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An approach is developed to retrieve the complex index of refraction by coupling two well known instru-
ments: an aerodynamic particle size spectrometer (APS) probe for measuring aerosol size distributions
and an integrating nephelometer for measuring total light scattering coefficients. The retrieval is
realized by an iterative least squares minimization of the fractional error between the nephelometer-
measured light scattering coefficients and those calculated from the APS-measured size distributions
based on the Mie theory for spherical particles. High-resolution data collected during two field experi-
ments conducted at two locations with distinct environments in China are analyzed. The results show
that light scattering coefficients, aerosol size distributions, and refractive indices all vary substantially
with time. Further examination of their dependence on relative humidity suggests that instead of being
monotonic change with relative humidity, the refractive index often fluctuates when the relative humid-
ity changes. This nonmonotonic variation of refractive index with relative index suggests concurrent
change of relative humidity and other chemical compositions. Possible errors in the retrieval are also

discussed. © 2009 Optical Society of America
OCIS codes:

1. Introduction

Atmospheric aerosols affect the Earth’s radiation
budget and climate, both directly through the pro-
cesses of scattering and absorption of solar and ther-
mal infrared radiation and indirectly via modifying
cloud properties [1-10]. Light scattering and absorb-
ing properties of aerosol particles also strongly influ-
ence light propagation in the atmosphere; especially,
absorption can cause high-energy laser beam
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thermal and air breakdown [11-15]. Fundamental
to the optical properties of atmospheric aerosols is
the complex index of refraction,

m = m, - im;, (1)

where the real part m, and the imaginary part m;
primarily determine light scattering and absorbing
properties of aerosol particles, respectively. In parti-
cular, it has been recognized that the value of m; is
essential to determining aerosol absorption proper-
ties and hence radiation balance in the atmosphere
[2,16,17]. For example, Yamamoto and Tanaka [18]



showed that an increase of aerosol loading in the
atmosphere could lead to a cooling or warming effect
on the Earth’s climate depending on the value of m;
(cooling when m; < 0.050, but warming when
m,; 2 0.050). Absorbing aerosols such as soot are also
known to exert a so-called warming effect on
climate [19].

In view of its importance, much effort has been de-
voted to developing approaches for measuring aero-
sol absorption and refractive indices of aerosol
particles [20—33]. In general, instruments for mea-
suring light absorption can be classified into three
types according to their detection principles. The
first type of instrument is based on the photoacoustic
principle [34]. Aerosol-induced light absorption heats
the surrounding air, leading to sound waves. When
the high energy incident light is used to improve sen-
sitivity of measurements, some components of aero-
sol particles are evaporated, and then there will be
an error term introduced [35]. The second type of in-
strument measures absorption coefficients of aerosol
samples by integrating slicing [21,36]. This method
has been widely used due to its simplicity and easy
implementation [28]. A shortcoming of this method is
that the optical properties of particles collected on
the filter membrane may be different from those in
the real atmosphere. In addition, the method also
ignores the influences of multiscattering and back-
scattering, as well as some boundary layer effect.
The third type of instrument determines absorption
properties by measuring the carbon element in atmo-
spheric aerosols and then relates the amount of car-
bon to light absorption. Then, the imaginary part of
complex refractive index can be obtained by absorp-
tion coefficients from Mie theory. Obviously, the accu-
racy of the carbon element method depends on two
conditions, that the carbon content is accurately
measured, and that the mass absorption efficiency
of carbon is known. Unfortunately, these two condi-
tions are usually difficult to meet in practice [7,28].

The refractive index is related to the chemical com-
positions of aerosol particles, and often depends on
the light wavelength. Measuring refractive indices
of aerosol particles is even more challenging and
often involves solving some inverse problems. For
example, Romanov et al. [25] proposed an inversion
method that simultaneously retrieves the aerosol
refractive index and particle size distribution from
ground-based measurements of direct and scattered
solar radiation. Zhao et al. [23,24] developed a meth-
od that combines the light scattering measurements
with a polar nephelometer, and particle size distribu-
tions with an optical particle counter (OPC). Liu and
Daum [29] proposed a method that infers the real
part of refractive index and corrects for the difference
in the refractive indices between the ambient aero-
sols and the latex particles used to calibrate the op-
tical particle counter by coupling the nephelometer
and OPC measurements. The Liu—Daum method
was extended to retrieve the imaginary part of the
refractive index by Guyona et al. [30]. Hand and

Kreidenweis developed one method for retrieving
particle refractive index and effective density from
aerosol size distribution data by wusing a TSI
differential mobility analyzer (DMA), a PMSLASAIR
1003 OPC, and a TSI APS 3320 [31].

