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Abstract: We verified an algorithm using multi-wavelength Mie-Raman lidar (MMRL) observations

to retrieve four aerosol components (black carbon (BC), sea salt (SS), air pollution (AP), and mineral

dust (DS)) with in-situ aerosol measurements, and determined the seasonal variation of aerosol

components in Fukuoka, in the western region of Japan. PM2.5, PM10, and mass concentrations of BC

and SS components are derived from in-situ measurements. MMRL provides the aerosol extinction

coefficient (α), particle linear depolarization ratio (δ), backscatter coefficient (β), and lidar ratio (S) at

355 and 532 nm, and the attenuated backscatter coefficient (βatt) at 1064 nm. We retrieved vertical

distributions of extinction coefficients at 532 nm for four aerosol components (BC, SS, AP, and DS)

using 1α532 + 1β532 + 1βatt,1064 + 1δ532 data of MMRL. The retrieved extinction coefficients of the

four aerosol components at 532 nm were converted to mass concentrations using the theoretical

computed conversion factor assuming the prescribed size distribution, particle shape, and refractive

index for each aerosol component. MMRL and in-situ measurements confirmed that seasonal

variation of aerosol optical properties was affected by internal/external mixing of various aerosol

components, in addition to hygroscopic growth of water-soluble aerosols. MMRL overestimates BC

mass concentration compared to in-situ observation using the pure BC model. This overestimation

was reduced drastically by introducing the internal mixture model of BC and water-soluble substances

(Core-Gray Shell (CGS) model). This result suggests that considering the internal mixture of

BC and water-soluble substances is essential for evaluating BC mass concentration in this area.

Systematic overestimation of BC mass concentration was found during summer, even when we

applied the CGS model. The observational facts based on in-situ and MMRL measurements suggested

that misclassification of AP as CGS particles was due to underestimation of relative humidity (RH)

by the numerical model in lidar analysis, as well as mismatching of the optical models of AP and

CGS assumed in the retrieval with aerosol properties in the actual atmosphere. The time variation

of lidar-derived SS was generally consistent with in-situ measurement; however, we found some

overestimation of SS during dust events. The cause of this SS overestimation is mainly due to

misclassifying internally mixing DS as SS, implying that to consider internal mixing between DS

and water-soluble substances leads to better estimation. The time-variations of PM2.5 and PM10

generally showed good agreement with in-situ measurement although lidar-derived PM2.5 and PM10

overestimated in dust events.
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1. Introduction

The aerosol burden in eastern Asia is excessive compared to that of the U.S. or Europe, due to

the existence of vast natural and anthropogenic sources. Therefore, different components of aerosols

(e.g., dust, sulfate, nitrate, organic carbon, black carbon (BC), and marine aerosol) complexly co-exist in

East Asia [1,2]. Aerosol acts as cloud condensation nuclei or ice-nucleating particles, modifying regional

meteorology and climate through precipitation. Recent studies clarified that aerosol-cloud interactions

(i.e., indirect effect of aerosols) play a more important role than the aerosol direct effect [3], and the

uncertainty in radiative forcing on the aerosol indirect effect is still large in evaluating climate

change [4]. It is essential to obtain more accurate spatial and temporal information on the chemical

composition of aerosols (e.g., type and components), as well as their microphysical properties

(e.g., size distribution), in order to quantitatively clarify both the direct and indirect effects, and to

reduce their uncertainties in radiative forcing.

Several lidar studies have attempted to classify vertical aerosol types. For example, space-borne

lidar CALIOP/CALIPSO, which is a two wavelength (532 and 1064 nm) Mie-scattering lidar with

depolarization measurement at 532 nm, has provided novel aerosol type classification products

including six aerosols (clean continental, clean marine, dust, polluted continental, polluted dust,

and smoke) for the assumed lidar ratios [5]. These global 3D products of aerosol type classification

are valuable for various environmental studies based on the chemical transport model and aerosol

measurements. However, Burton et al. [6] reported that aerosol types identified by CALIPSO did not

match those derived from air-borne high spectral resolution lidar (HSRL) measurements in some cases

(e.g., smoke and polluted dust). Unlike Mie lidar systems, Raman lidar or HSRL can provide the lidar

ratio (extinction-to-backscatter ratio (S)) because they can directly measure the extinction coefficient

(α) and backscatter coefficient (β). The lidar ratio is a key parameter in aerosol type classification

because it is indicative of aerosol type (e.g., [7–9]). For example, the lidar ratios of urban and smoke

types exceed those of marine and dust types; this difference is closely related to their distinctive optical

and microphysical properties. Combining the information of lidar ratio, particle depolarization ratio

(δ), and color ratio of backscatter coefficients (CR) enables better subdivided classification of aerosols.

CRs are defined as β355/β532 and β532/β1064 in this paper. Burton et al. [9] developed a method to

identify eight aerosol types (smoke, fresh smoke, urban, polluted maritime, maritime, dusty mix,

and pure dust) using five channel data (1α532 + 2β532,1064 + 2δ532,1064) of HSRL and verified the results

of the aerosol type classification from the HSRL measurements using coincident in-situ measurements

during the NASA ARCTAC field experiment.

