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� Different approaches of calculating boundary layer heights are evaluated in retrieving surface PM2.5 from AOD.
� Climatology pattern of aerosol vertical distribution constructed by lidar is proved to be effective for PM2.5 remote sensing.
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� The elevated aerosols appear to be the major source of uncertainty for PM2.5 remote sensing, especially for spring and summer.
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a b s t r a c t

Due to the limited spatial coverage of surface PM2.5 monitoring sites, satellite AOD (aerosol optical depth)
products have been widely used to estimate surface PM2.5 in different parts of the world. A major dif-
ficulty as well as source of uncertainty in converting AOD to PM2.5 is the determination of aerosol vertical
distribution, usually represented by the boundary layer height (BLH). In this study, we evaluate the
performance of different approaches of estimating aerosol vertical distributions in the AOD-PM2.5 con-
version process, using long-term and multi-source data acquired at a super station, Yuen Long, Hong
Kong. The monthly climatology of aerosol vertical distribution and BLH products derived from lidar,
radiosonde, and MERRA reanalysis data are respectively applied for converting AOD to surface aerosol
extinction coefficients. Seasonal empirical hygroscopic growth functions are constructed to convert
aerosol extinction to dry PM2.5 mass concentration. Results indicate that different vertical distribution
estimation approaches can have highly varying effect on the converted PM2.5 concentration. Using lidar-
derived BLHs shows the best agreement, with a correlation coefficient of 0.73 and a relative bias of 30.6%
between retrievals and observations. Since continuous lidar measurements are not available for most
regions, the climatology pattern of aerosol structure and radiosonde-derived BLHs are found to be
suitable alternatives with a correlation coefficient of ~0.6, and considerably outperform the results using
BLHs derived from reanalysis data. Elevated aerosol layers appear to be the major source of uncertainty
and result in an overestimate of satellite results, especially during the spring and summer seasons.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

PM2.5 (particulate matter with an aerodynamic diameter
smaller than 2.5 mm) is an official indicator to represent fine particle
abundance, and has severe impact on the environment and human
health (Brunekreef and Forsberg, 2005; Dockery et al., 1993; Engel-
Cox et al., 2013), as well as on the Earth's climate through aerosol
direct and indirect effects (Boucher et al., 2013; Kiehl and Briegleb,
1993; Ackerman et al., 2004; Guo et al., 2017). In the past three
decades, China has been suffering from an increasingly severe
particulate matter pollution problem, and this issue together with
its causes have attracted extensive attention (Chan and Yao, 2008; J.
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Li et al., 2016; Su et al., 2017a). Realizing the importance of moni-
toring PM2.5 in the atmosphere, real-time gravimetric measure-
ments of PM2.5 are widely implemented by the Chinese Ministry of
Environmental Protection for surface monitoring since 2013.
Nevertheless, there is still a lack of historical measurements, and
spatial coverage for in situ observation is limited. As an alternative
method, PM2.5 can be estimated through satellite-based remotely
sensing, which has been investigated and applied to various envi-
ronmental studies (C. Q. Lin et al., 2016; Lu et al., 2017; Li et al.,
2015). In particular, advanced sensors such as the MODerate reso-
lution Imaging Spectroradiometer (MODIS) are capable of deriving
long-term aerosol optical depth (AOD) measurements on global
scale. Many researchers have used MODIS AOD products to derive
surface PM (Particulate matter) concentrations (e.g., van Donkelaar
et al., 2006; Lee et al., 2011; Wang et al., 2010; Lin et al., 2015;
Karimian et al., 2016; Wu et al., 2012).

