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Abstract. One of the major uncertainties in the understand-with size for purely scattering aerosols. No discernible differ-
ing of Earth’s climate system is the interaction between so-ence could be made between the two wavelengths used. Less
lar radiation and aerosols in the atmosphere. Aerosols exthan 7 % differences were found between the real parts of
posed to high humidity will change their chemical, physical, the complex refractive indices derived and those calculated
and optical properties due to their increased water contentusing the volume weighted mixing rule, and the imaginary
To model hydrated aerosols, atmospheric chemistry and cliparts had up to a 20 % difference. However, for substances
mate models often use the volume weighted mixing rule towith growth factor less than 1.15 the volume weighted mix-
predict the complex refractive index (RI) of aerosols whening rule assumption needs to be taken with caution as the
they interact with high relative humidity, and, in general, imaginary part of the complex RI can be underestimated.
assume homogeneous mixing. This study explores the va-
lidity of these assumptions. A humidified cavity ring down
aerosol spectrometer (CRD-AS) and a tandem hygroscopic
DMA (differential mobility analyzer) are used to measure 1 Introduction
the extinction coefficient and hygroscopic growth factors of
humidified aerosols, respectively. The measurements are peft Major uncertainty in understanding Earth’s climate sys-
formed at 80 % and 90 %RH at wavelengths of 532 nm and€m is the interaction between solar radiation and aerosols in
355 nm using size-selected aerosols with different degrees dhe atmosphere. This interaction is dependent on the physical
absorption; from purely scattering to highly absorbing par- and chemical properties of the aerosols and the wavelength
ticles. The ratio of the humidified to the dry extinction co- of the incident light. Aerosols can scatter and absorb short-
efficients (f RHex(%RH, Dry)) is measured and compared Wave (solar) radiation, and therefore changes in the their at-
to theoretical calculations based on Mie theory. Using themospheric concentrations and/or their chemical, and physical
measured hygroscopic growth factors and assuming homaRroperties can alter the energy balance of the climate system
geneous mixing, the expected RIs using the volume weighte@”d are drivers of climate change (IPCC, 2007). The result-
mixing rule are compared to the RIs derived from the extinc-iNg Positive or negative changes in the energy balance due
tion measurements. to these factors are expressed as radiative forcing; the last
We found a weak linear dependence or no dependence dEPOrt from the Intergovernmental Panel on Climate Change
FRH(%RH, Dry) with size for hydrated absorbing aerosols (IPCC) showed that, to a great extent, aerosols have a cool-

in contrast to the non-monotonically decreasing behavioring effect (Forster et al., 2007). However, our level of scien-
tific understanding of the radiative forcing effects of aerosols
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in the atmosphere is still low. Specifically, the role of light coefficient when purely scattering substances (inorganic and
absorbing aerosols is poorly understood, as they transfornarganic) were exposed to an RH of 80 %.
electromagnetic radiation into thermal energy thereby chang- Some laboratory studies have been devoted to under-
ing the temperature profiles of their surroundings and re-standing the optical properties of purely scattering aerosols
ducing the incident solar flux/radiation below the absorbing(mostly due to their “cooling effect”) when exposed to high
aerosols (Schwartz and Buseck, 2000; Streets et al., 2006)elative humidity. Garland et al. (2007) parameterized the rel-
The heating caused by the aerosols can cause a positive toptive humidity dependence of light extinction at 532 nm for
of-atmosphere radiative forcing (Tripathi et al., 2005) if they inorganic ammonium sulfate aerosols, Baynard et al. (2006)
decrease the planetary albedo (as seen from space) or if thdiwoked at mixtures of NaCl and ammonium sulfate with a
single scattering albedo (SSA) is lower than the surface or thdew dicarboxylic acids, and Fierz-Schmidhauser et al. (2010)
clouds below them. Recently, there is more evidence that cameasured the scattering dependence of ammonium sulfate
bonaceous aerosols are much more dominant and widespreathd sodium chloride. Conversely, we could only find two
in the atmosphere than previously thought (Novakov et al. recent studies (Hasenkopf et al., 2011; Lewis et al., 2009)
1997; Petzold et al., 2007; Reddy et al., 2005). Consequentlyhich dealt with the optical growth of slightly absorbing par-
measuring and deriving their optical properties is critical in ticles. Hasenkopf et al. (2011) focused on the optical growth
calculating the effects of aerosols on radiative transfer. at 532 nm of organic patrticles likely to have been present
Furthermore, there is a complex interaction betweenon early Earth and Titan, and Lewis et al. (2009) studied the
clouds, aerosols and radiation that is still not well con- scattering and absorption increase (or reduction) at 530 and
strained. For example, Koren et al. (2007) showed that a bel870 nm using three different types of smoke particles.
of forming and evaporating cloud fragments and hydrated In this study, we explore the validity of the volume
aerosols, extending kilometers away from the clouds intoweighted mixing rule for water soluble absorbing aerosols,
cloud-free areas could, have major implications on the esand address the change in the refractive index of absorbing
timation of Earth’s radiation budget. This phenomenon hasaerosols when exposed to 80 % and 90 % relative humidity
been termed the “twilight zone”. In the twilight zone, high values, at wavelengths of 355 nm and 532 nm. By doing so,
relative humidity (RH) is predominant, creating an environ- we attempt to link measured hygroscopic growth (by tandem
ment where aerosols can take up water and eventually delihygroscopic DMA measurements), measured extinction (by
quesce, grow, and become more optically active. Also, cloudcavity ring down aerosol spectroscopy) and model calcula-
droplets evaporating in this region can leave behind concentions in order to estimate their ability to predict the optical
trated solution droplets and processed aerosol particles witproperties of hydrated aerosols with different absorption ex-
complex chemical compositions and sizes with enhanced optents. Moreover, we investigate how does the ratio of the
tical effects. extinction coefficient of the humidified aerosols to the dry
To attempt to calculate the climatic effects of different extinction coefficient change as a function of size. We also
species found in the atmosphere, researches have used chetest a core-shell structure model to explore the differences
ical transport models for many years. By first assuming abetween the models for substances with low growth factors
complex refractive index (RI) and physical properties of the under these hydration conditions.
aerosols (size, shape and state of mixing), most climate mod-
elers obtain scattering and absorption cross sections, and ap-
ply those properties to modeled concentrations (Bond an® Methodology
Bergstrom, 2006). The complex Ri(=n + ik) describes
the scattering (real part) and absorption (imaginary part, 2.1 Aerosol optical extinction measurements
k) efficiencies of a substance. At different RH values, wa-
ter uptake by atmospheric aerosols can occur, altering theifo study the RH dependence of aerosols’ optical extinc-
size and composition. This, in turn, changes the complexion at 532 and 355nm, a cavity ring down aerosol spec-
refractive index of the aerosols. To accurately predict thetrometer (CRD-AS), and a scanning mobility particle sizer
“new” complex RI different theoretical mixing rules are of- (SMPS; TSI model 3081) were used. A schematic of the lab-
ten used (Erlick, 2006). The most common rule is the vol-oratory setup is shown in Fig. 1. A full description of the
ume weighted mixing rule, which is often used in chemi- CRD-AS used in this study can be found in Abo Riziq et
cal transport models that estimate the aerosol direct forcingl. (2007). Briefly, two plano-concave highly reflective mir-
(Haywood et al., 1997; Liu et al., 2007b), and in laboratory rors (Los Gatos) are mounted at both ends of a stainless steel
studies. Abo Riziq et al. (2007) measured different organictube. The third harmonic (355 nm) or the second harmonic
mixtures to test the validity of this mixing rule for a solution. (532 nm) of an Nd:YAG laser (10 Hz, 3-6 ns, Ekspla) are in-
Garland et al. (2007) used the volume weighted mixing ruletroduced into the cavity through one end, the pulse of light
(assuming complete mixing of the aerosols as they passeih the cavity bounces back and forth, and by placing a pho-
through a humidification stage) to test the performance oftomultiplier at the other end of the cavity, the intensity of
their system and to parameterize the change in the extinctiothe light exiting the cavity is measured. The time it takes the
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size selcted uncertainties im andk (An and Ak), it is assumed that the
standard deviations of the measurements are normally dis-

