wEy

rebinned to the AE_RONET resolution before comparison.-l-he difference between modeled and observed aerosol pa-
The AERONET retrieval assumes that aerosols are homoger'ameters is weighted by the uncertaintiegjitogether with

neous, internally mixed particles with a single Wavelength—a weighting factorw, that considers interdependency of the

dependent RI. However, aerosol Rl is often size depender\'}ariables, and then summed ovér the number of parame-
(e.g., Benko et al., 2009), and our method assumes a bimOdi’érs iny .

lognormal siz_e distribgtion WiFh ho_mogeneous COMPOSItion 15" tine searching for the minimum of the cost func-
(and thus a smgle RI) in each .|nd|V|duaI mode. In the present; o is known as “amoeba” (Nelder and Mead, 1965). It uses
study the median absolute difference of _RRI betwee_n bot simplex based on the logarithm of the model parameters
modgs is generally very small (0.01), but it can occasmnally(i.e., mass concentrations of the components in each mode,
be significant. the number concentration and standard deviation of the log-

The uncertaintiesl{_y) uged in our model can be found in normal distribution of each mode and the RH; Table 1).
Table 2. The uncertainty in AERONET AOT is 0.01 (Eck et Amoeba finds a minimum on nearly all parameter spaces,

2"’ .193?)' The Léncglztaintlieszin the in(;/ersion para;]meters arI‘But convergence does not always result in the absolute mini-
erived from Dubovik et al. (2000) and pertain to the general,, ., The probability of finding the latter is greatly improved

AERONET performance. The uncertainties in R' and SSAby restarting amoeba on a previously found minimum until
are larger for low AOT & 0.2) and low solar zenith angles the cost function converges.

(Holben et al., 2006; Torres et al., 2014). We remark that the
expressions for uncertainties in Table 2 may lead to underes? 2 |MPACT observations

timation when applied to conditions with very low AOT and

solar zenith angles, as well as to dust events. The uncertaintyn order to assess the representativity of the optimized
estimates presented here from Dubovik et al. (2000) are fomerosol composition, the model results are compared to sur-
weakly absorbing aerosols. The uncertainty in RRI may beface aerosol measurements from the IMPACT campaign
larger under strongly absorbing conditions. For fine-mode-(Kulmala et al., 2011; Mensah et al., 2012), carried out at
dominated aerosols, the AOT strongly decreases with waveCabauw in the Netherlands as part of the European Integrated
length, leading to larger uncertainties at longer wavelengthsProject on Aerosol Cloud Climate and Air Quality interac-
especially for SSA. Finally, we note that the AERONET re- tions (EUCAARI, Kulmala et al., 2009, 2011). The Cabauw
trieval algorithm places constraints on the spectral variabilityExperimental Site for Atmospheric Research (CESAR,
of the complex refractive index, which may lead to additional Russchenberg et al., 200&ttp://www.cesar-observatory;nl
uncertainty. Dubovik et al. (2000) state that the uncertainty51.97 N, 4.93 E, —0.7 m a.s.l.) is located in a typical rural

in the AERONET volume distribution is 15 % between 0.1 area in the central Netherlands with nearly flat orography in
and 7 um, increasing up to 100 % at the distribution edgesall directions. This area is also well representative of central
We have set the uncertainties of the three outlying bins beEurope. During IMPACT, aerosol and cloud data were gath-
low 0.1 and above 7 pm to 30, 60 and 100 %, respectivelyered near the 213 m high Cabauw Tower. Balloon sounding
Further, because the uncertainty in the aerosol spherical fra@nd helicopter and aircraft measurements from a wider area
tion is not known, we arbitrarily assumed this to be 25 %. around Cabauw are also available. A direct comparison of
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Table 4. Refractive indices for four different wavelengths (440, 676, 870 and 1020 nm) presented with a range found in the literature. When
no imaginary partitalic) is listed, it is assumed to be zero.

Compound 440nm 676 nm 870nm 1020 nm Range Reference
(NH4)2SOyq 1.535 1.525 1.52 1.52 - 1

NHzHSOy 1.48 1.47 1.465 1.465 - 2

HoSOy (97 %wt)  1.43 1.42 1.415 141 1.41-1.43(2,3,4) 3

NaCl 1.56 1.546 1.534 1.532 1.49-1.55(5, 6, 1) 1

NH4NO3 1.56 1.545 1.54 1.535 1.41-1.60 (7, 8, 9, 10) 6

Organics 15715e-2i 155-5e-3i 1.54-3e-3i 1.535-3e-3i 1.43-1.682e-3-0.1i(11,12,13) 13

Black carbon 1.85-0.711i 1.85-0.71i 1.85-0.71i 1.85-0.71i 1.50-2.00.44-1.0i(14, 16, 17,18,19) 15

Dust 1.54-8e-3i 1.52-5e-3i 1.51-3e-3i 151-3e-3i 1.52-1.58le-3-1e-2i(20,21,22,23) 20,21

Water 1.344 1.331 1.324 1.321 - 24

* Bond and Bergstrom argue that the low IRI (0.44) value for BC (from the OPAC database) should be discarded.

