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Abstract: Relationship between aerosol optical depth (AOD) and PMa;s is often
investigated in order to obtain surface PMas from satellite observation of AOD with a
broad area coverage. However, various factors could affect the AOD-PMas
regressions. Using both ground and satellite observations in Beijing from 2011 to
2015, this study analyzes the influential factors including the aerosol type, relative
humidity (RH), atmospheric boundary layer height (PBLH), wind speed and direction,
and the vertical structure of aerosol distribution. The ratio of PM2 s to AOD, which is
defined as 7, and the square of their correlation coefficient (R?) have been examined.
It shows that # varies from 54.32 to 183.14, 87.32 to 104.79, 95.13 to 163.52 and 1.23
to 235.08 pg/m* with aerosol type in four seasons respectively. # is smaller for
scattering-dominant aerosols than for absorbing-dominant aerosols, and smaller for
coarse mode aerosols than for fine mode aerosols. Both RH and PBLH affect the #
value significantly. The higher the RH, the larger the #, and the higher the PBLH, the
smaller the #. For AOD and PMs data with the correction of RH and PBLH
compared to those without, R?> of monthly averaged PM,s and AOD at 14:00 LT
increases from 0.63 to 0.76, and R? of multi-year averaged PM, s and AOD by time of
day increases from 0.01 to 0.93, 0.24 to 0.84, 0.85 to 0.91 and 0.84 to 0.93 in four
seasons respectively. Similar to the variation of AOD and PM:s, # also decreases with
the increasing surface wind speed, indicating that the contribution of surface PM s
concentrations to AOD decreases with surface wind speed. The vertical structure of

aerosol exhibits a remarkable change with seasons, with most particles concentrated
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within about 500 m in summer and within 150 m in winter. Compared to the AOD of
the whole atmosphere, AOD below 500 m has a better correlation with PMz s, for
which R? is 0.77. This study suggests that all the above influential factors should be

considered when we investigate the AOD-PMa 5 relationships.

5  Keywords: PMys/AOD ratio, aerosol type, relative humidity (RH), atmospheric

boundary layer height (PBLH), wind speed, aerosol vertical distribution.
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1. Introduction

Atmospheric aerosols, also known as particulate matter, can influence the Earth’s
climate system by directly and indirectly modifying the incoming solar radiation and
outgoing longwave radiation. The direct effect of aerosols on radiation refers to the
absorption and scattering of the solar and longwave radiation by aerosols (Charlson et
al., 1992; Koren et al., 2004; Lohmann and Feichter, 2005; Qian et al., 2007; Li et al.,
2011; Huang et al., 2014; Yang et al., 2016) and the indirect effect of aerosols on
radiation are associated with changes in the cloud macro- and micro-physical
properties caused by aerosols which can serve as cloud condensation nuclei or ice
nuclei (Twomey, 1977; Albrecht, 1989; Kaufman and Fraser, 1997; Feingold, 2003;
Garrett et al., 2004; Garrett and Zhao, 2006; Zhao et al., 2012; Zhao and Garrett,
2015). The radiative effect of aerosols is relatively large due to increased emissions of
pollution in East Asia (Wang et al., 2010a; Zhuang et al., 2013). Aerosols can also
affect the precipitation intensity and patterns by changing cloud microphysical
properties (Menon et al., 2002; Qian et al., 2009; Li et al., 2011; Guo et al., 2016a).
Meanwhile, aerosols from anthropogenic pollution can cause serious impacts on
atmospheric environment and human health by carrying hazardous materials (Pope et
al., 2002; Zhang et al., 2007; Samoli et al., 2008; Xu et al., 2013). Thus, it is very
important to get accurate information of aerosol properties, such as aerosol optical
depth (AOD) and particle matter with size equal or smaller than 2.5 pm aerodynamic

diameter (PM2 ).
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Aerosol properties are often obtained through satellite remote sensing, surface
remote sensing, surface and aircraft in-situ observations. Remote sensing observation
generally provides the aerosol optical properties such as aerosol extinction coefficient
and AOD, but not the aerosol mass or number concentration. Differently, in-situ
observations can provide direct measurements of aerosol concentration and PMas.
However, the limited samples for aircraft observation and limited sites for
ground-based in-situ observation make it challenging to obtain the PM.s over many
locations, particularly the spatial distribution. Recent studies have proposed methods
to estimate the surface PM>s based on the AOD observations from satellites (van
Donkellar et al., 2006, 2010, 2013; Drury et al., 2008; Wang et al., 2010b; Xin et al.,
2016). Although PMas from AOD has not high temporal resolution and is not
available when it is cloudy or very pollutant, these methods provide the spatial
distribution of PM2 5 globally or regionally.

Many studies have focused on the building of statistical regression models to
derive the surface PMz s from AOD. For example, van Donkelaar et al. (2010) derived
the global PM»s concentration distribution from satellite-derived AOD using the
PM2s/AOD ratios obtained from a global chemical transport model (CTM). Xin et al.
(2015) investigated the relationships between PMzs and AOD over China using the
observations from the Campaign on atmospheric Aerosol Research-China network
during the period from 2012 to 2013.

The relationships between PMzs and AOD show significant differences over

5
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various locations (Corbin et al., 2002; Wang and Christopher, 2003; Hand et al., 2004;

Ramachandran, 2005; Kumar et al., 2007; Zhang et al., 2009a; Ma et al., 2014). Some

studies (e.g., Ma et al., 2014) have suggested that aerosol types and meteorological

conditions can affect the relationship between PM s and AOD. However, systematic

5  studies about the influential factors to the relationship between PMzs and AOD have

not been carried out, which are necessary for future derivation of accurate PMz s from

satellite AOD observations. Using both satellite and surface observation of aerosol

properties and meteorology variables in Beijing from 2011 to 2015, this study

analyzes the influential factors to AOD-PMas relationship, which includes aerosol

10 type, relative humidity (RH), atmospheric planetary boundary layer height (PBLH),
wind speed, and the vertical structure of aerosol distribution.

The paper is organized as follows. Section 2 describes the data and method.

Section 3 analyzes the potential influential factors to AOD-PM, s relationship, and

section 4 summarizes the findings.