Retrieval of aerosol components (e.g., sea salt (SS), mineral dust (DS), and BC) has been also

attempted from lidar measurements. The Asian dust and aerosol lidar observation network (AD-Net)

has operated two-wavelength (532 and 1064 nm) Mie-scattering lidar with depolarization measurement

at 532 nm since 2001. The AD-Net has provided extinction coefficients at 532 nm for spherical aerosol

and DS assuming a lidar ratio using the attenuated backscatter coefficient (βatt) and particle linear

depolarization ratio at 532 nm of the Mie scattering lidar data [10]. These outputs have been widely

used for epidemiological and environmental assessment in East Asia [11–14]. References [15,16] also

classified DS and non DS components using backscatter coefficient and particle linear depolarization

ratio at 532 nm in a manner analogous to Sugimoto et al. [10], however, they evaluated more detailed

optical and microphysical properties (e.g., lidar ratio and effective radius) of the non DS component

using a multi-wavelength Raman lidar data by improving the method described in Sugimoto et al. [10];

they characterized the non DS component as biomass burning smoke.



Remote Sens. 2018, 10, 937 3 of 16

More advanced aerosol component retrieval algorithms that use more parameters measured by

lidar have been developed. For example, Nishizawa et al. [17] developed an algorithm to retrieve

extinction coefficients at 532 nm for three aerosol components (DS, BC, and air pollution particles

(AP)) using α and β at 532 nm and βatt at 1064 nm (i.e., 1α532 + 1β532 + 1βatt,1064 data) derived from

HSRL measurements. AP is defined as small particles with weak light absorption, consisting of

sulfates, nitrates, and organic substances without a BC component. Performance of the developed

algorithms has been evaluated using theoretical error analysis and comparison with sun-photometry

measurements. However, few direct comparisons have been performed with chemical measurements

such as in-situ sampling measurements.

Multi-wavelength Mie-Raman lidar (MMRL) was installed to study the vertical distribution and

time variation for major aerosol components in the suburbs of Fukuoka City (33.52◦ N, 130.48◦ E)

in western Japan, and continuous measurements by MMRL have been conducted since September

2014 [18,19]. An aerosol component retrieval algorithm was developed to retrieve the four major

aerosol components (DS, BC, AP, and SS) using 1α532 + 1β532 + 1βatt,1064 + 1δ532 data [18]. Long-term

simultaneous in-situ aerosol chemical measurements also have been conducted continuously with

high time resolution [20–25]. In this study, we first clarify the seasonal variation of derived optical

properties and aerosol components in this region, and then compare aerosol component products

retrieved by the algorithm using MMRL data with the in-situ aerosol chemical measurements directly

to quantitatively evaluate algorithm performance.

2. Observation and Method

2.1. Lidar Measurement

Analysis flow and main parameters evaluated in this study are depicted in Figure 1. The system,

calibration, and performance of MMRL and associated data analysis have been provided in

Nishizawa et al. [18]. Here, we briefly describe them. MMRL was built in a room with a transparent

glass roof. This system employs a commercial compact Nd:YAG laser with second-harmonic

and third-harmonic generators and a rigid biaxial configuration. Backscattered light is collected

using a vertically mounted telescope. The collected light is split among the receivers at 355, 387,

532, 607, and 1064 nm using dichroic beam splitters. At 532 and 355 nm, the co-polarized and

cross-polarized components of the total backscatter light split using a cube polarizer are detected using

photomultiplier tubes (PMTs). Nitrogen Raman backscatter signals are detected at 607 and 387 nm

using PMTs. At 1064 nm, the total backscatter light is detected using an avalanche photodiode (APD).

Band-pass filters with a bandwidth of 1 nm (FWHM) are in the optical path of each detection unit to

reduce contamination by the background light.

 

α β β α β β

α β β δ

Figure 1. Analysis flow and main parameters evaluated in this study.
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Measured raw signals are averaged every 30 m vertically and 15 min temporally. The averaged

signals are smoothed to improve the signal-to-noise ratio, incomplete overlap between the laser

beam and the receiver field of view is corrected (overlap correction), and the averaged signals are

calibrated. The extinction coefficient α, backscatter coefficient β, lidar ratio S, and particle linear

depolarization ratio δ are then derived from the calibrated signals. Retrieval of aerosol optical

properties (α, β, S, and δ) is restricted to the layer above 350 m, due to insufficient overlap correction.

We conduct photon-counting measurements for nitrogen Raman backscatter (387 and 607 nm) and

analog measurements for elastic backscatter (355, 532, and 1064 nm). No Raman channel data are

available in the daytime due to strong background light. Uncertainties of the derived α, β, S, and δ at

355 and 532 nm due to signal random noises and calibration uncertainty are less than 5%, corresponding

to absolute uncertainties less than 0.007 km−1 in αa, 0.0001 sr−1km−1 in βa, 0.1% in δa, and 2 sr in Sa.

2.2. Aerosol Component Retrieval from Lidar Measurements

The algorithm to retrieve extinction coefficients at 532 nm for DS, SS, BC, and AP at each slab

layer using the α, β, and δ at 532 nm and βatt at 1064 nm derived from the MMRL measurements has

been provided in Nishizawa et al. [18]. Here, we briefly describe them and provide improvement

to the algorithm. The relationship between the MMRL-derived α532 β532 δ532 and βatt,1064 and the

estimated parameter αi,532 at each slab layer are given by the following equations.