1 Toon et al. (1976), 2 Stelson (1990), 3 Benko et al. (2009), 4 Hess et al. (1998), 5 Shettle and Fenn (1979), 6 Tang (1996), 7 Weast (1987) from Benko et al. (2009) (550-589 nm),
8 Richardson and Hightower (1987) (633 nm), 9 Tang (1996), 10 Weast (1985), 11 Kopke et al. (1997), 12 Dinar et al. (2008), 13 Hoffer et al. (2006), 14 Horvath (1998),

15 Stier et al. (2007), 16 Bond and Bergstrom (2006), 17 Chang and Charalampopoulos (1990), 18 Janzen (1979), 19 Schuster et al. (2005), 20 Kinne et al. (2003),

21 Sokolik et al. (1993), 22 Wagner et al. (2012), 23 Kandler et al. (2011) (532 nm, Cape Verde), 24 Segelstein (1981).

the optimized size distribution with surface measurementdions of ammonium nitrate during May 2008 correlate well
is not possible due to technical problems with the scanning R?=0.71) with that of sulfate; the mass ratio of ammonium
mobility particle sizer (SMPS, a modified TSI Inc. model nitrate to sulfate is 1.3.

3034) and the CPC (TSI Inc. model 3762). We note that

aerosol hygroscopicity measurements (90 % RH growth fac2.2.2 AERONET

tors) from a hygroscopicity tandem differential mobility ana-
lyzer (H-TDMA) are available for particle radii P< 165 nm
(http://ebas.nilu.ng/ but their quality is unknown as the data
are as yet unpublished.

The optimization procedure uses AERONET retrievals for
Cabauw. Figure 2 shows AERONET AOT, the Angstrém ex-
ponent, boundary layer RH, RRI, SSA and IRI for the first
half of May 2008. Between 6 and 12 May, dry continental
2.2.1 Specific model assumptions for Cabauw during air was advected from the east. Figure 2a shows that AOT
May 2008 (676 nm) is generally between 0.05 and 0.25 (the mean and
standard deviation are 0.#30.05 and 0.130.04 for L1.5
The first two weeks of May 2008 were characterized by high-and L2 AERONET data, respectively). The Angstrém ex-
pressure, relatively fair weather and a steady easterly wind ifPonent generally exceeds 1 (148.26 and 1.530.24 for
the lower atmosphere throughout most of the period. Duringlevel 1.5 and 2, respectively), indicating that the fine-mode
the second half of the month the weather was more unsetfraction dominates the aerosol optical properties. During
tled, with cloudy and rainy periods (e.g., Roelofs et al., 2010;daytime a well-mixed boundary layer was formed between 0
Hamburger et al., 2011), and as a result AERONET observaand 2 km altitude above the surface. The atmosphere is rela-
tions are relatively sparse. Therefore we focus our analysidively dry, with RH between 30 and 70 % (4810 %) except
on 1-14 May. We assume that the aerosol is homogeneouslpr the first three days (Fig. 2b), and the variability during
distributed in a layer of 2km depth at the surface. The “ef-a day is on the order of 10-20%. AQOT displays a distinct
fective” RH in this layer is derived from radiosonde measure-daily variability with a minimum around noon on days when
ments by means of averaging water vapor pressure and teniRH is relatively high (e.g., 6-8 May). On the driest days,
perature in this layer. Radiosonde measurements are avai-g-, 9-11 May, AOT strongly increases during the day. The
able three times a day during the campaign, around 05:00RRI ranges between the AERONET lower and upper bounds
10:00 and 16:00 UTC. The columnar RH is time-interpolated©f 1.33 and 1.60 (the mean and standard deviation for RRI
to the AERONET data available. (676 nm) are 1.46- 0.06 and 1.4 0.05 for level 1.5 and™
We remark that sea salt and dust have been omitted fronfiespectively). It is highly variable, even during a single day
this study. Cabauw is located only 50 km from the coast, but(€.9., 9 and 10 May) and appears to be only weakly related
the first half of May is dominated by easterly winds and to RH. Single-scattering albedo (676 nm) varies from 0.8 to
therefore a strong continental influence. Further, observediear 1.00 (0.88-0.04 and 0.88-0.03 for L1.5 and L2, re-
CI~ concentrations are very lowg( 1 ug nm3). Traces of Sa-  spectively) and is lowest on 11 and 12 May((.82-0.87)
hara dust were present over the Cabauw region only on 4Fig. 2¢). The SSA is strongly correlated with IRt3=0.83
May (Roelofs et al., 2010). To reduce the number of pa-and 0.84 for L1.5 and L'2data, respectively).
rameters in the optimization we assumed specific ammo-
nium : sulfate and nitrate : sulfate ratios, based on Gysel et
al. (2007). The ammonium to sulfate mass ratio that corre-
sponds best to surface measurements is 1.8. Surface observa-
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2.2.3 Aerosol chemical composition 0.45

