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Abstract: Because of the increased temporal and spatial resolutions of the sensors onboard recently
launched satellites, the satellite-based surface aerosol concentration, which is usually estimated
from the aerosol optical depth (AOD), is expected to become a strategic tool for air quality studies
in the future. By further exploring the relationships of aerosol concentrations and their optical prop-
erties using ground observations, the accuracies of these products can be improved. Here, we ana-
lyzed collocated observations of surface mass concentrations of fine particulate matter (PM2.5) and
black carbon (BC), as well as columnar aerosol optical properties from a sky radiometer and aerosol
extinction profiles obtained by multi-axis differential optical absorption spectroscopy (MAX-
DOAS), during the 2019-2020 period. We focused the analyses on a daily scale, emphasizing the
role of the ultraviolet (UV) spectral region. Generally, the correlation between the AOD of the fine
fraction (i.e., fAOD) and the PM2.5 surface concentration was moderately strong, regardless of con-
siderations of boundary layer humidity and altitude. In contrast, the fAOD of the partial column
below 1 km, which was obtained by combining sky radiometer and MAX-DOAS retrievals, better
reproduced the variability of the PM2.5 and resulted in a linear relationship. In the same manner,
we demonstrated that the absorption AOD of the fine fraction (AAOD) of the partial column was
related to the variability of the BC concentration. Analogous analyses based on aerosol products
from the Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2)
confirmed these findings and highlighted the importance of the shape of the aerosol profile. Overall,
our results indicated a remarkable consistency among the retrieved datasets, and between the da-
tasets and MERRA-2 products. These results confirmed the well-known sensitivity to aerosol ab-
sorption in the UV spectral region; they also highlighted the efficacy of combined MAX-DOAS and
sky radiometer observations.
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1. Introduction

Aerosol particles influence the climate by the direct reflection of solar radiation, as
well as indirect enhancement of cloud reflectivity through their role as cloud condensation
nuclei. Nevertheless, substantial uncertainty remains regarding their radiative effects on
the Earth’s climate [1]. While radiation scattering by particles causes an overall atmos-
pheric cooling and negative radiative forcing, light-absorbing particles will warm the at-
mosphere and potentially cause a positive radiative forcing. In particular, when deposited
on snow, light-absorbing particles lower the albedo, increase the absorption of solar radi-
ation, and trigger various feedback mechanisms [2].
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Exposure to fine particulate matter (i.e., atmospheric particulate with an aerody-
namic diameter of < 2.5 um [PM2.5]) can cause respiratory and cardiovascular diseases
e.g., [3]. In most urbanized regions, PM2.5 concentrations are usually measured by
ground-based instruments belonging to national/municipal surface monitoring networks.
There are far fewer instruments located outside of urban areas, which makes it challeng-
ing to extrapolate monitoring network observations over large regions.

Since the launch of the Moderate Resolution Imaging Spectroradiometer (MODIS)
sensor in 2003, which enabled the monitoring of atmospheric aerosols with unprece-
dented resolution (500 m), it has become clear that surface PM2.5 estimations from satel-
lite remote sensing can complement surface observations e.g., [4]. Because of the increased
temporal and spatial resolution of the sensors onboard recently launched satellites e.g.,
[5,6], satellite-based estimates of the surface aerosol concentration are expected to become
a strategic tool for air quality studies in the near future [7]. The algorithms that have been
developed to estimate PM2.5 surface concentrations rely largely on satellite-based aerosol
optical depth (AOD) and ancillary information concerning meteorological parameters
(e.g., boundary layer altitude and humidity) and/or aerosol types. Various methods are
currently available to reproduce surface PM2.5 [8].

The satellite-based estimation of black carbon (BC) concentrations has attracted the
attention of the scientific community [9]. Among the various types of aerosols, BC is con-
sidered the most important radiation absorber [10]. It is the second-most important cli-
mate forcer after carbon dioxide and absorbs light over the entire solar spectrum. Black
carbon aerosols are emitted by the incomplete combustion of carbonaceous matter, such
as fossil fuels and biomass. Generally, the aging process after the initial emission causes
BC aerosols to become internally mixed with non-BC inorganic and/or organic com-
pounds. Unlike other aerosol particles, BC is usually not water active; the hygroscopic
growth of BC-containing particles depends on the amount and composition of the mate-
rials mixed with it e.g., [11,12]. Currently, only the Ozone Monitoring Instrument (OMI)
onboard the Aura satellite routinely provides information concerning the optical proper-
ties of absorbing aerosols by exploiting the well-known sensitivity of aerosol absorption
in the ultraviolet (UV) spectral range [13]. However, these datasets are characterized by a
limited accuracy that is largely caused by the low spatial resolution of the instrument.
Moreover, for quantitative estimates on UV absorption, accurate estimates of aerosol alti-
tude are also required but the UV-index sensitivity to near surface absorption is limited.

Overall, near-surface pollution estimates by passive remote sensing are difficult, as
cases of elevated aerosol have to be excluded and absorption (spectral) information is
needed.

Further explorations of the relationship between aerosol concentrations and their op-
tical properties using ground observations could improve the accuracies of the satellite-
based algorithms used to estimate surface aerosol concentrations. Within this framework,
we used recent ground-based observations to reproduce the variability of the aerosol sur-
face concentration by joining columnar optical properties from a sky radiometer and aer-
osol extinction profiles from multi-axis differential optical absorption spectroscopy
(MAX-DOAS) instruments. In addition to PM2.5, by exploiting the sensitivity of the UV
spectral region to the aerosol absorption, we proved that BC mass concentrations can be
reproduced with sufficient accuracy, including in regions characterized by low aerosol
loadings. We further evaluated our findings by using the corresponding aerosol products
of the Modern-Era Retrospective analysis for Research and Applications, Version 2
(MERRA-2) and demonstrated consistency among the datasets and MERRA-2 products.

2. Datasets and Methods

Measurements of surface aerosol mass concentrations, aerosol optical properties, aer-
osol extinction profiles, and tropospheric gases were conducted from November 12, 2019,
to December 31, 2020, at Chiba University, Japan (Figure 1).
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Figure 1. (a) The 72-h backward trajectories for days with large surface BC concentrations at Chiba (see dashed box in Figure 99

5e, f) overlain on a map of the distribution of the mean surface BC (gray scale) concentration and wind speed/direction at 10 m 100
a.s.l, as estimated by MERRA-2 for November 2019 to December 2020. The arrival height and arrival time at Chiba University = 101
station (b) were set at 500 m a.s.1. and at 0300 UTC (1200 JST), respectively. Colors show the boundary layer height. The increas- 102
ing thick line of the trajectories highlights the 024 h, 25-48 h, and 49-72 h periods. The green and red circles show the geo- 103
graphic origin of the 72-h backward trajectories for days characterized by AAEs of < 1.6 and > 1.6, respectively, as estimated by ~ 104
sky radiometer observations. Only days with an AE > 1 and low RH are shown. 105

