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Abstract

The extinction coefficient and growth factor of humidified aerosols, at 80 % and 90 %
RH, and at 532 nm and 355 nm wavelengths were measured for size-selected parti-
cles for ammonium sulfate, IHSS Pahokee peat (a lightly absorbing humic-like sub-
stance proxy), nigrosine (a black dye to model highly absorbing substances), and a5

mixture of AS and nigrosine. The ratio of the humidified extinction coefficients to the dry
(fRHext(%RH, Dry)) was explored. The measured fRHext(%RH, Dry) was compared to
theoretical calculations based on Mie theory, using the measured growth factors and
assuming homogeneous mixing. The expected complex refractive indices (RIs) using
the volume weighted mixing rule were compared to the RIs derived from the extinction10

measurements. Moreover, the differences between assuming a core-shell structure or
a homogeneous mixing of the substances is examined. The laboratory results were
used as a basis to model the change in the total extinction, the single scattering albedo
(ω), and the asymmetry parameter (g) in the twilight zone of clouds at 355 nm and
532 nm.15

We found slightly linear to no dependency of fRH(%RH, Dry) with size for absorb-
ing substances in contrast to the decreasing exponential behavior with size for purely
scattering substances. However, no discernable difference could be made between
the two wavelengths used. Less than 5 % differences were found between the real
parts of the complex refractive indices derived and those calculated using the volume20

weighted mixing rule, and the imaginary parts had up to a 20 % difference. Moreover,
for substances with growth factor less than 1.15 there was, in average, less than 5 %
difference between the extinction efficiencies calculated using a core-shell model and
assuming homogeneous mixing for size parameters less than 2.5. For x > 2.5 the
differences were greater causing and overestimation of the extinction efficiency (Qext)25

values if homogenous mixing was assume instead of a core-shell structure.
The total extinction as a function of distance from the nearest cloud was found to be

independent from the imaginary component (k) of the dry RI of the absorbing aerosols
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modeled. On the other hand, the single scattering albedo, as expected, decreased
with larger values of k, whereas the asymmetry parameter increased suggesting a
reduction in the reflectivity of the twilight zone with more absorbing aerosols and a
reduction of cloud edge 3-D radiative effects.

1 Introduction5

A major uncertainty in understanding Earth’s climate system is the interaction between
solar radiation and aerosols in the atmosphere. This interaction is dependent on the
physical and chemical properties of the aerosols and the wavelength of the incident
light. Furthermore, there is a complex interaction between clouds, aerosols and radia-
tion that is still not well constrained. Koren et al. (2007) showed that a belt of forming10

and evaporating cloud fragments and hydrated aerosols extending kilometers away
from the clouds into cloud-free areas could have major implications on how we calcu-
late Earth’s radiation budget. This phenomenon has been termed the “twilight zone”.
In the twilight zone, high relative humidity (RH) is predominant, creating an environ-
ment where aerosols can take up water and eventually deliquesce, grow and become15

more optically active. Also cloud droplets evaporate here leaving behind concentrated
solution droplets and aerosol particles of complex chemical composition and of sizes
with large optical effects. Moreover, the modeling of down welling solar irradiance at
the surface relies on parameterizations of aerosol optical properties, mostly the single
scattering albedo (ω) and the asymmetry parameter (g), and is a major source of dis-20

crepancy (Wild, 2005). Furthering our understanding of the optical properties of the
hydrated aerosols can enable us to better model areas as the twilight zone as well as
cloud-free areas with high RH.

Some laboratory studies have been devoted to understand the optical properties of
purely scattering aerosols (mostly due to their “cooling effect”) when exposed to high25

relative humidity. Garland et al. (2007) parameterized the relative humidity dependence
of light extinction at 532 nm for inorganic ammonium sulfate aerosols; while Baynard
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et al. (2006) looked at mixtures of NaCl and ammonium sulfate with a few dicarboxylic
acids. Recently, Hasenkopf et al. (2011) compared the optical growth at 532 nm of
slightly absorbing organic particles likely to have been present on early Earth and
Titan.

Absorbing aerosols transform the solar electromagnetic energy to thermal energy,5

and therefore heating the aerosol layer while cooling (stabling) the atmosphere below
it (Hansen et al., 2005). This can affect cloud formation (Koren et al., 2004); hence, it
is crucial to better understand their optical properties and their RH dependence. While
several studies have been directed to investigate the properties of absorbing aerosols
such as organics (Kanakidou et al., 2005), dust (Kaufman et al., 2005; Yu et al., 2006),10

and soot (Jacobson, 2001; Koren et al., 2004; Menon et al., 2002; Jacobson, 2006),
our level of understanding as the RH changes is still limited.