Despite the valuable results obtained previously,
our knowledge of the complex refractive index of
the atmospheric aerosol particles is still very limited.
Especially, high-resolution, long-term measurements
of refractive indices and their wavelength depen-
dence have been rarely investigated, hindering
further progress in many areas such as climate
change and free space laser communication. To ad-
dress these important yet poorly studied issues, this
work takes advantage of concurrent long-term mea-
surements of light scattering by a three-wavelength
integrating nephelometer and of aerosol size distri-
butions by an aerodynamic particle size spectro-
meter (APS, TSI model 3321). The complex
refractive index is inverted from the combined mea-
surements of light scattering coefficients and size
distributions using a method that is similar to those
reported in [24,29,30].

The paper is organized as follows. The physical
basis of the method and the instrumentation are
presented in Section 2. The major results and discus-
sions are presented in Section 3. Concluding remarks
are made in Section 4.

2. Field Experiments, Instrumentation, and Retrieval
Method

Field experiments were done in Xiamen (118.04E,
24.26N) and Hefei (117.16E, 31.51N) of China.
Xiamen is a coastal city, and the experimental
position in Xiamen is about 20 m distance from the
seacoast. Hefei is an inland city, lying in mideastern
China. The aerosol types of the two sites are typical
oceanic aerosols (Xiamen) and inland aerosols
(Hefei), respectively. The sampling locations were
about 4m and 5m above ground level in Hefei and
in Xiamen, respectively. The sampling periods of
APS and integrating nephelometer were per minute
with synchronous sampling. The experiments pro-
vided aerosol optical parameters for our test of free
space laser communication in 2005.

A. Instrumentation

Figure 1 shows the main instruments used in our
field experiments. The APS measures aerosol size
distribution by determining the time-of-flight of indi-
vidual particles in an accelerating flow field, which is
calibrated by polystyrene gum elastic. The APS can
convert particle flight time measured each time into
aerodynamic diameter. A complete particle size dis-
tribution may be determined in a matter of seconds
or minutes, making the APS a good choice for a broad
range of applications [37-39]. The dimension of its
detection diameter is from 0.5 to 20 um, and the mea-
surement accuracy of concentration is +10%.

The scanning mobile particle sizer (SMPS, TSI
model 3936) is composed of an electrostatic classifier
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Integrating nephelometer

Fig. 1. Instruments in our experiments.

(TSI model 3080), a condensation particle counter
(CPC, TSI model 3022A), and a long differential mo-
bile analyzer (LDMA) [40-42]. The concentration
range of SMPS is from 2 to 108 particles/cm?, the
particle diameter range of SMPS is from 7 to
1000 nm, and the measurement cycle time of SMPS
is from 60 to 600 s. We selected 60 s in our
experiments.

The three-wavelength integrating nephelometer
used in measurement of the aerosol total light
scattering coefficient is manufactured by the TSI
Company (Fig. 2). This integrating nephelometer
simultaneously measures the light scattering coeffi-
cients of three wavelengths (450, 550, and 700 nm)
with the scattering angles ranging from 7° to 170°.
The average sampling time ranges from 1 to 4096
s (60 s in our experiments). The drift is less than 2.0 x
10-"m™! at 30 s, and the response time is less than 10

Photomultiplier
Tube Housing

Air Sample Outlet
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s. Note that nephelometers (integrating or polar)
have proven to be reliable instruments for the mea-
surement of light scattering coefficients of aerosols
[35,43,44]. Nephelometers have also been used to
measure visibility and aerosol optical depth in the
atmospheric boundary layer and inverse size
distributions in ground-based and airborne studies
[45-62]. However, studies with integrating nephel-
ometers are comparatively few in China, and most
of these studies have concentrated mainly on the
monitoring of light scattering coefficients of atmo-
spheric aerosol and the optical properties of sand
dust particles [63—67].