Chiba University is located in an urban/industrial area in the southeastern part of 106
Tokyo (Fig. 1b). It is a core station of SKYNET (http://atmos3.cr.chiba-u.jp/skynet/), which 107
is an international observation network based on sky radiometer observations. The net- 108
work is used in aerosol-cloud-radiation interaction research [14] and for the validation of 109
satellite observations e.g., [6,15,16]. The MAX-DOAS facilities at the same site [17] provide 110

continuous information concerning tropospheric gases and aerosol extinction profiles. 111
The main features of the instruments used in this study are summarized in Table 1. 112
113

It should be noted that most of the observations were recorded during the period of 114
the spreading of the COVID-19 pandemic. In particular, a state of emergency (similar to 115
the European lockdown, but without strict legal restrictions) in Japan was declared for 116
April and May 2020, and traffic was substantially reduced. Although we expect some lim- 117
ited influence of the pandemic on the anthropogenic absorbing aerosols, we cannot quan- 118
tify it since BC data were not available for most of 2019 (i.e., pre-COVID). No evident 119

changes for PM2.5 were identified. 120
Table 1. List of instruments used at Chiba University from November 12, 2019, to December 31, 121
2020, and the associated retrieved datasets used in this study. Acronyms: black carbon (BC), 122
aerosol optical depth (AOD), absorption aerosol optical depth (AAOD), single scattering albedo 123
(SSA), fine-mode fraction (FMF), aerosol extinction coeffiocient (AEC). 124

Wavelength Retrieved Time resolu-

Instrument Measurements ] . References
(nm) parameter tion (minute)
T i Ambient B
COsMOs - ransmittance 5o mbient BC 0k ondo et al,, 2009
of light mass conc.

POM-02 Direct and an- 340, 380, 400, AQOD, Mok et al., 2018;

(skyradiom- gular sky radi- 500, 675, 870, AAOD, SSA, 10 Hashimoto et al.,
eter) ance 1020 FMF 2012
Compact Light scatter- 25 PM2.5 1 Nakayama et al.,

PM2.5 ing intensity 2018
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Scattered sun- AOD, AEC Irie et al., 2008,
MAX-DOAS light 310-515 [0-1 km] 15 2015

*Original time resolution: 1 min.

2.1. Datasets
2.1.1. Profiles of the aerosol extinction coefficient from MAX-DOAS

The MAX-DOAS instrument utilized the differential absorption structures of the
oxygen collision complex (Os) in the UV and visible (VIS) wavelengths to derive aerosol
and trace gases information [18]. It was equipped with a UV-VIS spectrometer, which was
located indoors, while a telescope unit located outdoors collected reference and off-axis
observations. Scattered sunlight was measured at 15-min intervals, at various elevation
angles of 2°, 3°, 4°, 6°, 8°, and 70°. This approach (i.e., limiting elevation angles to < 10°)
was adopted to minimize the systematic error in the oxygen collision complex fittings and
achieve a high sensitivity in the lowest layers [18]. The reference spectra were recorded at
elevation angle of 70° instead of 90° to minimize the variations in the signals measured at
each elevation angle. High-resolution spectra were recorded from 310 to 515 nm, with a
full width at half maximum of 0.4 nm at 357 and 476 nm. The wavelength calibration was
based on the solar spectrum of [19] and was performed daily to account for the possible
long-term degradation of the spectrometer. The retrieval was based on DOAS and optimal
estimation methods; it was carried out using the Japanese vertical profile retrieval
algorithm version 2 [20].

The main steps of the algorithm are the DOAS fittings, followed by the retrieval of
the aerosol profile and, finally, of the trace gases (here not detailed). The differential slant
column density of trace gases was retrieved using the DOAS technique. A second-and-
third order polynomial was fitted to account for the wavelength-dependent offset and the
effect due to molecular and particle scattering. The differential slant column density of
trace gases was retrieved based on fitting windows and absorption cross-section data [20].
Then, the AOD and the vertical profiles of the aerosol extinction coefficient (AEC) were
retrieved using the optimal estimation method and a lookup table of the box air mass
factor vertical profile based on the Monte Carlo Atmospheric Radiative Transfer
Simulator (MCARaTS). For cloud screening, measurements with the retrieved AOD
higher than 3 and relative humidity over water for the 0-1 km layer higher than 90% were
excluded [17].

In various studies, aerosol optical properties from our MAX-DOAS sensors were
compared with co-located lidar observations, and results were satisfactory [20,21]. The
uncertainty in the retrieved AOD and AEC profiles was further reduced by averaging the
data from four collocated MAX-DOAS instruments [17]. Details of the procedures used
and error estimates were reported by Irie et al. [20,21].

2.1.2. Aerosol optical properties from the sky radiometer

Within the SKYNET network, the sky radiometer at Chiba University conducts
observations of direct and angular sky radiances with a temporal resolution of 10 min.
Here, we used estimates of AOD, single scattering albedo (SSA), and absorbing AOD
(AAQOD) at 340, 380, 400, 500, 675, and 870 nm retrieved through the Sky Radiometer
analysis package from the Center for Environmental Remote Sensing (SR-CEReS) version
1 [22]. The SKYRAD pack version 5 [23] was implemented within the SR-CEReS for near-
real-time data purposes. The sky radiometer used an on-site calibration method to
determine the calibration constant [24] and the solar disk scan method to calculate the
solid viewing angle [25]. Observations recorded under cloudy conditions were screened
out using the procedure described in [26]. The uncertainties in the retrieved AOD and SSA
were approximately + 0.02 and * 0.05, respectively [22,27].

The accuracy of SKYNET retrieved parameters has been recently reviewed by
Nakajima et al. [14]. Under low aerosol conditions, a small relative bias in the
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determination of AOD could cause significant deviations in the computed AE [14]. On the
other hand, sometimes SSA values were overestimated when compared with other net-
works [14] with differences at NIR wavelengths larger than those at UV. Therefore, the
error tends to increase with decreasing AOD [40]. The SKYNET SSA data were recently
evaluated over the UV-NIR spectral range regarding SSA values retrieved from AERO-
NET, MFRSR, and Pandora observations at Yonsei University, Seoul, South Korea, during
the Korea-United States Air Quality Study (KORUS-AQ) international field campaign
[22]. This study provided the first comparisons of the SKYNET and MFRSR SSA retrievals
at UV wavelengths and found SSA differences of around 0.02 for A <500 nm and a larger
value of 0.05 at 870 nm.

Despite the application of its cloud screening procedure [26], cloud contamination
can still be a potential error source [14]. Nevertheless, in this study, we limited the issue
by using daily values. Moreover, we further screened daily records by retaining only those
estimated with many observations recorded during the day (see Section 2.2). As a refer-
ence, the average number of SKYNET observations per day of the employed dataset was
#42. In this way, the possible impact of cloudiness is expected to be strongly attenuated.
Then, coupling SKYNET data with MAX-DOAS observations, which adopted an inde-
pendent cloud screening method, further ensures that cloudiness would not affect our
results.

Within this context, we highlight that AERONET Level 2.0 products with final cali-
bration, i.e., the product recommended for publication, are computed for all-optical
depths. Still, SSA and complex index of refraction are limited to AOD greater than 0.4 at
440 nm. Such conditions are rarely full-filled, even in countries more polluted than Japan.
Within this context, our attempt fosters the use of daily observations (to reduce the uncer-
tainty), particularly at UV wavelengths where the AOD is usually higher and the SSA
more reliable [40].”