0.40
Surface concentrations of inorganic aerosol specieg NO _ °*
SO%‘, NHI, Na* and CI- were measured with a MARGA £ °%

instrument (Monitor for Aerosols and Gases, Applikon Ana- § §§§
lytical BV; ten Brink et al., 2007; Thomas et al., 2009), with § 0.15
an hourly resolution and a measurement error smaller than o0
10% (Schaap et al., 2011, and references therein). Black car 005« irirdoiiddon b i i
bon mass concentrations are measured with a multi-angle *®1 2 35 4 5 6 7 & 5 10 1 12 15 1 o
absorption photometer (MAAP; Thermo Scientific model ,
5012; Petzold et al., 2005) with a resolution of 5minand un- s "
certainty of 12 % (Petzold and Schénlinner, 2004). Aerosol
organic concentrations were measured with an Aerodyne
aerosol mass spectrometer (HR-ToF-AMS) (Julich ICG-2;
Canagaratna et al., 2007) with a 5min time resolution from
an inlet at 60m altitude (Mensah et al., 2012). Measured
AMS PM1 mass concentrations for inorganic and organic
ambient aerosol species are reproducibly accurate to approx 03t
imately + 25 % (Canagaratna et al., 2007).

We note that measured organic masses are effectively PM
(100 % transmission in range 70-500 nm and 50 % for parti-
cles with 1 um diameter). To compare these with the opti-
mized organic mass, which is essentially RMwe scaled
the AMS measurements to Rlylbased on the observed sul- R T Dol gim
fate masses from MARGA and the AMS. This implies that A 2 N R
sglfate z_ind_organics are distributed_ similarly over f'ier_o_sol 0.80 SRS SOURE OO OO OO OO R0 S o
size, which is a reasonable assumption because a significar I I N
fraction of secondary organic as well as inorganic (sulfate) N
aerosol matter formed in the gas phase deposits onto the fine Y
mode (Kulmala et al., 2004; Kanakidou et al., 2005; Hal- Figure 2. AERONET almucantar retrieval data (level 1.5: squares;
Iquist et al., 2009). L2*: dots) during the first 14 days of May 2008 at the Cabauw

Tower. (a) Aerosol optical thickness (AOT) color-coded with val-

ues of the Angstrém exponent (440-870 nth),the columnar rel-
3 Results ative humidity from balloon soundings between 0 and 2 km color-

coded with the AERONET real part of the refractive index, and
The refractive index is a crucial parameter in the optimiza-(¢) AERONET single-scattering albedo (SSA) color-coded with the
tion of the aerosol chemical composition. Figure 3 shows a(Pase 10 logarithm) imaginary part of the refractive index.
comparison between the optimized RRI and the AERONET
retrieved values. Between the values 1.40 and 1.56 the dis-
crepancies between our results and AERONET are generaliAerosol and Cloud Lidar; Apituley et al., 2009) data showed
within the uncertainty range (i.e., 0.025-0.05, Table 2). Inthat low RRI values seem to occur both on clear days (e.g.,
several cases, however, especially for the level 1.5 data, thé and 8 May) as well as on days with a slight lidar backscat-
AERONET RRI is less than 1.40. As can be seen in Fig. 4,ter signal between 8 and 12 km altitude (most other days).
which compares RRI and RH, the corresponding columnamMost of the discrepancies relate to L1.5 data and not to the
RH is relatively low, ranging between 38 and 65%. The L2* data, which may reflect the difference in accuracy. Some
AERONET RRI has a very low correlation with the colum- discrepancies remain in the t8ata, while several L1.5 data
nar RH (R?=0.14, 0.14 and 0.36 for the L1.5, t2and points yield reasonable results. We have labeled “suspect”
non-suspect data, respectively), suggesting large variationthose results associated with AERONET RRI values out-
in aerosol composition or relatively large uncertainties in theside the range that our model can represent (at the effective
AERONET RRI. Our model cannot simulate the lowest RRI RH), and results with a cost function larger than 10. The sus-
values at the observed columnar RH with the current choicepect data represent about 40 % of the data considered. Ta-
of aerosol compounds. These low RRI values also cannot dible 5 presents the (squared) Pearson linear correlation coeffi-
rectly be attributed to cloud contamination of the AERONET cients between optimized and AERONET values of the RRI,
retrievals (e.g., de Meij et al., 2007; Schaap et al., 2009), beiRI, AOT, SSA, total binned volume (VOL), aerosol spher-
cause close inspection of the CAELI (CESAR Water Vapour,ical fraction (SPH) and RH. Generally, excellent agreement
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Table 5. Squared Pearson correlation coefficiert€)(between model computed (optimized) values and AERONET inversions of the real
and imaginary part of the refractive index (RRI and IRI), aerosol optical thickness (AOT), single-scattering albedo (SSA) at four wavelengths,
the sum of the binned AERONET volume distribution (VOL), AERONET spherical fraction (SPH) and columnar relative humidity (RH)
derived from radiosonde measurements for the non-suspect data, L1.5%ddtaZlatter two between parentheses) during the first 14 days