Since AOD characterizes the columnar integration of aerosol
extinction coefficients while PM2.5 represents the surface mass
concentration of aerosols, the aerosol vertical distribution is a key
issue in the conversion processes. A number of previous studies
used aerosol vertical structure simulated by global or regional
chemical transport models (e.g. Drury et al., 2010; Liu et al., 2004).
These approaches have the advantage of generating real time
spatial PM2.5 map (van Donkelaar et al., 2012), but are limited by
the numerical model's various sources of uncertainties (Carlton
et al., 2009; Zheng et al., 2009). Apart from modeling, empirical
statistical regression based on observations were also used to
establish the relationship between AOD and surface PM, ranging
from simple linear regressions to complex multi-variable re-
gressions (e.g., against boundary layer height, temperature, relative
humidity, and wind) (Chu et al., 2003; Wang and Christopher,
2003; Benas et al., 2013; Li et al., 2011; Guo et al., 2009). Since
planetary boundary layer (PBL) exerts significant impacts on the
aerosol vertical structure with the bulk of pollutants concentrated
within this layer, the boundary layer height (BLH) is a critical
parameter that is widely used to characterize aerosol vertical dis-
tributions in multiple studies (Sch€afer et al., 2008; Boyouk et al.,
2010; Barnaba et al., 2010). Under such estimations, aerosols are
Fig. 1. Locations of Yuen Long (blue square) and radiosonde (RS, red triangle) stations.
usually assumed to be vertically confined by the top of boundary
layer, and homogenously mixed within this layer. These assump-
tions are referred to as “confinement assumption” and “homoge-
nous assumption” respectively in the following analysis. Since BLH
is a diagnostic parameter, BLH derived from various sources have
been utilized to retrieve PM2.5, such as lidar (Wang et al., 2014; Z. Li
et al., 2016), reanalysis data (Zhang and Li, 2015), radiosonde (RS)
(Chu et al., 2015), and surface meteorology parameters (He et al.,
2016).

It should be noted that considerable differences can be intro-
duced in deriving the BLH, depending upon the definition, the
physical parameter and the observation technique used (Seibert
et al., 2000; Wiegner et al., 2006; Su et al., 2017b). As a result,
estimation of surface PM mass concentration based on BLH ob-
tained from different sources will inevitably yield different results.
However, previous studies typically rely on a single method to
calculate the BLH. It is thus necessary to systematically compare
and evaluate the performance of different BLH retrieving ap-
proaches in converting columnar AOD to surface PM concentra-
tions. Moreover, the confinement and homogenous assumptions
made in estimating aerosol vertical distribution by the BLH may
also result in uncertainties, whose effect is yet to be examined,
although they are usually taken as granted by previous studies.

Based on the shortcomings mentioned above, this study aims to
evaluate several typical observation-based approaches for esti-
mating aerosol vertical distribution in the retrieval of PM2.5 using
satellite AOD, through a detailed examination of the retrieval pro-
cess. The techniques for retrieving BLHs considered include micro-
pulse lidar (MPL), radiosondes (RS) and reanalysis data. We also
originally apply a method based on the monthly climatology of
aerosol vertical distribution in retrieving PM2.5. Moreover, the
seasonal hygroscopic growth functions are constructed to correct
the effects of humidity. The study is conducted at a super obser-
vation site in Hong Kong, named Yuen Long, where long-term
multi-source data is available.

The paper proceeds as follows: Section 2 introduces the datasets
used and the methods for deriving aerosol extinction coefficients
and BLHs. The detailed assessment of the retrieval processes is
presented in Section 3, and the intercomparison of satellite re-
trievals derived from different approaches is presented in section 4.
Section 5 discusses the results with a brief conclusion.

2. Data and method

2.1. Sites description

The Yuen Long station (114.02�E, 22.44�N, blue square in Fig. 1)
is a meteorological station located at the northwest of Hong Kong.
Intense meteorological and environmental observations are
routinely carried out at this station. In this study, we utilize surface
measurements of relative humidity (RH), PM2.5, visibility, as well as
MPL-based extinction profiles measured here. The RSmeasurement
is available at 0 800/2000 China standard time (CST) at the RS
station of Hong Kong (red triangle in Fig. 1). Hong Kong is a
megacity located at the Pearl River Delta of China, and is one of the
most densely populated and well urbanized regions in the world.
Due to the rapid economic development and industrialization of
the Pearl River Delta, Hong Kong has been faced with a serious air
quality issue (Li et al., 2015).

The MPL located at the YL station is a SESI (Science and Engi-
neering Services, Inc.) MODEL 1 000 manufactured by the SESI
Corporation, and was continuously operated with a temporal res-
olution of 15s and a vertical resolution of 30 m, and at a wavelength
of 523.5 nm, from 2004 to 2009. ThisMPL stoppedworking because
of facility malfunction since January 2010. Due to incomplete laser
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pulses, there is a 130 m blind zone for the MPL. A Belfort Model
6 000 visibility sensor is collocated with the MPL, which measures
visibility using 550 nm forward scatter. The upper limit of visibility
is set to ~16 km, and the measurements above this upper limit are
excluded from the following analysis. The mass concentration of
PM2.5 is continuously measured using a tapered element oscillating
microbalance (TEOM). The RH is obtained from an automatic
weather station manufactured by Vaisala Ltd. The time series of
noontime PM2.5, RH, and visibility are presented in Fig. 2a, b, c. Here
and in the following analysis, the “noontime” refers to results
averaged from 1 100 to 1 400 CST, the major period of interest for
this study.