With the development of cavity ring down spectroscopy (CRDS), the extinction coeffi-
cient (extinction= scattering+absorption) of aerosols can be directly measured (Dinar
et al., 2008; Lack et al., 2006; Lang-Yona et al., 2009; Pettersson et al., 2004; Riziq15

et al., 2007; Sappey et al., 1998; Smith and Atkinson, 2001). By measuring the total
extinction of a substance at different sizes, and using Mie theory, the complex refractive
index of the particles can be retrieved (Lack et al., 2006; Lang-Yona et al., 2009; Lang-
Yona et al., 2010; Pettersson et al., 2004; Riziq et al., 2007). The complex refractive
index (RI, m=n+ i k) describes the scattering (real part, n) and absorption (imaginary20

part, k) of a substance. At different RH values, water uptake by atmospheric aerosols
can occur; hence, changing their size and composition. This in turn will change the
complex refractive index of the aerosols. To accurately predict the “new” complex RI
different theoretical mixing rules are often used (Erlick, 2006). The most common rule
being the volume weighted mixing rule. It is often used in chemical transport models25

that estimate the aerosol direct forcing (Haywood et al., 1997; Liu et al., 2007b), and
in some laboratory studies. Riziq et al. (2007) measured different organic mixtures to
test the validity of this mixing rule for a solution (before atomizing the particles). Gar-
land et al. (2007) used the volume weighted mixing rule (assuming complete mixing of

1022

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/1019/2012/acpd-12-1019-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/1019/2012/acpd-12-1019-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 1019–1052, 2012

Absorbing aerosols
at high relative

humidity

J. M. Flores et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

the aerosols as they passed through a humidification stage) to test the performance of
their system and to parameterize the change in the extinction coefficient when purely
scattering substances (inorganic and organic) were exposed to an RH of 80 %.

In this work we perform a closure study between aerosol hygroscopicity and opti-
cal properties. We explore the validity of the mixing rules for water soluble absorbing5

aerosols, and address the change in refractive index of absorbing aerosols when ex-
posed to 80 % and 90 % relative humidities, at 355 nm and 532 nm wavelengths. By
doing so, we attempt at reaching closure between measured hygroscopic growth (by
tandem hygroscopic DMA measurements), measured extinction (by CRD) and model
calculations in order to study the ability to predict the optical properties of hydrated10

aerosols with different absorption extent. Moreover, we investigate how does the ratio
of the extinction coefficient of the humidified aerosols to the dry extinction coefficient
change as a function of size. We also test a core-shell structure model to explore the
differences between the models for substances with low growth factors, under these
hydration conditions. Finally, we apply the models to investigate how the twilight zone15

of warm clouds would change if aerosols with different degrees of absorption, from
purely scattering to highly absorbing, at given hygroscopicity parameters κ (Peters and
Kreidenweis, 2007), are present.

2 Methodology

To study the RH dependence of aerosols’ optical extinction at 532 nm and 355 nm, a20

cavity ring down (CRD), and a scanning mobility particle sizer (SMPS; TSI model 3081)
were used. A schematic of the laboratory setup is shown in Fig. 1. A full description
of the CRD used in this study can be found in Riziq et al. (2007). Briefly, two plano-
concave highly reflective mirrors (Los Gatos) are mounted at both ends of a stainless
steel tube. The third harmonic (355 nm) or the second harmonic (532 nm) of an Nd:YAG25

(10 Hz, 3–6 ns, Ekspla) are introduced into the cavity though one end, the pulse of
light in the cavity bounces back and forth, and by placing a photomultiplier at other
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end of the cavity, the intensity of the light exiting the cavity is measured. The time it
takes the initial intensity of the light to decay 1/e is then measured. By measuring the
empty cavity (filled only with the carrier gas) decay time (τo) and the decay time filled
with aerosols (τ) the extinction coefficient can be directly measured (Pettersson et al.,
2004;Riziq et al., 2007):5

αext =
L
cd

[
1
τ
− 1
τ0

]
(1)

where L is the length of the cavity, d is the distance filled with aerosols, and c is the
speed of light.

Quasi-monodisperse particle distributions were generated by atomizing aqueous so-
lutions of the compounds of interest with a TSI constant output atomizer (TSI-3076,10

35 psi, 2.5 standard liters per minute (SLM) flow), the aerosol population is subse-
quently dried (RH<3 %), passed through a neutralizer (TSI 3012A) to obtain an equi-
librium charge distribution on the particles, and size selected with a differential mo-
bility particle sizer (DMA, TSI model 3081). The dry, size selected aerosols exiting
the DMA were diluted and directed to a deliquescence stage consisting of a satu-15

rated permeable membrane at a controlled temperature before being sampled by the
CRD-SMPS system. Aerosol losses were measured with different sizes of polystyrene
latex spheres (from 200 nm up to 800 nm) by placing a condensation particle counter
(CPC; TSI Model 3022) before the CRD, and comparing the particle number concen-
tration of this CPC with another CPC located at the end of the system; differences in20

particle concentration of less than 2 % were found. To avoid temperature fluctuations
in the system, insulation was placed around the tubing, the CRD, and SMPS (repre-
sented by the shaded areas in Fig. 1). The relative humidity and temperature were
measured at the exit of the humidification stage, within the CRD, and at the entrance
of the sheath flow of the DMA in the SMPS system. Measurements were only taken25

when all measured RH values in the system were within 2 % (RH meter manufacture
uncertainties are ±3 %RH for 10≤%RH≤90). Following the deliquescence stage the
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aerosols’ RH dependent extinction coefficient (αext,%RH) was measured with the CRD
and the hygroscopic growth factor (GF) was measured with the SMPS. The aerosol
number concentrations were also measured with a CPC at the outlet of the CRD.