of May.

Correlation @2) 440nm 676 nm 870nm 1020 nm

RRI 0.80(0.78,0.82) 0.94(0.81,0.89) 0.90(0.84,0.91) 0.84(0.83,0.89)
IRI 0.79(0.79,0.71) 0.98(0.98,0.98) 0.98(0.98,0.98) 0.97 (0.96, 0.96)
AOT 1.00 (0.99, 1.00) 1.00(0.99,1.00) 0.99(0.99,0.99) 0.99(0.99, 0.99)
SSA 0.93(0.84,0.85) 0.98(0.98,0.98) 0.98(0.97,0.96) 0.98(0.97, 0.96)
VOL 0.99 (0.85, 0.93)

SPH 1.00 (1.00, 1.00)

RH 1.00 (0.99, 0.99)

®  SuspectLl.5
@ L15

155H @ Suspect L2%
¢

Suspect L1.5
L1.5
Suspect L2%

optimized RRI

Optimized Total Volume
o
©
<ceonn

0.2 0.3 0.4 0.5
AERONET Total Volume

Figure 3. Scatterplot of model computed (optimized) and Figure 5. Scatterplot of model computed (optimized) and
AERONET level 1.5 (squares) and LZdiamonds) real refractive  AERONET total volume (level 1.5: squares, L2*: diamonds).
index (RRI) data averaged over four wavelengths. Model resultsAERONET data that have been classified as suspect have been
have been marked “suspect” (red) when the AERONET refractivemarked in red. The blue line shows the1lratio.

index is outside the range that our model can simulate and/or when

the cost function is larger than 10. The blue line shows thé& 1

ratio. AERONET RRI and RH is smaller at 440 nm than at longer

wavelengths, suggesting larger uncertainties at the shorter
= Sesmect i wavelengths. This is consistent with the results of Torres et
o Simectior | al. (2012) for urban aerosol. We also note that we did not find
: Pl a significant correlation between the AERONET SSA and the
B e B fine-mode volume median radius.
@ ORI [ R o, Figure 5 shows a comparison of the optimized and
: ' s : AERONET total aerosol volume. The agreement is very
good for non-suspect data, but for suspect data the model cal-
culates substantially smaller aerosol volumes, mostly associ-
ated with discrepancies between modeled and observed RRI.
The average AERONET (non-suspect) and modeled (opti-
Figure 4. Scatterplot of the column effective relative humidity (RH) mized) volume size distributions during 1-14 May are shown
and the AERONET real refractive index (RRI) for level 1.5 data in Fig. 6. It can be seen that the AERONET coarse mode con-
(squares) and L'2data (diamonds). The AERONET data that have tains two weak maxima, and is therefore generally wider than
been labeled “suspect” are presented in red. the optimized (single) coarse mode.

We note that technical problems with the SMPS and
CPC during the first two weeks of IMPACT hamper a di-

is found for most parameters. It should be noted that in ourrect comparison of the size distribution with surface mea-
model, the RI tends to show a stronger increase near smallesurements. The modeled column average number concen-
wavelengths (due to our choice of Rl of the individual com- trations are generally between 800-3000¢énduring 1 to
pounds), leading to larger discrepancies for Rl and SSA atl0 May, approximately 1200 cni on 11-12 May and in-
440 nm than at longer wavelengths. The correlation betweermreasing to 4000 cr? on 14 May. They are of the same

160 [

AERONET RRI
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Table 6. Mean (column-average) modeled,{4) and mean observedi§pd (near-surface) mass concentration (Hgntogether with
corresponding standard deviatiorg,(modeled and observed medians (mggland medpg and mean absolute gross error (MAGE) for
the non-suspect (N-S) data, L1.5 and thé Idata during the first half of May 2008. NB: NA is given when there are no observational data
available.