2.2. MODIS AOD data

NASA's EOS polar-orbiting satellites, Terra and Aqua, are in 705-
km Sun-synchronous polar orbits between 82�N and 82�S, with
equator crossings at approximately 10:30 and 13:30 local time,
respectively. The MODIS instrument onboard Terra and Aqua has a
2 330-km swath width, and provides daily AOD data with near
global coverage. In this study, we use Collection 6 products of
MODIS level-2 AOD at 550 nm that are publicly available online
Fig. 2. Time series of noontime PM2.5 (a), RH (b), visibility (c), BLHlidar (d), BLHrs (e),
and BLHrd (f). PM2.5, RH, and visibility are measured from the surface instruments at
Yuen Long station, while BLHlidar , BLHrs , and BLHrd represent the boundary layer height
(BLH) derived from lidar, radiosonde, and reanalysis data respectively. The red lines
indicate 70-day running mean for these time series.
from the Atmospheric Science Data Center at NASA Langley
Research Center (https://www.nasa.gov/langley). The data are
archived with a nominal spatial resolution of 10 km � 10 km. For
acquiring AOD at the Yuen Long station, MODIS AOD data are
averaged within 20 km radius around the Yuen Long station. The
MODIS land AOD accuracy is reported to be ±(0.05 þ 15% AERONET
AOD) (Levy et al., 2010). Previous studies have validated the MODIS
AOD by ground-based solar photometer over Hong Kong, and
achieved a correlation coefficient above 0.9 (Li et al., 2003, 2005a;
C. Q. Lin et al., 2016; Tao et al., 2015).

2.3. Retrieving aerosol extinction coefficient profile using MPL

Multiple studies have provided a well-established algorithm to
retrieve the vertical profiles of aerosol extinction coefficient from
MPL (eg., Fernald, 1984; Klett, 1985; Campbell et al., 2013). Here-
after, we simply refer the aerosol extinction coefficient as “extinc-
tion”. We first process the raw data by background subtraction,
saturation, afterpulse, overlap and range corrections, and exclude
the cloudy conditions using the thresholdmethod (Platt et al., 1994;
Yang et al., 2013). Then, the Klett method is further applied for
retrieving extinction profiles (Klett, 1985). The column-averaged
extinction-to-backscatter ratio (so-called lidar ratio) is an impor-
tant parameter in the retrieval processes, and is usually constrained
using the ground-based AOD observation (e.g. sunphotometer).
Nonetheless, due to the lack of continuous ground-based AOD
measurements at the lidar site, an alternative method for esti-
mating lidar ratio proposed by He et al. (2006) is applied to
constrain lidar ratio by collocated MODIS AOD. Linear interpolation
is performed between different values of lidar ratio throughout the
entire study period. The overall uncertainties from overlap func-
tion, lidar ratio, effects of multiple scattering, and noises are esti-
mated to fall within a range of 20e30% in the retrieval processes
(He et al., 2006).

2.4. Retrieving BLHs

2.4.1. BLHs derived from micropulse lidar
There are a variety of methods for retrieving BLH from MPL,

such as visual inspection (Boers et al., 1984), signal threshold
(Melfi et al., 1985), minimum of derivative of signal profile
(Flamant et al., 1997), maximum of signal variance (Hooper and
Eloranta, 1986), wavelet transform (Cohn and Angevine, 2000),
etc. In this study, we adopt the well-established method by Yang
et al. (2013) to derive BLH from MPL data, with a few modifica-
tions. This method is based on the idea of maximum gradient.
Briefly, Yang et al. (2013) applied the first derivative of a Gaussian
filter with a wavelet dilation of 60 m to smooth the vertical profile
of MPL signals, and to produce the gradient profile. The stratifi-
cation structure of aerosols is identified by multiple valleys and
peaks of the gradient profile. For excluding the misidentification
due to elevated aerosol layers above the PBL, the first significant
peak (if exists) in the gradient profile is considered as the upper
limit for searching the PBL top. Then the height of the deepest
valley of the gradient profile would be attributed as the BLH, and
the false results caused by clouds are subsequently eliminated. A
manual quality assurance is further applied for adjusting some
erroneous results.