15  2.Data and Method

2.1 Data

The data used in this study are described as follows, including the data sources,
their spatial and time resolutions, and so on. These data includes surface PMas
concentrations and AOD, satellite-based AOD from the moderate-resolution imaging

20  spectroradiometer (MODIS), satellite-based aerosol profiles from the Cloud-Aerosol
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Lidar and Infrared Pathfinder Satellite Observation (CALIPSO), and meteorology
data from China Meteorological Administration (CMA).
a. Ground PM>.5s Measurements

The ground-based aerosol observation of PM» s concentrations with hourly time
resolution for the period of 2011 to 2015 is obtained from the U.S. Department of
State at a single site (39.95 N, 116.47 E) in Beijing, as reported on the

http://www.stateair.net/ website. This data has relatively long time record, and has

been widely used by many studies (Zheng et al., 2015; Jiang et al., 2015).
b. Meteorological Data

Meteorological parameters with 3-hour temporal resolution are provided by
CMA, including cloud fraction (CF), 6-hour total precipitation (TP), relative humidity
(RH), surface wind speed and wind direction. To eliminate the contamination of cloud
and precipitation, data samples under cloudy (CF = 0.1) or rainy conditions (TP>0)
are removed. Same as Yang et al. (2016), we should note that even with this limitation,
some days with few broken clouds (CF<0.1) still can introduce additional
uncertainties to our study. Planetary boundary layer heights (PBLH) are extracted
from the European Centre for Medium-Range Weather Forecasts (ECMWF) interim
reanalysis (ERA-Interim; Dee et al. 2011), with a horizontal resolution of 0.25°x
0.25° and 3-hour temporal resolution. Guo et al. (2016b) have investigated the PBL in
China from January 2011 to July 2015 using both the fine-resolution sounding

observations and ECMWF reanalysis data. It was found that the seasonally averaged

7
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BLHs derived from reanalysis are generally in good agreement with those of
observations in Beijing. Considering this and that there are only 2 times sounding
observations every day, the seasonally averaged ERA-BLHs have been used in this

study.

¢. AERONET measurements

The Aerosol Robotic Network (AERONET) program is a federation of
ground-based remote sensing aerosol networks with more than 400 stations globally.
At AERONET sites, the CE318 multiband sun-photometer is employed to measure
spectral sun irradiance and sky radiances, from which AOD at 550 nm can be derived.
The AOD data has been processed into three quality levels: Level 1.0 (unscreened),
Level 1.5 (cloud-screened), and Level 2.0 (cloud screened and quality-assured)
(Holben et al., 1998). A detailed description about AERONET retrievals is discussed
in Holben et al. (1998). In this study, Level 2.0 AOD at 550 nm, SSA at 675 nm and
Fine Mode Fraction (FMF) of Beijing (39°N, 116°E) are used. It’s worth noting that
AOD retrieved from AERONET are accurate to within £0.01 (Dubovik et al., 2000).
d. CALIOPSO profile products

CALIPSO is one part of A-Train, which is a constellation of satellites, tracking in
a polar orbit and crossing the equator northbound at about 13:30 local time (LT)
(Stephens et al. 2002). To investigate the characteristics of the aerosol vertical
distribution, aerosol extinction profiles at 532 nm from Version 3.01 CALIOP Level 2

5 km Aerosol Profile for the period of 2011 to 2015 are used, which are provided by
8
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the CALIOP space borne lidar onboard the CALIPSO satellite (Winker et al., 2007,
2009; Hunt et al., 2009). The horizontal resolution is 5 km, and the vertical resolution
varies with altitude. The CALIPSO columnar AOD is the integration of aerosol
extinction coefficient with the altitude.

The extraction algorithm of the aerosol profile is shown in Fig. 1. First, the
overpass time of CALIPSO satellite can be determined according to the geographical
location of Beijing site (39.95°N, 116.47°E). Second, at each CALIPSO satellite pixel,
AOD at each layer is derived as the multiplication of the extinction coefficient and
layer depth. Finally, the AOD profiles inside 100 km radius region surrounding the
Beijing site is averaged as the final result. Note that when there are clouds or
precipitation, the data are excluded in our analysis. Also, in this process, low-quality
profiles in which Extinction_Coefficient_Uncertainty 532 (Sigma_Uncertainty in Fig.
1) is greater than 99% and COD is greater than 0.1 have been excluded.

e. MODIS aerosol product

The MODIS instrument has a global coverage every one to two days with a
viewing swath of 2330 km. It is operating on both the Terra and Aqua satellite, of
which the overpass time are approximately 10:30 and 13:30 LT, respectively. To
compare the AOD from MODIS and CALIPSO (only passes in the afternoon)
observation, AOD from Terra (10:30 LT) are not used. Level 2 MODIS aerosol
product data (Collection 5.1) for the period of 2011 to 2015 are obtained from the

Level-1 and Atmosphere Archive and Distribution System (LAADS DAAC), of which
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the spatial resolution at nadir is 10 kmx10 km (Levy et al., 2010). The AOD data
(MODIS parameter name: Deep_Blue Aerosol Optical Depth Land) at 550 nm are

used in this study.
2.2 Method
a. PM>s/A0D ratio

AOD represents the total attenuation that aerosols of the whole atmosphere exert
on solar radiation, while PMa2s mass concentrations measured by the ground
monitoring site can only reflect the near-surface air quality condition. Based on the
assumption of linear relationship between AOD (unitless) and PMas (ug/m?), van
Donkellar et al. (2010) has introduced a conversion factor (), which can be defined
as:

PM,,

— 2.5
i AOD

()

where # (ug/m?) indicates the optical thickness of aerosol particles per unit mass
concentration. Its value depends on the aerosol type, aerosol size, RH, PBLH, and the
vertical structure of aerosol distribution. At the same PM» s concentration, if AOD is
smaller, the extinction capability is weaker; if AOD is larger, the extinction capability
is stronger. In other words, the larger the #, the weaker the aerosol extinction
capability; the smaller the #, the stronger the aerosol extinction capability. Using this

factor, we can study the dependence of PM25-AOD relationship (represented by #) on

10
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different influential factors.

b. Aerosol Classification Method

Due to the difference of the sources, aerosols exhibit noticeable discrepancies in

physical and optical properties with respect to the location and season. Fine-mode
5  fraction (FMF) refers to the AOD fraction of fine-mode to the total. Angstrom

exponent (AE) is an index reflecting the particulate size distribution of aerosols.