α532 = ∑
4

i=1
αi,532, (1a)

β532 = ∑
4

i=1

αi,532

Si,532
, (1b)

δ532 = ∑
4

i=1

αi,532

Si,532

δi,532

1 + δi,532
/ ∑

4

i=1

αi,532

Si,532

1

1 + δi,532
, (1c)

βatt,1064 =

(

∑
4

i=1

αi,532

Si,532
Rβ,i + βm,1064

)

exp

{

−2
∫ z

0

(

∑
4

i=1

αi,532

Si,532
Rα,i + αm,1064

)

dz

}

. (1d)

Subscript i denotes aerosol components; Rβ,i is the spectral ratio of the backscatter coefficient at

1064 nm to that at 532 nm for each aerosol component (Rβ,i = βi,1064/βi,532); Rα,i is the spectral ratio of

the extinction coefficient at 1064 nm to that at 532 nm for each aerosol component (Rα,i = αi,1064/αi,532);

βm,1064 and αm,1064 are molecular backscatter and extinction coefficients at 1064 nm, respectively,

which are computed theoretically. Thus, αi,532 can be estimated by solving the nonlinear simultaneous

equation (Equation (1)), however, Si, δi, Rβ,i, and Rα,i must be assumed. For this purpose, this method

specifies and models the optical and microphysical properties of each aerosol component including Si,

δi, Rβ,i, and Rα,i (Table 1). Volume lognormal size distribution for each aerosol component is assumed;

the mode radius and standard deviation of the size distribution and the refractive index of each aerosol

component are specified. The optical properties of AP, SS, and BC are computed from the prescribed

size distribution and refractive index using Mie theory. Here, δ532 for AP, SS, and BC is empirically

assigned the value of 2%. The optical properties for DS are computed using software developed by

Dubovik et al. [26], assuming that the particles are spheroidal.

We improved the microphysical and optical models for AP, SS, and BC. Firstly, we considered

hygroscopic growth for AP and SS based on the aerosol climatology of d’Almeida et al. [27], by which

the mode radii and complex refractive indices depend on relative humidity (RH). Thus, the models of

AP and SS used in the retrieval change vertically depending on RH. In the actual retrieval, we used

vertical distributions of RH output by the 3-D Goddard Earth-Observing System chemical transport

model (GEOS-Chem) because there were no appropriate observed RH data. Secondly, we introduced

an internal mixture model of BC and water-soluble substances (e.g., sulfate and nitrate), which is the

core-gray shell (CGS) model proposed by Kahnert et al. [28]. Note that the conventional BC model

(pure BC model) is used in the algorithm [18]. The CGS model has a structure similar to that of the
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core-shell model but with weaker light absorption. This model more accurately reproduces the optical

properties (e.g., absorption coefficient) of the realistic BC aggregates encapsulated in the non-absorbing

shell than other commonly used models (e.g., core-shell [29] and homogenous mixture model [30]).

The volume ratio of the core (BC) to the total particle volume at the dry state was fixed at 30%,

based on aircraft measurements over the Yellow Sea and East China Sea [31]. Hygroscopic growth was

considered for only the shell part of the CGS model, and the growth factor was given from the database

of Hess et al. [32]. In this study, we also investigate sensitivities of the optical and microphysical

models for each aerosol component assumed in the algorithm to the estimates by changing the BC

model (i.e., pure BC model and CGS model), as well as the value of the parameters (e.g., mode radius)

to evaluate the performance of the algorithm (see Section 3).

Table 1. Example of optical and microphysical properties of aerosol components used in the algorithm 1.

AP SS DS Pure BC CGS

Mode radius [µm] 0.10 1.67 2.00 0.05 0.11
Standard deviation 1.6 2.2 2.0 2.1 1.6

S532 [sr] 53 19 47 98 101
CR532/1064 2.9 1.5 1.0 4.2 1.8
δ532 [%] 2 2 30 2 2

α532/PM2.5 [m2/g] 4.3 0.6 0.2 9.8 2.7

α532/PM10 [m2/g] 0 1.7 0.5 0 0

1 Mode radius and standard deviation are parameters for volume lognormal size distribution.
The values of the mode radius and standard deviation are in dry state (RH = 0%). The values of
S532, CR532/1064, δ532, and the extinction to mass conversion factors (α532/PM2.5 and α532/PM10)
are for RH = 60%; however, PM2.5 and PM10 are the mass concentrations for dry particles.

2.3. Mass Concentration Retrieval from Lidar Measurements

We compare aerosol mass concentration in the dry state evaluated from MMRL measurements

with those derived from in-situ sampling measurements (Figure 1). Mass concentrations for particle

matters PM2.5 (M2.5) and PM10 (M10) and sea-salt (MSS) and black carbon (MBC) are used in the

comparison. Thus, we specify the ratio of mass concentration in the dry state (Mj) to the extinction

coefficient at 532 nm for each aerosol component (αi,532) (extinction to mass conversion factor:

ηi,j =αi,532/Mj) and evaluated the lidar-derived aerosol mass concentration by the following equations.

M2.5 = ∑
4

i=1
ηi,2.5αi,532, (2a)

M10 = ∑
4

i=1
ηi,10αi,532, (2b)

MSS = ηSS,SSαSS,532, (2c)

MBC = ηBC,BCαBC,532. (2d)

Subscript j denotes PM2.5, PM10, SS and BC. The ηi,j was computed using the optical and

microphysical model for each aerosol component assumed in the algorithm (Table 1) and the mass

density for each aerosol component in Hess et al. [32]. The ηi,j for AP, SS, and CGS depends on RH

(see Section 2.2); thus, the ηi,j was computed for various RH-values. Table 1 presents an example of the

ηi,j, which was computed for RH = 60%.