In this study, we automate the above process with several
modifications. Following Morille et al. (2007), we estimate the shot
noise (s) induced by background light and dark current for a single
profile, and then added threshold values of ±3s for the identified
peaks and valleys of this profile to exclude the effects of noises. In
addition, to avoid any subjective bias, we eliminate the manual
quality assurance step.

https://www.nasa.gov/langley
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2.4.2. BLHs derived from radiosondes
Since RS is only launched twice daily, to obtain noontime BLH,

we apply the method proposed by Holzworth, (1964, 1967) to
obtain diurnally varying BLHs using morning potential temper-
ature profile and daily surface potential temperature. Briefly,
along with the increase of surface temperature from the morn-
ing, the air mass is assumed to be lifted adiabatically from the
surface to higher altitudes with a nearly constant potential
temperature. The BLH refers to the height at which the envi-
ronment potential temperature and current surface potential
temperature reach equilibrium. Conventionally, the environment
potential temperature profile is measured by the radiosonde
launched at 0 800 CST at the RS station, and the diurnal vari-
ability of surface potential temperature is determined by
the hourly surface potential temperatures obtained from the
automatic weather station at the Yuen Long station. In the
Holzworth method, the potential temperature is assumed to be
constant for the same day at the same altitude of the free at-
mosphere, and the potential temperature is assumed to be ho-
mogenous within the PBL. Although these assumptions might
introduce some uncertainties, the Holzworth method is a prac-
tical method for estimating BLH, and is widely used by a range of
studies (e.g., Du et al., 2013; Zhang et al., 2014; Lai, 2015;
Karimian et al., 2016).

2.4.3. BLHs obtained from MERRA
Reanalysis datasets can also provide BLH on an hourly basis. In

this study, we use the BLH data from the Modern Era-Retrospective
Reanalysis for Research and Applications (MERRA) reanalysis
dataset (Rienecker et al., 2008, 2011). The MERRA reanalysis data
uses a new version of the Goddard Earth Observing System Data
Assimilation System Version 5 (GEOS-5), which is a state of the art
system coupling a global atmospheric general circulation model
(GEOS-5 AGCM) to NCEP's Grid-point Statistical Interpolation (GSI)
analysis. The GEOS-5 BLH data used for this study is hourly aver-
agedwith a spatial resolution of 2/3�1/2� (longitude-latitude). We
acquire theMERRA-BLHs at Yuen Long from the grid containing this
station. Comparing with other products (e.g., ECMWF), MERRA-
BLHs have relatively high temporal and spatial resolutions, and
are widely applied in multiple research works (e.g., Jordan et al.,
2010; McGrath-Spangler and Denning., 2012; Kennedy et al.,
2011; Sayer et al., 2016).

In total, we introduce three independent BLH results from MPL,
RS, and MERRA reanalysis data, which are referred to as BLHlidar ,
BLHrs, and BLHrd respectively. The time series of noontime BLHlidar ,
BLHrs, and BLHrd are presented in Fig. 2d, e, f. It can be seen that
there are distinct and similar seasonality and inter-annul variations
for BLHlidar and BLHrs, whereas the time evolution of BLHrd is rela-
tively irregular.

3. Assessment of the retrieval processes of AOD-converted
PM2.5

Following previous studies, we retrieve PM2.5 fromAOD through
vertical and humidity corrections (Li et al., 2005b; Wang et al.,
2010). For the first step, the columnar AOD is converted to the
surface extinction by applying different approaches for estimating
vertical distribution. Then the surface extinction is transformed to
PM2.5 by empirical hygroscopic functions. In this section, we focus
on the evaluation of these processes with a special interest in the
intercomparison of different approaches for vertical distributions.

3.1. Converting columnar AOD to surface extinction

First, we apply the different approaches to estimate aerosol
vertical distribution, and convert the columnar AOD to surface
extinction. Based on the method of retrieving vertical distribution
of aerosol extinction described in Section 2.3, Fig. 3 presented the
monthly averaged profiles of noontime extinction derived from the
MPL data during 2004e2009, with positions of monthly mean
noontime BLHlidar , BLHrs, and BLHrd marked by dashed lines.
Generally, the monthly mean positions of BLHlidar and BLHrs are
similar, and both agree well with the vertical extent of aerosols.
Monthly mean BLHrd also resembles BLHlidar and BLHrs in summer
and autumn, whereas it yields higher values in spring and winter.
Monthly mean extinction profiles reach maxima near the top of the
PBL, and decrease exponentially above the PBL. In general, the bulk
of aerosols are confined within the lowest 1.5 km, and the aerosol
concentration decreases from January to June and then increases
from July to December. By utilizing the climatology pattern of
extinction profiles, the monthly mean ratios between surface
extinction and AOD can be calculated, which are marked in each
panel of Fig. 3.