2.1.3. Mass concentrations of BC

Ambient mass concentrations of BC were estimated by the continuous soot-
monitoring system (COSMOS) [28,29], which is a filter-based optical instrument. A
photometer measured the transmittance of light at 565 nm, while particles were deposited
on it. COSMOS was equipped with an electric jacket heater to remove volatile organic
aerosol before collecting BC particles on a filter. This was achieved by heating a section of
the inlet to 300°C. The accuracy of BC measurements by COSMOS [30] was estimated to
be approximately 10%, based on comparisons with measurements recorded by a single
particle soot photometer [29,31]. The detection limit of COSMOS is 0.047 ug/m3 [32].

2.1.4. Mass concentrations of PM2.5

The PM2.5 observations were conducted by means of a compact PM2.5 instrument
[33]. The calculation of the PM2.5 mass concentration was based on the distribution of
light scattering intensity by considering the relationship between scattering intensity and
particle size. Tests performed in the laboratory suggested that the sensor could detect
particles with diameters of > 0.3 um and estimate PM2.5 mass concentrations of < 600
mg/m3. Therefore, potentially, the instrument could miss part of the smaller fine-mode
particles. However, data from this sensor have demonstrated good agreement with data
from standard instruments; the sensitivity variation is < 10% [33]. Unlike standard
monitors, the compact instrument can provide a PM2.5 mass concentration under ambient
conditions. Based on a further characterization of the instrument carried out during the
investigation period, its PM2.5 estimates exhibited accuracy similar to equivalent
measurements from collocated standard instruments at a relative humidity (RH) of <60%,
although an increasing discrepancy usually developed at higher RH values. Because a
clear sky was a necessary condition for collecting aerosol optical properties, days
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characterized by elevated RH were rare in our datasets. They were screened out in most
of the analyses (see Section 2.2).

2.1.5. MERRA-2 reanalysis

MERRA-2 is NASA’s latest reanalysis and includes online aerosol fields that interact
with model radiation fields [34,35]. It is based on a coupling of the Goddard Earth
Observing System, Version 5 Earth system model with the Goddard Chemistry Aerosol
Radiation and Transport aerosol model. The model treats the sources, sinks, and
chemistry of dust, sea salt (SS), sulphate (504), and hydrophobic and hydrophilic black
and organic carbon (OC). The AOD is calculated offline by a Mie code using the simulated
mass concentration of each tracer and the corresponding optical properties. In MERRA-2,
aerosol (i.e., AOD) and meteorological observations are jointly assimilated. Therefore,
MERRA-2 provides useful information to investigate the connection between aerosols and
optical properties. In accordance with previous works e.g., [34], MERRA-2 PM2.5 values
were estimated as follows:

PM2.5 = [dust2.5] + [SS2.5] + BC + 1.4x[OC] + 1.375x[SOx] 1)

The current version of MERRA-2 does not include nitrates. Nitrogen oxide (NOx)
emissions in East Asia have been rapidly increasing over the past decade, and therefore
this limitation could affect the accuracy of the MERRA-2 PM2.5 estimates.

MERRA-2 data were used to compare with and put our results into a broader context
(except for the bottom panels of Fig. 6 and 8, when we exploited MERRA to extrapolate
the partial column concentrations from our measurements of PM2.5 and BC surface
concentration).

2.2. Methods

In the following procedure, to reduce uncertainty, we used daily median values of
data recorded at different time resolutions (Table 1) within 9 am to 15 pm LT [27]. Because
observations of surface aerosol concentration were usually recorded consistently, while
the availability of optical property data was dependent on the weather conditions (i.e., a
clear sky), we limited the comparisons to days with at least 2 h of observations of optical
properties. This ensured that the atmospheric conditions on most investigated days were
fairly homogeneous, with a frequent occurrence of clear sky, low humidity, an elevated
height of the planetary boundary layer, and high pressure.

Dust aerosol episodes are usually rare on the east coast of Japan. Nevertheless, to
exclude any significant dust influence, when comparing surface concentrations with
optical properties, we removed data with a small Angstrt')m exponent (AE; i.e., values <
1.0) [36].

The AAOD for various wavelengths (A) (i.e., 340, 380, 400, 500, 670, 870 nm) was
computed as follows:

AAOD(A) = AOD(A) x [1-SSA(A)] )

The fine-mode fraction (FMF) of aerosol particles with a diameter of < 2.5 um is the
ratio of the fine-mode aerosol optical depth (i.e., fAOD) to the total AOD (i.e., F2.5=fA0OD
/ AOD). Its computation was based on the particle size distribution retrieved from the sky
radiometer. The fine-mode AAOD (i.e., fAAOD) was defined as fAAOD = AAOD x F2.5.

The absorption Angstrém exponent (AAE) values were calculated following the
procedure reported by [27] over the range 340-870 nm, as follows:

IN[AAOD(A)] = a-AAE x In(A) 3)

with a being the intercept.
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Most of the following analyses were based on data recorded in the UV spectral range.
Then, in some cases, we also reported the results in the VIS (i.e., 550 nm) by using AE and
AAE indexes. Since the composition of the particles is not well known, potentially, the
transition could introduce additional uncertainty.

In some of the analyses in this study, we combined the aerosol profile information
from MAX-DOAS and columnar aerosol optical properties from the sky radiometer as
follows:

fAODA[0-1 km] = AODA[0-1 km] x [F2.5] (4)

In our approach, the fine AOD of the partial column below 1 km (i.e., fAOD[0-1 km])
corresponded to the mean AEC of the partial column at 357 nm retrieved from the MAX-
DOAS instrument multiplyed by the F2.5 parameter. The AEC profile used in this study
was estimated by combining the AEC profiles from four collocated MAX-DOAS
instruments (for further details, see [17]). Then, column-based F2.5 values were retrieved
from the sky radiometer.

Following the above approach, we also defined the fine AAOD of the partial column
(i.e., fAAOD[0-1 km]) as follows:

fAAODA[0-1 km] = fAODA[0-1 km] x [1-SSAA] (5)

This was based on the column-based SSA values retrieved from the sky radiometer.
In equation (5), we used the SSA at 340 nm without any interpolation. This assumption
was justified by the short spectral distance between the MAX-DOAS AEC at 357 nm and
the 340 nm band of the sky radiometer.

Previous studies have shown that an elevated RH (e.g., > 70%) tends to increase the
AEC of urban aerosols far above its dry-condition level e.g., [37]. However, when
conditions are very dry, the relationship between AEC and PM2.5 is linear. Therefore,
most of the following analysis is based on observations recorded under low humidity
conditions, as evaluated by the MAX-DOAS observations. We retained only days with an
average RH of < 70% for the partial column below 1 km; this resulted in a surface RH that
was always < 50%, as recorded from the weather station (i.e., the RH observed at the
ground was slightly different from the average RH of the partial column). Our approach
allowed an improved comparison between BC mass concentrations, recorded at standard
temperature and pressure after removing, by heating, volatile organic aerosol, and PM2.5
concentrations estimated under ambient conditions.