The substances were measured at eight different mobility diameters, from 200 nm to
550 nm in 50 nm steps, and 2 different RH values; 80 % and 90 %. The sequence of5

measurements was performed by first measuring the different diameters of a substance
in a dry state (RH<3 %), then directing the sample flow through the humidifier, allowing
the system to equilibrate at the desired RH, and repeating the measurement for the
same diameters. After the hydrated experiments were done, the dry measurement was
repeated to check the stability of the system. If the final dry measurement differed more10

than 5 % from the initial, the measurements of that substance were repeated. Particle
concentrations were kept below 1000 p cm−3, and the median diameter from the SMPS
size distributions (Dmed) was taken instead of the chosen mobility diameter from the first
DMA in order to reduce biases arising from multiply-charged particles (Hoppel, 1978).
For this, a solution concentration of 500 mg l−1 for sizes between 200 nm to 300 nm was15

used, and for larger diameters, 350 nm to 550 nm, a 1000 mg l−1 concentration solution
was used.

The hygroscopic growth is represented by the relative increase in the mobility diam-
eter of particles due to water up take at a specific %RH:

GF(% RH,Dry)=
D% RH(RH)

Ddry
(2)20

where D%RH(RH) is the mobility diameter at a specific %RH, and Ddry is the dry mea-
sured mobility diameter. The GF of a mixture (GFmix) can be estimated from the GFs
of the pure components and their respective volume fractions (ε) using the Zdanovskii-
Stokes-Robinson relation (ZSR relation; Sjogren et al., 2007; Stokes, 1966):

GFmix =

∑
j

εjGF3
j


1
3

(3)25
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where the subscript j represents the different substances. The model assumes spher-
ical particles, ideal mixing (i.e. no volume change upon mixing) and independent water
uptake of the organic and inorganic components.

The changes of the aerosols optical properties due to hygroscopic growth is rep-
resented by the ratio of the measured extinction coefficient (αext, Mm−1) at a specific5

%RH to the dry measurement, expressed as:

fRHext(%RH,Dry)=
αext(%RH)

αext (Dry)
(4)

where αext(%RH) is the extinction coefficient at a specific RH, and αext(Dry) is the
extinction coefficient measured at an RH<3 %. The extinction coefficient for homoge-
nous spheres is described by:10

αext =
1
4
πND2Qext (5)

where N is the particle concentration, D the particle’s diameter, and Qext the extinction
efficiency. Hence, inserting Eqs. (2) and (5) into (4), Eq. (4) can be written as:

fRHext(%RH,Dry)=
N%RHQext−%RH

NDryQext−dry
GF2 (6)

Three different substances were use d to measure the optical extinction growth,15

fRHext(%RH, Dry), dependence with size and degree of absorbance: ammonium sul-
fate (AS), a purely scattering substance, was used to check the system performance;
nigrosine, an organic black dye used as a model for highly absorbing substances;
and IHSS Pahokee Peat (Pahokee), a fulvic acid used as a model for humic-like sub-
stances, or complex organic matter often found in aerosol (Dinar et al., 2007). A mix-20

ture of ammonium sulfate and nigrosine 1:1 molar ratio (AS:Nig), was also measured
to investigate the variation in the imaginary part of the complex refractive index.

1026
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3 System validation with ammonium sulfate

The measurements of fRHext(%RH, Dry) with the system described above were
validated with ammonium sulfate at 80 % RH. Figure 2 compares the measured
fRHext(80 %RH, Dry) in this study, to that reported by Garland et al. (2007) and to
the calculated fRHext(80 %RH, Dry) based on the measured GFs from the SMPS.5

To convert the GFs to fRHext(RH, dry), the same method as described in Garland
et al. (2007) was applied. Briefly, by using Mie scattering calculations (Bohren and
Huffman, 1983), the extinction cross section of the dry aerosol were calculated with
the refractive indices (RIs) retrieved from the dry CRD measurements of AS. Humidity-
controlled, tandem SMPS measurements were used to determine the hygroscopic GF10

of size-selected aerosols and consequently to determine the volume fraction of water;
i.e., the volume fraction of AS is known from the diameter measured by the first SMPS
for the dry aerosols, and the total volume of the humidified AS particle (water+AS)
is known from the (second) humidified SMPS measurements. Applying the volume
weighted mixing rule for refractive indices,15

nmix = V frac
DrynDry+V frac

waternwater =
D3

dryndry+ (D3
wet−D3

dry)nwater

D3
wet

(7a)

kmix = V frac
DrykDry+V frac

waterkwater =
D3

drykdry+ (D3
wet−D3

dry)kwater

D3
wet

(7b)

where V frac
i is the volume fraction of each component, with the optical properties of

pure AS and water as input, the refractive indices for the humidified aerosol at dif-
ferent RHs were calculated (see Table 1). Finally, the new RI and new diameters,20