Using FMF and AE, we can determine the dominant size mode of aerosols. We can

also distinguish absorbing from non-absorbing aerosols based on measurements of

single scattering albedo (SSA), which is defined as the ratio of the scattered
10  coefficient to the total attenuation coefficient.

In this study, hourly averaged level 2 inversion products from AERONET at sites
in Beijing are used, including FMF, AE and SSA data. According to the radiation
absorptivity and the size of aerosol particles (Lee, et al., 2010), aerosols are classified
into six types as follows:

15 1) Coarse non-absorbing (SSA>0.95, FMF<=0.4 and AE<=0.6)

2) Coarse absorbing (SSA<=0.95, FMF<=0.4 and AE<=0.6)

3) Fine non-absorbing (SSA>0.95, FMF>0.6 and AE>1.2)

4) Fine absorbing (SSA<=0.95, FMF>0.6 and AE>1.2)

5) Mixed non-absorbing (SSA>0.95, 0.4<=FMF<0.6 and 0.6<=AE<1.2)

20 6) Mixed absorbing (SSA<=0.95, 0.4<=FMF<0.6 and 0.6<=AE<1.2)

11
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Coarse absorbing and fine absorbing aerosols are considered as dust and black
carbon (BC) respectively. Since the high percentage of fine mode absorbing aerosol, it
is further divided into heavily (SSA<=0.85), moderately (0.85<SSA<=0.9) and
slightly (0.9<SSA<=0.95) absorbing aerosols. Fig. 2 shows the aerosol type
classification performed using SSA, FMF and AE from AERONET at sites in Beijing
using the method described above. Roughly, the aerosols are mainly fine mode
slightly absorbing and non-absorbing particles in summer, and fine mode slightly and
moderately absorbing particles in winter. The coarse mode dust aerosols mainly

occurs in spring (MAM) and winter (DJF).

3. Analysis and Results

3.1A0D

We first evaluate the uncertainties in the satellite observed AOD using the ground
observations from AERONET at the satellite passing time, including both MODIS
and CALIPSO at 13:30 LT. Based on the satellite overpass time, the corresponding
AERONET AOD in time within 30-min are compared to MODIS AOD and
CALIPSO AOD respectively, which is shown in Fig. 3. The correlation between
MODIS and AERONET AOD is significant (R?> = 0.85, N = 415), with a slope of 1.32
and an RMS error of 0.23, indicating that MODIS AOD is biased high compared to
AERONET AOD. In contrast, the correlation between CALIPSO and AERONET

AOD is slightly lower than that between MODIS and AERONET (R? = 0.65, N = 70),

12
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with a slope of 0.78 and a RMS error of 0.31. In general, the CALIPSO AOD is
biased low compared to AERONET AOD.

Table 1 further shows the inter-comparison results of AOD between AERONET
and MODIS in spring (MAM), summer (JJA), fall (SON) and winter (DJF). MODIS
has a substantial positive bias in spring, summer and fall (36.7, 44.7 and 32.9%), but a
smaller positive bias in winter (10.2%). MODIS correlates best with AERONET in
spring and summer, of which R? is 0.81 and 0.87. When the AOD becomes small, it
seems that the correlation of AOD between MODIS and AERONET also decreases.

Same as Table 1, Table 2 shows the inter-comparison results of AOD between
AERONET and CALIPSO in spring, summer, fall and winter. The correlation (R?)
between CALIPSO and AERONET AOD are 0.52, 0.48, 0.85 and 0.55 respectively in
four seasons. CALIPSO AOD has a positive bias in summer and winter (6.6 and
25.0%), but a negative bias in spring and fall (-5.2 and -14.2%). For all seasons,
RMSE are less for MODIS than CALIPSO compared to AERONET. The results
shown in Fig. 2 and Tables 1 and 2 indicate that considerable uncertainties exist in the
satellite observed AOD, introducing up to 45% errors (seasonal biases 5-45%) to the

quantification of AOD-PM; s relationships.

3.2 Effect of RH and PBLH

Relative humidity, by affecting the water uptake process of aerosols, can cause a

pronounced change to the aerosol size distribution, chemical composition, and the
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extinction characteristics (Liu et al., 2008). The hygroscopic growth factor, defined as
ARH), denotes the ratio of the aerosol scattering coefficients in ambient with a certain
RH to that in dry air conditions (Li et al., 2014). In this article, {RH) is expressed as

follows in a simple function:

1

(1-RH /100) @

JS(RH) =

The hygroscopic growth process causes the overestimation of the AOD, since the
columnar AOD is derived under ambient conditions. An adjusting dehydration process

is needed, which can be described as:

aop, =200 3)
7 f(RH)

where AODyry represents the aerosol optical depth with dehydration adjustment.

PBLH influences the vertical profile of particulate matters. In general, the PBLH
is dependent on many factors, including meteorological conditions, terrain, sensible
heat flux, evaporation and ground roughness (Stull, 1988). Based on the assumption
that the air is uniformly mixed and aerosol particles are evenly distributed in the
boundary layer, the column integrated PM2 5 concentration (PM25_coumn) Within PBLH

can be approximated as:

PM = PM, x PBLH (4)