Using the model vertical velocity, 72-h backward trajectories based on the Hybrid-
Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model 4 [38] were also
calculated. The arrival height and time were set at 500 m a.s.. (i.e., the middle height of
the lowest 1-km layer retrieved from MAX-DOAS) and at 0300 UTC (1200 JST),
respectively.

3. Results

Although we conducted our observations in an urban environment within the most
populous metropolitan area worldwide (i.e., the Greater Tokyo Area) and local emissions
drive the variability in surface aerosol mass concentrations, Figure 1 suggests a meteoro-
logical modulation of the aerosol concentrations measured at Chiba University station.
Figure 1a shows that most air masses arriving at Chiba originated in the northeast regions
of China, Korea, and Siberia. However, when the highest BC concentrations were rec-
orded (see box in Figure 5e, f), the associated air masses previously traveled over the re-
gion of very high BC emissions in northeastern China (involving the cities of Beijing,
Shanghai, and Seoul).

The time series of the daily BC (black) and PM2.5 (red) observations recorded at
Chiba University during the investigation period is presented in Figure 2a. As expected,
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there was a positive correlation between the two datasets with the Pearson correlation
coefficient (r) equal to 0.85. Both PM2.5 and BC mass concentrations were higher in winter
than in the rest of the year. No BC observations were available for August and September
2020, due to the failure of heater system of COSMOS.

The SSA at 340 nm, estimated by the sky radiometer (violet points), was frequently <
0.95. Moreover, the F2.5 values (cyan squares) were usually around 90% (with an AE often
> 1; not shown). Sometimes, high peaks in particle mass concentrations corresponded to a
lack of information regarding aerosol optical properties. Such peaks frequently developed
under conditions of low planetary boundary layer height (PBLH) and substantial cloudi-
ness, which prevented observations of optical properties.

The main aerosol optical parameters averaged over the investigation period are
shown in the top panels. The AOD usually displayed a clear wavelength dependence with
values in the UV spectral range higher than values in the VIS and near infrared (NIR)
(Figure 2b). The low SSA at UV wavelengths suggested that, in addition to BC, organic
aerosols (i.e.,, brown carbon, BrC) played a large role (Figure 2c). The resulting AAOD
values, calculated using equation (2), are shown in Figure 2d. Overall, the features high-
lighted here match the peculiar characteristics of the East Asian aerosols and contrast with
other aerosol types such as biomass burning, dust, and urban/industrial recorded in other
locations [39].

To exploit the well-known sensitivity to the aerosol absorption in the UV spectral
region, we based the results of this study largely on observations recorded within this
spectral region (i.e., at 340 nm for the sky radiometer and at 357 nm for MAX-DOAS).
Most of the results were then reported at 550 nm using AE or AAE values. Because the
aerosol loading is usually quite low at our location (the average AOD was approximately
0.15 at 500 nm during the investigation period; Figure 2b) and due to the wavelength de-
pendence of the AOD (Figure 2b), the quality of the SSA was likely to be higher at UV
wavelengths [40]. Therefore, we expect that this approach also increased the accuracy of

the AAOD estimates.
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Figure 2. Main panel (a): Time series of the daily surface BC (black line) and PM2.5 (red line in the opposite axis) mass concen-
trations recorded at Chiba University from November 12, 2019, to December 31, 2020. Error bars show the 67% ranges of BC
and PM2.5, respectively. The SSA at 340 nm (violet points) and F2.5 (cyan squares) estimates are shown on the opposite axis
(expressed as values x 100). Bottom panels: mean AOD (b), SSA (c), and AAOD (d) over the investigation period retrieved by
sky radiometer observations at 340, 380, 400, 500, 675, and 870 nm.
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Figure 3a, c shows the correlations of BC and PM2.5 mass concentrations with wind 354
speed. In general, concentrations decreased with increasing wind speed; this negative cor- 355
relation was more apparent for BC and less apparent for PM2.5 (probably due to more sea 356
salt particles at stronger winds). Although the contribution from remote sources cannot 357
be neglected (Figure 1), the findings indicate a central role for local emissions with respect 358
to particle concentrations. Winds were mainly from the south during the investigation 359
period (Figure 3b, d) and there was no clear impact of wind direction on particle concen- 360
tration. It should be noted that only part of the dataset here shown (i.e., data recorded 361
under clear sky conditions, RH > 50% and AE > 1) were used in the following comparison 362

with the aerosol optical properties. 363
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Figure 3. Scatter plots of daily surface PM2.5 mass concentrations relative to wind speed (a) and wind direction (b); scatter plots 365
of BC relative to wind speed (c) and wind direction (d). Filled black circles highlight days with RH < 50%. 366

We complemented our observations with the MERRA-2 reanalysis. Because both aer- 367
osol and meteorological observations were assimilated in MERRA-2, we used MERRA-2 368
as a further reference to connect the aerosol concentrations and optical properties and to 369
generalize our findings. Monthly PM2.5 and BC observations for 2019 and 2020 are pre- 370
sented in Figure 4, together with the corresponding estimates from MERRA-2. While both 371
PM2.5 (Figure 4a) and BC (Figure 4c) particles usually had high concentrations from No- 372
vember to February and lower values during the rest of the year, only BC was character- 373
ized by a well-defined seasonality in both observation data and reanalysis data. 374

Although MERRA-2 did not reproduce the changes in PM2.5 particles, it captured 375
the variability of the BC (r = 0.95) but overestimated its concentration. During the investi- 376
gation period, the mean BC/PM2.5 ratio was 0.05 + 0.03 for the observations, while it was 377
slightly higher (0.08 + 0.05) for MERRA-2 data. During the past few years, Japan has ex- 378
perienced a large improvement in air quality and BC mass concentrations have signifi- 379
cantly decreased [41]. Because anthropogenic emissions (except for biomass burning) are 380
not updated in the model [34], MERRA-2 tended to overestimate the current BC concen- 381
trations. 382

Most of the following analyses focused on the variability of the partial column below 383
1 km. It is critical to examine the ratios of the average concentrations of both PM2.5 and 384
BC within the partial column to the corresponding surface concentrations. Because we 385
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only measured the surface concentrations, this information could only be acquired for
MERRA-2. In panel (b) of Figure 4, we show that the PM2.5 ratio was usually within the
range of 0.8-1, while the BC ratio was slightly lower (around 0.6-0.8). These estimates
confirmed that the PBL at Chiba was characterized by a homogeneous particle distribu-
tion. To estimate the PBLH, we exploited data from a lidar collocated with the other in-
struments. The system was a two-wavelength (1064 and 532 nm) polarization sensitive
(5632 nm) Mie-scattering lidar [42]. It was part of AD-Net, which is a lidar network for the
observation of the vertical distribution of aerosols in East Asia. During the investigation
period, the average PBLH was > 1 km (1150 m a.s.l.). This average was raised by a further
200 m if only clear sky days (as below) were selected.