[ ] tributed, and that the values gf follow a x2-distribution
for the two degrees of freedom,andk. The algorithm re-
turns the values of andk that satisfyxZ < x? < x2+2.298
where the value 2.298 denotes tledeviation from the min-
imum XZ(Xg). Miles et al. (2010) showed that the accuracy
in the retrieval of the real part of the Rl has a minimum error
of —0.5% and +0.3 %, to account for this error we've added

. o . ..
Fig. 1. Schematic presentation of the laboratory setup. The boldan additional 1 % error to the retrieval uncertainties.

arrows show the aerosol flow and the dotted lines represent the ) o

laser's light paths. The temperature and relative humidity meters?-2 Aerosol generation and humidification

are marked as “RH". Abbreviations: CPC, condensation particle

counter; PMT, photomultiplier; DMA, differential mobility ana- Aerosols were generated by atomizing aqueous solutions

lyzer. of the compounds of interest with a TSI constant output
atomizer (TSI-3076, 35 psi, 2.5 standard liters per minute
(SLM) flow), the aerosol population is subsequently dried

initial intengity of the light to d_ecay to &fis therj measureq. (RH < 3%), passed through a neutralizer (TSI 3012A) to ob-
By measuring the empty cavity (filled only with the carrier iy 4 equilibrium charge distribution on the particles, and

gas) decay timer) and the decay time filled with aerosols ;¢ se|ected with a differential mobility analyzer (DMA, TSI
(), the extinction (_:oeff|0|ent (extinctios scattering + ab- e 3081) to obtain a quasi-monodisperse particle distri-
sorption) can be directly measured (Pettersson et al., 2004, ion, The dry, size selected aerosols exiting the DMA were
Abo Rizig et al., 2007): diluted and directed to a deliqguescence stage consisting of a
L1 1 saturated permeable membrane at a controlled temperature
Cext= "7 [ } 1) before being sampled by the CRD-AS and scanning mobil-
_ o ) ] ity particle sizer (SMPS; TSI 3080) system. Aerosol losses
where L is the length of the cavity is the distance filled \yere measured with polystyrene latex spheres of different

e b O

Exhaust
PMT Je £~ = CRD- - )

T T,

with aerosols, and is the speed of light. . sizes (from 200 nm up to 800 nm) by placing a condensa-
~ Forhomogeneous spheres, the extinction coefficte(  tion particle counter (CPC; TSI Model 3022A) before the
is described by: CRD-AS, and comparing the particle number concentration
1 ) of this CPC with another CPC located at the end of the sys-
dext= NOext = Z”ND Qext ) tem; differences in particle concentration of less than 2%

were found. To avoid temperature fluctuations in the system,
insulation was placed around the tubing, the CRD-AS, and
SMPS (represented by the shaded areas in Fig. 1). The rela-
tive humidity and temperature were measured at the exit of
the humidification stage, within the CRD-AS, and at the en-
trance of the sheath flow of the DMA in the SMPS system.
Measurements were only taken when all measured RH values
in the system were within 2% (RH meter manufacture un-
certainties aret3 %RH for 10< %RH < 90). Following the
deliquescence stage the aerosols’ RH dependent extinction
coefficient @extorH) Was measured with the CRD-AS, and
the hygroscopic growth factor (GF) was measured with the

ferent aerosol size parameters measured. -
. . . . . SMPS. The aerosol number concentrations were also mea-
The retrieval algorithm described in Abo Rizq et al. (2007) sured with a CPC at the outlet of the CRD-AS

was used to retrieve the complex refractive indices. The al- Aerosols were measured at eight different initial mobility

goritr_lm simulta_neously variesandk and scans th_rough all diameters, from 200 to 550 nm in 50 nm steps, and two dif-
phVS'C?”V pOS.S!b'e,V‘?"“,eS of2the complex Rl within a Chosenferent RH values; 80 % and 90 %. The sequence of measure-
resolution until it minimizes *: ments was performed by first measuring the diameter of an
) N4 (Qext measured Qext ca|cu|ate&n,k)),~2 aerosol in a dry state (RH 3%), th'en directing the sampI.eT
xPnky=Y_ 2 (3)  flow through the humidifier, allowing the system to equili-
i=1 i brate at the desired RH, and repeating the measurement for
whereNy is the number of diameters measured, ansithe  the same initial diameter. After the hydrated experiments, the
estimated error in the measurement. To estimate the retrievalry measurement was repeated to check the stability of the

whereoey; is the extinction cross sectioly is the particle
concentrationD the particle diameter, an@ex; the extinc-
tion efficiency (which is the ratio of the optical extinction
cross section to the geometric area of the particle). The ex
tinction efficiency at a given wavelength and Rl is only a
function of the particle size. The particle size is normally ex-
pressed as a dimensionless size paramejemich is the
ratio of the particle circumference to the wavelength ¢f

the incident light { = 7 D/A). The RI of aerosols can then
be retrieved by using Mie theory and finding the theoretical
Qext Curve that best fits the measurédy; values for the dif-
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system. To ensure experimental stability, the measurements The changes of the aerosols optical properties due to hy-

were repeated if the final dry extinction cross section differedgroscopic growth is represented by the ratio of the measured

by more than 5% from the initial one. Furthermore, to esti- extinction coefficientdex, Mm~1) at a specific %RH to the

mate the contribution from doubly charged particles, SMPSdry measurement, expressed as:

scans of the dry polydisperse distributions entering the first 0

DMA were taken. FRHext(%RH, Dry) = rext(YORH) 6)
aext(Dry)

