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Abstract. The refractive index of ambient aerosols, which
directly determines the aerosol optical properties, is widely
used in atmospheric models and remote sensing. Tradition-
ally, the real part of the refractive index (RRI) is parameter-
ized by the measurement of ambient aerosol main inorganic
components. In this paper, the characteristics of the ambient
aerosol RRI are studied based on field measurements in East
China. The results show that the measured ambient aerosol
RRI varies significantly between 1.36 and 1.56. The direct
aerosol radiative forcing is estimated to vary by 40 % when
the RRI values were varied between 1.36 and 1.56. We find
that the ambient aerosol RRI is highly correlated with the
aerosol effective density (pefr) rather than the main chemi-
cal components. However, the parameterization of the am-
bient aerosol RRI by pefr is not available due to the lack of
corresponding simultaneous field measurements. For the first
time, the size-resolved ambient aerosol RRI and pefr are mea-
sured simultaneously by our designed measurement system.
A new parameterization scheme for the ambient aerosol RRI
using pefr is proposed for urban environments. The measured
and parameterized RRI values agree well, with a correlation
coefficient of 0.75 and slope of 0.99. Knowledge of the ambi-
ent aerosol RRI would improve our understanding of ambient
aerosol radiative effects.

1 Introduction

Atmospheric aerosols can significantly influence regional air
quality (An et al., 2019; Zhang et al., 2015). They change the
climate system by scattering and absorbing solar radiation
(Seinfeld et al., 1998; Wang et al., 2013). However, the esti-
mation of aerosol radiative effects has large uncertainties due
to the high temporal and spatial variations in aerosol micro-
physical properties (Levoni et al., 1997). The complex refrac-
tive index (RI), which directly determines aerosol scattering
and absorbing abilities (Bohren and Huffman, 2007), is one
of the most important microphysical parameters of aerosol
optics and radiation. RI is widely employed in atmospheric
models and remote sensing (Zhao et al., 2017). When esti-
mating direct aerosol radiative forcing (DARF), many studies
showed that great uncertainties may arise due to small uncer-
tainties in the real part of the RI (RRI). It was found that a
small perturbation in RRI (0.003) can lead to an uncertainty
of 1 % in DARF for nonabsorbing particles (Zarzana et al.,
2014). An increment of 12 % in DARF occurred when the
RRI increased from 1.4 to 1.5 (Moise et al., 2015) over the
wavelength range between 0.2 and 5 pym. Therefore, it is nec-
essary to measure or parameterize the ambient aerosol RRI
with high accuracy.

Traditionally, the RRI is derived from measurements of
aerosol main inorganic chemical compositions (Han et al.,
2009). For ambient aerosol with multiple components, the
linear volume average of known aerosol chemical compo-
sition is widely used to estimate the aerosol effective RRI
(Hand and Kreidenweis, 2002; Liu and Daum, 2008; Hénel,
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1968; Wex et al., 2002) with

RRIr = D (fi x RRI)), (1)

where f; and RRI; are the volume fraction and real part of
the refractive index of known composition i. However, the in-
fluences of the organic component on the aerosol RRI were
not considered when estimating the RRI using the traditional
method. The organic component contributes more than 20 %
of the total aerosol component in China (Hu et al., 2012; Liu
etal., 2014). At the same time, the RRI of the organic aerosol
changes significantly between 1.36 and 1.66 (Moise et al.,
2015). Ignoring the organic component may lead to signifi-
cant biases when estimating the ambient aerosol RRI. A com-
parison between the estimated RRI using the main aerosol
composition and measured aerosol RRI using other methods
was not available due to the lack of measurement of ambient
aerosol RRI.

Information on RRI may be helpful for knowledge of am-
bient aerosol chemical composition. Many studies find that
ambient aerosols of different size have different properties
such as shape (Peng et al., 2016), chemical composition (Hu
et al., 2012) and density (Qiao et al., 2018). Until now, there
has been limited information about the size-resolved RRI
(RRI; denoted in Table S1 in the Supplement) of ambient
particles. The characteristics of ambient aerosol RRI have not
been well studied yet.