D%RH =GF×Ddry, where Ddry is the diameter measured by the SMPS for the dry
aerosols, are taken to determine the humidified extinction cross sections at a wave-
length of 532 nm. The ratio of the humidified extinction cross section curve to the dry

1027
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AS curve gives the theoretical fRHext (80 %RH, Dry). The refractive index used for AS
and water at 532 nm were m= 1.504+ i0.0 (derived from the dry measurements) and
RI of m= 1.335+ i0.0 (Daimon and Masumura, 2007), respectively. The reported un-
certainties in the measured fRHext(RH, dry) were based on the uncertainty in the RH
measurement (±3 % RH), the SMPS size distributions (∼±1 %), and the uncertainty in5

the measured extinction coefficient from the CRD (∼±2 %). The GFs from each diam-
eter were averaged to obtain a range in the theoretical calculations of fRHext; this is
represented by the shaded area in Fig. 2.

It can be seen in Fig. 2 that the measured fRHext(80 % RH, Dry) values (every mea-
sured value is an average of at least 2 min with an extinction measurement made every10

10.1 seconds) are in very good agreement with the fRHext(80 % RH, Dry) measured
by Garland et al. (2007), and with the theoretical calculations. There is a slight overes-
timation at 200 nm, which may be attributed to the presence of larger doubly charged
aerosols in the initial size selection. The good agreement between the theoretical cal-
culations and the measured values suggests the experimental setup is reliable.15

4 Results

4.1 Optical growth of humidified absorbing aerosols

The size dependence of fRHext at 80 % and 90 % RH was studied for substances with
different degrees of absorption at 532 nm and 355 nm. The GF values were converted
to theoretical fRHext(%RH, Dry) as described for the 532 nm AS measurement at 80 %20

RH. Figure 3 shows the size dependence of fRHext(80 %RH, Dry) and fRHext(90 %RH,
Dry) for pure AS, IHSS Pahokee Peat, a mixture of AS and nigrosine at a 1:1 molar
ratio, and pure nigrosine dye for 80 % (left) and 90 % (right) RH at 532 nm (green full
markers and patterned shaded area) and 355 nm (blue open markers and full shaded
area). The measured growth factors obtained with the SMPS for each substance are25

presented in the legend. The reported ranges for the converted values (shaded areas

1028
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in Fig. 3) are based on the values calculated from the lower and upper limits of the
uncertainty of the measured GFs.

The measurements for all substances at both RHs and wavelengths are in good qual-
itative agreement with the calculations. While there are some values which are outside
of the shaded area all substances follow the theoretical trends. The measurement for5

the Pahokee peat for 355 nm at 90 % RH could not be completed due to shortage of
substance, the measurement presented was performed at an RH=95 % (±3 %).

The ammonium sulfate measurements show an exponential behavior of
fRHext(80 %RH, Dry) and fRHext(90 %RH, Dry) with size. Garland et al. (2007) pa-
rameterized AS at 80 % RH with an exponential function. This study shows that the10

exponential behavior is also maintained at 90 % RH for 355 nm and 532 nm, as can
be seen in Fig. 3. Additionally, the fRHext(80 %RH, Dry) and fRHext(90 %RH, Dry)
values at 532 nm are greater than at 355 nm. The spectral independence of AS on
wavelength might incorrectly lead to expect the same fRHext(%RH, Dry) curve for both
wavelengths, however, the differences are attributed to the shape of the Mie curves15

and to the fact that the size parameters (x = πD/λ) for the diameters measured are
larger at λ=355 nm than at λ=532 nm. For purely scattering substances, the ex-
tinction efficiency increases rapidly for size parameters smaller than 3, and the slope
of this increase is steeper as the real part of the RI is larger. At 355 nm, the initial
dry diameters measured have a greater extinction efficiency than at 532 nm, making20

fRHext(%RH, Dry) smaller at 355 nm than at 532 nm.