2.3 Multiple charge corrections ) L - .
where aexi(%RH) is the extinction coefficient at a specific

For each selected mobility diameter, singly and multiply RH, andeex(Dry) is the extinction coefficient measured at an
charged particles of the same mobility are also transmit-RH < 3%. Inserting Egs. (2) and (3) into Eq. (5), the equa-
ted through the DMA. The multiply charged particles af- tion can be written as:

fect the optical measurements, leading to overestimation of

the optical extinction cross section. To reduce biases arising’ RHext(%RH, Dry) =
from multiply charged particles we used a solution concen-

tration of 500 mgt? for sizes between 200 to 300nm, and Three different substances were used to measure the depen-
a 1000mgt! solution for 350 to 550 nm diameter aerosol. dence on size and degree of absorbance of the optical extinc-
We measured the resulting size distributions and using theion growth, fRHex(%RH, Dry): ammonium sulfate (AS),
Wiedensohler charge distribution parameterization (Wiedeng purely scattering substance, was used to validate the sys-
sohler, 1988 with subsequent erratum) found that at thes%m performance; nigrosine, an organic black dye used as a
solution concentrations, between 2.7-7 % and up to 1% ofnodel for highly absorbing substances; and IHSS Pahokee
doubly and triply charged particles, respectively exist in the peat (Pahokee), a fulvic acid used as a model for humic-like
flow. These percentages were used to correct for the contrisubstances, or complex organic matter often found in aerosol
bution of multiply charged particles to the total extinction at (Dinar et al., 2007). A mixture of ammonium sulfate and ni-
each diameter using literature values of the complex refranrosine at a molar ratio of 1:1 (ASN|g), was also measured

tive indices, when available (e.g. ammonium sulfate), and tog investigate the variation in the imaginary part of the com-
correct the size distributions measured by the SMPS. Wherp|ex refractive index.

RI literature values were not available, only the size distri-

butions were corrected. The median diameter from the cor- o . _

rected SMPS size distribution was taken as the measured d8 System validation with ammonium sulfate
ameter.

NosrRHO ext—%RH

GF? (7)
NDry Qextfdry

The measurements gfRHexi(%RH, Dry) with the system
2.4 Hygroscopic and optical growth calculations described above were validated with ammonium sulfate at

80 %RH. Figure 2 compares the measuy@Heq(80 %RH,
The hygroscopic growth is represented by the relative in-Dry) in this study, to that reported by Garland et al. (2007)
crease in the mobility diameter of particles due to water up-and to thef RHex(80 %RH, Dry) calculated with the volume

take at a specific %RH: weighted mixing rule, based on the measured GFs from the
SMPS.
GF(%RH, Dry) = Dyrn(RH) (4) To obtain the theoreticaf RHext(%RH, Dry) from the
Dary GFs the same method as described in Garland et al. (2007)

was applied. This method requires the following parame-

: Lo ters: (1) the RI of the dry substance, (2) the GF of the sub-
0,
YoRH, andDgry is the dry measured mobility diameter. The stance at a specific RH, and (3) the RI of the humidified

growth factor (GF) of a mixture (Gfix) can be estimated substance. The RI of the dry AS was retrieved from the

from the GFs of the pure components and their respective .
volume fractions £) using the Zdanovskii-Stokes-Robinson CRD-AS measurements. The hygroscopic GF of AS was de-

relation (ZSR relation; Sjogren et al., 2007; Stokes andtermined With humidity-controlle_zd ta_mdem SMPS measure-
Robinson, 1966): ments Whlch were conducte_d y\_nth S|_ze-se_le<_:ted_ AS partl_cles
to obtain their dry and humidified size distributions. Using
1/3 Eqg. (3) the GF was consequently calculated. The RI of the
GFmix = (ZngF?) (5) humidified AS was calculated using the volume weighted
; mixing rule:

where Dy,ry(RH) is the mobility diameter at a specific

where the subscrigtrepresents the different substances. Thenmix = Vég:,mndry + VT3S 1 water=
model assumes spherical particles, ideal mixing (i.e. no vol-

. : D3 nary + (DEei— D3, ) 1
ume change upon mixing) and independent water uptake of ~dry’*dry wet — Zdry ) Twater

the organic and inorganic components. D\:/J’vet ®.1)
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5 e seen in Fig. 2 that the measurg&®Hex(80 %RH, Dry) val-
o R B%RADy meased ues (every measured value is an average of at least 2 min with
T - E‘;Ucfu 752;’“#ff’éf“é*ﬁ;ﬁmfifé”ﬁi‘é”d ElalE007) an extinction measurement taken by the CRD every 10.15s)
4 Prpidy are in very good agreement with thf@RHex(80 %RH, Dry)
DS squ\ measured by Garland et al. (2007), and with the theoretical
= b s %‘l-' calculations. The measurgtRHex(80 %0RH, Dry) for AS is
£ 3 % i T_| that of singly charged particles. The contribution to the ex-
g "%Eii% tinction cross section from doubly and triply charged parti-
[ R“‘“&:ﬁ %L: cle was subtracted using a complex refractive index of AS
2 I ™=  m=152+i0 (Petterson et al., 2004). The good agreement
between the theoretical calculations and the measured values
suggests the experimental setup is reliable.
1

200 250 300 350 400 450 500 550 600

DMA Dry Diameter (nm) 4 Results

Fig. 2. Measuredf RHext(80 %RH, Dry) as a function of size (solid
circles) for pure ammonium sulfate. The dashed line is the exponen4.1  Optical growth of humidified absorbing aerosols
tial fit from the measurements performed by Garland et al. (2007)
for ammonium sulfate at the same RH. The shaded area is the calFhe size dependence giRHey at 80 % and 90 %RH was
culated fRHext(80 %RH, Dry) range based on the growth factors studied at 532 nm and 355 nm wavelengths for substances
measured with the SMPS in this work. with different degrees of absorption. The GF values were
converted to theoreticaf RHext(%RH, Dry) as described
for the 532nm AS measurement at 80%RH. Figure 3

kmix = Vigrakdry + Viiatekwater = shows the size dependence pRHex(80 %RH, Dry) and
D3 ko + (D3 _p3 )k fRHexi(90 %RH, Dry) for pure AS, IHSS Pahokee Peat, a
drydry wet — Hdry | Kwater 8.2) mixture of AS and nigrosine at a 1:1 molar ratio, and pure
vaet ' nigrosine dye for 80 % (left) and 90 % (right) RH at 532 nm
(green full markers and patterned shaded area) and 355 nm
whereVifraC is the volume fraction of each component. (blue open markers and full shaded area). The measured