The RRI of a mono-component particle is defined as (Liu
and Daum, 2008)

RRI>—1 Naa )
RRZ 42 3M " @
where Ny is the universal Avogadro’s number, « is the mean
molecular polarizability, M is the molecular weight of the
material and pefr is the mass effective density of the chem-
ical component. The RRI should be highly related to pefr.
However, there has been no study that investigated the rela-
tionship between the RRI and p of ambient aerosol in China.

The pefr of ambient aerosols is one of the crucial param-
eters in aerosol thermodynamical and optical models. It can
be used to infer the ambient particle aging process (Peng et
al., 2016). Based on Eq. (2), the aerosol pefr is directly re-
lated to the aerosol RRI. Few studies measure the ambient
aerosol RRI and per simultaneously. So far, parameteriza-
tions of the RRI by pefr using simultaneous measurements
have not been available. Real-time measurements of the pegr
and aerosol RRI concurrently can help us to better under-
stand the relationship betwee’nlhe aerosol RRI and pefs.

In this study, the aerosol RRI and size-resolved pefr (Oefr)
are measured simultaneously during a field measurement
conducted in Taizhou in East China. Ambient aerosol RRI
is measured by our designed system, which combines a dif-
ferential mobility analyzer (DMA) and a single-particle soot
photometer (SP2) (Zhao et al., 2019). The pefr is measured
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Figure 1. Measurement site of Taizhou (marked with stars). Filled
colors represent (a) the topography of the Jianghuai Plain. (b) The
average aerosol optical depth at 550 nm during the year 2017 from
the Moderate Resolution Imaging Spectroradiometer onboard the
satellite Aqua.

by using a centrifugal particle mass analyzer (CMPA) and
a scanning mobility particle sizer (SMPS). The character-
istics of the RRI and pefr are analyzed in this study. It is
the first time that the RRI and pgfr of ambient aerosol have
been measured simultaneously. A parameterization scheme
for the RRI by the pefr using simultaneous measurement is
proposed. Based on the measured variability of the measured
RRI, we estimated the corresponding variation of the aerosol
direct aerosol radiative forcing, which to some extent gives
valuable information on the influence of aerosol RRI varia-
tions on aerosol radiative effects.

The structure of this study is as follows: a description of
the instrument setup is given in Sect. 2.1, 2.2 and 2.3. The
methodology of evaluating the aerosol optical properties and
radiative effects corresponding to the variations of the mea-
sured RRI is presented in Sect. 2.4 and 2.5, respectively. Sec-
tion 3.1 describes the characteristics of the measured RRI
and pegr. Section 3.3 proposes the parameterization for the
aerosol RRI. The corresponding variations in aerosol optical
properties and radiative effects corresponding to the varia-
tions of the measured RRI are both discussed in Sect. 3.4.

2 Data and methods
2.1 Description of the measurement campaign

The measurements were conducted at a suburban site,
Taizhou (119°57'E, 32°35'N), as shown in Fig. la, which
lies at the south end of the Jianghuai Plain in central East-
ern China. It is located to the northeast of the megacity Nan-
jing at a distance of 118 km. Another megacity, Shanghai,
is 200 km away from Taizhou in the southeastern direction.
The industrial area between Nanjing and Shanghai has ex-
perienced severe pollution in the past 20 years. The average
Moderate Resolution Imaging Spectroradiometer (MODIS)
aerosol optical depth data at 550 nm over the year 2017, as
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Figure 2. Schematic of the instrument setup.

shown in Fig. 1b, also reflects the fact that the measurement
site is more polluted than the surrounding areas.

During the field campaign, all of the instruments were
placed in a container in which the temperature was well con-
trolled within 24 +2 °C. The sample air was collected from a
PM ¢ impactor (Mesa Labs, model SSI2.5) mounted on the
top of the container and then passed through a Nafion dryer
tube to ensure that the relative humidity of the sample parti-
cles was controlled below 30 %. .