The MERRA-2 columns of PM2.5 and BC (Figure 4d) showed a peak in spring; they
showed lower values in late summer and autumn. This is only partially coherent with the
surface concentrations shown in the top panels and highlights the role of the profile shape.
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Figure 4. (a) Monthly surface PM2.5 mass concentrations observed at Chiba University (black) and estimated by MERRA-2
(red); (b) MERRA-2 monthly ratios of PM2.5 (red) and BC (blue) mean concentrations of the partial column (< 1 km) to surface
concentrations; (c) monthly average surface BC mass concentrations observed by COSMOS (black) and estimated by MERRA-
2 (red); (d) monthly PM2.5 and BC total columns estimated by MERRA-2. Filled and empty circles show data for 2020 and 2019,
respectively.

Because aerosol surface mass concentrations were more directly comparable with the
fAOD of the partial column (i.e., fAOD[0-1 km]) than with the fAOD of the total column,
Figure 5a shows the scatter plot between the fAOD[0-1 km] and the surface PM2.5 mass
concentration for days with an AE > 1. The moderately low correlation achieved (r = 0.61)
was mostly explained by the broad range of RH embraced by the dataset, which was ex-
pected to affect both the PM2.5 concentration and the optical properties [37]. When
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considering only days with low RH conditions (Section 2.2), the correlation (r = 0.92; Fig-
ure 5b) was significantly improved and the relationship between the AEC and PM2.5 be-
came linear, as in previous studies [37,43]. When the results were reported at 550 nm using
the AE values, a lower slope was observed in the linear regression. The presence of a pos-
itive intercept suggested that low aerosol concentrations were likely present in the air be-
low 1 km, regardless of PM2.5 concentrations present at the surface.

Various previous papers proved the reliability of the aerosol optical properties re-
trieved from our MAX-DOAS within the PBL compared to co-located lidar, sky radiome-
ter, and cavity ring-down spectroscopy observations [20,21]. Figure S1 shows the ability
to reproduce the variability of the surface particle concentration from both MAX-DOAS
and the co-located Lidar during the investigated period by applying the equation (4) dis-
cussed in Section 2.2. MAX-DOAS better captured the variability of the surface PM2.5
concentration achieving a higher correlation (R = 0.92) than Lidar (R = 0.70). Besides the
different geometry, this was likely due to the higher accuracy of the observations in the
UV spectral range under the low aerosol load, which characterized the period of observa-
tions. An additional favorable element could be related to using the average of four MAX-
DOAS sensors pointing toward different directions (see Section 2), which probably con-
tributed to capturing the PM2.5 variability.

Estimates of AAOD recorded by sky radiometers are among the few constraints of
the global radiative forcing of BC [44]. However, because of the inclusion of the SSA in
their calculation (equation (2)), AAOD estimates are affected by a larger uncertainty, com-
pared with AOD estimates. Figure 5e shows scatter plots of the relationship between the
fAAODI0-1 km] of the partial column (calculated as described in Section 2.2) and the sur-
face BC mass concentrations for days with an AE > 1. Despite the large uncertainty in
fAAOD[0-1 km], there was a robust correlation between the two datasets (r = 0.83). Re-
porting the results at 550 nm (by exploiting the AAE values) resulted in a less than halved
value of the slope of the regression line and in a slightly lowered correlation coefficient.
In contrast to Figure 5a, b, the intercept was negligible in this analysis; the exclusion of the
observations recorded under high RH conditions (Figure 5f) did not change the overall
results. Nevertheless, to ensure better comparison (see Section 2.1.2), the following text
focuses only on low RH conditions.

Figure 5c is similar to Figure 5b, although it shows the fAOD estimated by the sky
radiometer at various wavelengths. Generally, the fAOD increased with increasing PM2.5
concentration, but the correlations (range of 0.46-0.48) were much lower in Figure 5c than
in Figure 5b. Because we selected only days with low RH conditions, day-to-day differ-
ences in the shape of the vertical profiles were likely the cause of this low correlation.
Figure 5d shows that dividing the fAOD by the lidar-based PBLH resulted in an improved
correlation (range of 0.65-0.67), although these values remained much smaller than the
values shown in Figure 5b.

A scatter plot of the skyradiometer-based fAAOD (i.e., the fine AAOD of the total
column) at various wavelengths, and the BC mass concentration under a low humidity
and with an AE > 1, is shown in Figure 5g. Generally, although fAAOD values roughly
increased with the decrease in wavelength, larger values were recorded in correspond-
ence with larger BC concentrations. Nevertheless, the moderate correlations (0.20 < r <
0.61) increased in strength from the NIR toward the UV-VIS spectral range. Dividing the
fAAOD by the PBLH (Figure 5h) resulted in improved correlations (range of 0.25-0.69),
although these values remained lower than the values shown in Figure 5f.
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Figure 5. Scatter plots of the observed PM2.5 surface concentrations and fAOD[0-1 km] values of the partial column below 1
km (a,b), surface BC concentrations and fAAOD[0-1 km] values of the partial column (e,f), PM2.5 concentrations and fAOD
(i-e., total column) (c), and BC concentrations and fAAOD (i.e., total column) (g). Panels (d) and (h) are identical to (c) and (g),
except the fAOD and fAAOD values are divided by the boundary layer altitude. Only days with an AE > 1 and low RH were
used (as indicated in the top-right corner of each panel). Statistics are included in each panel. The dashed box in (e,f) highlights
the days with the largest BC concentrations; their backward trajectories are shown in Figure 1.

It should be noted that the fine-mode definition of the aerosol size separation at 2.5
um is somewhat larger than the usual threshold at 1 um. Since a PM1 instrument was not
available at our station, we used this threshold because it allowed a convenient link to
PM2.5 in-situ data. Although our fine-mode definition could potentially introduce some
contribution by sea salt and dust and affecting the linkage with the surface BC mass con-
centration, differences in using F2.5 instead of F1.0 resulted in being mostly minor (see
Fig. S1).

The top panels of Figure 6 present the relationship between optical properties and
surface aerosol particle concentrations at 550 (or 532) nm, for comparison with the equiv-
alent MERRA-2 parameters. In addition, because MERRA-2 does not provide a vertical
profile of the aerosol extinction coefficient of fine aerosols, we performed the following
analysis by excluding the F2.5 parameter from equations (4) and (5).

Figure 6a shows a scatter plot of the AOD[0-1 km] and PM2.5 mass concentration for
observations (black) and reanalysis products (red). The AOD datasets were reported at
550 nm using the respective AE values. Despite the limitations of MERRA-2 PM2.5 (see
Section 2.1.5), both the slope and correlation coefficient of the linear regression were very
similar to the slope and correlation coefficient of the observations, which indicates a re-
markable consistency between the two datasets. However, while the MERRA-2 data had
a regression line passing through the origin, the observations exhibited a substantial in-
tercept.