The SMPS data was used to determine the volume fractiomgrowth factors obtained with the SMPS for each substance
of water by subtracting the volume fraction of AS (known are presented in the legend. The reported ranges for the theo-
from the diameter selected by the first DMA) from the to- retical values (shaded areas in Fig. 3) are based on the values
tal volume of the humidified AS particle (water + AS) known calculated from the lower and upper limits of the uncertainty
from the (second) humidified SMPS measurements. Apply-of the measured GFs.
ing the volume weighted mixing rule for refractive indices  The measurements for all aerosols at both RH values and
(Egs. 8.1 and 8.2), with the optical properties of pure ASwavelengths are in good qualitative agreement with the cal-
and water as input, the refractive indices for the humidifiedculations. While there are some values that lay outside the
aerosol at different RH values were calculated (see Table 1)shaded area, all substances follow the theoretical trends. The

Finally, by using Mie scattering calculations (Bohren and greatest errors can be observed for the mixture of ammonium
Huffman, 1983), the extinction cross sections of the dry andsulfate and nigrosine at a 1:1 molar ratio. These errors can
humidified AS aerosol at a wavelength of 532 nm were cal-result from the unknown structure and mixing state of the
culated with the obtained refractive indices. The ratio of theparticles after atomization. Since the volume weighted mix-
humidified extinction cross section curve to the dry AS curveing rule assumes homogenously mixed aerosols, the discrep-
gives the theoreticaf RHext(80%RH, Dry). ancies can indicate that in our case the mixture of AS and

The refractive indices used for AS and water at 532 nmnigrosine at 1:1 molar ratio is either not an entirely internal
werem = 1.504+i0.0 (derived from the dry measurements) structure or homogenous mixture.
and Rl ofm = 1.3354i0.0 (Daimon and Masumura, 2007), = The measurement for the Pahokee peat for 355nm at
respectively. 90 %RH could not be completed due to technical issues,

The reported uncertainties in the measuf@Hexi(%RH, the measurement presented was performed at ag B5%

Dry) were based on the uncertainty in the RH measurementt3 %).

(£3%RH), the SMPS size distributions- &1 %), and the The ammonium sulfate measurements show that
uncertainty in the measured extinction coefficient from the fRHex(80 %RH, Dry) and fRHex(90%RH, Dry) de-
CRD-AS (~ £2%). The GFs from each diameter were av- creases with size non-monotonically. Garland et al. (2007)
eraged to obtain a range in the theoretical calculations oparameterized AS at 80 %RH with an exponential function.
fRHext, represented by the shaded area in Fig. 2. It can bédowever, the theoretical calculations and measurements of

www.atmos-chem-phys.net/12/5511/2012/ Atmos. Chem. Phys., 12, 556R1, 2012
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Table 1. Measured growth factors, average volume weighted refractive indices, and retrieved refractive indices for all substances at 532 nm
and 355 nm, at 80 % and 90 %RH. The retrieved dry refractive indices are also shown.

+i0.216(-0.0141) | +i0.168£-0.0241)

+i0.249¢-0.141) +0.145(-0.088)

532nm 355nm
Dry refractive index m = 1.504(0.015) +i0.0(+0.028) m = 1.507(0.024) +i0.005¢-0.025)
\ | 80%RH | 90%RH | 80%RH | 90%RH
| Growth Factor | This study | 1.44(0.02) | 1.77¢0.25) | 1.44(0.02) | 1.77¢-0.25)
g | | Literature | 1.46 ©0.017PC | 1.69@-0.01p:P | 1.46 ¢0.017-P-C | 1.69¢0.01pP
3 | | % Difference | 1.4 | 46 | 1.4 | 4.6
% Ref. Index \olume m = 1.405(0.02) m = 1.386(+0.02) 1.402(-0.02) 1.377&0.02)
é Weighted +i0.0 +i0.0 +i0.002¢:0.03) +i0.00160.03)
£ Retrieved m = 1.437(@0.044) | m =1.328(0.024) | 1.42(0.044) 1.41(0.054)
+0.02(40.041) +0.0(0.031) +i0.0(:0.041) +i0.0 0.041)
\ | % Diff (n)+i(k) | 2.2+i200 | 4.3+i0 | 1.3+i200 | 2.4+i200
| Dry refractive index m= 1.558(£0.005) +i0.033¢:0.007) | m = 1.5416-0.034) +i0.18(40.066)
. | Growth Factor | This study | 1.09¢:0.01) | 1.17¢:0.02) | 1.09¢:0.01) | 1.37@0.02)
3]
g\ | Literature | 1.07¢-0.01¢ | 1.12¢-0.01¢ | 1.07¢-0.01¢ | 1.23¢-0.01y
2 | % Diff | 1.85 | 4.4 | 1.85 | 10.8
ey
& | Ref. Index Volume m=1512@0.019) | m = 1.482(x0.024) | 1.497¢0.049) 1.424(-0.048)
@ Weighted +0.025¢:0.008) +0.0216:0.008) +0.139¢:0.067) +i0.07(40.067)
== Retrieved m = 1.495(@0.021) | m =1.517@0.023) | 1.578¢-0.062) 1.415¢0.059)
+0.053¢:0.010) +0.025¢:0.015) +0.171€:0.073) +10.064(0.054)
| | % Diff (n)+i(k) | 1.1+i71 | 23+i0 | 5.3+i20 | 0.6+i8.9
\ Dry refractive index m = 1.595+0.031) +i0.154(+0.021) m = 1.431(+0.034) +i0.178£0.066)
| Growth Factor | This study | 1.28(0.02) | 1.45(@0.02) | 1.28(0.02) | 1.45@0.02)
\ | Literature | 1.29@-0.02F | 1.45@0.1¢ | 1.29@-0.02F | 1.45@0.1F
2| | % Diff | 0.8 K | 0.8 |0
Q Ref. Index Volume m =1.469@0.031) | m =1.433(0.031) | 1.388¢-0.034) 1.376€:0.034)
Weighted +i0.073¢0.021) +i0.050¢:0.021) +0.084(-0.066) +10.058¢0.066)
Retrieved m =1.400.024) | m =1.329@0.021) | 1.402¢-0.051) 1.3776¢:0.063)
+0.086¢0.013) +10.040¢:0.017) +0.079¢-0.058) +10.087(0.064)
\ | % Diff (n)+i(k) | 48+i16 | 75+i22 | 1.0+i6 | 0.01+i40
\ Dry refractive index m = 1.626(£0.021) +i0.243£0.023 m = 1.568£0.056) +i{0.305£0.171)
| Growth Factor | This study | 1.12¢-0.02) | 1.24¢0.1) | 1.12¢-0.02) | 1.24¢0.1)
\ | Literature | 119 | 1.34 | 119" | 1.348
Q
£ | | % Diff | 2.6 | 7.8 | 2.6 | 7.8
(@]
S | Ref. Index Volume m =1548(0.021) | m =1.497@0.021) | 1.505¢-0.056) 1.464¢-0.056)
z Weighted +i0.173¢0.023) +i0.127¢0.023) +i0.217¢:0.171) +i0.160¢:0.171)
‘ Retrieved ‘ m = 1.464@0.018) | m =1.504@0.027) | 1.542¢-0.081) 1.477¢0.072)