B. Retrieval Approach

The retrieval algorithm consists of two steps. First,
the measured aerosol size distribution is used to gen-
erate an ensemble of total light scattering coeffi-
cients by varying the values of refractive index.
The calculation is made for all three wavelengths
of the nephelometer, and Mie theory for spherical
particles is used in the calculation. Second, optimiza-
tion is performed to locate the “optimal” value of
refractive index with the method of least squares
minimization of the error between the observed
and calculated values of the scattering coefficients
[68—71]. Briefly, the error function is given by

1 N scalki — Paero 12\ 1/2
5k _ (Nz[ﬁ |k ﬂ |kj:| ) , (2)

i—1 ﬂsca'ki

where §, measures the fractional difference of the
calculated total light scattering coefficients (f,¢r,) re-
lative to that measured by the nephelometer (5.,); N
is the number of measurements used in the retrieval;
the subscript % denotes the wavelength [k =
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Fig. 2. Schematic diagram of the integrating nephelometer.
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1(450nm), 2(550nm), 3 (700nm)]. In the calcula-
tion, based on previous studies, the real part of re-
fractive index varies from 1.3 (0.001) to 2.0, and
the imaginary part changes from 1076 to 1 with a
logarithmic interval of 0.1. The optimal value of
the refractive index is defined as that giving the
minimum value of the error function.

This paper combines two instrument measure-
ments (APS and integrating nephelometer) to deter-
mine the complex refractive indices in Xiamen and
Hefei, China, where the environmental conditions
are different. The APS and integrating nephelometer
canimplement measurements per minute. Especially,
they do not require stable atmosphere conditions.
Consequently, their measurements can be in response
to changes of environments. Published studies with
polar nephalometers in Applied Optics (for details,
see Refs. [22-24]) stressed that the atmosphere
needed to be stable and quiescent in order to apply
the polar nephelometer technique, which could take
periods from 15 to 30 minutes to obtain a sample mea-
surement. As mentioned above, the method we used
can improve the timeliness of the approach about de-
termination of the refractive index, which will satisfy
the requirements of some special optical projects.

3. Results

A. Temporal Variation

The measurements of light scattering coefficients and
aerosol size distributions collected during the days of
16 and 30 June 2005 in Hefei and 4, 7, and 9 October
2005 in Xiamen are processed for refractive indices
using the retrieval algorithm discussed above.
Figures 3(a) and 3(b) show the scattering coefficients
measured on 30 Junein Hefei and 9 Octoberin Xiamen
in 2005, respectively. Figures 4(a) and 4(b) show the
change ranges of size distribution at the same days
as Figs. 3(a) and 3(b), respectively. It is anticipated
that these temporal variations of the aerosol light
scattering coefficients and size distributions will man-
ifest themselves in the time series of the refractive
indices.

(a) On 30 Jun. 2005 in Hefei, China
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Fig. 4. (Color online) Change ranges of aerosol size distributions

for the data measured (a) on 30 June 2005 in Hefei and (b) on 9
October 2005 in Xiamen, China.

Figure 5 depicts the temporal variation of the
refractive indices retrieved according to the method
described in Section 2. The statistical characteristics
[e.g., the mean (M), standard deviation (SD), mini-
mum (Min), and maximum (Max)] are also provided
in the corresponding legends. An obvious feature of

(b) 9 Oct. 2005 in Xiamen, China
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(Color online) Aerosol scattering coefficients for data measured (a) on 30 June 2005 in Hefei and (b) on 9 October 2005 in Xiamen,
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Fig. 5 is that the real and imaginary parts of the re-
fractive index at both locations vary intermittently,
instead of being a constant. It can be seen from
Figs. 5(a) and 5(c) that the real part of the refractive
index at 450 nm is less than that at 550 or 700 nm for
most data points. The real refractive indices fluctu-
ate wildly after 11:33 am in Hefei and after 12:55 pm
in Xiamen, respectively. On the other hand, as shown
in Figs. 5(b) and 5(d), the imaginary part of the
refractive index exhibits an increasing trend with in-
creasing wavelengths. Especially noteworthy is the
abrupt decrease of the imaginary part after 14:13
pm in Xiamen [Fig. 5(d)]. Comparison between the
two locations indicates that aerosol particles at
Xiamen are more absorbing (the imaginary part is
higher) than those at Hefei.