4.2 Validation of the volume weighted optical mixing rule

Figure 3 shows, in general, good qualitative agreement between measurements and
theoretical calculations using the measured GFs, assuming homogenous mixing, and
using the volume weighted mixing rule to calculate the corresponding complex refrac-25

tive indices. A quantitative analysis was done by comparing the RI values obtained
from the measurements with various Mie models that assume different mixing states
or structures. These calculations may serve as a further verification for the commonly
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used assumption of homogenously mixed particles at high %RH values. To retrieve the
RI from the CRD measurements, the extinction efficiency of the humidified aerosols
(Qext−%RH) was calculated from the measured GF and the extinction coefficient at ev-
ery diameter. By knowing the value of Qext at different diameters for internally mixed
aerosols, a refractive index can be retrieved (Lang-Yona et al., 2009; Pettersson et al.,5

2004; Riziq et al., 2007). Figure 4 shows two examples of the results of the complex RI
derivation and comparison performed. Four sets of data of Qext versus size at 532 nm
and 80 % RH for the IHSS Pahokee Peat and nigrosine aerosol are presented: (1) The
measured Qext,80%RH values obtained by the CRD and the measured D80%RH, (2) the
complex RI retrieved from the Qext,80%RH measurements, using the method described10

in Riziq et al. (2007), (3) the Qext curve for the complex RI calculated assuming ho-
mogeneous mixing and applying a volume weighted mixing rule, where the RI for the
Pahokee peat and nigrosine aerosols were retrieved from the dry measurements, and
the RI value used for water at 532 nm was m= 1.335+ i0.0 (Daimon and Masumura,
2007), and (4) the Qext values assuming a core-shell structure for each measured di-15

ameter. The same analysis was performed for the other substances at both RHs and
wavelengths. The RI used for water at 355 nm was m = 1.349+ i0.0 (Daimon and
Masumura, 2007). The results are summarized in Table 1, which also provides for
comparison literature growth factor values (when available), ZSR relation calculations,
and the percent difference among the different measurements. The data in the table20

is presented in increasing degree of absorption of the proxy aerosols, from AS (no
absorption) to Pahokee Peat to AS:Ng 1:1 and to pure nigrosine (highly absorbing).
The retrieved complex refractive indices for most substances at both RHs are in good
agreement with the calculated complex RI from the volume weighted averages; the
real part of the RIs are within 5.3 % of each other. There are greater differences in the25

imaginary parts, but the values are within measurement errors.
For the IHSS Pahokee peat and nigrosine aerosols, there is an overestimation of

the imaginary part at both wavelengths and RHs. Both substances have a small GF,
which raises the question of their internal structures after humidification. Is there a
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complete mixture within these particles or a small shell of water formed around the
particles forming a core-shell structure which is consequently being measured by the
CRD? To explore whether there could be an optical distinction for Pahokee peat and
nigrosine if we assume a core-shell structure or complete mixing, the extinction effi-
ciency as a function of size parameter was calculated separately for each case. For5

the homogenously mixed case, Qext−homogeneous was calculated with the RI obtained
from the volume weighted mixing rule. For the core-shell structure, Qext−core−shell was
calculated using the diameter measured after humidification as the total diameter, and
the diameter selected from the first DMA as the core diameter. The RI of the core
was taken from the dry measurements, and the RI of water was used for the RI of the10

shell. The code by Liu et al. (2007a) and Bohren and Hoffmann (1983) were used to
calculate Qext−core−shell and Qext−homogeneous, respectively. The ratio of Qext−core−shell to
Qext−homogeneous was calculated and plotted as a function of size parameter for both
wavelengths in Fig. 5. At 80 % RH, where Pahokee and nigrosine only grew 9 % and
12 %, respectively, there is less than a 5 % difference between the values obtained15

with a core-shell structure and those obtained by assuming homogenous mixture for
size parameters less than 2.5. For 90 % RH, the differences between the core-shell
structure and a homogeneously mixed particle are more noticeable, with up to a 7 %
difference for the Pahokee peat. A clear distinction between the two mixing states can
be observed at size parameters greater than 3. Mie curves of homogenously mixed20

particles with similar real part of the RI will have the maximum Qext value around the
same size parameters, for real parts between 1.65 and 1.55 (the real parts of the RIs
of Pahokee peat and nigrosine are between these values) the Qext peaks start around
a size parameter of 2.5. For example, for purely scattering substances the maximums
will be a series of resonance peaks. As the imaginary part of the complex RI increases25

the Qext peaks will accordingly decrease. Hence, if a substance is assumed to be ho-
mogenously mixed, when its internal structure is in reality a core-shell, the measured
Qext will be lower and it will result in an underestimation of the imaginary part of the
complex refractive index when it is calculated with the volume weighted mixing rule.
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This can be seen in Fig. 4b for nigrosine, where the difference between the measure-
ments (open circles) and the homogeneous assumption (solid line) is greater at larger
size parameters, and by having assumed a homogenous mixture the imaginary part of
the RI was slightly underestimated.

However, for Pahokee peat a core-shell structure does not seem to explain ade-5

quately the results. From Fig. 4a and Table 1 we can observe that the imaginary part
of the retrieved complex RI for Pahokee peat at 80 % RH and 532nm is higher than
for the dry substance. With a GF of only 1.09 there is the possibility that only small
water clusters formed instead of a complete layer of water around the aerosols. Unfor-
tunately, with the experiments performed in this study there is not enough information10

to examine the hypothesis.