Along with the measurement of the RRI and pefr, the
aerosol scattering coefficients (oy,) at three different wave-
lengths (450, 525 and 635 nm) were measured by an neph-
elometer (Aurora 3000, Ecotech, Australia) (Miiller et al.,
2011) at a resolution of 5 min. The scattering truncation and
non-Lambertian error were corrected using the same method
as that of Ma et al. (2011). The aerosol water-soluble ions
(NH+, SOZ_, NOj, CI7) of PM; 5 were measured by an In
situ Gas and Aerosol Compositions Monitor (TH-GAC3000,
China). The mass concentrations of elementary carbon and
organic carbon (OC) of PM, 5 were measured using a ther-
mal optical transmittance aerosol carbon analyzer (ECOC,
Focused Photonics Inc.). The concentrations of organic mat-
ter (OM) are achieved by multiplying the OC concentration
by 1.4 (Hu et al., 2012). The time resolution of the aerosol
composition measurement was 1 h.

Another field measurement were conducted at the cam-
pus of Peking University (PKU) (39°59'N, 116°18’ E) in the
North China Plain, where the aerosol effective density and
real part of the refractive index were measured concurrently
from 16 to 20 December 2018. For more detail on this site,
refer to Zhao et al. (2018).

2.2 Measuring the RRI

A coupled DMA-SP2 system was employed to measure the
aerosol RRI from 24 May to 18 June 2018. This system is
introduced elsewhere by Zhao et al. (2019), and a brief de-
scription is presented here. As schematically shown in Fig. 2,
the monodispersed aerosols selected by a DMA (model 3081,
TSI, USA) are drawn into an SP2 to measure the corre-
sponding scattering properties. The SP2 is capable of distin-
guishing pure scattering aerosols from aerosols containing
black carbon (BC) by measuring the incandescence signals
at 1064 nm. For the pure scattering aerosol, the scattering
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strength (§) measured by SP2 is expressed as
§=C x Iy X (0450 + 0135°), (3)

where C is a constant that is determined by the instrument
response character; Iy is the instrument’s laser intensity; and
o450 and o350 are the scattering functions of the sampled
aerosol at 45 and 135°, respectively. From Mie scattering
theory, aerosol size and RRI directly determine the scatter-
ing function at a given direction. Inversely, the aerosol RRI
can be retrieved when the aerosol size and scattering strength
are determined. This system can measure the ambient aerosol
RRI with an uncertainty less than 0.02 (Zhao et al., 2019).

Before the measurement, this system is calibrated with
ammonia sulfate (RRI = 1.52). After calibration, ammonium
chloride is used to validate the method of deriving the RRI
at different aerosol diameters. The RRI value of ammonium
chloride is 1.642 (Lide, 2006), and the measured RRI of am-
monium chloride is in the range between 1.624 and 1.656
in our study. Therefore, this system can measure ambient
aerosol RRI with high accuracy.

2.3 Measuring the pegr

The perr was measured by a centrifugal particle mass ana-
lyzer (CPMA,; version 1.53, Cambustion Ltd, UK) in tandem
with a scanning mobility particle sizer (SMPS) system from
12 to 18 June 2018. The pefr is defined as

Mp

“4)

Peff = % » d% )
where my, is the particle mass and dpy, is the aerosol mobility
diameter selected by a DMA.

The controlling of the CPMA-SMPS system is achieved
by self-established LabVIEW software. The CPMA is set to
scan 12 different aerosol masses at 1.0, 1.4, 2.0,2.9,4.2,5.9,
8.5,12.1,17.2,24.6,35.0 and 50.0 fg every 5 min. The SMPS
scans the aerosol diameters between 60 nm and 500 nm every
5 min, which results in a period of 1h for measuring the ef-
fective density of different masses.

At the beginning of the field measurement, the CPMA—
SMPS system was calibrated using polystyrene latex (PSL)
particles with different masses. The corresponding mea-
sured effective densities of PSL particles are 1.04 and
1.07 gecm™3, which agree well with the PSL material density
of 1.05gcm™3.

Figure 3 presents three examples of the aerosol particle
number size distributions (PNSDs) that passed the CPMA
and were measured by the SMPS. The mass values of the
aerosol that can pass through the CPMA were set to be 12, 1
and 1.4 fg. From Fig. 3, it is clear that the aerosols that passed
through the CPMA were mainly composed of three modes.
For each mode, the aerosol number concentrations were fit
by a lognormal distribution function:

_log Dy — log(Dp):| 5)

H =
N CH) 2log? (ag)

No X e
—————— X ex
~/2mlog(og) P
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Figure 3. The measured aerosol PNSD (black dotted line), fit
aerosol number PNSD (blue solid line) and fit aerosol PNSD at three
different modes in different colors that passed through the CPMA.
(a—c) The aerosol mass concentrations of 12, 1 and 1.45 fg, respec-
tively.

where o, is the geometric standard deviation, Dy, is the ge-
ometric mean diameter and N is the number concentrations
for a peak mode. The geometric mean diameter is further an-
alyzed.