Conc Mg M3l tmod+0mod HobsETobs MeGnod Methps MAGE

Drymass N-S 30.38.40 31.3:11.0 27.8 30.1 9.99
L1.5 36.1+28.2 30.2-11.2 304 28.5 13.6
L2*  32.3+9.66 28.6:12.2 294 28.4 121
SO#~ N-S 5.51+3.11 442+-1.38 4.92 4.84 2.87
L1.5 7.11+4.57 431138 6.67 4.69 4.37
L2*  6.99+4.21 424164 6.62 4.44 4.01
NH4* N-S  4.03+2.27 3.341.55 3.59 3.05 2.19
L1.5 5.20+3.34 3.35-1.57 4.87 3.23 2.94
L2* 5.11+3.08 3.114+1.66 4.84 3.03 2.92
NO3— N-S  7.44+4.20 7.76:3.64 6.63 7.71 3.73
L15 9.60+6.17 7.48:4.35 9.00 7.04 4.75
L2* 9.44+5.68 7.00:4.07 8.94 5.02 4.79
ocC N-S 12.6£7.43 14.8:-5.35 134 14.6 6.77
L1.5 13.3+275 13.9-5.37 104 14.1 13.0
L2*  9.98+9.68 13.0£6.22 8.92 14.0 9.09
BC N-S 0.73:0.32 0.88£0.46 0.69 0.75 0.41
L1.5 0.75+:0.34 0.8%:0.49 0.72 0.74 0.48
L2*  0.71+0.24 0.83:0.49 0.70 0.70 0.46
H>O N-S 6.09+4.98 NA 4.60 NA NA
L15 8.55+7.84 NA 7.45 NA NA
L2*  7.79+6.86 NA 6.26 NA NA
0.035 T T T 80 T T T T T T T T T T T T
: : ~&— observed : :[e obsory @ ModelDry 15 ¢ Model Dry L2% | : :

~@- optimized || :
T obs stdev
[ optstdev
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Figure 6. Average AERONET (black dots) and optimized Figure 7. Time series of total (Ply equivalent) dry mass con-
(turquoise dots) volume distribution for the non-suspect data dur-centration from surface measurements (black dots), and our model
ing 1-14 May. The bars indicate the standard deviation of the dataesults (turquoise squares and diamonds for results based on non-
in each bin. suspect AERONET L1.5 data and t2lata, respectively) during
the first half of May 2008 at the Cabauw Tower. Results based on
AERONET data that have been labeled “suspect” are presented in

magnitude as observed during aircraft measurements in threed'

boundary layer around Cabauw: approximately 1500&m

on 6 May (FAAM BAe-146,Dp=0.1-0.8 pm), 2500 cn?

on 8 May (DLR Falcon 20, CCMN 10nm), 800 on 12 May PM;jg from the MARGA instrument and black carbon from

and 1200 cm?® on 13 May (FAAM BAe-146) (Hamburger et  the MAAP. Excluding the suspect values, the modeled con-

al., 2011, their Fig. 9). centrations show good agreement with the mean and vari-
Figure 7 shows computed column-average dry aerosohbility of observed concentrations, i.e., 38:8.40 ug n3

mass concentration and the total observed dry mass corvs. 31.3+11.0 ugnt3 (normalized mean bias is 3%). The

centration at the surface, i.e., the sum of scaled organi@agreement between observations and retrieval is generally

mass concentrations from the AMS instrument, all aerosobest in a period of quiet, dry and sunny weather between 6
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Table 6 lists modeled (total column-average) and ob-
served (surface) mass concentrations. The agreement be-
tween both is reasonable for the non-suspect data, i.e., within
the computed standard deviations, with computed BC (bias is
—17 %), OC (15 %) and nitrate-{4 %) somewhat smaller,
and sulfate 425 %) and ammonium-421 %) significantly
larger than observed.

3 A comparison between optimized and measured concen-
5 ANE ol p: trations for individual aerosol species is presented in Fig. 8
NS AP . for black carbon, and in Fig. 9 for the inorganic salt ions
(sof;, NHI and NG;) and organic matter. Optimized BC
Figure 8. Time series of black carbon concentration from surface concentrations (Fig. 8) fall within the same range as observed
observations (multi-angle absorption photometer, black dots) withcgncentrations. On some days the observed hourly variabil-
3h centered.moving average (bla.ck Iipe), and our model resultqty, represented by the black line, appears to be captured by
(L1.5: turquoise squares; E2turquoise diamonds; suspect: red). the model (6, 13 May). A significant overestimation occurs
on 4 May (to a lesser extent also on 2 May and during one
measurement in the afternoon of 12 May; however these are

and 14 May. Measurements from the CAELI and radiosonde

observations indicated that most of the aerosol and highf”llready marked as “suspect”), when traces of Sahara dust

est RH were located in a (reasonably) well-mixed bound.Vere present over the Cabauw region (Roelofs et al., 2010).