5 Absorbing aerosol in the twilight zone

The “twilight zone” of clouds (Koren et al., 2007) is the transition area between clouds
and the cloud-free atmosphere, which is affected by forming and evaporating cloud
fragments and hydrated aerosols, and cloud 3-D radiative effects (Marshak et al., 2006;15

Varnai and Marshak, 2009). It was suggested that the twilight zone can extend kilo-
meters away from the clouds affecting optical retrievals up to 30 km from the nearest
cloud edge (Koren et al., 2007; Twohy et al., 2009; Bar-Or et al., 2011a). Here we
explore the optical behavior of different types of aerosols in vicinity of clouds using the
Spherical Harmonic Discrete Ordinate Method model for atmospheric radiative transfer20

(SHDOM, Evans, 1998). To do so, we focus on the change in total extinction (in units of
km−1), the single scattering albedo (ω), and the asymmetry parameter (g) as a function
of distance from the nearest cloud (dc) at wavelengths of 532 nm and 355 nm.

In each simulation the hygroscopicity parameter κ (Petters and Kreidenweis, 2007),
the real part of the dry aerosol complex refractive index, the dry effective diameter25

(Deff−dry), assuming a single-mode log-normal distribution with a ln(σ) = 0.7, and the

mass of the aerosol layer, set at 5 µg m−3, are kept constant while varying the imaginary
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part of the dry aerosol RI. Moreover, two different RH fields are used in the model: one
typical for the marine boundary layer (MBL), where the background RH reaches ∼88 %,
and the other describing continental cumulus cloud field (CCF) where the background
RH reaches 60 %. Both RH fields are extracted from large-eddy-simulation model re-
sults (UCLA-LES, Xue and Feingold, JAS, 2006, and RAMS, Cotton et al., 2003), and5

supported by in-situ measurements (Twohy et al., 2009; Wang and Geerts, 2010).
Only distances of up to 0.5 km from the nearest cloud are shown, since relative hu-
midity changes beyond this point found negligible (Bar-Or et al., 2011b). The κ values
used are κ = 0.6, typical of ammonium sulfate (Petters and Kreidenweis, 2007) and
κ = 0.15, typical of organic aerosols (Petters et al., 2009). The real part of the RI and10

the dry effective diameters used are n=1.504 and n=1.626, and Deff−dry =0.1 µm and
Deff−dry = 0.2 µm. The imaginary component of the RI for the dry aerosols was varied
from 0.0 to 0.4 in 0.05 steps. The results for the extinction as a function of distance
from the nearest cloud (dc) are shown in Fig. 6, for SSA (ω) vs. dc in Fig. 7, and
for the asymmetry parameter vs. dc in Fig. 8. Both figures show 4 pairs of graphs,15

where within each pair all variables are the same except the RH field; left side MBL
and right side CCF. The top graphs (a-MBL, a-CCF, b-MBL, b-CCF) show the simula-
tions for a Deff−dry =0.1 µm, where the lower graphs (c-MBL, c-CCF, d-MBL, d-CCF) for
a Deff−dry = 0.2 µm. The differences within the top and lower graphs are the κ and n
values. The left graphs have a κ = 0.6 and n= 1.504, where the right graphs have a20

κ =0.15 and n=1.626.
In Fig. 6 we observe that the extinction is practically independent from the imaginary

component of the complex refractive index, and that for a Deff−dry =0.2 µm there is even
no spectral dependence. Furthermore, the greatest differences in extinction occur in
the first 50 m near the cloud edge, with a steep exponential increase, further away25

the extinction remains practically constant for all of the CCF cases, and it decreases
slightly for the MBL cases; a maximum of 0.07 km−1 for the a-MBL case. For the MBL
case study the differences in extinction are dominated more by the size of the effective
dry diameter than by differences in κ or n, we can see that between a-MBL and b-MBL
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the shape and value of the extinction are basically the same (as well as between c-MBL
and d-MBL). This suggests that the dry size distribution of the aerosols present in the
twilight zone is the dominant factor in the total extinction. For the CCF cases we see
a greater difference in the extinction between the constant Deff−dry with different κ and
n, where below an RH of 80 % the real part of the RI dominates. For example, there is5

around a 0.01 km−1 difference in extinction between a-CCF and b-CCF, which means
that for an aerosol layer of 5 km there is an optical depth difference of 0.05 which is
small but not negligible.

On the contrary to the extinction as a function of dc, we observe clear difference in the
single scattering albedo (Fig. 7) and asymmetry parameter (Fig. 8) vs. dc, for different10

degrees of absorption of the present aerosols. In Fig. 7 we see that in the first 50 m from
the cloud edge there are significant differences between the highly absorbing (k =0.4)
and lightly absorbing (k = 0.05) aerosol. Within this distance, the single scattering
albedo may decrease down to ω= 0.45 for an imaginary component of k = 0.4, and
down to ω=0.75 for k =0.05 at a wavelength of 355 nm (see d-CCF) and 532 nm (see15

b-CCF). We also see that the value of ω for a specific imaginary component at different
dc’s varies for each of the 8 cases presented. For the MBL cases, there is a constant
decrease in ω as the dc increases, whereas for the CCF cases after the first 100 m
the single scattering albedo remains constant. Another distinct feature in the behavior
of ω is that it is always lower at 355 nm than at 532 nm for the same k value, with the20

exception of the k = 0.4 value of the b-CCF case. For the Deff−dry =0.2 µm cases the
differences between the wavelengths is greater than at Deff−dry =0.1 µm.