We demonstrate mode 1, 2 and 3 in Fig. 3, correspond-
ing to absorbing aerosol, scattering aerosol and scattering
aerosol with double charges, respectively.

Based on the principle of CPMA, the CPMA selects
aerosols at mass mq of single-charged aerosol particles.
These multiple-charged (numbers of charges is n) aerosol
particles with a mass concentration of nmg can pass through
the CPMA at the same time. We assumed that the geometric
diameter of the single-charged aerosol particles was Dy, and
the effective density among different aerosol diameters did
not have significant variations. Thus, the geometric diameter
of the multiple-charged aerosol particles is /nm.

As for the DMA, when a voltage (V) is applied to the
DMA, only a narrow size range of aerosol particles with
the same electrical mobility (Zp) can pass through the DMA
(Knutson and Whitby, 1975). The Z, is expressed as

Osh r
Zo=——Inl—), 6
P onveL n(rz) ©)

where Qg is the sheath flow rate; L is the length of the
DMA; ry is the outer radius of annular space; and r; is the
inner radius of the annular space. The aerosol Z,, which is
highly related to the aerosol diameter (Dp) and the number
of elementary charges on the particle (n), is defined as

neC(Dp)
P 2

) 7
3ruDy @

where e is the elementary charge, w is the gas viscosity coef-
ficient and C(Dp) is the Cunningham slip correction defined
by

2T 0.999Dp

co14 & (1.142+0.558e—zr ) , ®)
Dp
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Figure 4. The relationship between the measured diameter by the
DMA and the calculated aerosol diameter of different charges in the
CPMA-SMPS system.

where 7 is the gas mean free path.

Therefore, the electrical diameter Z,(n) of the particles
with n charges and diameters /nm can be calculated based
on Eq. (5). Thus, the corresponding diameter (D,,) measured
by the DMA can be calculated with electrical diameter Z,(n)
and single-charged particles by using Eq. (5) again. The re-
lationship of the D,, and the aerosol diameter selected by the
DMA can be determined by changing the aerosol D}, and
charge numbers. The results are shown in Fig. 4.

The fit geometric diameters of mode 2 and mode 3 are also
shown in Fig. 4. From Fig. 4, it is clear that the measured di-
ameter relationships of mode 2 and mode 3 agree well with
the calculated one between the single-charged and double-
charged diameters. The little deviation might result from the
assumption that the aerosol effective density does not change
among different diameters. We concluded that mode 3 corre-
sponds to double-charged aerosols. Mode 3 is not used in our
study.

Mode 1 and mode 2 correspond to effective densities of
around 1.0 and 1.5 gcm™3. Previous studies have shown that
ambient BC aerosol is chain like in morphology and has
smaller effective density values (Peng et al., 2016). At the
same time, the fit aerosol number concentrations of mode 1
are only between 1/5 and 1/3 of mode 2. Based on the size-
selected aerosol properties measured by the SP2, only a mean
of 25 % percent of ambient aerosols contain BC. Therefore,
mode 1 and mode 2 corresponded to BC-containing aerosols
and scattering aerosols, respectively. There were some com-
pacted BC-containing aerosols that may fit in mode 2. We fo-
cus on the fit geometric mean diameter of mode 2, which cor-
responds to the scattering aerosols that dominated this mode.
Therefore, these compacted BC aerosols will not influence
our final conclusion.

www.atmos-chem-phys.net/19/12875/2019/
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The effective density used in our study corresponds to the
geometric diameters of mode 2. Thus, both the measured
aerosol pefr and RRI correspond to scattering aerosols.