2.4. In-Situ Sampling Measurement (ACSA-12, MAAP, and Denuder-Filter Pack Method)

A continuous dichotomous Aerosol Chemical Speciation Analyzer (ACSA-12 Monitor;

Kimoto Electric Co., Ltd., Osaka, Japan) was used to measure sulfate (SO4
−), nitrate (NO3

−),

water-soluble organic compounds (WSOC), and particulate matter (PM2.5, PM10) with fine

(Dp < 2.5 µm) and coarse (2.5 µm < Dp < 10 µm) modes every hour [33]. The beta-ray absorption



Remote Sens. 2018, 10, 937 6 of 16

method was used to measure PM mass concentration [33]. Averaged PM2.5 for 24 h by ACSA is

basically equivalent to the averaged PM2.5 measured by Federal Reference Method (FRM) of the US

Environmental Protection Agency (EPA), which is the most reliable and standard method for PM2.5

measurement. Particulate matter is measured under a constant temperature (21.5 ± 1.5 ◦C) and relative

humidity (35 ± 5%) in ACSA. Sodium (Na+) and chloride (Cl−) were measured using Denuder-filter

(D-F) pack measurements every 1 to 2 days in the regular observation period of August 2014 to October

2015. Coarse-mode particles were collected using a nuclepore membrane filter of 8.0 µm pore size

(111114; Nomura Micro Science Co., Ltd., Atsugi, Japan). Fine-mode particles were collected using a

PTFE filter of 1 µm pore size (J100A047A; ADVANTEC, Tokyo, Japan). The aerodynamic diameter of

50% collection efficiency of the nuclepore filter was 1.9 µm with a flow rate of 16.7 L/min. This sum

of fine and coarse mode Na+ was converted to SS mass concentration based on the salinity and Na

mass ratio of seawater [34]. The uncertainties of ACSA and D-F method for chemical compositions

are less than 10%. PM2.5 (PM10) measured using ACSA contains all aerosols smaller than 2.5 µm

(10 µm). Therefore, in the comparison, lidar-derived PM2.5 (or PM10) was calculated as the sum of

BC, SS, AP, and MD under 2.5 µm (10 µm). For in-situ measurement of BC, a multi-angle absorption

photometer (MAAP; MAAP5012, Thermo Scientific, Waltham, MA, USA) was used with high temporal

resolution. MAAP employs the filter-based light absorption technique. Kanaya et al. [35] reported that

MAAP-derived BC values were systematically higher by a factor of 1.5 comparing to other techniques,

therefore we conducted the data correction by multiplying a factor of 1/1.5.

3. Results

Continuous aerosol measurements and simultaneous MMRL measurements were conducted from

September 2014 to October 2015 at the Chikushi Campus of Kyushu University in Fukuoka. We first

clarify the seasonal characteristics of optical properties and in-situ aerosol measurements. We then

discuss direct aerosol comparisons between MMRL aerosol components and in-situ measurements,

and the potential and limitations of the lidar algorithm to retrieve aerosol components.

3.1. Seasonal Variation of Optical Properties and In-Situ Aerosol Measurements

The aerosol field in the East Asian region is affected by meteorological variation (e.g., wind field,

temperature, and RH) driven by the monsoon. To clarify seasonal variation of aerosols at Fukuoka,

we summarized the seasonal mean value for optical properties and in-situ aerosol measurements

during winter (December to February), spring (March to May), summer (June to August), and autumn

(September to November) using the data from September 2014 to October 2015 (Table 2). Here, PMc was

defined as (PM10−PM2.5). Lidar-derived estimates were averaged vertically from 350 to 500 m for

comparison with surface aerosol measurements.

Lidar-derived α355 and α532 were maximal in summer; however, PM2.5 observed using in-situ

measurement was the lowest in summer. The fraction of fine-mode sulfate derived from in-situ

measurements is highest in summer (35%). These observations indicate that water uptake of sulfate

particles increases aerosol extinction coefficients because RH is higher in summer in Japan. The mean

S355 and S532 increase from winter to spring/summer ranging from 50 to 56 sr, although the variation

is small. The behavior of seasonal variation of the CRs seems to differ in the wavelengths. CR532/1064 is

lower in winter, spring and autumn than in summer, whereas CR355/532 is lower in summer. In general,

CR values decrease when there are more large particles, and vice versa. Thus, the seasonal behavior

of CR532/1064 seems to be reasonable because typical large particles of DS increase in spring, due to

long-range DS transportation from the Asian continent. Lidar-derived δ is relatively higher in spring,

supporting that there is more DS in spring. Thus, the relatively lower CR355/532 in spring is affected

by DS. However, the low CR355/532 in summer cannot be explained by DS transport. In addition,

this low CR355/532 in summer cannot be explained by increase of SS particles in summer because

SS mass concentration decreases in summer (Table 2). Thus, this feature of CR355/532 in summer

may reflect increase of particle size of fine-mode particles (e.g., AP particles including water-soluble
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substances such as sulfate) by water uptake, because CR355/532 is more sensitive to smaller particles

than CR532/1064, and vice versa.

Table 2. Seasonal mean optical properties in PBL and in-situ aerosol components and surface

meteorological parameters observed at Fukuoka.

Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)

α355 [/km] 0.27 ± 0.17 2 0.26 ± 0.14 0.31 ± 0.20 0.22 ± 0.12
α532 [/km] 0.17 ± 0.12 0.16 ± 0.10 0.22 ± 0.20 0.14 ± 0.12

S355 [sr] 53 ± 20 56 ± 21 56 ± 18 52 ± 19
S532 [sr] 50 ± 18 54 ± 18 53 ± 19 52 ± 17
δ355 [%] 7 ± 4 7 ± 4 4 ± 2 6 ± 2
δ532 [%] 10 ± 7 7 ± 4 2 ± 1 9 ± 5

CR355/532 1.7 ± 0.72 1.5 ± 0.7 1.5 ± 0.48 1.7 ± 0.6
CR532/1064 1.5 ± 0.8 1.6 ± 1.0 1.8 ± 1.1 1.5 ± 0.8

Num. of prof.355
1 813 630 580 744

Num. of prof.532 719 584 583 728

PM2.5 [µg/m3] 21.0 ± 13.7 20.4 ± 11.9 15.0 ± 10.5 18.5 ± 9.8

PMc
3 [µg/m3] 13.7 ± 13.3 15.4 ± 13.7 7.4 ± 6.1 9.2 ± 4.9

fSO4
2− 4 [µg/m3] 4.6 ± 3.5 (22% 5) 5.9 ± 3.4 (29%) 5.3 ± 3.9 (35%) 4.6 ± 2.9 (25%)

fNO3
− [µg/m3] 2.6 ± 2.2 (12% 5) 1.7 ± 1.8 (8%) 0.7 ± 0.5 (4%) 1.2 ± 0.8 (7%)

fWSOC [µg/m3] 1.5 ± 1.3 (7% 5) 1.2 ± 0.9 (6%) 0.6 ± 0.8 (4%) 0.8 ± 0.9 (4%)

BC [µg/m3] 1.1 ± 0.7 (5% 5) 1.0 ± 0.6 (5%) 0.9 ± 0.5 (6%) 1.3 ± 0.9 (7%)

cSO4
2− [µg/m3] 0.8 ± 0.5 (6% 6) 1.1 ± 0.5 (1%) 1.2 ± 1.0 (16%) 0.6 ± 0.5 (7%)

cNO3
− [µg/m3] 1.3 ± 0.2 (9% 6) 1.2 ± 0.2 (8%) 0.7 ± 0.1 (9%) 1.0 ± 0.1 (10%)

cSS [µg/m3] 4.3 ± 2.0 (31% 6) 3.1 ± 2.2 (20%) 1.7 ± 1.1 (22%) 3.6 ± 3.5 (39%)
RH [%] 58.5 56.3 67.8 56.3

Temp. [◦C] 7.7 17.1 26.6 19.6

1 Number of profiles; 2 Values after ± stand for standard deviations of the mean value; 3 Subscript ‘c’ means
coarse-mode (2.5 µm < diameter < 10 µm); 4 Subscript ‘f’ means fine-mode (<2.5 µm); 5 Fraction to PM2.5;
6 Fraction to PMc.

Seasonal variations of aerosol components obtained using in-situ measurements are as follows.

Sulfate is higher in spring/summer compared to autumn/winter; nitrate and WSOC are higher in cold

seasons (winter to spring); BC is lower somewhat in summer compared to autumn/winter; SS is lower

in summer and is higher from autumn to winter; and PM2.5 and PMc are higher in winter and spring.

Lidar-derived optical properties and in-situ aerosol measurements suggest that the mixing state of

aerosols was complicated at Fukuoka, and water uptake of water-soluble small-size particles strongly

affected the optical properties of aerosols in summer.

3.2. Vertical Distribution of Four Aerosol Components

We analyzed the vertical distributions of the lidar-derived aerosol components. Figure 2 presents

a time-height cross section of lidar-derived aerosol mass concentration for (a) BC, (b) SS, (c) AP, (d) DS,

(e) PM2.5, and (f) PMc from September 2014 to June 2017. Note that BC mass concentration was

estimated based on the CGS model. Figure 3 presents the seasonal median vertical distribution of

mass concentration for (a) BC, (b) SS, (c) AP, (d) DS, (e) PM2.5, and (f) PMc. The vertical profiles are

shown above ground. Column load, aerosol scale height Hm (definition of Hm is given in Appendix A

and median mass concentration within PBL (350 m to 500 m) for each component are summarized in

Table 3. The aerosol scale height is an index of the vertical aerosol extent.

Seasonal variation of BC was not clear in Figure 2a. However, lidar-derived median vertical

profile of mass concentration for BC shown in Figure 3 was maximal in summer around 700 m.

This summer peak may be caused by the overestimation of CGS as discussed in Section 3.3.1. The mass

concentration by lidar was derived assuming dry state, however, the bias of relative humidity to the

actual atmosphere might cause overestimation of BC in lidar analysis. Median vertical profile for AP

also was maximal around 700 m in summer as shown in Figure 3c, this may be also affected by the
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bias of relative humidity during the season. SS mass concentration was higher in autumn and winter

as seen in Figure 2b, indicating that this seasonal variation on the vertical distribution of SS matches

with the seasonal variation of SS measured by D-F method at the ground surface (see Tables 2 and 3).

The aerosol scale height for SS was lower than other aerosol components ranged from 1.14 km to

1.38 km. Mass concentration for DS was higher from autumn to spring as seen in the previous section,

and year-to-year variation was large (for example, there were hardly any strong dust storms in 2017,

as shown in Figure 2). PM2.5 was clearly higher in winter and spring in Fukuoka, and the scale height

ranged from 1.38 km to 1.62 km. The seasonal variations of median mass concentration within PBL

for each aerosol component estimated using lidar mostly match with in-situ ground-based aerosol

measurements except for BC and AP in summer.

 

 

μ

Figure 2. Time-height cross section of lidar-derived aerosol mass concentration for (a) BC, (b) SS, (c) AP,

(d) DS, (e) PM2.5, and (f) PMc.

Table 3. Seasonal means of aerosol column load (col), aerosol scale height (Hm) and median mass

concentration at PBL for each component 1.

Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)

colPM2.5 (Hm) 45.8 (1.5) 46.9 (1.62) 34.1 (1.5) 36.6 (1.38)
colPMc (Hm) 24.4 (1.5) 23.1 (1.62) 14.6 (1.5) 19.0 (1.38)
colAP (Hm) 5.5 (1.26) 9.2 (1.38) 9.9 (1.5) 5.4 (1.38)
colBC (Hm) 2.1 (1.38) 2.4 (1.38) 2.7 (1.38) 2.0 (1.26)
colSS (Hm) 11.8 (1.26) 11.7 (1.38) 8.4 (1.38) 11.1 (1.14)
colDS (Hm) 50.8 (1.74) 46.9 (1.62) 26.2 (1.5) 35.37 (1.38)

PM2.5 23.9 22.9 16.4 21.3
PMc 13.1 11.1 7.8 11
AP 3.6 4.6 3.4 3.5
BC 1.2 1.5 1.6 1.2
SS 8.7 7.5 5 8.9
DS 24.3 21 13.3 19.4

1 The units of column load, Hm and mass concentration are mg/m2, km and µg/m3.
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Figure 3. Seasonal median vertical distribution for (a) BC, (b) SS, (c) AP, (d) DS, (e) PM2.5, and (f) PMc.

3.3. Comparison of Aerosol Mass Concentration

Figure 4 presents the daily comparison of lidar-derived mass concentrations with in-situ aerosol

measurements of (a) BC, (b) SS, (c) PM2.5, (d) PM10, and (e) PMc at Fukuoka from September 2014 to

October 2015. The lidar-derived estimates were averaged vertically from 350 to 500 m, considering the

overlap correction of MMRL. Except for D-F pack measurement, the lidar and in-situ measurement

data were averaged in the nighttime. Time variations of aerosol components are strongly affected by

meteorological conditions. Strong meteorological events such as typhoon (T) and dust storm (D) are

denoted in Figure 4. The linear Pearson correlation coefficient (R) and results of linear regression are

shown within the Figure 4. The linear regressions were calculated using the results of the DS model

with mode-radius of 1 µm. Tables 4 and 5 summarize optical properties and mass concentrations

derived from lidar and significant meteorological parameters such as RH and in-situ aerosol mass

concentration obtained from surface measurements (ACSA, MAAP, and D-F method) in several

characteristic periods discussed below.

3.3.1. Black Carbon

The BC mass concentration derived using the pure BC model ranged from 1.1 to 30 µg/m3.

The pure BC model remarkably overestimated with respect to in-situ observation levels (0.1 to

3.2 µg/m3) with an Normalized Mean Bias (NMB) of 610% (formulation of NMB is given in

Appendix B). In contrast, the CGS model drastically reduced the overestimation of BC (NMB = 26%).

Aircraft observation conducted around Japan in 2004 indicated BC particles thickly coated with

other aerosol components during transport [36]. These results suggested that the BC concentration

level in Fukuoka could not be represented using the pure BC model, suggesting that aging of BC

is an important process for trans-boundary BC. However, even though we applied the CGS model,

we sometimes found remarkable overestimation of lidar-derived BC. Lidar-derived BC in periods B1

and B2 were 6 to 7 times higher than in-situ observation. During these periods, S532 was relatively

high and δ532 was considerably low (Table 4), implying that there were relatively many CGS particles

and/or AP particles grown by water-uptake because the lidar ratios of CGS particles (Table 1) and

grown AP particles (e.g., [37]) are generally high; and those particles are generally spherical (i.e., low δ).

In-situ surface measurements indicated that the main aerosol component during the analysis periods

was sulfate, implying that misclassification of AP particles as CGS particles in the lidar retrieval might

cause overestimation of BC mass concentration. The misclassification between AP and CGS particles

can occur due to bias between RH data used in the retrieval and RH in the actual atmosphere and/or
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mismatching of the optical and microphysical properties for AP and CGS used in the algorithm with

the aerosol properties in the actual atmosphere. RH bias affects the retrieval of AP more remarkably

than that of CGS because the optical properties of AP directly related to the retrieval (e.g., S and CR)

are more sensitive to RH than the optical properties of CGS.

 

 

α α δ δ
μ μ μ μ

Figure 4. Daily comparison of lidar-derived mass concentrations with in-situ aerosol measurement

of (a) BC, (b) SS, (c) PM2.5, (d) PM10, and (e) PMc at Fukuoka from September 2014 to October 2015.

Red circle shows the monthly mean of in-situ aerosol mass concentration.

Table 4. Optical properties and aerosol mass concentrations derived from lidar observation.

Date (JST)
α355

[/km]
α532

[/km]
S355

[sr]
S532

[sr]
δ355

[%]
δ532

[%]
CR

355/532

CR

532/1064

AP
[µg/m3]

BC
[µg/m3]

DS
[µg/m3]

SS
[µg/m3]

B1: 8/5
18:00–8/6 6:00

0.84 0.47 82 73.2 1 3 1.4 2.4 29.1 7.1 34.1 5.7

B2: 8/9
19:00–8/10 4 :00

0.44 0.34 58.7 59.0 1 2 0.9 1.7 29.1 5.1 18.6 22.