2.5_column
Previous studies have shown that aerosols are mainly concentrated within the
PBL (Guinot et al., 2006; Zhang et al., 2009b). Here, we assume that the column

integrated PM» s within PBLH should be comparable to the whole column integrated

14
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PMys. Egs. (3) and (4) imply that the increase of RH can result in the increase of
AOD and the decrease of 7, and that the increase of PBLH can cause the decrease of
near-surface PM2s concentrations and the decrease of 5. Actually, PBLH often
correlates with RH, making the separation of PBLH and RH effects challenging. Here,
5 we simply show the effects of both PBLH and RH on the AOD-PMa s relationship.
Fig. 4(a) shows the time series of PBLH (km) and RH (%). It’s clear to see an
opposite trend between PBLH and RH. The averaged PBLH for 2011 to 2015 are 2.56
km, 1.97 km, 1.55 km and 1.32 km respectively in MAM, JJA, SON and DJF, of
which the corresponding averaged RH are 27.58%, 48.73%, 42.78% and 33.05%. In
10  May, PBLH has the highest value above 2.5 km, and in July, RH has the highest value
above 50%. The opposite trend between PBLH and RH shown in Fig. 6(a) implies
that AOD-PMas relationship could be improved a lot while both of their effects are
considered.
Fig. 4(b) shows the temporal variation of monthly averaged AOD and PM> s at
15 14:00 LT without any meteorology-based modification to the original observations. It
shows a good positive relationship in the time variations of monthly averaged AOD
and PM:s with a high correlation (R? = 0.63). Although the temporal trend of AOD
and PMzs are basically consistent, AOD are considerably higher in MAM and JJA
while PMys lower in JJA. That’s because in MAM, PBLH is high and the vertical
20  mixing of aerosols makes near-surface PM2s concentrations low, while in JJA, RH is

high and the hygroscopic growth of aerosols lead to the increase of AOD.

15
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Fig. 4(c) further shows the temporal variation of monthly averaged AODgay and
PM25 column at 14:00 LT which have been adjusted based on Egs. (3) and (4). It shows
much better positive relationship in the temporal variation of monthly averaged
AODgry and PM25 coumn, With R? as 0.74. This promising result indicates that the
PBLH and RH corrections are essential for the improvement of the retrieval accuracy
of PM2s from AOD.

Fig. 5 compares the diurnal variation of RH and PBLH over four seasons
averaged from 2011 to 2015 in Beijing. In terms of seasonal difference, PBLH is the
highest in MAM, followed by JJA and SON, the lowest in DJF, which is consistent
with the results found by Guo et al. (2016b). In spring, high PBLH may be associated
with the climatologically strongest near-surface wind speed, while in summer, high
PBLH is contributed to the strong solar radiation (Guo et al., 2016b). RH is the
highest in summer, followed by fall and winter, the lowest in spring. In terms of
diurnal variation, it can be seen that from 8:00 to 14:00 LT, the solar radiation that
surface receives increases, making PBLH rises and RH decreases gradually; PBLH at
14:00 LT is the highest and RH at 14:00 LT is the lowest within the whole day.
However, from 14:00 to 20:00 LT, the solar radiation that surface receives reduces,
thus PBLH goes down and RH increases gradually. PBLH is the lowest and RH is the
highest at 23:00 and 2:00 LT respectively within the whole day.

Fig. 6 shows the diurnal variation of multi-year (2011-2015) averaged RH and

PBLH, AOD and PM2s, AODg4y and PM2s cloumn in four seasons. The columns

16
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represent four seasons of spring, summer, fall and winter and the rows represent
different variables. Fig. 6(al-d1) show that PBLH and RH demonstrate a steady
increase and decrease trend from 6:00 to 17:00 LT, respectively. As shown in Fig.
6(a2)-(d2), the AOD-PM: s linear relationship shows that R? are 0.01, 0.24, 0.85 and
0.84 in four seasons respectively. After PBLH and RH corrections (Fig. 6(a3-d3)), it
shows that R? between AODdry and PM2s cioumn are 0.93, 0.84, 0.91, 0.93 in four
seasons respectively. These results further indicate that RH and PBLH play essential

roles for AOD-PM3 s relationship.

3.2 Aerosol type

To study the influence of aerosol type on 7, we analyze the data from 11:00 to
17:00 LT in four seasons respectively. By doing this, we try to limit the influence of
diurnal and seasonal variation of RH and PBLH on #. The aerosol types can be
classified based on the aerosol particle size and radiative absorptivity, and # is a good
indicator to the extinction capability of different aerosol types.

Fig. 7 depicts the seasonal frequency distribution of aerosol types in four seasons
at Beijing for the period of 2011 to 2015. Dust accounts for 15.4%, 0.4%, 6.4% and
6.9% in spring (MAM), summer (JJA), fall (SON) and winter (DJF) respectively.
Same as that indicated from Fig. 1, dust aerosols is heavy in spring and winter,
particularly in spring. Higher proportion of dust in spring is mainly associated with

the long-range transport from northwest arid areas (Yan et al., 2015, Tan et al., 2012).
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Fine mode absorbing aerosols account for 36.5%, 42.6%, 51.1% and 60.3% in four
seasons respectively, of which moderately absorbing aerosols account for the highest.
Owing to the biomass burning and soot emission generated from heating, the fine
mode heavily-absorbing aerosol percentage is higher in winter than in other seasons,
which is 7.7%. The content of heavily non-absorbing aerosols is significantly higher
in summer and fall than in other two seasons, particularly in summer with a value of
48.4%. As a whole, the aerosol particles in Beijing are primarily fine-mode and
absorbing aerosols in terms of particle size and optical property.

Fig. 8 presents the variation of # with the aerosol type by season in Beijing. Note
that there are too few coarse-mode cases in summer and the corresponding 7 is a
missing value. # generally decrease with particle size, with the smallest value for
coarse-mode aerosols and largest value for fine-mode aerosols, and it seems that # of
non-absorbing aerosols is smaller than absorbing aerosols. This implies that the
aerosol extinction capacity increases with particle size, and it is stronger for the
non-absorbing aerosols than absorbing aerosols.

Table 3 further compares the AERONET hourly averaged AOD to PM; 5 mass
concentrations by aerosol type. Coarse Non-absorbing aerosols show the lowest
correlation between AOD and PMa s, of which R? is 0.10. For all kinds of aerosols, the
correlation between AOD and PM; ;s is relatively lower than that for aerosols with a
specific type other than coarse non-absorbing, of which R? is 0.51 and RMS error is

46.34 pg/m’.
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Fig. 9 shows the difference in the relationship of PMazs and AOD among six
different aerosol types by season. For all types of aerosols, the slopes of the linear
regression functions (PM2s=axAOD+b) are 90.16, 56.9, 117.97 and 138.42 in four
seasons respectively. The seasonal differences of the slope are attributed to the effect
of PBLH and RH. In summer, high RH brings about the hygroscopic growth of
aerosol, thus increasing the extinction efficiency of aerosols and then reducing the
slope. Differently, in winter, low PBLH value increases the contribution of surface
PMas to the columnar AOD, thus increasing the slope. The slopes in spring and
autumn fall in between. However, there are large differences in the slope of regression
functions among different aerosol types, which varies from 13.75 to 111.09, 40.04 to
204.45, 70.79 to 130.56 and 43.58 to 157.93 pg/m? in four seasons respectively. Same
as shown in Fig. 4, the slope decreases with particle size, with smallest value for
coarse-mode aerosols and largest value for fine-mode aerosols in four seasons, and the

slope of non-absorbing aerosols is generally smaller than absorbing aerosols.