From the asymmetry parameter (Fig. 8) we see that the light is predominantly scat-
tered to the forward direction for both wavelengths, with generally being larger for
355 nm than for 532 nm for the same k value (see c-MBL for the few exceptions).25

Furthermore, the asymmetry parameter goes from a minimum value for purely scatter-
ing aerosols, with values as low as g= 0.66 at 532 nm (b-CCF), to a maximum value
for the highly absorbing aerosols; i.e., as the imaginary component is increased the
scatter light is directed more in the forward direction. We also observe that there is
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not a clear pattern on how the asymmetry parameter changes with dc. For example, at
355 nm g tends to sharply increase for dc <50 m, with the exception of b-CCF, whereas
for 532 nm it can remain fairly constant (see c-CCF and d-MBL), decrease rapidly (see
b-MBL and b-CCF), or increase (c-MBL and a-MBL). Only after 0.2 km away from the
cloud is that g remains constant for all cases.5

6 Discussion

From the laboratory measurements we see that fRHext at 80 % and 90 % RH could
be modeled using Mie theory, the hygroscopic growth factor, and the dry refractive in-
dices of the water soluble absorbing aerosols; there is closure between measured and
modeled fRHext values as a function of size. We also observe that the fRHext depen-10

dence on size changes from having an exponential dependence for purely scattering
substances to demonstrating practically no dependence for absorbing substances with
an imaginary part greater than zero.

Moreover, the small discrepancies between the retrieved complex RI from direct
measurements at 355 nm and 532 nm and the complex RI calculated from the vol-15

ume weighted mixing rule suggest the volume weighted mixing rule is a good approx-
imation for water soluble aerosols at high RH conditions; especially for substances
with GF>1.15. The difference between the derived and calculated real parts of the
complex RIs were less than 5.3 % for all substances, wavelengths, and RHs. The ob-
tained imaginary parts for the retrieved and calculated RIs were in good agreement20

with each other, and well within the measurement errors of retrieval from pulsed CRD
spectroscopy measurements. On the other hand, the homogenous mixture assump-
tion for particles with small GF (less than 1.15) needs to be taken with caution for size
parameter greater than 2.5. By modeling a core-shell structure versus a homogenously
mixed particle we find difference between the two models that can exceed 10 %. For25

size parameters less than 2.5 at 80 % RH there is less than a 5 % difference between
the extinction efficiencies calculated with the two models. This difference is within
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measurement errors; hence, there is no significant optical difference between the two
assumptions of the internal structure of the particles. For 90 % RH the differences
below a size parameter of 2.5 increase up to 7 %.

In our “twilight zone” simulations we assumed one type of aerosols present in the
edge of the cloud, which implies that all present aerosols are activated with the in-5

crease in RH, and we assumed that the concentration of the aerosols is constant
throughout dc. Twohy et al. (2009) showed that the particle concentration near clouds
does not change significantly, except within 100 m of the cloud edge. This increase
near the cloud edge will make the slope in the extinction simulations steeper, but
will not change the behavior of the curves with different k values. Regarding the as-10

sumption of one present type of aerosols, during INDOEX (Indian Ocean Experiment)
Rajeev et al. (2000) found that 80 % of the aerosol was composed of soot and the
remaining 20 % were water soluble substances (sulfate, ammonia, nitrate, and organ-
ics). Twohy et al. (2009) used this data to analyze aerosol scattering near clouds, and
found that the increase in the scattering cross section near clouds is independent of15

the aerosol composition when considering an externally mixed aerosol; they found that
more than 90 % of the scattering could be contributed by the water soluble components
at RH>70 %. In the study by Twohy et al. (2009) it was implied that soot is hydropho-
bic, however, recently Spracklen et al. (2011) analyzed the role of carbonaceous com-
bustion aerosols as cloud condensation nuclei (CCN), and found that carbonaceous20

combustion aerosols can contribute 52–64 % to simulated global mean surface level
CCN concentrations. This result suggests that even though fresh soot is hydrophobic,
atmospheric processing (aging) makes it a good CCN. The results found by Twohy et
al. (2009) and Spracklen et al. (2011) allowed the assumptions taken in our simula-
tions to be more “realistic”, though the results we see are to be taken as hypothesized25

concepts to help understand the limits of the conditions that might be present.
The rapid decay in the extinction signal in the first 100 m near the cloud edge brings