D2: 2/23
18:00–2/24 6:00

0.30 0.25 43.5 37.0 13 14 1.1 1.7 19.8 0.4 151.7 35.0

D4-1: 4/15
19:00–4/16 5:00

0.56 0.22 80.1 36.9 5 4 1.7 1.2 7.4 2.0 41.5 43.8

D4-2: 4/16
21:00–4/17 5:00

0.36 0.14 75.0 21.2 12 8 0.7 1.6 2.2 0.6 63.4 45.0

D5-1: 4/23
19:00–4/24 5:00

0.38 0.25 62.5 56.6 7 5 1.1 1.1 2.7 4.1 32.8 42.5

D5-2: 4/25
19:00–4/26 5:00

0.25 0.12 53.2 47.5 7 7 1.4 1.2 - 1.9 35.0 28.1
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Table 5. Meteorological parameters and aerosol mass concentrations based on surface measurements.

Date (JST)
Temp
[◦C]

RH 1

[%]

RH_cor
2 [%]

PM2.5

[µg/m3]
PMc

[µg/m3]
fSO4

2− 4

[µg/m3]
fNO3

−

[µg/m3]
cSO4

2− 5

[µg/m3]
cNO3

−

[µg/m3]
BC

[µg/m3]
SS

[µg/m3]

B1: 8/5
18:00–8/6 6:00

28.9
(30.1)

73.0
(77)c

66.4
(68) 3 32.3 15.3 14.8 0.43 2.2 0.5 1.1 -

B2: 8/9
19:00–8/10 4 :00

28.1
(29.6)

76.1
(81)

64.1
(73)

25.5 11.9 9.8 0.6 1.5 0.7 0.7 1.7

D2: 2/23
18:00–2/24 6:00

7.8
(10.6)

75.2
(87)

57.4
(68)

33.1 87.9 4.8 3.3 1.8 4.1 2.3 5.8

D4-1: 4/15
19:00–4/16 5:00

15.2
(16.4)

56.8
(72)

54.6
(55)

44.5 38.4 14.4 5.0 1.9 4.5 1.9 4.1

D4-2: 4/16
21:00–4/17 5:00

15.0
(18.3)

60.3
(81)

51.7
(77)

29.3 53.3 7.5 2.2 1.9 3.5 0.9 8.1

D5-1: 4/23
19:00–4/24 5:00

14.3
(16.7)

79.7
(89)

33.7
(39)

40.7 34.5 9.5 5.8 1.0 4.1 2.4 2.0

D5-2: 4/25
19:00–4/26 5:00

14.0
(16.4)

64.8
(77)

21.7
(24)

37.0 30.8 12.0 3.2 1.4 3.0 2.0 1.1

1 Observed mean RH at the Fukuoka meteorological station of the Japan Meteorological Agency. 2 RH_cor means
corrected RH based on modeled RH using the regression equation between the numerical model and observed
surface RH. 3 Maximum RH. 4 Subscript ‘f’ means fine-mode (<2.5 µm). 5 Subscript ‘c’ means coarse-mode (2.5 µm
< diameter < 10 µm).

We checked the RH data of GEOS-Chem (RHmodel) using RH data observed at the surface (RHobs)

throughout the analysis period and found positive bias of RHmodel (RHmodel = 0.66 × RHobs + 23.4,

R = 0.63). We then tried correcting the bias of the RHmodel using the regression equation

(RHcor = (RHmodel − 23.4)/0.66) assuming that model biases are constant vertically, and re-estimated

aerosol mass concentration using the RHcor data. BC overestimation was reduced by 10%; however,

overestimation remained still because it is difficult to reduce the RH bias sufficiently, and the RH bias

was still large (Table 5). Thus, it is essential to consider water-uptake of BC (and AP) appropriately

and it would be effective to conduct simultaneous vertical measurement of RH with a water-vapor

Raman lidar (e.g., [38]). It should be noted that the optical properties and mass concentration of

aerosols presented in this paper were estimated using the RHcor data from MMRL measurements.

We also studied the sensitivity of the mode radius of CGS assumed in the algorithm to retrieve the

uncertainty of BC mass concentration. If we applied a smaller mode radius (0.09 µm) in the CGS

model, NMB increased 50% compared to the default mode radius (0.11 µm). However, a larger mode

radius (0.14 µm) improved NMB by 25%, although NMB for other components (SS, PM2.5 and PM10)

became worse slightly by 5~7%. These factors mentioned above induce uncertainty in the estimation

of mass concentration.

3.3.2. Sea Salt

MMRL measurements generally captured the time variation of SS well except for typhoons,

in which SS measured using the D-F method exhibited a sharp peak (T18 in Figure 4b).

However, MMRL could not capture high and sharp SS concentrations due to strong signal attenuation

by heavy rain. SS concentration derived by lidar tends to overestimate the in-situ measured

concentration (NMB = 153%) throughout the analysis period. We found notable overestimation

of SS when DS particles were transported (Figure 4b). δ532 were smaller during these dust events

(4~14% in D2, D4, and D5) than typical value for pure dust cases (δ532 > 30%) (Table 4). Backscatter CRs

β532/β1064 were relatively small (1.1 to 1.7), indicating relatively large particles. Coarse-mode nitrate

mass concentration measured using ACSA was high (Table 5). These observations indicate the

possibility of internal mixing of nitrate and DS particles. Internal mixture of DS and water-soluble

substances tends to decrease δ532 (e.g., [39]). GEOS-Chem simulation including DS and SS acid uptake

processes confirmed large-scale dust-nitrate outflows from the Asian continent to Fukuoka for all dust

events in 2015 [25], supporting the possibility of internal mixing of DS with nitrate. Thus, the retrieval
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algorithm may partly misclassify internal mixing of DS as SS because the algorithm identifies large

particles with a low particle linear depolarization ratio as SS. Considering the internal mixture of

DS with water-soluble substances appropriately will lead to better classification and retrieval of SS

particles (and DS), especially for aerosols in the East Asian region where dust-nitrate internal mixing

frequently occurs [25,40].