2.4 Calculating aerosol optical properties using
different RRI

Aerosol optical properties are highly related to the RRI. From
Mie scattering theory, we know that variation in aerosol RRI
may result in significant variations in the aerosol optical
properties, such as the aerosol extinction coefficient (oext),
Osca, Single-scattering albedo (SSA) and asymmetry factor
(g) (Bohren and Huffman, 2007). The oex¢, SSA and g are
the most important three factors that influence the aerosol ra-
diative properties in radiative calculation (Kuang et al., 2015;
Zhao et al., 2018).

In this study, sensitivity studies of aerosol optical proper-
ties to the aerosol RRI are carried out by employing Mie scat-
tering theory. The input variables of the Mie scattering model
include the aerosol particle number size distribution (PNSD)
as well as the BC mixing state and aerosol complex refrac-
tive index. The Mie model can calculate the oext, Osca, SSA
and g. The mixing state of the ambient BC comes from the
measurements of the DMA-SP2 system. All of the aerosols
are divided into pure scattering aerosols and BC-containing
aerosols. The BC-containing aerosols are assumed to be
core—shell mixed. As for the RI of BC, 1.8 +0.54i is used
(Kuang et al., 2015). With this, the aerosol oex(, Oscas SSA
and g at different RRI values can be calculated.

2.5 Estimating the aerosol DARF

In this study, the DARF under different aerosol RRI condi-
tions is estimated by the Santa Barbara DISORT (discrete
ordinates radiative transfer) Atmospheric Radiative Transfer
(SBDART) model (Ricchiazzi et al., 1998). Under cloud-
free conditions, DARF at the top of the atmosphere (TOA)
is calculated as the difference between radiative flux un-
der aerosol-free conditions and aerosol-present conditions
(Kuang et al., 2016). The instant DARF value is calculated
over the wavelength range between 0.25 and 4 um.

Input data for the model are shown below. The vertical
profiles of temperature, pressure and water vapor adopt the
radiosonde observations at the Taizhou site. The measured
mean results corresponding the field measurement period
are used. Vertical distributions of aerosol oexi, SSA and g,
with a resolution of 50m, result from the calculation us-
ing the Mie model and parameterized aerosol vertical dis-
tributions. The methods for the parameterization and calcu-
lation of the aerosol optical profiles can be found in Zhao et
al. (2018). The surface albedo adopts the mean results of the
MODIS V005 Climate Modeling Grid (CMG) Albedo Prod-
uct (MCD43C3) at the area of Taizhou from May 2017 to
April 2018. Other default values are used in the simulation
(Ricchiazzi et al., 1998).
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Figure 5. Time series of measured (a) scattering coefficient at
525 nm, (b) PNSD, (c) size-resolved RRI, (d) size-resolved effec-
tive density.

3 Results and discussion
3.1 Measurement results

An overview of the measurement is shown in Fig. 5. Dur-
ing the measurement, the oy, is relatively low with a mean
value of 1674+74Mm™!. There was one major pollution
episode that occurred based on the o, time series as shown
in Fig. 5a. This pollution happened on 13 June and did
not last long. The corresponding oy, reaches 540 Mm—!L.
A moderate polluted condition between 14 and 15 June is
observed. The aerosol PNSD changes substantially with the
pollution conditions as shown in Fig. 5b. The geometric me-
dian aerosol diameter changes between 30 and 105 nm. The
median diameter tends to be lower when the surrounding air
is cleaner. Despite the fact that the median diameter reaches
105nm on 16 June, the surrounding are is relatiygl/y clean
due to the low aerosol number concentration. The RRI varies
from 1.34 to 1.54, and the pegr ranges between 1.21 and
1.80 gecm™3 as shown in Fig. 5¢ and d. In Fig. 5, the mea-
sured RRI shows the same variation pattern with the per.
Both the RRI and Deff increase with diameter, which may
indicate that the aerosol chemical composition varies among
different aerosol particle sizes.