% Diff (n)+i(k) | 5.6 +i22 | 0.5+i28

| 2.4+i14 | 0.9+i9.8

2 Gysel et al. (2002)*;’ Dinar et al. (2008)¢ Sjogren et al. (2007)’, Brooks et al. (2004)% Derived using the ZSR relatiohMeasurement performed at 95 %R#H1:1 molar ratio;

N Taken fromhttps://sciencepolicy.colorado.edu/events/rendezvous/2007/posters/I121K.pdf

Atmos. Chem. Phys., 12, 5515521, 2012

www.atmos-chem-phys.net/12/5511/2012/


https://sciencepolicy.colorado.edu/events/rendezvous/2007/posters/II21K.pdf

J. Michel Flores et al.: Absorbing aerosols at high relative humidity 5517

80%RH Theory @ w M A Measurements for 532 nm 90%RH Theory @ ¥ B A Measurements for 532 nm
B Theory O 70 A Measurements for 355 nm o @ Theory ©O v 0O A Measurements for 355 nm
1 i3 N i T )
4.0 i |Ammoniumsutfate L 8 e
\I T GF =1.46-1.42 . T i:|/Ammonium sulfate
310/} N — = T & ¢ I 6 st ol d oo il GESWIOATON | L,
: ; - - : i - : s S o S
: : oS 4 q i ;
‘ [ ; 2 -
1.0 H H i =
i i |HSS Pahokee IHSS Pahokee
: . i i |GF=11-1.08 24 GF = 1.38-1.36 for 355nm at 95%RH
130_ s F;T e # GF = 1.18-1 15 for 532nm at 90%RH
i ; P iTE i : ; ;
1.25 - i = :
1.20 1\ F
1.1 ; NN
-4 H e \ -
110 - o T ) =
/-\105_' __ T L TR N AR -
8 100 : : - 5
T ‘ P ; T
o 22 . [As:Nig, 1:1 ratio «
S | GF=13127 [ s
= i e . < S
z z =
20 W e = 2
1.6 — s s
T Y T OO UG COUONR S VO SROUO: I JONON: SO | SO H
5 17 R 7 "R Y ¢ ! I
\
Y 16
: 14
L 1.3 [ Nigrosine
12 ; ; GF»: 1.?5—1.E23
14— ; ; ;
T T L T B W
200 250 300 350 400 450 500 550 600 200 250 300 350 400 450 500 550 600
DMA Dry Diameter (nm) DMA Dry Diameter (nm)

Fig. 3. Size dependence () f RHext(80 %RH, Dry) andb) fRHext(90 %RH, Dry), for pure ammonium sulfate (top panel; circles), IHSS
Pahokee peat (inverted triangles), the mixture of ammonium sulfate and nigrosine at 1:1 molar ratio (squares), and pure nigrosine (triangles)
at 532 nm (full green markers) and 355 nm (open blue markers). The shaded areas represent the theoretical size dependence calculated fro
the measured growth factors from the SMPS. The data for the growth factors are indicated in the legend.

fRHex: at both RH values show that the relationship is not We also observe in Fig. 3 that theRHex; dependence
fundamentally exponential as it shows the existence of theon size changes from having a non-monotonic decrease with
Mie resonance structure. Additionally, thfé&RHex(80 %RH,  size for purely scattering substances to practically no depen-
Dry) and fRHex(90%RH, Dry) values at 532nm are dence for absorbing substances. This can also be attributed
greater than at 355nm. The weak spectral dependence d@b the shape of the Mie curves; the extinction efficiency for
AS on wavelength might incorrectly lead to expect the samepurely scattering substances increases rapidly as the size in-
fRHext(%RH, Dry) curve for both wavelengths. These creases, causing the observed size dependence. However, as
differences are attributed to the shape of the Mie curveshe imaginary component increases, the valu@ gf for the

and to the fact that the size parametets=(x D/A) for smaller sizes also increases. An example of this can be seen
the diameters measured are largeriat 355nm than at in Fig. 4, where the value 0Dey for 200 nm diameter is

A =532 nm. For purely scattering substances, the extinctiorsmaller for the Pahokee pedt~ 0.05) than for nigrosine
efficiency increases rapidly with size for size parameters(k > 0.17). In addition, the resonance peaks typical of purely
smaller than 3, and the slope of this increase is steeper ascattering substances are damped with the increase of the
the real part of the RI is larger. At 355 nm, the initial dry imaginary component. The combination of the increase in
diameters measured have a greater extinction efficiency tha@ey: for the smaller sizes and the damping of the resonance
at 532 nm, makingfRHexi(%RH, Dry) smaller at 355nm peaks for higher imaginary component, caf&Hey; for ab-

than at 532 nm. sorbing substances to have practically no size dependence.
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. o w0 a0 Dia;g:ter <nm;00 w0 0 oo of Qext gt different diameters _for internally mixed aerosols,

! ! ! ! ! ! ! a refractive index can be retrieved (Lang-Yona et al., 2009;
404 Pettersson et al., 2004; Abo Riziq et al., 2007). Figure 4
A SN shows two examples of the results of the complex RI deriva-
b ’ tion and comparison performed. Four sets of dataDef:

0 4 versus size at 532nm and 80 %RH for the IHSS Pahokee
§ Peat and nigrosine aerosol are presented: (1) the measured
3 404 7 QOext80%RrH Values obtained by the CRD-AS and the calcu-

O Mesaured Oramm; vsing Do = GF D, lated DgossrH= GF- Dgry, (2) the complex Rl retrieved from

T e GhoC0.008) + 10.053(£0.008) the Qext80%rH Measurements, using the method described
7 T Gaced on v wasahied averages 0" in Abo Riziq et al. (2007), (3) th&ex curve for the com-