Figure 6b shows a scatter plot of AAOD[0-1 km] at 532 nm and surface BC mass
concentration for observations and reanalysis products. Notably, MERRA-2 provides
AEC profiles at 532 nm; because AAE values were not available from MERRA-2, we did
not report the results at 550 nm. Although MERRA-2 greatly overestimated the observed
BC, the correlation coefficients of the two scatter plots were similar. In contrast, the linear
regression slope was approximately threefold steeper in the observations than in the
MERRA-2 data, and a substantial intercept was only present in the MERRA-2 data. For
further confirmation of this behavior, we analyzed the columnar AAOD (Figure 6c).
Therefore, in addition to focusing on the total column instead of the partial column, the
observed aerosol optical properties only relied on the sky radiometer. To reduce the
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influence of the shape of the vertical profile on this relationship (see Figure 5g), we se-
lected only days with comparable extinction profiles (i.e., we removed outliers based on
the AOD[0-1 km]/AOD ratio). Overall, the scatter plot between the AAOD and the BC
concentration confirmed the findings shown in Figure 6b and indicated a significant dif-
ference in the slope of the linear regression between the two datasets. The map in Figure
S3a indicates that, during the investigation period, the average AAOD/BC values over
continents (East Asia and Japan) were always comparable with the slope of the MERRA-
2 data shown in panel (c). The average ratios were higher than the observed slope over
the open ocean, where the simulated BC concentrations were very low (BC < 0.3 pg/m3;
see Figs. 1 and S3a).

After replacing PM2.5 surface concentrations with the PM2.5 total column in
MERRA-2 data, an improved correlation (r = 0.96) with the total AOD and a slope of 3.6
m?2/g were obtained (red points in Figure 6d; cf. Figure 6a, d). Subsequently, we examined
the correlation between the MERRA-2 AOD[0-1 km] and the mean PM2.5 concentration
within the partial column (blue points). A similar correlation was observed, along with a
slope greater than the total column slope.

To compare the MERRA-2 partial column results with the observations for each day,
we estimated the “observed” PM2.5 partial column by multiplying the measured surface
concentration by the MERRA-based ratio of the mean concentration of the partial column
to the surface concentration (see Figure 4b). In this manner, we allowed the meteorology,
which was considered in the reanalysis, to modulate the observed estimates of the partial
column. The resulting slightly increased correlation coefficient (cf. Figure 6a, d; observa-
tions in black) indicates the effectiveness of this approach. Despite the uncertainties in-
volved in this process, the slope of the linear regression remained close to the correspond-
ing estimate of MERRA-2.

Importantly, retention of the F2.5 parameter in equation (4) reduced the “observed”
slope to 4.4 + 0.20 m2/g at 550 nm. This value could be interpreted as a rough estimate of
the mass extinction coefficient of the PM2.5 particles for our location (Table 2). Kim et al.
[45] reported that the mass extinction coefficient for different locations worldwide is in
the range of 3.4-8.6 m2/g. These estimates, obtained by various techniques, depend on the
mass extinction efficiencies of the involved aerosol species, as well as the humidity condi-
tions, which affect hygroscopic and non-hygroscopic species to various extents [45,46,47].
Because we focused on dry conditions, the slope in this study could be more appropriately
interpreted in terms of the mass extinction efficiency of PM2.5 particles. Cheng et al. [48]
reported a mass extinction efficiency of PM2.5 that ranged from 2.87 to 6.64 m2/g for var-
ious cities in China, with an average value of 4.40 + 0.84 m2/g. Similar values have been
reported in developed countries [49] (Table 2).

Table 2. Estimate of the mass extinction coefficient (MEC) and mass extinction efficiency (MEE) of
PM2.5 particles obtained by various techniques, under different conditions, at various locations.

Parameter Estimate Location Reference
MEC of PM2.5 3.4-8.6 m2/g worldwide locations Kim et al. [45]
MEC of PM2.5 47 m2/g Seoul (with RH = 60.1%) Kim et al. [46]
MEC of PM2.5 3.4m2/g Beijing (with RH < 40%) Jung et al. [47]
MEE of PM2.5 | 2.87 to 6.64 m2/g various cities in China Cheng et al. [48]
MEE of PM2.5 45m?2/g developed countries Hand et al. [49]
MEE of PM2.5 4.4+020m2/g Chiba (with RH < 50%) this study

Similar analyses were performed (Figure 6e), in which we focused on the relationship
between the AAOD and BC columns (i.e., both partial and total columns). For reference,
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the relationship between the total AAOD and the BC column (red empty points) for
MERRA-2 was plotted. It was characterized by a high correlation (r = 0.97) and a linear
regression slope of 9.1 + 0.29 m2/g.

The BC mass absorption cross-section (MAC[BC]) is a critical parameter linking the
BC atmospheric concentration and climate impact [44]. When multiplied by the mass con-
centration of a particle, MAC[BC] yields the BC absorption at a specific wavelength. Ac-
cording to the findings in previous studies [44,50], the BC mass absorption cross-section
can be defined as follows:

MAC[BC] = AAOD[BC] / BC[column] (6)

where AAODI[BC(] is the aerosol absorption optical depth of BC, and BC[column] is
the column mass concentration of BC.

Previous observation-based studies showed that MAC[BC] varies with distance from
the source, and therefore with the aging of the aerosols. For example, Bond and Bergstrom
[51] reported a value of 7.5 + 1.2 m2/g for freshly emitted (uncoated) soot particles at 550
nm. However, after emission, condensation processes in the atmosphere cause the BC par-
ticles to become coated, which can enhance their absorption. The MAC[BC] in the visible
wavelength, estimated in East and South Asia under ambient conditions through labora-
tory experiments, ranged from 4.6 to 11.3 m2/g [52] or spanned a larger range [53]. There
is a comparable spread among different global aerosol models, with MAC[BC] values
ranging from 2.3 to 10.5 m2/g reported within the framework of the AeroCom model in-
tercomparison project [54].

Following the definition in equation (6), the slope of the linear regression of the
MERRA-2 AAODI[BC] and BC columns shown in Figure 6e (small-filled points in red)
corresponded to a MAC[BC] of 7.4 m2/g (the MERRA-based averages of the MAC[BC]
values simulated over the entire east Asian continent and Japan were mostly within the
range of 7.5-8; see Figure S3b). Therefore, BC contributed > 80% of the total absorption
(red empty points), which included both fine and coarse aerosols. The contribution of ab-
sorbing fine dust aerosols (< 2.5 um; orange points) comprised most of the remaining dif-
ference in AAOD at our study location (for reference, on average, dust is expected to con-
tribute much more to the total absorption in other Asian locations [e.g., northern China];
see Figure S3c¢). Despite the small wavelength difference, the linear regression slope of the
MERRA-2 partial column (blue points) was very close to the linear regression slope of the
MACIBC]. Because dust aerosol is usually present at high altitudes, the partial column
can potentially be more effective, compared with the total column, for estimating the
MAC|BC(] as defined above.

As in the previous panel, the “observed” BC partial column (black points) was esti-
mated by multiplying the measured surface BC concentration by the MERRA-based ratio
of the mean BC concentration of the partial column to the surface BC concentration (see
Figure 4b). Although the relative difference between the value of the observed and simu-
lated slope was then reduced (cf. Figure 6b, e), the slope of the observations remained
almost twofold greater than the corresponding value of the MERRA-2 data.