As for the RRI, the corresponding mean RRI values for
aerosol diameters at 200, 300 and 450 nm are 1.425 +0.031,
1.4354+0.041 and 1.47+£0.059. When comparing the proba-
bility distribution of the RRI for different diameters in Fig. 6,
the RRI is more dispersed when the particle size increases,
indicating that the aerosol compositions become complicated

Atmos. Chem. Phys., 19, 12875-12885, 2019
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Figure 6. Daily variations of the RRI (a, ¢, e) and the probabil-
ity distribution of the measured RRI (b, d, f) for (a, b) 200 nm,
(¢, d) 300 nm and (e, f) 450 nm aerosol. The box-and-whisker plots
represent the 5th, 25th, 75th and 95th percentiles.

when the aerosol becomes aged. Figure 6a, ¢ and e give the
diurnal variation of the RRI values at different particle sizes
of 200, 300 and 450 nm. The RRI shows diurnal cycles for
different diameters. They reach a peak at about 15:00 UTC
and fall to the valley at around 09:00 UTC.

The range of the measured RRI (1.34-1.56) is a little
wider than the literature values. Past measurements of am-
bient aerosol RRI values vary between 1.4 and 1.6 (Dubovik,
2002; Guyon et al., 2003; Zhang et al., 2016) over a different
measurement site. This is the first time that such high varia-
tions in ambient aerosol RRI have been observed at one site.
__The Deft sShows almost the same diurnal variations as the
RRI as shown Fig. S1 in the Supplement. The diurnal varia-
tions of the pegr are more dispersed because the time period
of measuring the Defr is shorter (7 d) compared with the time
of RRI (28 d). It is evident that the pefr increased with parti-
cle size. The difference of peff among different particle sizes
should result from different contributions of chemical com-
positions, especially OM. Based on previous measurements
of size-resolved chemical compositions using a micro-orifice
uniform deposit impactor (MOUDI), the mass fraction of
OM decreases with the increment of aerosol diameter (Hu
et al., 2012). At the same time, the effective density of OM
is lower than the other main inorganic compositions.

4 Aerosol chemical composition versus the RRI
From Egs. (1) and (2), the aerosol RRI can be determined by

aerosol chemical composition (Liu and Daum, 2008). Many
studies calculate the RRI using measurement results of the

Atmos. Chem. Phys., 19, 12875-12885, 2019
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relative contributions of aerosol chemical composition (Yue
et al., 1994; Hinel, 1968; Guyon et al., 2003; Stelson, 1990;
Wex et al., 2002). However, there has been no comparison
between the RRI calculated from chemical composition and
the real-time measurement until now. In this study, the rela-
tionship between the measured RRI and the mass fraction of
each ion component is investigated.

As illustrated in Fig. 7, the measured RRI values have
an implicit relationship with the mass fraction of the oy, at
525 nm, OM, SOi_, CI™ and NOj . The mass ratio of NHA|r
seems to be negatively correlated with the measured RRI. At
the same time, the measured RRI values have no clear rela-
tionship with the absolute mass concentrations of the main
aerosol chemical components, as shown in Fig. S2.

The RRI is also calculated by applying the method pro-
posed by Stelson (1990), in which the bulk chemical compo-
sition is used. The comparison between the calculated RRI
and the measured RRI is shown in Fig. 8. It can be noticed
that the calculated RRI and the measured RRI do not agree
well. There are several factors that may cause the discrepan-
cies. The first reason might be that the aerosol chemical in-
formation used in the method is the average mass of a whole
aerosol population. The aerosol chemical composition may
vary significantly among different sizes. Secondly, the OM
of ambient aerosols is very complicated, and the influence of
OM on the aerosol RRI has not been studied well. Therefore,
more research is necessary when parameterizing the ambient
aerosol RRI with the measured aerosol chemical composi-
tion.

We demonstrate that the measured RRI at a given diam-
eter of 300 nm is consistent with that of the RRI,p derived
from bulk aerosol optical properties. The aerosol effective
RRI of bulk aerosol was retrieved by applying the Mie scat-
tering theory to the aerosol particle number size distribution
(PNSD), aerosol bulk scattering coefficient and aerosol ab-
sorbing coefficient data (Cai et al., 2011). Figure 9 shows the
time series of measured RRI and retrieved RRIop¢. The results
in Fig. 9 demonstrate that the measured RRI and retrieved
RRIope show good consistency with R? = 0.58. Therefore,
the measured size-resolved aerosol RRI can be used to rep-
resent the bulk aerosol optical properties. The measured RRI
at 300 nm and calculated aerosol RRI using the bulk aerosol
main chemical composition should to some extent be corre-
lated with each other. However, as shown in Fig. 8, the mea-
sured RRI at 300 nm and calculated RRI using the method of
Stelson (1990) has an R? of 0.07. Therefore, calculating the
ambient aerosol RRI using the bulk aerosol main inorganic
component may lead to great uncertainties.