3.3.3. PM2.5 and PM10

PM2.5 observed using ACSA was higher in winter and spring due to trans-boundary AP and

DS from the Asian continent than in summer and autumn. The time variation of the lidar-derived

PM2.5 is consistent with ACSA measurements, although the lidar-derived PM2.5 overestimates to

some extent (NMB = 56%). Overestimations of PM2.5 were large during dust events (especially in D2),

implying that this PM2.5 overestimation may be mainly affected by overestimation of fine-mode DS

particles. In addition, fine-mode SS particles may partly affect this overestimation of PM2.5 because

the overestimation of SS turned out as mentioned before. The lidar derived PM10 overestimated by

25% in NMB but lidar-derived PMc agree well with ACSA-derived PMc when we used the DS model

with mode-radius of 1 µm (Figure 4e), implying that the overestimation of PM10 is caused by the

overestimation of PM2.5. We investigated retrieval sensitivity of PM10 on the change of mode radius of

the DS model. When we use the DS model with larger mode-radius, the overestimation of the PM10

becomes worse (e.g., NMB = 55% for mode-radius of 1.5 µm) and the PMc is overestimated.

4. Conclusions

Intensive simultaneous aerosol observations using MMRL and in-situ surface aerosol

measurements were conducted to clarify the mixing state of aerosol components and long-term

variation at Fukuoka in western Japan from September 2014 to October 2015. Seasonal variation of

optical properties and aerosol mass concentration was found based on MMRL and in-situ aerosol

measurements. We evaluated an algorithm using 1α532 + 2β532,1064att + 1δ532 data of the MMRL to

retrieve extinction coefficients at 532 nm of four aerosol components (DS, BC, AP, and SS) assuming

their microphysical and optical properties with in-situ aerosol measurements. For this purpose,

aerosol mass concentration in the dry state was evaluated using the lidar-derived extinction coefficients

for the aerosol components, using the similar assumptions as used in the aerosol component retrieval

algorithm. The major findings are as follows.

(1) We summarized seasonal means of aerosol optical properties, in-situ aerosol mass concentrations,

and meteorological parameters. The seasonal variation suggests that mixing of anthropogenic

and natural aerosols (SS and DS), as well as hygroscopic growth of water-soluble aerosols may

be key processes to produce aerosol seasonal variation in Fukuoka, in the downwind region

of Japan.

(2) We found overestimation of lidar-derived BC mass concentration using the pure BC model;

however, the use of the internal mixture model of BC with water-soluble substances

(Core-Gray-Shell (CGS) model) drastically reduced BC overestimation. This suggests that using

the CGS model is essential in estimating BC mass concentration from lidar measurements, at least

in this Asian region.

(3) Systematic overestimation of BC mass concentration was found during summer, even though

the CGS model was applied. The observations from in-situ and MMRL measurements implied

misclassification of AP particles as CGS particles in the lidar retrieval. We found that this

misclassification was at least partially caused by underestimation of model-reanalysis RH data

used in the retrieval. Thus, use of more reliable vertical data of RH (e.g., sonde-derived or

lidar-derived RH data) will lead to better estimation of BC (and AP).
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(4) The time variation of lidar-derived mass concentration of SS was generally consistent with in-situ

aerosol measurements. However, we found some overestimation of SS mass concentration.

In-situ and MMRL measurements suggested internal mixing between DS and nitrate during all

dust events in 2015; this internal mixing may cause misclassification of DS as SS, and thus lead to

overestimation of SS. The internal mixture of DS and water-soluble substances (e.g., nitrate and

sulfate), as well as the mixture of BC and water-soluble substances will lead to better estimation

of aerosol components.

(5) Time variations for lidar-derived PM2.5, PM10, and PMc were in good agreement with in-situ

measurement. On the other hand, lidar sometimes overestimated PM2.5 and PM10 during a dust

event, although the lidar-derived PMc agree well with in-situ measured PMc. This implies that

the overestimation of PM10 is caused by the overestimation of PM2.5, which is mainly affected by

overestimation of fine-mode DS.

This study suggests that internal mixing of DS (or BC) and water-soluble substances and

their hygroscopic growth should be considered in an aerosol retrieval algorithm using lidar data.

The algorithm evaluated in this study uses only four channel data (i.e., 1α532 + 2β532, 1064att + 1δ532).

Use of the full information of MMRL (i.e., 2α355,532 + 3β355,532, 1064att + 2δ355,532) could develop a

more advanced component retrieval algorithm that can more effectively consider internal mixture

and water uptake of aerosols. Accurate estimates of aerosol components are essential in numerical

data assimilation for aerosols and verification of space lidar measurements such as Earth Clouds,

Aerosols and Radiation Explorer (EarthCARE) which is a joint Japanese (JAXA)-European (ESA) earth

observation mission with high spectral resolution lidar (ATLID) [41].
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Appendix A

The aerosol scale height Hm [42] is defined as

∫ Hm

0
α(z)dz = τa

(

1 − e−1
)

∼= 0.6321τa (A1)

where α(z) is the vertical profile of the aerosol extinction coefficient, and τa is the optical depth

of aerosol.

Appendix B

Normalized Mean Bias (NMB) is defined as

NMB = Σ(M − O)/Σ(O) × 100 (A2)

where Lidar-derived mass concentration was substituted for M, and in-situ mass concentration was

substituted for O.
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