Similarly to the discussion made above, preserving the F2.5 parameter in equation
(5), we obtained an “observed” slope of 13.0 + 1.33 m2/g at 550 nm. In contrast to BC,
which absorbs radiation over the entire solar spectrum, specific types of OC (i.e., BrC)
present a light-absorption coefficient with a strong wavelength dependence. BrC effi-
ciently absorbs radiation in the near-UV and is characterized by an absorption spectrum
that increases from VIS to UV wavelengths [55]. BrC aerosol consists of organic matter
with both primary and secondary sources [55]; therefore, it can be emitted together with
BC from combustion processes, but can also contain secondary organic aerosol. In addi-
tion to biomass burning smoke, which is characterized by a strong spectral dependence
caused by BrC, the absorption efficiency of urban aerosol is also often larger in the UV
range than in the VIS spectral range [22,56]. Considering that the BrC contribution to the
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total absorption was expected to be approximately 10% at 550 nm for Chiba [57], the value
above, despite substantial uncertainty, was within the range of MAC values reported in
the literature for aged BC aerosols that are potentially internally mixed with other chem-
ical components [48].
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Figure 6. Scatter plots of PM2.5 surface concentrations and AOD[0-1 km] (a), BC surface concentrations and AAOD [0-1 km]
(b), BC surface concentrations and the AAOD of the total column (c), PM2.5 total (red) or partial (black and blue) column
concentrations and the AOD of the total or partial column (d), and BC total (red) or partial (black and blue) column concentra-
tions and the AAOD of the total or partial column (e). In panel (e), scatter plots of the MERRA-2 AAOD of BC and BC total
column concentration (small filled red points) and the AAOD of fine dust and BC total column concentration are also shown.
Statistics are included in each panel. In panel (d) and (e) the “observed” PM2.5 and BC partial column was estimated by multi-
plying the measured surface concentration by the MERRA-based ratio of the mean concentration of the partial column to the
surface concentration. Observations: black; MERRA-2 data: red (total column), blue (partial column). Only days with an AE > 1
and low RH are used. Days in panel (c) were further screened based on the AOD [0-1 km]/AOD ratio (see text for details).

Episodes of dust aerosols are characterized by very high AAE and low AE values
[58], but are rare at Chiba University station and were further screened out by selecting
only days with an AE > 1. The AAE of “pure” BC should be around 1, and the presence of
BrC could potentially increase the AAE because of its enhanced absorption at UV wave-
lengths [59]. Previous studies have suggested that for internally mixed BC, AAE could
vary over a large range because of differences in the size and optical properties of the
particles, as well as the wavelengths used for the AAE computation e.g., [60]. However,
the estimated wavelength dependence of AAE can effectively provide an estimate of BrC
and the distinction of sources.

Based on our time series spanning more than a decade, we found that high AAE val-
ues in Chiba usually occur in winter. Similarly, other studies have reported a high AAE
for the winter months in Japan e.g., [61], and it has been suggested that the transport of
biomass burning from east Asia could potentially contribute to this phenomenon. Figure
7a shows that AAE values had a significant inverse correlation with the wind speed at our
location, with a high AAE on days with low wind conditions. Therefore, local sources
could be more efficient than remote sources in producing aerosols characterized by sig-
nificant BrC absorption.
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Because the contribution of BrC to the total absorption can reach several tens of per-
cent in the UV spectral region [55], the correlation between AAOD and BC (shown in Fig-
ures 5 and 6) could be potentially different from the correlation under “pure” BC condi-
tions. To further investigate the connection between absorption and the BC mass concen-
tration, we split the data into two groups, using AAE = 1.6 as a threshold. This value
roughly corresponded to the median value of the dataset. The geographic origins of the
72-h backward trajectories for days with AAEs of <1.6 (green) and > 1.6 (red) were previ-
ously presented in Figure la. Although there was no clear distinction between the two
groups, most days with an AAE of < 1.6 were associated with air masses coming from
northeastern China, while days with an AAE of > 1.6 were associated with air masses
coming from regions located further south and west.

Panels (b—e) in Figure 7 show the correlation between the hours with rain accumu-
lated (or RH averaged) along the backward trajectories and the BC (or PM2.5) concentra-
tions observed in Chiba for the two datasets. For each trajectory, sums (or averages) were
calculated from Chiba to the indicated hour in 1-h time intervals. Overall, the panels show
that a significant modulation of the concentrations can be ascribed to rainfall, with larger
values of PM2.5 and BC occurring when air parcels did not experience high humidity
and/or several hours with rain. Furthermore, this modulation mainly occurred for days
with an AAE of < 1.6 (Figure 7c, e). In contrast, the correlation was not statistically signif-
icant for days with an AAE of > 1.6 (Figure 7b, d) when local sources were likely dominant
(Figure 7a).
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Figure 7. Scatter plot of the wind speed and AAE values for days with an AE >1 and low RH (a). Correlations of accumulated
hours with rain (b,c) and average RH (d,e) calculated over the increasing time range of the backward trajectories, with respect
to BC (black) and PM2.5 (red) values recorded at Chiba University. For each trajectory, averages (or sums) were calculated from
Chiba University to the indicated hour in 1-h time intervals. The vertical dashed line highlights the 24, 48, and 72-h time periods.
Data outside of the gray box (with p-values < 0.05) were statistically significant. Panels (b) and (d): days with an AAE of > 1.6;
panels (c) and (e): days with an AAE of < 1.6. In panel (a): R = - 0.34 for days with an AAE of > 1.6 and R = 0.10 for days with
AAE of <1.6.

In light of these findings, we further examined the connections between aerosol con-
centrations and the optical properties of these two groups (Figure S4). For the relationship
between fAOD and PM2.5 (first and second columns from the left), the correlations and
slopes of the regressions were higher, and the intercepts were lower, with an AAE of <
1.6; conversely, the correlations and slopes of the regressions were lower, and the inter-
cepts were higher, with an AAE of > 1.6. A good agreement between observations and
MERRA-2 remained evident in both groups (e.g., Figure S4e, f).

Potentially, the linear regression between AAOD and BC particles could differ
slightly, depending on the amount of BrC associated with BC. However, the third and
fourth columns of Figure S4 show that the correlations and slopes in panels (c) and (d)
followed the correlations and slopes in panels (a) and (b). These values were both higher
with an AAE of < 1.6; conversely, they were lower with an AAE of > 1.6. For both data
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groups, the slopes in MERRA-2 data were lower: approximately 38% and 50% of the ob-
servations in Figure S4g, h and Figure 54k, 1, respectively.

The mass extinction efficiency is reportedly affected by the relative mass ratio among
PM2.5 components (i.e., inorganic, organic, and crustal) [62]. The mass extinction efficien-
cies of BC, organic matter, and secondary inorganic species are much higher than the mass
extinction efficiencies of soil components and sea salt; therefore, larger mass percentages
of carbonaceous substances and secondary inorganic species in PM2.5 may lead to greater
integrated mass extinction efficiency of PM2.5. Figure S5 in the supplementary material
shows the mass percentages of the various PM2.5 components as simulated by MERRA-2
data and observed for the two groups. MERRA-2 roughly reproduced the BC/PM2.5 ra-
tios. However, no evident differences were apparent between the two groups.