ary layer of approximately 2 km depth, consistent with our Since _mtlnsral dtltJSt_ IS not;akg n mtg acpount In :'[“f) s:ugl):, ﬂt}?
assumptions. Including the suspect values, the compute8SSOCIae scattéring and absorption IS now attributed to the

values and associated standard deviation are significantl ;hf::hcom;ipu_nd_? N ourfmodel. ll\lﬁvelrthele”s?, w;cconclude
larger (36.128.2ugn3) than observed (30:211.2). at ne optimization performs refatively wet for b%, espe-

Note, however, that this is predominately caused by a feWcially considering the uncertainties in AERONET SSA and

outliers, and that the modeled and observed medians are stiﬁﬁli F?_r oth_er Ispec;es theblcorgpatl_nspntf_or the |nlsllv(|jc_iuall op-
reasonably close (30.4 versus 28.5 {ifjn Imizations is less favorable. Optimization results display a

Although the daily averages of computed dry mass ar]dr.elatlvely large variability compared to measured concentra-

the observations appear to be in reasonable agreement, f pns- As W'”.b? d|§cussed later, R.RI is a dominant parame-
er in the optimization, and errors in RRI lead to compensat-

some days (e.g., 8-11 May) the daily cycle of the compute luti betw th h . : It
aerosol concentration is opposite to that of the surface ob!Ng Solutions between the€ more Nygroscopic Inorganic saits
and the less hygroscopic OC. Figure 10 shows daily aver-

servations, with the former showing an increase and the lat- .
g ges of modeled and observed aerosol species. The day-to-

ter a decrease during the day. The increase in modeled dr iabilit d the dail q trati
aerosol concentration during the afternoon is associated wit ay variabliily and the daily averaged concentrations, €spe-

alarge, approximately two-fold increase in AERONET AOT cially for the inorganic salts (su_Ifate, ammo_nium and nitrate),
(e.g., 8 and 9 May), while RRI slightly increases or remains*'© captured reasonably well (i.e., mean bias is 5% for>M

approximately equal. The discrepancy between modeled anand black carbon, 10% for the inorganic salts and 18% for
i - - iati 0
observed variability is partly due to the different effects of organic matter, and root-mean-squared deviations are 26 %

—450 indivi - Ta-
boundary layer meteorology on columnar mass and on sur]jor PMyo and 35-45% for the individual compounds; Ta

face concentration. During the early morning hours, aerosold!€ 7)- Concentrations are relatively low on 1-2, 5-7 and
are trapped in a thin, stable layer near the surface. This Iayeq’l_12 May, while higher concentrations are observed and
will rapidly mix with the atmosphere above when heated bymodeled between 7 and 10 and_betwe_en 13. and 14 May.
the sun, leading to a reduction in the aerosol concentration) /€ NOte that on 11-12 May a brief period with northeast-

near the surface without changing the total column aerosofarly winds occurred, advecting relatively clean air. chgracter-
burden. Additionally, rapidly rising temperatures near the ized by small AOT €-0.1), low RH and high refractive index

surface during the day shift the partitioning of semi-volatile .(RRI - %'48’ Fig. 2). Our model calculates concentrations of
gases such as ammonium nitrate and volatile organic cominorganic salts that are considerably smaller than those of the
rrounding days, in good agreement with the observations.

u
ds to th h Sch tal., 2011; Aan de B 4 :
pounds to the gas phase (Schaap et a an de rug% The largest discrepancies are found on 7-9 May and later

et al., 2012). More abundant road traffic and photochemi- 14 M h thod timat trati
cal production of secondary aerosol during daytime may be! ay, when our method overestimates concentrations

the reason why the computed (column-average) dry mas%: sulfate and ammonia but underestimates OC. This relates
t

increases in the afternoon, reflecting the strong increase o days whgn the RI shows strong hourly .Va”ab'.“ty even
AERONET AOT. ough RH is relatively constant. For relatively high RRI

(> 1.52) our method calculates relatively high concentrations
of OC, whereas for relatively small RRk(1.44), water and
inorganic salts dominate the modeled aerosol composition.

T r T T T r T T
: : : : MAAP BC @ SuspectLl.5 {Q Suspect L2¥
35 : 2 PR : @ Model BC L1.5 @ Model BC L2*

Concentration ug/m?
N
o
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Figure 9. Inorganic salt ion concentrations, %O(upper left), NI—I‘r (upper right), N@ (lower left) from surface observations of the
MARGA (small grey dots), and organic matter (OC) from Julich ICG-2 AMS (scaled tqg?Mwer right), interpolated to AERONET

times (bold black dots) and compared to the column-average model results (turquoise squares and diamonds for data based on AERONE’
L1.5 and LZ data, respectively). Results based on suspect AERONET data have been left out.