4.1 Parameterizing the RRI using p.¢r

As shown in Fig. 5, there ifs\igood consistency between the

variation of the measured RRI and per. When defining the
RRIZ—1

RREG2° Ve found that

specific refractive index Re with Re =

www.atmos-chem-phys.net/19/12875/2019/
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Figure 8. Comparison between the measured RRI and calculated
RRI using the main aerosol chemical component by applying the
method of Stelson (1990) (red stars) and the parameterization
scheme proposed by Liu and Daum (2008) (cyan hexagons).

the Re is highly correlated with pegr with an R? equaling 0.75
and slope 0.99 (Fig. 10). The linear relationship between the
Re and pefr is

RRIZ —1

RRZ 2 18P

C))
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Figure 9. Time series of the measured RRI at 300 nm and the cal-
culated RRI using the aerosol bulk aerosol optical properties.

The RRI can be calculated based on Eq. (6):

140,
RRI = |1+ 0-300tr
1 —0.18pett

Based on Eq. (9) and Fig. 10, the aerosol RRI can be parame-
terized by the pegr with high accuracy, and the uncertainties of
the calculated RRI using Eq. (10) can be constrained within
0.025. The aerosol pefr is easier to measure, and Eq. (10)
might be used as a good probe of parameterizing the RRI.
The RRI values were also calculated using the parameter-
ization scheme in Eq. (9) with field measurement data at the
PKU site. The slope and correlation coefficient at the PKU
site are 0.97 and 0.56, respectively. The calculated and mea-
sured RRI show good consistency. Therefore, this scheme
is applicable for different seasons in both central China and
the North China Plain. We also compared the measured RRI
and calculated RRI using measured p.fr values that have been
previously published (Hinel, 1968; Tang and Munkelwitz,
1994; Tang, 1996; Hand and Kreidenweis, 2002; Guyon et

(10)
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Figure 10. Comparison between the measured and calculated RRI
for the PKU (red circles) and Taizhou (cyan hexagons) station.
The triangles in black, red, blue and green correspond to the data
from Hinel (1968), Tang (1996), Hand and Kreidenweis (2002),
and Guyon et al. (2003), respectively. The black dashed line is the
1:1 line.

al., 2003). The measured and calculated RRI show good con-
sistency with R? of 0.91 and slope of 1.0. Therefore, our pa-
rameterization scheme is universal and applicable for urban
aerosols.

This parameterization scheme is easy to use because the
effective density is the only parameter used as input. We have
demonstrated that the traditional method of calculating the
RRI using aerosol main chemical components can have sig-
nificant bias because the effects of organic aerosol are not
considered. The RRI can be easy to calculate based on our
parameterization scheme, as the effective density of ambient
aerosol is rather easier to measure.

Liu and Daum (2008) summarized some of the measured
RRI and the petf, then parameterized the RRI as

RRI°—1

- —0.23p%%, 11
RRIZ+2 P an

The feasibility of this scheme is tested here and the results
are shown in Fig. 8. The measured and parameterized RRI
using the method of Liu and Daum (2008) deviated from the
1:1 line. The relationship of the effective density and RRI
was mainly determined from 4000 pure materials and few
ambient aerosol data. However, the ambient aerosols were
far from pure materials. At the same time, most of the pure
materials have a negligible contribution to the total aerosol.
Therefore, the parameterization scheme from Liu and Daum
(2008) cannot adequately describe the relationships of the
effective density and RRI of ambient aerosol.

Atmos. Chem. Phys., 19, 12875-12885, 2019

G. Zhao et al.: A new parameterization scheme

0.900

0.885

0.870 g
%]

0.855

0.840
0.7

0.67

0.64 o

DARF (w m?)

0.61

-12 1 ! i | 0.58
RRI

Figure 11. Variations of the estimated (a) osca as a solid line, SSA
as a dotted line, (b) g as a dotted line and DARF as a solid line for
different aerosol RRI values.