The findings in this section implies that AOD-PM»s relationship varies
considerably with aerosol types. When we investigate the relationship between PMa s

and AOD, the aerosol types should be carefully considered for study regions.

3.4 Wind

This section discusses how wind affects the AOD-PMas relationship in two

aspects: wind direction and surface wind speed. Surrounded by Hebei province with
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severe pollution, Beijing is affected by the long-range transport of aerosols. The
seasonal variation of wind direction changes the transport and spatial-temporal
distribution of aerosols originated from different sources with distinctive
physicochemical characteristics, which has a direct influence on the AOD-PM,;

relationship.

Fig. 10 describes the wind rose of Beijing in four seasons for the period from
2011 to 2015. Surface wind speed is mainly distributed in the range of 0 to 9 m/s.
Wind direction is mainly southwest in spring and summer, northeast in fall and
northwest in winter. There are more windy days in spring and winter. The northwest
wind in spring causes the transport of dust aerosols from gobi and desert regions of
China to Beijing. The occurrence frequency of stable weather (v=0 m/s) are 4.2%,
5.8%, 9.2% and 8.3% in spring, summer, fall and winter, respectively. Different from
the wind speed which will be analyzed in Figs. 11 and 12, the influence of wind
direction to the AOD-PM3 s relationship is not significant, at least in this study, which

is worthy for further study in the future.

Fig. 11 illustrates the relationship between the severity extent of haze with
surface wind speed. For good air quality (PM2s<50 pg/m®), the occurrence rate
increases with increasing wind speed, ranging from 39.3% (v<=1 m/s) to 92.9% (v>7
m/s). Differently, the occurrence of poor air quality (PM25>150 pg/m?) ranges from

20.92% (v<=1 m/s) to 0 (v>7 m/s). The weakening of surface wind speed reduces the
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transport of near-surface haze to the outside regions, leading to the build-up and
continuance of heavy haze weather in Beijing. On the contrary, the increase of surface
wind speed, which may be due to the development of weather system like monsoon in
Beijing, causes the disperse of aerosols, and then reduction of the heavy haze

occurrence rate.

Fig. 12 describes the variation of averaged AOD, PM. s and # with surface wind
speed. Although AOD and PMa s are basically consistent in the decrease trend with the
increasing surface wind speed, AOD variation is more complicated and less sensitive
to surface wind speed. Compared with the PM, s variation range of 10~110 pg/m?, the
variation range of AOD is between 0.2 and 0.6. This is likely associated with the fact
that the columnar AOD is affected by many factors, and the surface wind speed is just
a disturbing term to surface PMzs. Similar to the variation of AOD and PM s, # also
decreases with the increasing surface wind speed, indicating that the contribution of

surface PM2s concentrations to AOD decreases with surface wind speed.

3.5 Vertical distribution of aerosols

It has indicated that the relationship between AOD and PMs varies with the
surface wind speed and the surface aerosol amount. Considering that AOD is the
vertical integration of aerosol optical properties, the AOD-PMay s relationship should
vary with the vertical distribution of aerosols. We examine this by using the extinction

profiles in 532 nm band from the Version 3.01 CALIOP Level 2 5 km Aerosol Profile
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product from 2011 to 2015.

Fig. 13 shows the CALIPSO aerosol optical depth vertical distribution profile
and cumulative distribution with height in four seasons. Fig. 13(a) shows that there
are different AOD vertical distribution patterns among four seasons. The maximum

5 AOD occurs at different heights as described later in Fig. 14. These different vertical
patterns could make the AOD-PM: ;s relationship vary with season. Fig. 13(b) further
shows that cumulative AOD is very different in summer from other seasons, with
more concentrated at high heights.

Fig.14 shows the probability density distribution function (PDF) of AOD with

10  altitude in four different seasons. Within the atmospheric boundary layer, the main air
movement form is the turbulent motion, promoting the vertical exchanges of heat,
water vapor, momentum and various kinds of materials including aerosol pollutants.
The turbulent energy is generally dependent on both the buoyancy and wind shear,
particularly the buoyancy which is highly related to surface downwelling radiation.

15 Obviously, compared to other seasons, the solar radiation received by the surface is
more in summer, and the turbulence is stronger, making aerosol transfer to a higher
altitude. As expected and that shown in Fig. 13 (a), the vertical distribution of AOD is
highly different in four seasons, implying different AOD-PMs relationships. The
height # with peak AOD is 516.8 m in summer, higher than that in other seasons,

20  indicating that the aerosols are mainly distributed in heights below ~500 m. The

height /# with peak AOD is about 337 and 277 m in spring and fall, respectively. In
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winter, the surface receives the least amount of solar radiation, leading to weak
turbulence. Correspondingly, # with peak AOD is only 158 m in winter, indicating
that the aerosols are mainly distributed near the surface layer, contributing to heavy
haze events in this season.

The significant time variation of the aerosol vertical distribution makes it one of
key factors to influence the AOD-PMas relationship. We next examine the
relationship between AOD from surface to different heights and PMz 5 at surface. By
defining AOD below a height as the integration of extinction coefficients vertically
from surface to that height, the ratio of AOD below a specific height to the total AOD

can be determined by CALIPSO vertical profile, which is

AOD,, .
AOD” = AODAer‘nnetTotul XW (5)

CalipsoTotal

where AOD eroneitoral 18 AOD derived by AERONET, AODcuiipsotort 18 the total
AOD from CALIPSO. AODcuiipsosetowrr is AOD below H from CALIPSO. AODy is the

AOD below H.