Table 7. Daily average mean (column-average) modelegh ()} and observedi{ype (Near-surface) mass concentration (Lgintogether

with corresponding standard deviatioas (mean and standard deviation errors in model and observajieps Eer), regression slope and
offset, correlation coefficieni), and root-mean-squared deviations (RMS) for non-suspect data during the first half of May 2008. Inorganic
salts (“Salts”) is the sum of the mass concentrations of 4 and NG; ions.

conc[Mg N3] tmodEomod MobsEOobs  er= oer (Model)  jier = oer (0bS) regression R RMS
Dry mass 29.26.31 27.9+11.0 7.8+1.7 2.0+1.4 y=137x-12.1 0.78 7.4
BC 0.87+£0.33 0.92+0.39 0.38+0.15 0.04+0.03 y=0.45x+0.53 0.37 041
Salts 16.A5.85 14.14+5.53 5.6t£1.9 0.36+0.27 y=0.55x+4.81 0.59 5.83
oC 11.6+-3.64 13.0+5.89 6.7+-2.2 1.9+1.4 y=1.05x+0.86 0.65 4.70

We note that the RRI of the mixture of inorganic salts is only half of the optical thickness, consists of water. The aerosol

slightly lower than that of OC (approx. 1.53, Table 4) while growth factor g(RH) = (1fVwate) ~ /2 in this case ranges be-

the assumed hygroscopicity of OC is much smaller than thatween 1.3 and 1.4. At low RH (e.gs, 40 %) the aerosol water

of inorganic salts. Therefore, when both RRI and RH are rel-fraction is approximately 0.2 0.08 andg(RH) is 1.01-1.06.

atively large the model computes a predominantly organicNote the strong variability of the aerosol water fraction on 7—

composition. 9 May, associated with the variability in AERONET RRI dur-
The resulting aerosol water volume fractid(ate;, the ing each day. We calculate a scattering enhancement factor

water volume divided by total volume) is displayed in (f(RH, 1), i.e., the ratio of the scattering coefficient at 85 %

Fig. 11. We find that at high RH (e.g., 80 %), more than RH and its dry value at 676 nm) of 2460.5 during 1-14

half of the total aerosol volume, and therefore approximatelyMay. This is significantly larger than the estimate from flight
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Figure 10.Modeled (turquoise squares) and observed (black dots) daily average concentrations of dry masspéd left), black carbon
(BC, upper right), inorganic salts (lower left) and organic matter (OC, lower right). Only the results of non-suspect AERONET data have
been used in the averaging. The error bars show the uncertainty in modeled (turquoise) and observed (black) data.
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Figure 12. Volume fraction of the modeled aerosol components as

Figure 11.Calculated water volume fraction, optimized real refrac- a function of the optimized real refractive index during May 2008.
tive index (RRI, color-filled squares for L1.5 and dots for L2*) and Here, the sum of (ammonium) sulfates and ammonium nitrate has
columnar relative humidity (RH). Results from suspect AERONET been taken into inorganic “salts”, because their ratio is held constant
data are opaque. throughout the retrieval.

nephelometer measurements above northwestern and centtidely associated with measurement inaccuracies and with
Europe, with a monthly range gf(RH =85 %, 550 nm) be- different model assumptions regarding the absorption and
tween 1.23 and 1.63 (Highwood et al., 2012), but it is in hygroscopicity of the relatively abundant organic matter.

relatively good agreement with surface nephelometer mea- Figure 12 shows the relation between optimized RRI and
surements at Cabauw for continental air in the period June-the optimized volume fractions of the aerosol inorganic salts,
October 2009, wherg'(RH =85 %, 550 nm) is 2.2% 0.16 OC, BC and water. The figure shows that inorganic and
(Zieger et al., 2013). Discrepancies between the studies arerganic fractions depend strongly on RRI, with decreasing
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inorganic and water volume fractions and increasing organiBC and OC the resulting concentrations compare relatively
fractions for increasing RRI. In general the aerosol compo-well with observations and reflect realistic day-to-day vari-
sition appears to be predominantly defined by RRI; otherability.

factors, specifically RH, may also exert significant influence Nevertheless, discrepancies occur for several reasons,
(e.g., at RRI=1.41 in Fig. 12). The uncertainty associatedmainly associated with boundary layer characteristics and
with the optimized aerosol chemical composition strongly with RI.