Based on the noontime extinction profiles derived from the
MPL, we calculate the AOD and surface extinction. Due to the
blind zone, surface extinction is calculated as the extinction at
130 m, and that below 130 m is assumed to be equal to surface
value. Fig. 4a presents the seasonal correlations between AOD
and surface extinction, from which we can see that the correla-
tions are lower for spring and summer. Since the climatology
pattern of vertical distribution of noontime extinction was con-
structed, we can obtain monthly linear relationships between
surface extinction and columnar AOD using the following
equation:

estimated sa ¼ AOD,gðMÞ (1)

where M represents month, and gðMÞ indicates the monthly linear
relationships between surface extinction and AOD (c.f., Fig. 3). This
relationship can thus be used to convert AOD to surface extinction
(referred to as “estimated surface extinction”).

Fig. 4b compares the estimated extinction using Eq. (1) with the
observed values. After applying monthly climatology pattern of
aerosol vertical distributions, the correlations are improved for
each season and all.

Anothermethod for estimating aerosol vertical distribution is by
utilizing BLH. Previous studies generally assumed that aerosols are
vertically confined by the top of boundary layer, and are homoge-
nously mixed in this layer (e.g., Boyouk et al., 2010; Zhang and Li,
2015; Z. Li et al., 2016). Therefore, under the confinement and ho-
mogenous assumptions, surface extinction should equal to the ratio
between AOD and BLH.

Based on this idea, Fig. 5 shows the seasonal comparison of
noontime surface extinctions and AOD

BLH , where BLHlidar , BLHrs, and
BLHrd serve as input parameters respectively. Similar to the corre-
lation between AOD and surface extinctions, the correlations be-
tween surface extinctions and AOD

BLH are lower in spring and summer.
The correlation is also found to be considerably higher for BLHlidar.
Moreover, we found that AODBLH has an overall high bias against surface
extinction, implying potential errors in the two assumptions.
Therefore, we further calculated the ratio (refers as “a”) of AOD
above the BLH and total AOD, and Fig. 6a presented the seasonal
distributions of a calculated from BLHlidar , BLHrs, and BLHrd
respectively. It is found that the values of a are quite high, and even
reaches above 0.5 in spring. This indicates that a large fraction of
columnar AOD is attributed to the aerosols above the PBL, contrary
to the assumption that all aerosols are within the PBL. On the other
hand, the comparisons between surface extinction and mean
extinction within the BLH show good agreements (Fig. 6bed),



Fig. 3. The monthly climatology pattern of the vertical distribution of noontime extinction at Yuen Long during the study period. Black lines represent the monthly mean, while
individual observations in each day are plotted as gray lines. The red, pink, and blue dashed lines represent the monthly means of noontime BLHlidar , BLHrs , and BLHrd . The monthly
mean ratios (gðMÞ) between surface extinction and AOD are given in each panel of Fig. 3.

Fig. 4. (a) Comparison between the noontime surface extinction and AOD for MAM (green, spring), JJA (blue, summer), SON (pink, autumn), DJF (red, winter). Surface extinction and
AOD are both calculated from lidar's extinction profiles. (b) Comparison between the observed surface extinction and estimated surface extinction derived from AOD along with the
climatology pattern of aerosol vertical distribution. The correlation coefficients (R) and sample numbers (N) for each season and total (black) are given in each panel.
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which verifies that the aerosols are indeed well mixed in the PBL.
Therefore, the major source of uncertainty in retrieving surface
extinction through BLH appears to come from the confinement
assumption, in particular, the elevated aerosols above the PBL. a is
found to have larger ranges of variability in spring and summer,
which agrees well with the lower correlations for these two sea-
sons in Fig. 5. To avoid the bias associated with aerosols above the
PBL, we further introduce a constant ε in retrieving surface
extinction, and Eq. (1) is now updated as:

estimated surface extinction ¼ AODPBL

BLH
¼ ð1� aÞ,AOD

BLH
(2)

where AODPBL represents the AOD within PBL; a indicates the ratio



Fig. 5. Seasonal comparison of noontime surface extinction and AOD
BLH . Three approaches for BLH are applied to the correlation respectively. The color-shaded dots indicate the

normalized sample density.
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of AOD above the BLH to the total AOD. Since there are differences
between different BLH approaches, a are approximated as 0.43,
0.46, and 0.40 for BLHlidar, BLHrs, and BLHrd respectively, using
annual statistics. Following Eq. (1) and Eq. (2), we have presented
four approaches for converting AOD to surface extinctions, noting
that Eq. (2) involves BLH estimated using three methods.
3.2. Correction for hygroscopic growth