the questions of how significant are the results seen for the extinction, single scattering
albedo, and asymmetry parameter. In terms of remote sensing, these properties are
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probably not very significant, since the scales are too small. In terms of radiative
forcing? The forcing depends heavily on the fractal dimension D of the cloud field.
When the morphology is simple (D∼=1) the cloud edges occupy limited portion of the
field and therefore changes in the first 0.5 km from the cloud edge will probably not
contribute significantly. However, in cases of higher fractal dimension such as trade5

cumulus filed, the area in the vicinity of cloud edges can occupy most of the cloud
free area and the results observed in the simulations can have significant implications.
We can observe from the extinction vs. dc graphs that regardless of the absorption of
the aerosol population the total extinction barely changes. On the contrary, the single
scattering albedo, as expected, and the asymmetry parameter show sharp differences10

with respect to the value of the imaginary component of the RI. We can see that for
purely scattering or lightly absorbing aerosols, the light is redistributed more equally
(g is closer to 0.5), whereas for the highly absorbing aerosols the scattered light is
redirected more to the forward (g closer to one). This tells us that as the imaginary
component of the RI increases, the reflectivity of the aerosol layer decreases, reducing15

the cooling effect of aerosols in the layer present and at the surface. Moreover, the
scattering contribution from the cloud edge, cloud 3D radiative effects (Marshak et al.,
2006; Varnai and Marshak, 2009), are probably reduced with more absorbing aerosols.
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Table 1. Measured fRHext (80 % RH, Dry) as a function of size (solid circles) for pure ammo-
nium sulfate. The dashed line shows the exponential fit from the measurements performed by
Garland et al. (2007) for ammonium sulfate at the same RH. The shaded area is the calculated
fRHext(80 % RH, Dry) range, based on the growth factors measured with the SMPS.
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Table 1. Continued.

a Gysel et al., 2002; b Dinar et al., 2008; c Sjogren et al., 2007; d Brooks et al., 2004 f Measurement performed at

95 % RH; e Derived using the ZSR relation; g 1:1 molar ratio. h Taken from: https://sciencepolicy.colorado.edu/events/

rendezvous/2007/posters/II21K.pdf.
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Figure 1 
 
 
	  

Fig. 1. Schematic of the laboratory setup. The bold arrows show the aerosol flow and the
dotted lines represent the laser’s light paths. The temperature and relative humidity meters
are marked as “RH”. Abbreviations: CPC, condensation particle counter; PMT, photomultiplier;
DMA, differential mobility analyzer.
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Figure 2 
 Fig. 2. Size dependence of fRHext(80 %RH, Dry) (a) and fRHext(90 %RH, Dry) (b) 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 from the measured growth factors from the SMPS. The
data for the growth factors are indicated in the legend.
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Figure 3	  

Fig. 3. Extinction efficiency vs. size at 80 % RH for (a) Pahokee peat and (b) Nigrosine aerosol.
The open circles represent the measured Qext,80 % RH using the measured hygroscopic growth.
The dotted line is the Qext curve for the retrieved RI from the Qext,%RH measurements. The solid
line shows the expected Qext curve from the calculated RI assuming homogeneous mixing
and using a volume weighted mixing rule to calculate the complex refractive index. The solid
squares represent the Qext values if a core-shell structure is assumed.
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Figure 4	  

Fig. 4. Extinction as a function of distance from the nearest cloud (dc), for four different sce-
narios: (a) the hygroscopicity parameter (κ) set at 0.6, the real part of the refractive index
(n) set at 1.504, and the dry effective diameter (Deff−dry) set at 0.1 µm; (b) κ=0.15, n=1.626,
and Deff−dry= 0.1 µm; (c) κ=0.6, n=1.504, and Deff−dry= 0.2 µm; (d) κ = 0.15, n= 1.626, and
Deff−dry= 0.2 µm. For each scenario two different relative humidity fields were used: one typical
for the marine boundary layer (MBL), and the other describing a continental Cumulus cloud
field (CCF). Two wavelengths: 355 nm (solid lines) and 532 nm (dashed lines), are shown. The
imaginary component (color scale) was varied in each case from 0 to 0.4.
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Figure 5 
	  Fig. 5. Single scattering albedo (ω) as a function of distance from the nearest cloud (dc) for the

same scenarios as in Fig. 7. See Fig. 7 caption for full description.
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Figure 6 
	  Fig. 6. Asymmetry parameter (g) as a function of distance from the nearest cloud (dc) for the

same scenarios as in Figs. 7 and 8. See Fig. 7 caption for full description.
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Figure 7 

	  
Fig. 7. Single scattering albedo (ω) as a function of distance from the nearest cloud (dc) for the
same scenarios as in Fig. 7. See Fig. 7 caption for full description.
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Figure 8  

	  
Fig. 8. Asymmetry parameter (g) as a function of distance from the nearest cloud (dc) for the
same scenarios as in Figs. 7 and 8. See Fig. 7 caption for full description.
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