We here examine four heights, which are 500 m, 1000 m, PBLH and top of
atmosphere. Note that PBLH is not constant, but varies with time. Fig. 15 shows
linear relationships between AOD below these four heights and PMa:s at surface. For
four heights of 500 m, 1000 m, PBLH and top of atmosphere, we can see that the
correlation between AOD below and surface PM,s decreases with selected heights,
with R? of 0.77, 0.76, 0.66 and 0.64 respectively. More clearly, the slopes of linear

regression lines vary a lot for heights 500 m, 1000 m and PBLH, but much smaller for
23
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H above PBLH. This further implies that most of aerosols concentrate within PBLH
in the atmosphere, and the variation of aerosol vertical distribution could introduce

large uncertainties to AOD-PMa s relationship.

4. Summary

This study analyzes the various factors that affect the AOD-PMa.s relationship
qualitatively or quantitatively, including the satellite AOD observation, aerosol type,
RH, PBLH, wind direction and speed, and the aerosol vertical distribution. It shows
all of these factors can change the AOD-PM:s relationship, with different
contributions. AOD from MODIS and CALIPSO are evaluated against the AERONET
data. The MODIS and AERONET AOD correlation is significant (R? = 0.85, N = 415),
with a slope of 1.32 and a RMS error of 0.23, indicating that AOD is higher from
MODIS than that from AERONET. In contrast, the correlation of AOD between
CALIPSO and AERONET is slightly lower (R? = 0.65, N = 70), with a slope of 0.78
and a RMS error of 0.31.

There are large differences in the seasonal and diurnal variation of PBLH and
RH. In Beijing, PBLH is the highest in spring, followed by summer and fall, the
lowest in winter, and RH is the highest in summer, followed by fall and winter, the
lowest in spring. For AOD and PMs data with the correction of RH and PBLH
compared to those without, R? of monthly averaged PMzs and AOD at 14:00 LT
increases from 0.63 to 0.76, and R? of multi-year averaged PM s and AOD by time of

day increases from 0.01 to 0.93, 0.24 to 0.84, 0.85 to 0.91 and 0.84 to 0.93 in four
24
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seasons respectively.

The aerosol particles in Beijing are primarily fine-mode and absorbing aerosols
in terms of particle size and optical property. Due to the long-range transport of
aerosols from northwest arid areas, dust aerosols is heavy in spring and winter,
particularly in spring. It shows that # varies from 54.32 to 183.14, 87.32 to 104.79,
95.13 to 163.52 and 1.23 to 235.08 ug/m? with the aerosol type in spring, summer, fall
and winter, respectively. # is generally smaller for scattering-dominant aerosols than
for absorbing-dominant aerosols, and smaller for coarse mode aerosols than for fine
mode aerosols.

The surface wind speed significantly affects the occurrence of haze events. For
good air quality (PM25<50 pug/m?), the occurrence rate increases with increasing wind
speed, ranging from 39.3% (v<=1 m/s) to 92.9% (v>7 m/s). Differently, the
occurrence of poor air quality (PM2.5>150 pg/m?®) ranges from 20.92% (v<=1 m/s) to
0 (v>7 m/s). It shows that 5 decreases with the increasing surface wind speed,
indicating that the contribution of surface PM2s concentrations to AOD decreases
with surface wind speed.

The vertical structure of aerosol distribution exhibits a remarkable change with
seasons, which could also contribute a lot to the AOD-PM; s relationship. This study
shows that aerosols mainly concentrate within about 500 m height in summer, while
concentrate within the surface layer of around 150 m height in winter in Beijing.

Compared to the AOD of the whole atmosphere, AOD below 500 m has a better
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correlation with PM, s, of which R? is 0.77 and RMSE is 38.6 pug/m>.
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Table 1. Comparison of AERONET and MODIS AOD by season and over all seasons.

Season | AERONET MODIS R? Bias Bias% | RMSE N
Spring 0.49 0.66 0.81 0.18 36.7 0.23 214
Summer 0.61 0.88 0.87 0.27 44.7 0.29 103
Fall 0.30 0.39 0.69 0.10 32.9 0.15 50
Winter 0.19 0.21 0.34 0.02 10.2 0.08 48
All 0.46 0.63 0.85 0.17 37.8 0.23 415

Note: Bias% is defined as 100 x (MODIS AOD-AERONET AOD)/AERONET AOD (Green et al.,

2009). RMSE is the root mean squared prediction error (ug/m?).Period for comparison is

2011-2015.
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Table 2. Comparison of AERONET and CALIPSO AOD by season and over all seasons

Season | AERONET | CALIPSO R? Bias Bias% | RMSE N
Spring 0.44 0.42 0.52 -0.02 -5.2 0.33 21
Summer 0.53 0.57 0.47 0.04 6.6 0.32 16
Fall 0.95 0.81 0.85 -0.14 -14.2 0.34 12
Winter 0.42 0.53 0.55 0.11 25.0 0.27 21
All 0.54 0.55 0.65 0.01 1.7 0.31 70
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Table 3. Correlations between AOD and PM» s mass by dominant aerosol specie

Dominant Aerosol Specie R? RMSE (ug/m?) N
Coarse Absorbing 0.56 27.07 480
Mixed Absorbing 0.67 36.44 1383
Fine Absorbing 0.53 48.06 2143
Coarse Non-absorbing 0.10 44.51 56
Mixed Non-absorbing 0.61 44.05 234
Fine Non-absorbing 0.58 40.19 434
All 0.51 46.34 4728
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Figure Captions

Figure 1. Flow chart of deriving aerosol vertical profile from CALIPSO data.

Figure 2. The aerosol classification scheme in four seasons from 2011 to 2015 using AE, SSA
and FMF data from AERONET at sites in Beijing. The scatter plots of different colors is
the distribution of aerosol types with different physic-optics characteristics in four
seasons.

Figure 3. Scatter plots of AERONET AOD vs. MODIS AOD (a), and AERONET AOD vs.
CALIPSO AOD (b) for the period of 2011 to 2015 in Beijing.

Figure 4. Comparison of monthly averaged RH and PBLH (a), AOD and PMs (b), AODury
and PM25_column (¢) at 14:00 LT for the period of 2011 to 2015 in Beijing.