In addition to the correction for aerosol vertical distribution,
other important factors must be taken into account. Following the
previously well-established algorithm (Koelemeijer et al., 2006;
Zhang and Li, 2015), mass concentration of PM2.5 can be esti-
mated by extinction from the following equation:

PM2:5 ¼ FMF
3hQexti
4reff r

,f ðRHÞ
,extinction ¼ FMF

aext,f ðRHÞ,extinction (3)

where FMF represents fine mode fraction, Qext denotes the size-
distribution integrated extinction efficiency, reff is the effective
radius, r is the aerosol mass density, aext indicates the mass
extinction efficiency of the aerosol mixtures, and f ðRHÞ is the
hygroscopic growth factor.
Because aerosol properties themselves may also vary with

relative humidity, we follow the previous approach by Lin et al.
(2015) and modify Eq. (3) as an empirical fitting function to char-
acterize the relationship between ambient aerosol extinction and
PM2:5:

G ¼ aext,f ðRHÞ
FMF

¼ A

ð100� RHÞl
(4)

where the G and A have units m2 g�1, the unit of RH is set as %, and l
has arbitrary unit. The parameters A and l are to be determined by
non-linear least square fitting. We notice that the fitted GeRH
relationship bares similar behavior to the hygroscopic growth fac-
tor f ðRHÞ, both showing nonlinear increase with RH.

For investigating the integrated relationship between G and RH,
we present the hourly-averaged ratio between extinction and mass
concentration of PM2.5 for all four seasons in Fig. 7. In order to
guarantee continuity and sufficient sampling, the extinction is not
derived from lidar measurements but is derived from surface visi-
bility as 3.912/visibility (Koschmieder, 1926). Following Eq. (4), the
corresponding fitting curves are plotted in Fig. 7, and the specific



Fig. 6. (a) Seasonal box-and-whisker plots showing the 10th, 25th, 50th, 75th, and 90th percentile values of the ratio between AOD above BLH and total AOD. BLHlidar (red), BLHrs

(green), and BLHrd (blue) are applied to calculate the AOD above BLH respectively. The dots indicate the mean value for each approach. The comparisons between surface extinction
and mean extinction within the PBL, with the BLHs calculated using (b) BLHlidar , (c) BLHrs , and (d) BLHrd respectively.
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functions are given in each panel. In general, G slowly grows for a
RH range of 20%e70%, and then sharply increases at high RH
(>70%).

We can see that over Hong Kong, high RH is more frequently
Fig. 7. Dependence of the function G on RH for (a) MAM, (b) JJA, (c) SON, and (d) DJF. The c
fitting curves, and the specific functions are given on each panel.
observed in spring and summer, when relatively large deviations
between observations and the fitting curves are observed as well.
When RH is above 90%, the function GðRHÞ grows much faster and
results in larger errors, and these cases are subsequently eliminated
olor-shaded dots indicate the normalized sample density. The black lines indicate the
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in the following analysis. The function GðRHÞ highly depends on the
mass scattering extinction efficiency for different types of aerosols.
The different fitting curves during different seasons are caused by
the seasonal differences in the chemical compositions and source
attribution of aerosols over Hong Kong. Moreover, it should be
noted that G not only depends on the mass scattering extinction
efficiency, but is also related to the particle size. Particles larger
than PM2.5, such as dust, would contribute to extinction, but
wouldn't increase the concentration of PM2.5. Nonetheless, the
surface pollutants in Hong Kong are dominated by fine particles
caused by industrial emissions and automobile exhausts (Qin et al.,
2016; Ho et al., 2006). Therefore, the size issue is not significant in
this study.

Accounting for the RH effect, the mass concentration of PM2.5
can be estimated by Eq. (5):

estimated PM2:5 ¼ extinction=GðRHÞ (5)

where the functions G are considered to vary from season to season.
Then, we apply the pre-described fitting curves for each season to
the noontime surface extinction derived from the MPL, and the
corresponding comparisons are presented in Fig. 8. The correlations
are significantly improved for each season and as a whole by
applying humidity correction, which further validate the effec-
tiveness of the fitting curves. Meanwhile, the correlation co-
efficients between PM2.5 and extinction=G are also relatively low
for spring and summer, consistent with the large deviations be-
tween observations and fitting curves in Fig. 7 for these two sea-
sons. This phenomenon may be caused by the more complex
chemical composition in spring and summer due to the transport
from inland.
4. Validation of satellite derived PM2.5