-4 8 Caloulated Qo assuming coreishel stucture plex RI calculated assuming homogeneous mixing and ap-
0.0 -2 IHSS Pahokee peat at 532 nm (A) plying a volume weighted mixing rule (the shaded area rep-

' ' ' resent the range from the lower and upper limits of the un-
certainty of the measured GFs); where the RI for the Pa-
hokee peat and nigrosine aerosols were retrieved from the
measurements of the dry aerosol, and the RI value used for
water at 532nm was = 1.335+ ;0.0 (Daimon and Ma-
sumura, 2007), and (4) th@ey: values assuming a core-shell
structure for each measured diameter. The same analysis was
performed for the other aerosols at both RH values and for

M d Qe s0rH Dgorii = GF*Dyry
R T pro(e0a14) both wavelengths. The RI used for water at 355nm was
- f ured Qeyt gorn — / i

0 e e 203 + 10.174(£0.003) m = 1.349+i0.0 (Daimon and Masumura, 2007). The results
05 B Coloulated Oy asturming coreishol siructure are summarized in Table 1, which also shows a comparison

Niarosi with literature growth factor values (when available), ZSR re-

igrosine at 532 nm (B) ) A . )
00, . T . T . . . T . . lation calculations, and the percent difference among the dif-

0 ! 2 e 8 4 s ferent measurements. The data in the table is presented in or-
parameter (x)

der of increasing degree of absorption of the proxy aerosols,
Fig. 4. Extinction efficiency vs. size at 80 %RH f¢A) Pahokee  from AS (no absorption) to Pahokee Peat to AS:Ng 1:1 and
peat andB) Nigrosine aerosol. The open circles represent the mea+to pure nigrosine (highly absorbing). The retrieved complex
sured Qext80%RrH The dotted line is theDext curve for the re-  refractive indices for most substances at both RH values are
trieved RI from theQext oorH Measurements. The solid line shows iy 4o0d agreement with the calculated complex R from the
the calc?latechXt ﬁurve a_s;ummlg hot:nogﬁneo”s mixing I?”d US- yolume weighted averages; the real part of the Rls are within
ljng.a volume weighted mixing rule. T € S aded area Is the range; g o, ot each other. There are greater differences in the imag-
erived from the measured GF uncertainty. The solid squares repre- L
sent theQext values calculated assuming a core-shell structure. g?cr))rlsparts. However, most values lie within the measurement
For the IHSS Pahokee peat and nigrosine aerosols, there
is an overestimation of the retrieved imaginary part with re-
4.2 Validation of the volume weighted optical spect to the calculated one with the volume weighted mix-
mixing rule ing rule at both wavelengths and RH values. Both substances
have a small GF (GF(80 %) 1.09 and GF(90 % 1.17 for
Figure 3 shows, in general, good qualitative agreement bePahokee peat, and GF(80 %)..12 and GF(90 % 1.24 for
tween measurements and theoretical calculations using theigrosine), which raises the question of their internal struc-
measured GFs, assuming homogenous mixing, and using theres after humidification. It is not clear whether there is a
volume weighted mixing rule to calculate the correspond-complete dissolution or whether a small shell of water forms
ing complex refractive indices. A quantitative analysis wasaround the particles forming a core-shell structure. To ex-
done by comparing the Rl values obtained from the CRD-ASplore whether there could be an optical distinction for Paho-
measurements with various Mie-theory based models thakee peat and nigrosine, the extinction efficiency as a function
assume different mixing states or structures. These calculeef size parameter was calculated separately for each case.
tions may serve as a further verification of the commonly For the homogenously mixed cag2ext-homogeneouivas cal-
used assumption of homogenously mixed particles at higtculated with the Rl obtained from the volume weighted mix-
%RH values. To retrieve the RI from the CRD-AS measure-ing rule. For the core-shell structur@extcore-shell Was cal-
ments, the extinction efficiency of the humidified aerosolsculated using the diameter measured after humidification as
(Qext-%rH) Was calculated from the measured GF and the exthe total diameter, and the dry diameter selected by the first
tinction coefficient at every diameter. By knowing the value DMA as the core diameter. The RI of the core was taken
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1.10 5 shrunk making our original assumptions of size and complex
1,05 RI incorrect. Unfortunately, with the precision of the exper-
S iments performed in this study it is not possible to examine
this hypothesis. However, we do observe from Figs. 4 and 5
that if an aerosol with a Gk 1.15 is assumed to be homoge-
nously mixed, when in reality its internal structure resem-

1.00
0.95

0.90

Qexl core-shell / Qex( homogeneous

0.85 — 9 o, . . . . .
oo Jparreepe 8™ S RS Pey bles a core-shell, it will result in an underestimation of the
1qoNgosne A oA 112002 145000 imaginary part of the complex refractive index when the RI

1.05 is calculated with the volume weighted mixing rule.

1.00
0.95 5 Conclusions

0.90 -
From the laboratory measurements, we see fRitqy; at

80 % and 90 %RH could be modeled using Mie theory, the

. . l l l l I I I hygroscopic growth factor, and the dry refractive indices of
oo T e R e 0% ®% the water soluble absorbing aerosols; there is good agreement

between measured and model&@Hey; values as a function

Fig. 5. The ratio ofQext-core-shell t0 Qext-homogeneouds @ function  of size. We also observe that thi&Hey: dependence on size

of size parameter for Pahokee peat (circles) and nigrosine (trianchanges from having a non-monotonic decrease with size

gles) at 532nm (green) and 355nm (blue) at 80% and 90 %RH¢q hyrely scattering substances to practically no dependence

The growth factors for the two substances at 80 9% and 90%RH arg, ghq6rhing substances with an imaginary part greater than

shown in the legend for comparison. Zero.

Moreover, the small discrepancies between the retrieved
from the dry measurements, and the RI of water was usedomplex Rl from direct measurements at 355 and 532 nm and
for the RI of the shell. The codes by Liu et al. (2007a) the complex RI calculated from the volume weighted mixing
and Bohren and Hoffmann (1983) were used to calculaterule suggest that the volume weighted mixing rule is a good
Oext-core-shell aNd Qext-homogeneous r'espectively. Lastly, the approximation for water soluble aerosols at high RH con-
ratio of Qext-core-shell 10 Qext-homogeneousvas calculated and  ditions, especially for substances with GA.15. The dif-
plotted as a function of size parameter for both wavelengthderence between the derived and calculated real parts of the
in Fig. 5. From Fig. 5 at 80 %RH, where the Pahokee peattomplex RIs were less than 7.5 % for all substances, wave-
and nigrosine particles only grew 9% and 12 %, respecdengths, and RH values. The obtained imaginary parts for
tively, there is less than a 5% difference between the valthe retrieved and calculated RIs were, in general, in good
ues obtained with a core-shell structure and those obtainedgreement with each other, and well within the measurement
by assuming homogenous mixture for size parameters lessrrors of retrieval from pulsed CRD spectroscopy measure-
than 2.5. For 90 %RH, the differences between the core-shelinents. On the other hand, the homogenous mixture assump-
structure and a homogeneously mixed particle are more notion for particles with small GF (less than 1.15) needs to be
ticeable, with up to a 7 % difference for the Pahokee peat. Ataken with caution. The discrepancies between the measured
clear distinction between the two mixing assumptions can beQex; and the modele@ex: using the volume weighted mix-
observed at size parameters greater than 3 with laigr ing rule, for the low GF substances, Pahokee peat and nigro-
values for a core-shell structure than for a homogeneousline, could not be explained by assuming a core-shell struc-
mixed case. ture with a “pure” substance core and a “pure” water shell.