4.2 Influence of RRI variation on aerosol optical
properties and radiative properties

The measured RRI varies between 1.34 and 1.56 during the
field campaign. The corresponding aerosol optical properties
are estimated. When estimating the aerosol optical proper-
ties with different aerosol RRI, the measured mean aerosol
PNSD and mixing states are used. Figure 11 gives the varia-
tion of the aerosol oy, SSA and g. In Fig. 11, the oy, varies
from 162 to 308 Mm™!. The SSA varies between 0.843 and
0.895, which matches the variations of the dry aerosol SSA
for different aerosol size distributions in the North China
Plain (NCP) (Tao et al., 2014). As for the aerosol g, it de-
creases from 0.667 to 0.602 with the increment of the aerosol
RRI. The ambient g values in the NCP are found to be within
0.55 and 0.66 (Zhao et al., 2018). Thus, the variations of the
RRI have a significant influence on g. The aerosol optical
properties change significantly with the variation of the am-
bient aerosol RRI.

The instant DARF values under different RRI are also
estimated and the results are illustrated in Fig. 11b. When
the aerosol RRI increases from 1.4 to 1.5, the DARF varies
from —6.17 to —8.35, corresponding to 15 % variation in
DARE. These values are in accordance with the work of
Moise et al. (2015), who estimate that an increment of 12 %
in the DARF occurs when the RRI varies from 1.4 to 1.5.
The DARF can change from —4.9 to —10.14 W m~2 when
the aerosol RRI increases from 1.34 to 1.56, which corre-
sponds to 40 % variation in DARF. Great uncertainties may
arise when estimating the aerosol radiative forcing using a
constant RRI. The RRI should be different under different
aerosol conditions. The real-time-measured RRI should be
used rather than a constant RRI when estimating the ambient

www.atmos-chem-phys.net/19/12875/2019/
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aerosol optical and radiative properties. However, the real-
time measurement of ambient aerosol RRI is not available
for most conditions. Therefore, parameterization of the am-
bient aerosol RRI is necessary.

5 Conclusions

The ambient aerosol RRI is a key parameter in determin-
ing aerosol optical properties, and knowledge of it can help
constrain the uncertainties in aerosol radiative forcing. In
this study, ambient aerosol RRI was measured in East China
from 24 May to 18 June 2018. Results show that the ambient
aerosol RRI varies over a wide range between 1.34 and 1.56.
The RRI increases slowly with the increment of the aerosol
diameter. The mean aerosol RRI values are 1.425 +0.031,
1.43540.041 and 1.47 £0.059 for aerosol diameters of 200,
300 and 450 nm, respectively. Probability distributions of the
RRI show that the RRI is more dispersed with the incre-
ment of aerosol diameter, which reflects the complex aging
process of ambient aerosol. The aerosol optical properties
change significantly, and the DARF is estimated to vary by
40 %, corresponding to the variation of the measured ambi-
ent aerosol RRI. The real-time-measured RRI should be used
rather than a constant RRI when estimating ambient aerosol
optical and radiative properties.

We find that the ambient aerosol RRI is highly correlated
with the pefr rather than the main chemical compositions of
aerosols. There is discrepancy between the measured and
parameterized RRI using the concurrently measured main
chemical inorganic compositions of ambient aerosol. This
might result from two factors. The first one is that the aerosol
chemical information used for the calculation is the total
aerosol loading as the aerosol chemical compositions may
change significantly among different sizes. Another one is
that the influence of OM in ambient aerosols is not consid-
ered. The RRI of OM varies significantly for different com-
positions (Moise et al., 2015).

Despite the fact that the RRI is correlated with the pefr, a
parameterization scheme for the ambient aerosol RRI using
Peff 1S not available due to the lack of simultaneous measure-
ments. For the first time, the RRI and Dot Were measured
simultaneously using our designed system. A new param-
eterization scheme for the ambient aerosol RRI using the
peff 18 proposed based on the field measurement results. The
measured and parameterized RRI values agree well, with a
correlation coefficient of 0.75 and slope of 0.99. This sim-
ple scheme is reliable and ready to use in the calculation of
aerosol optical and radiative properties. The corresponding
measurement results can also be further used in climate mod-
els.
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