Combining the two processes described in Section 3.1 and Sec-
tion 3.2, we are able to derive surface-level concentration of PM2.5

from AOD. Since the climatology of extinction profiles and BLHlidar ,
BLHrs, and BLHrd can be respectively applied for estimating aerosol
distributions, we consequently obtain four approaches for
retrieving PM2.5, and are referred to as “approach 1” (climatology),
“approach 2” ðBLHlidarÞ, “approach 3” (BLHrs), and “approach 4”
(BLHrd) respectively. It should be noted that approaches 2e4 use
the same algorithm to convert AOD to PM2.5. Our purpose is to
Fig. 8. (a) Comparison between noontime PM2.5 and surface extinction for MAM (gree
extinction=G. The correlation coefficients (R) and sample numbers (N) for each season and
evaluate the effect of different BLH calculation methods. The
extinction profiles derived from MPL accurately characterize the
vertical distribution, but bear some uncertainties in the absolute
value due to the uncertainties in the lidar ratio, which is difficult to
quantify. Thus, we directly apply the four approaches of retrieving
PM2.5 to MODIS AOD. We match the surface measurements of
PM2.5, RH, and BLHs to MODIS AOD. Since the PM2.5 and RH are
hourly averaged, we interpolate these data to the exact overpass
time of the satellites. Fig. 9 presents the seasonal scatter plots be-
tween PM2.5 concentrations derived from surface observation and
those derived from satellites for different approaches.

Fig. 9 indicates that the correlations between satellite retrievals
and in situ observations vary largely across different approaches.
Approach 2 achieves the highest correlation of 0.73, while the
correlation for approach 4 is only 0.56. Since the differences be-
tween approach 2e4 come from the different BLH retrievals, we
present the comparisons of noontime BLHs derived from MPL, RS,
and reanalysis data in Fig. 10. In general, BLHlidar and BLHrs agree
well with each other, while the agreements between BLHlidar and
BLHrd are worse. The differences in BLH products are closely related
to their different definitions. The identification of BLHlidar depends
on the gradient of aerosol signal, and is thus strongly associated
with aerosol vertical extent. Meanwhile, BLHrs and BLHrd are
derived from potential temperature profile and turbulent fluxes
respectively, which are related to thermodynamics conditions.
Therefore, BLHlidar usually identifies the top height of an aerosol-
rich layer, while BLHrs and BLHrd do not necessarily represent the
aerosol vertical structure. As a result, the accuracies of approaches
3e4 are lower than approach 2. The worst agreement is found
between approach 4 and in situ observations, likely due to
modeling uncertainties. For seasonal differences, the correlations
are considerably lower for spring and summer. This is reasonable,
since poorer performances have already been found for both the
vertical and hydroscopic corrections. Root-mean-square errors
(RMSE) are also much higher for spring and summer, where ap-
proaches 1 and 2 have lower, similar overall values.

Fig. 11 shows the distributions of the biases between observa-
tions and satellite retrievals of PM2.5. The black and red dashed lines
indicate the corresponding averaged biases and the averaged ab-
solute biases respectively. Because clouds frequently occur within
the 10 km � 10 km grids during spring and summer, the sample
volumes for MODIS AOD are comparatively lower during these two
seasons. Large overestimates are also noticed for approaches 2e4 in
n), JJA (blue), SON (pink), DJF (red). (b) Comparison between noontime PM2.5 and
all (black) are given in each panel.



Fig. 9. The comparison of PM2.5 derived from surface observation and MODIS AOD for MAM (green), JJA (blue), SON (pink), DJF (red). Four approaches for estimating the vertical
distribution of extinction are applied respectively. The correlation coefficients (R), RMSE for difference seasons and all are given in each panel.
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spring and summer. As shown in Fig. 6, large amounts of elevated
aerosols above the PBL can be observed during these two seasons,
even accounting for more than 50% of the column AOD during
spring. These non-negligible elevated aerosols would result in an
overestimate of PM2.5 using satellite retrievals. Meanwhile, the
systematic biases are relatively low for approach 1, since this
approach is derived from climatology patterns and takes into ac-
count the issue of elevated aerosols during different periods of a
year. For approaches 2e3, the overestimations of satellite retrievals
are 30e39% in spring, and are 18e35% in summer. For approach 1,
the overestimations of satellite retrievals are less than 15% for each
Fig. 10. The comparisons of noontime BLHs derived from MPL, radiosonde, and reanalysis
coefficients (R), RMSE, and sample numbers (N) are given in each panel.
season.
Similar seasonal patterns can be found for the absolute biases.