Figure 5. Diurnal variations of multi-year (2011-2015) averaged RH and PBLH over four
seasons in Beijing.

Figure 6. Comparison of multi-year (2011-2015) averaged RH and PBLH (al~d1), AOD and
PM: 5 (a2~d2), AODdry and PM2 5 column (a3~d3) by time of day in different seasons. The
columns represent four seasons and the rows represent three different variables.

Figure 7. The frequency distribution of aerosol types over four seasons for the period of 2011
to 2015 in Beijing.

Figure 8. The variation of # with the aerosol type in four seasons for the period of 2011 to
2015.

Figure 9. Scatter plots between AERONET AOD and PM s concentrations in four different
seasons for six different types of aerosols. The first to 6™ columns represent the aerosol
types of coarse absorbing, mixed absorbing, fine absorbing, coarse non-absorbing, mixed
non-absorbing and fine non-absorbing, respectively. The colors also represent different
aerosol types. The rows represent four seasons.

Figure 10. Wind rose of Beijing in four seasons for the period of 2011 to 2015

Figure 11. The relative distribution of AOD (upper panel) and PMz s (lower panel) within
different value ranges at Beijing for different surface wind speed ranges from 2011 to
2015. v and N represent the wind speed and samples respectively. The colors represent
the value ranges of AOD (upper panel) and PM: 5 (lower panel).

Figure 12. Variation of averaged AOD, PM» s (left panel) and # (right panel) with the surface
wind speed.

Figure 13. Aerosol vertical distribution profile (a), and aerosol cumulative distribution from

high to low with altitude (b) in four seasons. The colors represent different seasons.
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Figure 14. The normalized vertical distribution of AOD in four seasons. 4 values shown in
each panels are the heights with the highest AOD contribution (percentage). The colors
represent different seasons.

Figure 15. Scatter plots of stratified AOD vs. PM2.5 concentrations. The red solid line is the

5 linear fitting regression lines. It shows the relationship between (a) AOD below 500m, (b)
AOD below 1000m, (c) AOD below PBL and (d) AOD of the whole atmosphere and

PM2.5 concentrations.
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Figure 1. Flow chart of deriving aerosol vertical profile from CALIPSO data.
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Figure 2. The aerosol classification scheme in four seasons from 2011 to 2015 using AE, SSA

and FMF data from AERONET at sites in Beijing. The scatter plots of different colors is the

distribution of aerosol types with different physic-optics characteristics in four seasons.
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Figure 3. Scatter plots of AERONET AOD vs. MODIS AOD (a), and AERONET AOD vs.
CALIPSO AOD (b) for the period of 2011 to 2015 in Beijing.
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seasons in Beijing.

47



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-1170, 2017 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 17 February 2017

and Physics
(© Author(s) 2017. CC-BY 3.0 License.

Discussions
(1) MAM _— b1) JIA 44e1) SON - 4 91 DUF
27 90 27 90 27 27 0
=it 80 =24 it ] 80 =24t =2 80
g /“) 608 2 Q‘\o,o\" a0 E s g—‘lg e E
= 15 50 =15 50 =St 50
Bt ol uE En nE 25 B ~ uE
09} - o9t f 09+ & 0 3
06 0-0-0-0-4 20 061-F v T 20 06+ 06 20
03| e 1 03 10 031 L) - 10
6 7 8 910111213141516171819 5678 ‘?10]1]2[314]5]51“8]920“ 5 56 7 8 91011121314151617181920
Time (h) Time (h)
82) MAM (Ré=0.1 b2) JIA (R?=0.24] c2) SON_(Ri=0.85; (d2) DJF (R*=0.84
&2 « ) - 0;( ) A ( oo 0 {C2) SON (1 35) 80 o (d2) L ) a0
09 90 1902 07 08 45 -
o8l e Tea 80 E 0.8 180 06 leo & o 80 E
07 ,_(~"“ 0% 0.7 -9 1T i lso & 70 5
0 06 g e-ee? ‘\ 1602 goe i 10 f o ] 80(’;5 60 &
Sos f" S gos S son Q04 40 5 50 2
i g2 =i O g <& @3
30 h; i 3 + 1 -
02 20& 02 08 o r%& 0.1 20 E
0L 10 0.1 + 10 U | ) Dg.; 100
0567 dTottizaata 161620 0 s 7 s 9toinzinasienaioze’ 56 78 91011121314151617181920 567 8 91011121314151617181920
Time (h) Time (h) Time (h)
@3) MAM (R*=0.93 b3) JJA (R?=0.84] €3) SON (R*=0.91. (d3) DJF (R*=0.93;
83) ) ‘) o o5 DDHAL } 200 _ 04 () d ) o 04 ( ) 160
09 180 045 1680% 035 140E 035 1407
08 Ry }33% s T m; 2 joE i W 1205,
¥ x £ 140 §- B -
Eos £ \ 1202 & 03 7025 1002 £025 1003
% o 03 1202 @ 2
g5 Z’_.,u("*ﬂ\ 100 3 © 0354 IPe .z Y 00 § & 02~ = X180 ED 02 180 g
= 04 - 80 3 < 02 / Nofmw £ Tors 60 £ < 015 w0 £
0.3 60 @ 015 \ 60 3 01 o _3 01 i 40 %
02 05 o1 40 - = ' 5
01 - 200 = 0.05| g |20 2 0.05 o 20 & 0.05 20 2
0 0 0
567 8 91011121314151617181920 567 8 91011121314151617181920 567 8 o TmnnI s eIso 567 8 91011121314151617181920
Time (h) Time (h) Time (h) Time (h)
PBLH —0—RH —e— AOD —*—PM,, —e—A0D, —*—PM,

Figure 6. Comparison of multi-year (2011-2015) averaged RH and PBLH (al~d1), AOD and
PM:s (a2~d2), AODgy and PM2s coumn (a3~d3) by time of day in different seasons. The
columns represent four seasons and the rows represent three different variables.

48



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-1170, 2017 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 17 February 2017 and Physics
(© Author(s) 2017. CC-BY 3.0 License. Discussions

18.3%
22.98%

R 25.94%
31.43%

I Coarse Non-absorbing [l Mixed Non-absorbing [l Fine Non-absorbing
I Coarse Absorbing I Mixed Absorbing [ Fine Heavy-Absorbing
I Fine Slight-Absorbing Fine Moderate-Absorbing

Figure 7. The frequency distribution of aerosol types over four seasons for the period of 2011

to 2015 in Beijing.