Therefore, the nigrosine measurements shown in Fig. 4byWWe hypothesize that partial dissolution of the core could
indicate that the difference between the measurements (opamake the “coating” slightly absorbing, and shrink the core
circles) and the homogeneous mixing assumption (solid line)kize of the particle. However, the results show that if a homo-
is greater at larger size parameters than the core-shell calculgeneous mixing is assumed for GF..15 the imaginary part
tion (red solid symbols); which suggest a core-shell structureof the complex Rl can be underestimated.

However, the measure@ey: still differs from the core-shell
and homogeneous model at the intermediate sizes for nigro-

sine and it also does not seem to explain adequately the r({;«cknowledgements!.:unding was provided by the Israel Science

. oundation (Grant #196/08) and by FP7-ENV-2010-265148-
sults for Pahokee peat at 80 %RH and 532 nm (Fig. 4a). Thu%’EGASOS. This research was also funded by the Max Planck
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dissolution of nigrosine or Pahokee peat dissolved into the
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sorbing. At the same time, the size of the “core” will have have been covered by the Max Planck Society.

0.85

Qexl core-shell / Qext homogeneous

0.80 T

www.atmos-chem-phys.net/12/5511/2012/ Atmos. Chem. Phys., 12, 556R1, 2012



5520 J. Michel Flores et al.: Absorbing aerosols at high relative humidity

Gysel, M., Weingartner, E., and Baltensperger, U.: Hygroscopicity
Edited by: E. Weingartner of aerosol particles at low temperatures. 2. Theoretical and exper-
imental hygroscopic properties of laboratory generated aerosols,
Environ. Sci. Technol., 36, 63—6@0i:10.1021/es0100558002.
Hasenkopf, C. A., Freedman, M. A,, Beaver, M. R., Toon, O. B., and
References Tolbert, M. A.: Potential climatic impact of organic haze on early
earth, Astrobiology, 11, 135-14%0i:10.1089/ast.2010.0541
Abo Riziq, A., Erlick, C., Dinar, E., and Rudich, Y.: Optical proper- 2011.
ties of absorbing and non-absorbing aerosols retrieved by cavityHaywood, J. M., Roberts, D. L., Slingo, A., Edwards, J. M.,
ring down (CRD) spectroscopy, Atmos. Chem. Phys., 7, 1523— and Shine, K. P.: General circulation model calculations of
1536,d0i:10.5194/acp-7-1523-2002007. the direct radiative forcing by anthropogenic sulfate and fossil-
Baynard, T., Garland, R. M., Ravishankara, A. R., Tolbert, M. A.,  fuel soot aerosol, J. Climate, 10, 1562—15d@i;10.1175/1520-
and Lovejoy, E. R.: Key factors influencing the relative humidity =~ 0442(1997)01@1562:GCMCOT-2.0.CO;2 1997.
dependence of aerosol light scattering, Geophys. Res. Lett., 33PCC: Climate Change 2007: The Physical Science Basis. Con-

L06813,d0i:10.1029/200591024892006. tribution of Working Group | to the Fourth Assessment Report
Bohren, C. F. and Huffman, D. R.: Absorption and scattering of  of the Intergovernmental Panel on Climate Change, edited by:
light by small particles, Wiley, New York, 1983. Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Av-

Bond, T. C. and Bergstrom, R. W.: Light Absorption by Carbona-  eryt, K. B., Tignor, M., and Miller, H. L., Cambridge University
ceous Particles: An Investigative Review, Aerosol Sci. Technol., Press, Cambridge, United Kingdom and New York, NY, USA,
40, 27-67, 2006. 996 pp., 2007.

Brooks, S. D., DeMott, P. J., and Kreidenweis, S. M.: Water uptakeKoren, |., Remer, L. A., Kaufman, Y. J., Rudich, Y., and Martins, J.
by particles containing humic materials and mixtures of humic  V.: On the twilight zone between clouds and aerosols, Geophys.
materials with ammonium sulfate, Atmos. Environ., 38, 1859— Res. Lett., 34, L08805J0i:10.1029/20079l029252007.

1868, 2004. Lang-Yona, M., Rudich, Y., Segre, E., Dinar, E., and Abo-Riziq, A.:

Daimon, M. and Masumura, A.: Measurement of the refractive in-  Complex refractive indices of aerosols retrieved by continuous
dex of distilled water from the near-infrared region to the ultra-  wave-cavity ring down aerosol spectrometer, Anal. Chem., 81,
violet region, Appl. Opt., 46, 3811-3820, 2007. 1762-1769¢0i:10.1021/ac8017782009.

Dinar, E., Riziq, A. A., Spindler, C., Erlick, C., Kiss, G., and Lewis, K. A., Arnott, W. P., Moosiiller, H., Chakrabarty, R. K.,
Rudich, Y.: The complex refractive index of atmospheric and  Carrico, C. M., Kreidenweis, S. M., Day, D. E., Malm, W.
model humic-like substances (hulis) retrieved by a cavity ring  C., Laskin, A., Jimenez, J. L., Ulbrich, I. M., Huffman, J. A.,
down aerosol spectrometer (crd-as), Faraday Discuss., 137, 279— Onasch, T. B., Trimborn, A., Liu, L., and Mishchenko, M. 1.
295,d0i:10.1039/b7031112008. Reduction in biomass burning aerosol light absorption upon hu-

Dinar, E., Taraniuk, |, Graber, E. R., Anttila, T., Mentel, T.  midification: roles of inorganically-induced hygroscopicity, par-
F., and Rudich, Y.: Hygroscopic growth of atmospheric and ticle collapse, and photoacoustic heat and mass transfer, At-
model humic-like substances, J. Geophys. Res., 112, D05211, mos. Chem. Phys., 9, 8949-8966j:10.5194/acp-9-8949-2009
doi:10.1029/2006JD007442007. 20009.