B. Effects of Relative Humidity

It has been long known that relative humidity (RH)
is a major meteorological factor that affects aerosol
size distributions, light scattering coefficients, and
refractive indices [72]. This subsection further
examines the relationships of the light scattering
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respectively; (c), (d) those in Xiamen, respectively.
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coefficient, the aerosol size distribution, and the re-
fractive index to RH as embodied in the data. Figure 6
shows the light scattering coefficients as a function of
RH measured (a) in Hefei and (b) in Xiamen. The
data sets collected during 16 and 30 June 2005 at
Hefei, and 4, 7, and 9 October 2005 at Xiamen are
added to cover a wider range of RH. The interval
of the RH is 3%, with the exception for the RH of
68% and 72%. At each RH, we selected three contin-
uous measured points to retrieve complex refractive
indices. It is noteworthy that instead of a monotonic
increase of light scattering coefficients with increas-
ing RH as expected from particle growth by vapor
condensation, the light scattering coefficient varies
widely and exhibits a minimum at RH of ~55% at
Hefei, but RH of ~78% at Xiamen.

Figure 7 shows the aerosol size distributions aver-
aged according to RH. It is clear that the aerosol size
distributions are different when RH changes. In our
retrieve method, the Lorentz expression is used to fit
the aerosol size distributions for RH of ~68% to 90%,
and the rest of the size distributions are fitted with
the power-law expression. It is interesting to note

(c) On 9 Oct.2005 in Xiamen,China
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(Color online) Temporal variation of the complex refractive indices of aerosol (CRIA). (a), (b) real and imaginary parts at Hefei,
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(b) on 4, 7, and 9 October 2005, in Xiamen, China, respectively.

that the size distributions at Hefei [Fig. 7(a)] appear
to be at minimum when RH is ~55% (the green
curve), but the minimum occurs around RH of
~T78% at Xiamen, both in agreement with the mini-
ma of the corresponding light scattering coefficients
shown in Fig. 6. Because the aerosol size distribution
is a primary factor that determines the light
scattering coefficient, the consistency of the two
independent measurements suggests that the non-
monotonic variation with RH is real, at least for
the data analyzed.

Figure 8 shows the refractive index as a function of
RH. For the wavelengths of 450 and 550 nm, the real
and imaginary parts of refractive indices fluctuate
wildly at both Hefei and Xiamen. In contrast, at
700 nm, the real [Fig. 8(e)] and imaginary [Fig. 8(f)]
parts are relatively stable, although extreme values
appears around RH of ~49% at Hefei and RH of
~T75% at Xiamen. These RH values appear near
those where the minimal light scattering coefficients
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(Color online) Aerosol total scattering coefficients in different RH for the data measured (a) on 16 and 30 June 2005 in Hefei and

and aerosol concentration occur. The physics behind
this phenomenon remains elusive and deserves
further investigation. Generally speaking, the real
part of refractive indices decreases with increasing
wavelength, and inversely, the imaginary part of re-
fractive indices increases. These phenomena can be
explained by the physical mechanism of interaction
between light and aerosols.

The RH is a major factor that affects aerosol size
distribution, light scattering coefficients, and refrac-
tive index. In addition, there are also other impact
factors such as chemical composition and particles
size. With the change of the RH, the surface of aerosol
particles may be adhered to by more chemical sub-
stances and water, which will cause a great change
of the complex refractive indices. At the same time,
the chemical composition and size change with
space—time, and thus the imaginary index increases
with the RH sometimes. This condition includes
internal mixing and external mixing of aerosol, whose
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(Color online) Aerosol size distributions at different values of RH measured (a) in Hefei and (b) in Xiamen, China, respectively.
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optical properties are also complex. We consider that
the further measurements of aerosol chemical
composition and spectral character will increase accu-
racy of the complex refractive indices. The physical,
chemical, and optical properties of aerosol particles
were given by Gwaze et al. [73]. Biswas and Wu also
showed a comparatively detailed summary on aerosol
particles in the environment and policy [74].
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C. Error Analysis