As shown in Figure 4b, the surface and partial column aerosol concentrations can
have a different month-to-month variabilities; this also occurred at the daily scale.
MERRA-2 data showed that the average [PM25]0-1 km/[PM25]surf concentration ratios
were 0.98 and 0.74 for days with AAEs of < 1.6 and > 1.6, respectively. Consistent with
these findings, the average [BC]0-1 km/[BC]surf ratios were 0.87 and 0.58 for days with
AAEs of <1.6 and > 1.6, respectively. Therefore, the different vertical distribution of the
particles within the first kilometer partially drove the slope of the regression line in
MERRA-2 data and in some observations. When examining the correlations between op-
tical properties and partial column concentrations instead of the surface concentrations
(Figure 54i-1), the relative differences in slopes between the two groups (Figure S4e-h)
were reduced (for observations) or absent (for MERRA-2).

4. Discussion and conclusions

This study evaluated the consistencies of observations of surface aerosol concentra-
tions and their associated aerosol optical properties, as estimated by sky radiometer and
MAX-DOAS observations recorded at Chiba University (Japan) from November 2019 to
December 2020. It showed that partial column (below 1 km) optical properties better re-
produced the variability of the surface aerosol concentrations, compared with the total
columnar-based information. In this manner, we demonstrated that the variabilities of the
PM2.5 and BC mass concentrations could be simulated with comparable accuracy.

A moderately strong correlation was observed between the columnar AOD of the
fine fraction, (i.e., fAOD, obtained from the sky radiometer) and the PM2.5 surface mass
concentration and between the AAOD of the fine fraction, (i.e., fAAOD) and BC. Although
it has been generally reported that BC dominates the total absorption in the NIR spectral
range, we found higher [fAAOD, BC] correlations in the UV range, as well as lower
[fAAOD, BC] correlations in the VIS-NIR range; there was no wavelength dependence of
the [fAOD, PM2.5] correlation. This suggests that, under the usual low aerosol conditions
of Chiba, the wavelength dependence of the AOD resulted in better accuracy of the SSA
retrieved at UV wavelengths and worse accuracy of the SSA retrieved at VIS-NIR wave-
lengths. The stronger correlation between BC concentrations and fAAOD in the VIS-UV
spectral range was likely related to the larger AOD; consequently, the uncertainty in SSA
was smaller in the VIS-UV range than in the NIR range [40]. The further benefit of using
the UV wavelength is presumably because the surface albedo was likely lower and its
day-to-day variability was likely smaller than the corresponding values at larger wave-
lengths (e.g., [63] and references therein).

By combining sky radiometer and MAX-DOAS retrievals at UV wavelengths, we
showed that the fAOD of the partial column below 1 km better reproduced the variability
of PM2.5 than did the corresponding total column-based estimates. Under low RH condi-
tions, the linear relationship between the two parameters was comparable with the rela-
tionship reported in previous studies (e.g., [43]). Similarly, we showed that the fAAOD of
the partial column at UV wavelengths was able to satisfactorily reproduce the variability
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of the surface BC mass concentration. This relationship was also linear, although there
was no clear evidence of the influence of humidity. Analyses based on MERRA-2 data
confirmed these findings. They suggested that the fAAOD partial column is more effec-
tive than the total column for estimating the relationship between BC absorption and BC
concentration because dust aerosol is usually present at higher altitudes.

When the partial column was used instead of the surface mass concentration, the
consistency of the observed aerosol concentrations and their optical properties was fur-
ther supported by the ability of their corresponding linear relationship to produce rough
estimates, under dry conditions, of the mass extinction and mass absorption efficiency of
PM2.5 and BC, respectively (Figure 6d, e).

Although we made our observations in an urban environment within the most pop-
ulous metropolitan area worldwide (i.e., the Greater Tokyo Area) and local emissions
have likely driven the variability in surface mass concentrations, we found that the mete-
orology further modulated this variability. The largest BC mass concentrations were rec-
orded in the days after the arrival of air masses that had traversed the east Asian region,
which is characterized by the highest BC emissions globally. Moreover, we found that
local sources were more efficient, compared with remote sources, for producing aerosols
characterized by significant BrC absorption.

In this study, to reproduce the variability of the BC mass concentration at ground
level, we used aerosol absorption estimates, averaged within the partial column below 1
km, at UV wavelengths. In addition to BC, BrC is expected to play a non-negligible role
in this spectral region. Nevertheless, by splitting our observations into two groups using
the median of the associated AAE values as the threshold, we revealed only limited dif-
ferences between the groups when the optical properties were related to concentrations.
By relating the AAQOD of the partial column to the average particulate matter concentra-
tion of the same column (instead of the surface concentration), we confirmed that these
differences were mainly caused by differences in the profile shape.

The underestimation of light absorption by BC in climate models, compared with
observations, has been previously reported. This issue has been frequently addressed by
scaling up their parametrized BC mass absorption cross sections (e.g., [64]). On the other
hand, previous studies showed a general reasonable agreement between the aerosol opti-
cal properties simulated by MERRA and those retrieved from OMI observations, as well
as the difficulty simulating absorption optical properties [65]. Here, we found that
MERRA-2 did not accurately reproduce the observed relationship between AAOD and
BC at Chiba University station; in particular, although the surface BC was largely overes-
timated, the AAOD remained comparable with the observations (Figure 6e). Because the
differences in the linear relationships of AAOD and BC between MERRA-2 and observa-
tions were larger than the variability in the eastern Asian continent (cf. Figs. 6c and S3a),
we speculate that the MERRA-2 AAOD could have a lower bias in regions where MERRA-
2 correctly reproduced the observed surface BC concentrations (e.g., China or South East
Asia).

Exploring the relationships of aerosol concentrations and their optical properties us-
ing ground observations could potentially improve the accuracies of satellite-based algo-
rithms used to estimate surface particulate matter. The exploitation of the 3-dimensional
information enclosed in the fAOD partial column, which can be more directly linked to
the aerosol concentration either at the surface or within an estimated partial column, was
an innovative feature of this study. Because of the increasing attention of the scientific
community toward developing a satellite-based estimation of the surface BC concentra-
tion (Bao et al., 2019), the approach used in the present study is presumably useful for the
validation of future satellite-based algorithms. However, in contrast to standard analyses
based on satellite data, here we only focused on clear sky conditions and did not try to
improve the relationship by including ancillary information (e.g., [8]). In contrast, we eval-
uated this relationship under uniform conditions of low humidity, high PBLH, and the
absence of coarse particles as determined by accurate in situ observations. Moreover, most
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of our results were based on the fAOD; because of the difficulty in accurately retrieving
fine-mode fraction, satellite-based analyses usually consider the total AOD.

Overall, our results indicate consistency among the observation datasets and
MERRA-2 data, stressing the well-known sensitivity to aerosol absorption in the UV spec-
tral region and highlighting the efficacy of combining MAX-DOAS and sky radiometer
observations.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
geographic distribution of MERRA-2 data, Figure S2: mass ratio of the MERRA-2 PM2.5 components
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