Erlick, C.: Effective refractive indices of water and sulfate drops Liu, L., Wang, H., Yu, B., Xu, Y., and Shem, J.: Improved algorithm
containing absorbing inclusions, J. Atmos. Sci., 63, 754-763, of light scattering by a coated sphere, China Part., 5, 230236,
2006. 2007a.

Fierz-Schmidhauser, R., Zieger, P., Wehrle, G., Jefferson, A.Liu, X., Penner, J. E., Das, B., Bergmann, D., Rodriguez, J. M.,
Ogren, J. A., Baltensperger, U., and Weingartner, E.. Mea- Strahan, S., Wang, M., and Feng, Y.: Uncertainties in global
surement of relative humidity dependent light scattering of  aerosol simulations: Assessment using three meteorological data
aerosols, Atmos. Meas. Tech., 3, 39-86i:10.5194/amt-3-39- sets, J. Geophys. Res., 112, D1124¢1;10.1029/2006jd008216
201Q 2010. 2007b.

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., FaNovakov, T., Hegg, D. A., and Hobbs, P. V.: Airborne measurements
hey, D. W., Haywood, J., Lean, J., Lowe, D. C., Myhre, G.,  of carbonaceous aerosols on the East Coast of the United States,
Nganga, J., Prinn, R., Raga, G., Schulz, M., and Dorland, R. V.:  J. Geophys. Res., 102, 30023-30030, 1997.

Changes in Atmospheric Constituents and in Radiative Forcing. Miles, R. E., Rudic, S., Orr-Ewing, A. J., and Reid, J. P.: Influence
in: Climate Change 2007: The Physical Science Basis. Contri- of Uncertainties in the Diameter and Refractive Index of Calibra-
bution of Working Group I to the Fourth Assessment Report  tion Polystyrene Beads on the Retrieval of Aerosol Optical Prop-
of the Intergovernmental Panel on Climate Change, edited by: erties Using Cavity Ring Down Spectroscopy, J. Phys. Chem.,
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Av- 114, 7077-70840i:10.1021/jp1032462010.

eryt, K. B., Tignor, M., and Miller, H. L., Cambridge University Pettersson, A., Lovejoy, E. R., Brock, C. A., Brown, S. S., and Rav-
Press, Cambridge, United Kingdom and New York, NY, USA,  ishankara, A. R.: Measurement of aerosol optical extinction at
2007. 532 nm with pulsed cavity ring down spectroscopy, J. Aerosol

Garland, R. M., Ravishankara, A. R., Lovejoy, E. R., Tolbert, M. A, Sci., 35, 995-1011d0i:10.1016/j.jaerosci.2004.02.008)04.
and Baynard, T.: Parameterization for the relative humidity de- Petzold, A., Weinzierl, B., Huntrieser, H., Stohl, A., Real, E., Co-
pendence of light extinction: Organic-ammonium sulfate aerosol,  zic, J., Fiebig, M., Hendricks, J., Lauer, A., Law, K., Roiger, A.,
J. Geophys. Res., 112, D193089i:10.1029/2006JD008179 Schlager, H., and Weingartner, E.: Perturbation of the European
2007.

Atmos. Chem. Phys., 12, 5515521, 2012 www.atmos-chem-phys.net/12/5511/2012/


http://dx.doi.org/10.5194/acp-7-1523-2007
http://dx.doi.org/10.1029/2005gl024898
http://dx.doi.org/10.1039/b703111d
http://dx.doi.org/10.1029/2006JD007442
http://dx.doi.org/10.5194/amt-3-39-2010
http://dx.doi.org/10.5194/amt-3-39-2010
http://dx.doi.org/10.1029/2006JD008179
http://dx.doi.org/10.1021/es010055g
http://dx.doi.org/10.1089/ast.2010.0541
http://dx.doi.org/10.1175/1520-0442(1997)010<1562:GCMCOT>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1997)010<1562:GCMCOT>2.0.CO;2
http://dx.doi.org/10.1029/2007gl029253
http://dx.doi.org/10.1021/ac8017789
http://dx.doi.org/10.5194/acp-9-8949-2009
http://dx.doi.org/10.1029/2006jd008216
http://dx.doi.org/10.1021/jp103246t
http://dx.doi.org/10.1016/j.jaerosci.2004.02.008

J. Michel Flores et al.: Absorbing aerosols at high relative humidity 5521

free troposphere aerosol by North American forest fire plumesStokes, R. H. and Robinson, R. A.: Interactions in aqueous nonelec-

during the ICARTT-ITOP experiment in summer 2004, At-  trolyte solutions. I. Solute-solvent equilibria, J. Phys. Chem., 70,

mos. Chem. Phys., 7, 5105-5188j:10.5194/acp-7-5105-2007 2126-2130, 1966.

2007. Streets, D. G., Wu, Y., and Chin, M.: Two-decadal aerosol trends
Reddy, M. S., Boucher, O., Balkanski, Y., and Schulz, M.: as a likely explanation of the global dimming/brightening transi-

Aerosol optical depths and direct radiative perturbations by tion, Geophys. Res. Lett., 33, L15808).1029/2006GL026471

species and source type, Geophys. Res. Lett., 32, L12803, 2006.

doi:10.1029/2004GL021742005. Tripathi, S. N., Dey, S., Tare, V., and Satheesh, S. K.: Aerosol black
Schwartz, S. E. and Buseck, P. R.: Absorbing Phenomena, Science, carbon radiative forcing at an industrial city in northern India,
288, 989-990, 2000. Geophys. Res. Lett., 32, L0880@0i:10.1029/2005GL022515

Sjogren, S., Gysel, M., Weingartner, E., Baltensperger, U., Cubi- 2005.
son, M. J., Coe, H., Zardini, A. A., Marcolli, C., Krieger, U. Wiedensohler, A.: An approximation of the bipolar charge distribu-
K., and Peter, T.: Hygroscopic growth and water uptake kinetics tion for particles in the submicron size range, J. Aerosol Sci., 19,
of two-phase aerosol particles consisting of ammonium sulfate, 387-389, 1988.
adipic and humic acid mixtures, J. Aerosol Sci., 38, 157-171,
doi:10.1016/j.jaerosci.2006.11.00%07.

www.atmos-chem-phys.net/12/5511/2012/ Atmos. Chem. Phys., 12, 556R1, 2012


http://dx.doi.org/10.5194/acp-7-5105-2007
http://dx.doi.org/10.1029/2004GL021743
http://dx.doi.org/10.1016/j.jaerosci.2006.11.005
http://dx.doi.org/10.1029/2006GL026471
http://dx.doi.org/10.1029/2005GL022515