49



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-1170, 2017 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 17 February 2017 and Physics
(© Author(s) 2017. CC-BY 3.0 License.

Discussions

o
o £
a 2"
z >
S TG
2 2 HHHHHH A 8755
° 8% ARERARARRRARERRNERREREREEN
5 2
2 3= 95.94
o
4
5
g
8
) ) 60 80 100 120
(d) DJF
g J
! 15820
of 18486 1
=4 £
L= 159.05 Q& 22134
5 |
2 16352 4 2 i 235.08
2 S
3 E 3% 1
£ 2 o i
X = 2=
H T
g
o
020 40 60 80 100 120 140 160 180 200 220 0 20 40 60 80 100 120 140 160 180 200 220 240 260

EH Coarse Non-absorbing  EX3 Mixed Non-absorbing EH Fine Non-absorbing
M Coarse Absorbing Bl Mixed Absorbing M Fine Heavy-Absorbing
[ Fine Moderate-Absorbing Bl Fine Slight-Absorbing

Figure 8. The variation of 77 with the aerosol type in four seasons for the period of 2011 to

2015.

50



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-1170, 2017 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 17 February 2017 and Physics
(© Author(s) 2017. CC-BY 3.0 License. Discussions

y=B9x-1.46, R*=0.67, N=128 y=111.09x+2.13, R*=0.76, N=268 =104.75x+17.0, R*=0.69, N=208 =13.75x+24.5, R?=( y=64.68x+18.6, R*=0.65, N=24 o ¥=75.66x+18.49, R'=0.44, N=24
T =
250 (@1) MAM 350} (a2) MAM 2% 300, (a3) MAM ) (at) MAM 350] (a-‘»)MAMe 250| (A6)MAM
™ = + = = =
z T 2s0) & o £ -
£ % - 3!
E & z200) E60 el
) 1 T | ame i » .
g g 150 £ 40| g »
8 2 g B t A,
z & 2L
2] g
50 o =
I
.S 05 1 15 25 4 25 9 1 2 3 4 05 1 %3 2 5
AOD AOD
50 =85.01x+4.93, R*=0.92, N=4 < ¥=121.95x-3.5, R*=0.82, N=16 y=73.85x+6.2, R*=0.83, N=B1 ¥=20445x-10.99, R*=1, N=3 =65.47x+6.21, R'=0.75, N=90
x
ol ®IA a ol B2 4 3) A PO b6 A
o L I~ ~150] T
g T & + -
a0 55 2 & 30)
2 2 Z100f =
G20 7 a By ERY . X,
£ i g Eo| g - : d
10 10| 0 10} *
Wz g or s o7 0z_p3 01 s i 2 005 01 013 12 025 03 FE S CI T Y
AOD AOD A0D AOD AOD AOD
15 YT0TOX5 61, Ri0.6,N=28 y=162.9%-4, R?=0.79, N=96  y=130.56x+7.8, R=0.76,N=217 =80.71x41.98 RE=0.76, N6 y=108,6244175, Ri=0.93 N=17 =05.56x+8.78, Ré=0.73, N=51
(1) SON sl g0} (€2)SON s00f (c3) SON = | (e#son Sl (c5) SON Zza) (c6) SON
o) ° [ o +| Eng 2 £
0 Eam &2 F & Fa & 200)
E El 20| re x w »
2 = 150f 2 & 10f g e & 130
3 n 2 150} z “ H z
Eso £ 100) £ g 2 o)
s0 50 20 50
o 2 o o 0 o
0z o Ga 08 1 12 14 o os 135 £ 25 565 o1 015 0z 0z 04 05 05 1 o os 1 15 z 25
AOD AQD AOD A0D
=43.561+11.9, R'=0.54, N=117 ¥=157.93x+20.1, R*20.53, N=T48 =2.2x+17.37, R’=0.06, N=13 =88.88x+8.69, R'=0.62, N=13 y=12242%+6.01, R°=0.95, N=22
c s
17| 800 + g2 3 300] ¥
(d1) DJF 400} o], (@3) DJF 25| % (d4) DJF _1mf (d5) DJF 3 (d6) DJF
D Fon Tl Ee o0
5900 oo ENP i oo
bt = " w w 15
G0of Pl e g |- 8 8150
H Za0p + | EBP g4 E 109)
10 200 [ ?
100] 5 20 50
0 o 0 0 0 0 :
005 1 157 75 3 35 005 1 15 7 253 3 0 05 1 i5 2z 25 3 "0 ©5 1 1% 07 04 0 w8 1 12z 0 05 1 1% 2 s
AOD AOD AOD AOD AOD AOD
= Coarse Absorbing ° Mixed Absorbing + Fine Absorbing o Coarse Non-absorbing © Mixed Non-absorbing * Fine Non-abserbing

Figure 9. Scatter plots between AERONET AOD and PMas concentrations in four different
seasons for six different types of aerosols. The first to 6" columns represent the aerosol types
5 of coarse absorbing, mixed absorbing, fine absorbing, coarse non-absorbing, mixed
non-absorbing and fine non-absorbing, respectively. The colors also represent different

aerosol types. The rows represent four seasons
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Figure 11. The relative distribution of AOD (upper panel) and PMzs (lower panel) within
different value ranges at Beijing for different surface wind speed ranges from 2011 to 2015. v
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ranges of AOD (upper panel) and PM: 5 (lower panel).
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wind speed.
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Figure 13. Acrosol vertical distribution profile (a), and aerosol cumulative distribution from
high to low with altitude (b) in four seasons. The colors represent different seasons.
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Figure 14. The normalized vertical distribution of AOD in four seasons. / values shown in
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5  represent different seasons.
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Figure 15. Scatter plots of stratified AOD vs. PM2.5 concentrations. The red solid line is the
linear fitting regression lines. It shows the relationship between (a) AOD below 500m, (b)
AOD below 1000m, (c) AOD below PBL and (d) AOD of the whole atmosphere and PM2.5

5 concentrations.
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