The absolute biases vary from 29.7% to 34.9% with the lowest value
in approach 1 and the highest value in approach 4. Still, the higher
values are found in spring and summer for both averaged biases
and averaged absolute biases. The averaged biases generally reach
maxima in spring, while the averaged absolute biases are the
highest in summer.

Approach 1 is fully based on empirical parameters. To further
verify the applicability of these parameters, approach 1 is applied to
MODIS AOD obtained at Yuen Long during 2010e2013. Here,
data. The color-shaded dots indicate the normalized sample density. The correlation



Fig. 11. Seasonal histogram of the biases of PM2.5 between surface observation and satellite retrievals for the four approaches. The black and red dashed lines indicate the averaged
biases and the averaged absolute biases respectively. The sample numbers (N) are given in each panel.
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approach 1 utilized the same climatology pattern shown in Fig. 3.
Fig. 12 shows the good agreement for the updated comparison.
Although the daily profiles vary largely, the statics pattern still can
serve as a useful approach for determining the aerosol vertical
distributions. It should also be noted that there are minor differ-
ences in the correlation coefficients for approach 1 during different
periods. These differences may be caused by sampling biases,
meteorological conditions, aerosols properties, etc.
Fig. 12. The same as Fig. 9(a), but extends approach 1 to the MODIS AOD during
2010e2013.
5. Conclusions and discussion

In this study, we used different approaches for estimating
aerosol vertical distribution to derive surface PM2.5 concentrations
from columnar AOD measurements, and compared and evaluated
their performances. In general, the AOD converted PM2.5 show
reasonably good agreements with surface measurements for all
four approaches. However, the detailed results can still vary
considerably among different methods.

The approach of applying the climatology pattern of aerosol
vertical distribution derived from MPL is originally developed in
this study, which also exhibits good performance with the lowest
biases. Compared with other empirical statistical regression
methods, this approach effectively reduces the systematic biases in
the retrievals since it accurately accounts for the portion of elevated
aerosol during different periods. Our study also verifies that the
climatology pattern of aerosol structure would be very useful for
retrieving PM2.5. For this approach, long-term historical data are
required for constructing a representative climatology of aerosol
vertical distribution. Since continuous lidar measurements are rare,
space-borne lidar (e.g., CALIPSO) combined with ground-based
observations and modeling offer great potential to construct
large-scale aerosol vertical distribution climatologies (e.g. Tian
et al., 2017).

Intercomparison between BLH retrieved using different mea-
surement techniques and data sources suggests that themethod for
determining BLH is critical in deriving PM2.5, and the agreements
between observed and retrieved PM2.5 are highly variable for the
use of different BLH products. Specifically, the MPL-derived BLHs
are found to be the most suitable for retrieving PM2.5, with a much
higher correlation coefficient than the other twomethods. The BLH
derived from RS using the Holzworth method is also found to be
suitable for retrieving PM2.5, but has been largely ignored by pre-
vious research. Since the RS stations are widely distributed in China
and routinely launched twice daily (Guo et al., 2016), there is a lot of
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potential for applying RS measurements for retrieving PM2.5 from
AOD. The BLHs derived from MERRA disagree with that from MPL
and RS in terms of both the absolute value and the seasonality, and
also exhibit the worst performance in estimating PM2.5. The un-
avoidable uncertainties in model simulations and BLH definition
should be the main reason for this phenomenon.

In addition, the widely accepted assumptions about the aerosol
vertical structure in retrieving PM2.5 along with BLH are examined.
For the homogenous assumption, since averaged extinctions in PBL
agree well with surface extinction, this assumption can be
considered valid during noontime. For the confinement assump-
tion, however, it can be far from real situation. Actually, there are
certain amounts of elevated aerosols above PBL, which can
contribute up to ~40% of columnar AOD. Since the fraction of
elevated aerosols is comparatively high in spring and summer, large
uncertainties and overestimates of satellite retrievals are found for
these two seasons. Our study implies that caution must be taken
when using BLH to scale AOD in deriving PM concentration from
column measurements.

For further studies, we plan to apply CALIPSO data along with
ground-based observations to construct aerosol vertical distribu-
tions over a larger spatial scale. Such large-scale climatology of
aerosol vertical structure will be beneficial for understanding the
relationship between AOD and PM2.5. We also plan to further study
the retrieval algorithms of BLH, as well as the role of BLH in
retrieving PM2.5.
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