depends on the uncertainty of AERONET R, the description
of aerosol Rl as a complex mixture of components and the
optical model of scattering and absorption. Another uncer-
tainty is associated with the depth and homogeneity of the
boundary layer. Based on the model results and sensitivity
tests, we tentatively estimate the uncertainties in computed
volume fractions to be approximately 50% for inorganic
salts, black carbon and water, and 100 % for organic mat-
ter. We estimate that the uncertainty caused by the discrep-
ancy between column-average and surface concentrations is
on the order of 25% for this study. Combined, this corre-
sponds to uncertainties of approximately 50, 100, 50, 30 and
65 %, for inorganic salts, OC, BC, dry mass and water in the
total column aerosol mass, respectively. We expect that these
uncertainties can be reduced by considering the vertical dis-
tribution of aerosols in the optimization (e.g., from a lidar)
and applying our methodology to regions with higher AOT.

4 Conclusions and discussion

We have presented an optimization technique that derives
aerosol chemical composition from remotely sensed aerosol
optical thickness, single-scattering albedo, refractive index,
size distribution and measurements of relative humidity. The
model calculates aerosol water uptake and optical proper-
ties of a mixture of sulfate, ammonium, nitrate, black carbon
and organic matter, assuming a single homogeneous layer of
air, aerosol and RH. Aerosol composition and concentration
are determined by minimizing the difference between mod-
eled and AERONET aerosol properties and effective RH.
The method is applied to individual measurements so that the
short-term variability of the concentrations is resolved. This
potentially enables study and aerosol-climate model valida-
tion of the effects of temporal variations in, for example, pho-
tochemistry, humidity and emissions on the aerosol concen-
tration and chemical composition (Derksen et al., 2011; Aan
de Brugh et al., 2012). The technique is compared to sur-
face concentrations observed during the IMPACT measure-
ment campaign carried out at Cabauw (the Netherlands, May
2008).

On most days the optimized column-averaged dry mass
concentration agrees relatively well with surface observa-
tions from MARGA and from the Jlich ICG-2 aerosol mass
spectrometer, especially during a series of dry and sunny
days between 6 and 12 May. During this time most water
vapor and aerosols were confined to a boundary layer of ap-
proximately 2 km deep, consistent with our assumptions. For
the individual aerosol species, sulfate, nitrate, ammonium,

www.atmos-chem-phys.net/14/5969/2014/

1.

Model results reflect columnar aerosol concentrations,
while observations (e.g., MARGA, AMS) reflect sur-
face concentrations. The daily cycle in boundary layer
height affects both concentrations in different ways. In
addition, the neglect of altitudinal variability of RH,
aerosol concentration and chemical composition within
the boundary layer leads to further inaccuracies, espe-
cially for aerosol water uptake (e.g., Yeong et al., 2007;
Bian et al., 2009; Zieger et al., 2011) and the gas—
particle partitioning of ammonium nitrate (Morgan et
al., 2010; Aan de Brugh et al., 2012). These discrep-
ancies may be reduced by including information on the
vertical distribution of aerosol, e.g., from lidar extinc-
tion profiles.

2. The most important parameter in the optimization of the

3.

aerosol chemical composition is the RRI. Uncertainties
in modeled RRI are primarily associated with uncertain-
ties of the RI of individual components. We found that
the overall agreement between optimized and observed
surface concentration of OC can only be improved by
applying a somewhat larger value for RRI for OC (e.g.,
1.60) in combination with an unrealistically small value
for RRI for ammonium nitrate (1.42). On the other hand,
the choice of the RI of individual compounds and the
mixing rule used to calculated RI for internally mixed
aerosol appears not to have a major influence on the op-
timized total dry aerosol mass and the amount of aerosol
water, because the effect of water uptake on the aerosol
Rl dominates.

Uncertainties in AERONET RRI (0.025-0.05) lead to
10-25 % (absolute) difference in water volume fraction.
AERONET RRI shows very large variations, including
during the course of a single day. The correlation be-
tween RH and AERONET RRI is relatively lowRg ~
0.14 for all data, and 0.36 for non-suspect data). The
optimization results display a daily variability of com-
puted aerosol composition and hygroscopicity that may
be unrealistic considering the stable and fair weather
conditions in the period under research. The large vari-
ability of RRI and the low correlation between RRI and
RH may be attributed to a relatively large uncertainty in
RRI caused by a combination of relatively low AOT, the
inclusion of low solar zenith angles for L1.5, and data
with relatively high absorption in this study. Another
minor inaccuracy is associated with the wavelength de-
pendence of the AERONET RRI. For most compounds,
especially OC, RI decreases with wavelength (Table 4),
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but on several occasions AERONET RI increases with  Edited by: N. Riemer
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