Careful inspection of Eq. (2) reveals several potential
sources of errors in the retrieval of the complex
refractive index. First, the APS only detects particles
from 0.5 to 20 ym in diameter. Contribution to light
scattering of any particles outside this APS diam-
eter range would be counted in the nephelometer
measurement, but not in the light scattering
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(Color online) Refractive index as a function of RH. (a), (b), (¢) Changes of the real and imaginary parts of the refractive indices at
wavelengths 450, 550, and 700 nm in Hefei. (d), (e), (f) Changes of the real and imaginary parts of the refractive indices at wavelengths 450,
550, and 700 nm in Xiamen.
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coefficients calculated from the APS-measured size
distribution, leading to some size truncation error.
Especially, the contribution from particles smaller
than 0.5 um could be noticeable as the sizes of these
particles are comparable to the wavelengths of the
nephelometer. To obtain some insight into this issue,
Fig. 9 shows an example of combined aerosol size dis-
tributions (the RH was 77.6%) measured with the
APS and SMPS probes at 15:15 pm on 4 October
2005 in Xiamen of China. At the same time, the
aerosol total scattering coefficients are 5.485E-5,
4.576E-5, and 3.976E-5 1/m for 450, 550, and
700 nm, respectively. By using the approach men-
tioned in Section 2, the retrieval is realized by an
iterative least squares minimization of the fractional
error between the nephenometer-measured light
scattering coefficients and those calculated from
the summation of SMPS-APS measured size distri-
butions based on the Mie theory. So, using this
combined size distribution, we estimated that the re-
lative contributions of particles smaller than 0.5 ym
to the real and imaginary parts are 6.07%, 11.11%,
0.73%, and 34.69%, 44.66%, 20.38% for 450, 550,
and 700 nm, respectively, which shows that the rela-
tive contributions of particles smaller than 0.5 yum to
the real part are smaller than those to the imaginary
part. Further study is needed to see whether this
property is in other space-time. Also noted is that
the APS probe may suffer from the problem of count-
ing efficiency [39].

Second, the APS probe measures the aerodynamic
size that depends on the particle mass density as
well. Any density difference between the ambient
aerosol particles and the polystyrene particles used
in the APS calibration will result in some error in the
APS-measured size distributions, and hence the re-
trieved refractive index. Furthermore, it has been re-
cently demonstrated that aerosol mass density and
refractive index are likely related to each other, both
depending on the chemical composition of the aerosol
particle [38]. But, assessment of the density effects
on the APS-measured size distributions and the

T ¥ T Ty
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Fig. 9. (Color online) Aerosol size distribution for the data
measured at 3:15 pm on 4 October 2005 in Xiamen, China.

refractive index is beyond the scope of this paper.
Another relevant issue is the geometrical shape of
the aerosol particle, which is not necessarily spheri-
cal as assumed in this work. Studies have shown that
particle shape, refractive index, and size distribu-
tions are often mingled together in retrievals based
on optical measurements (for details, see Ref. [75]).
Of course, any sampling errors of the nephelometer
will lead to errors in the retrieved refractive index as
well [46-50].

4. Conclusions

An approach is developed to retrieve the complex
index of refraction by coupling two well known
instruments: an ASP probe for measuring aerosol
size distributions and an integrating nephelometer
for measuring total light scattering coefficients.
The retrieval is realized by an iterative least squares
minimization of the fractional error between the ne-
phelometer-measured light scattering coefficients
and those calculated from the ASP-measured size
distributions based on the Mie theory for spherical
particles. The approach has the advantages of easy
implementation and high sampling frequency, and
has been applied to the field experiments conducted
at two locations with different environmental condi-
tions in China (Hefei and Xiamen) in 2005.

Analyses of the time series of light scattering
coefficients, aerosol size distributions, and refractive
indices show that all three quantities vary substan-
tially with time. Further examination of their
dependence on RH suggests a complex picture. For
example, instead of being monotonic change with
RH, the refractive index often fluctuates when the
RH changes. This nonmonotonic variation of refrac-
tive index with relative index suggests concurrent
change of RH and other chemical compositions.
Possible errors in the retrieval are also discussed.
Future research will center around eliminating these
errors by integrating measurements of particle
shape, chemical compositions, and mixing states of
ambient aerosols.
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