
Abstract

The vertical distributions of aerosol extinction coeffi-
cient were estimated using the scaling height re-
trieved at Gwangju, Korea (35.23°N, 126.84°E) dur-
ing a spring season (March to May) of 2009. The 
aerosol scaling heights were calculated on a basis of 
the aerosol optical depth (AOD) and the surface visi-
bilities. During the observation period, the scaling 
heights varied between 3.55 km and 0.39 km. The 
retrieved vertical profiles of extinction coefficient 
from these scaling heights were compared with ex-
tinction profile derived from the Light Detection and 
Ranging (LIDAR) observation. The retrieve vertical 
profiles of aerosol extinction coefficient were cate-
gorized into three classes according to the values of 
AODs and the surface visibilities: (Case I) the AODs 
and the surface visibilities are measured as both 
high, (Case II) the AODs and the surface visibilities 
are both lower, and (Others) the others. The aver-
aged scaling heights for the three cases were 3.09±
0.46 km, 0.82±0.27 km, and 1.46±0.57 km, re-
spectively. For Case I, differences between the ver-
tical profile retrieved from the scaling height and 
the LIDAR observation was highest. Because aero-
sols in Case I are considered as dust-dominant, up-
lifted dust above planetary boundary layer (PBL) 
was influenced this discrepancy. However, for the 
Case II and other cases, the modelled vertical aero-
sol extinction profiles from the scaling heights are in 
good agreement with the results from the LIDAR 
observation. Although limitation in the current mod-
elling of vertical structure of aerosols exists for 
aerosol layers above PBL, the results are promising 
to assess aerosol profile without high-cost instru-
ments.
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1. INTRODUCTION
Definition of atmospheric aerosols is small solid/liq­

uid particles suspended in the atmosphere. It has been 
well known that aerosols can scatter or absorb solar 
radiation, so called the aerosol direct effect. Their im­
pacts on cloud particle size, cloud water/ice contents, 
the albedo, and lifetime of clouds has been known as 
the aerosol indirect effect (Bellouin et al., 2013; Yang 
et al., 2009; Griggs and Noguer, 2002). Although a 
large number of previous researches have been con­
ducted around the world in order to increase our under­
standing with regard to the direct and the indirect ef­
fects of atmospheric aerosol on climate, aerosol radia­
tive effects still have uncertainties (Bellouin et al., 
2013; Huebert et al., 2003; Haywood et al., 1998). Es­
timating the impact of the atmospheric aerosols on the 
climate change accurately is still challengeable due to 
the spatial/temporal variability of the atmospheric aero­
sols such as number of concentration, size, composi­
tion, and geographical or vertical distribution in the at­
mosphere (Noh et al., 2012; Solomon, 2007). The ver­
tical distribution of atmospheric aerosol is particularly 
important for understanding the radiative effect of at­
mospheric aerosols (Wong et al., 2009). Quijano et al. 
(2000) found that variations of radiative effect (e.g., 
heating rate) due to inhomogeneous aerosol loading 
and their vertical distribution could be varied during the 
long-range transportations. Also, the radiative transfer 
models require the appropriate vertical distribution of 
atmospheric aerosol at each individual given location 
as input parameters for more reliable results.

East Asia is important source region of global air pol­
lution. The air pollution in East Asia consists of anthro­
pogenic aerosols from industry and traffic emission 
and natural aerosols such as dust, smoke from forest 
fire, and agricultural burning (Shin et al., 2015; Lee et 
al., 2006; Murayama et al., 2004). Since the Korea 
peninsula is located in the downwind area of the Asian 
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continent, westerly winds frequently carry the severe 
air pollution from the East Asian mainland to Korea. 
Spring season is typical with the severe Asian dust 
outbreaks occurred from desert region such as Takli­
makan or Gobi desert. During the dust storm period, 
vertical distributions of the Asia dust are varied in their 
travel over East Asia. Recently, there were many efforts 
to provide information on the vertical distribution of 
atmospheric aerosol over East Asia. The Light Detec­
tion and Ranging (LIDAR) research groups have been 
conducted to measure the vertical resolved profiles of 
optical properties/microphysical properties such as the 
extinction coefficient, the backscatter coefficient, the 
effective radius, and the single scattering albedo (i.e. 
Lee et al., 2015; Shin et al., 2015, 2014 and 2013; Noh 
et al., 2012, 2009, and 2008; Kim et al., 2010). Aircraft 
measurement campaigns also have been carried out to 
measure distributions of the properties of atmospheric 
aerosol for different atmospheric layer (Kim et al., 
2014). Although LIDAR observations and air-borne 
aerosol observations can provide useful data to describe 
the vertical structures of atmospheric aerosols, the high 
instrument cost, its complicated installation and stabili­
zation, and difficulties to maintenance as well as meteo­
rological condition for observation still exists as limi­
tations to be used widely. The vertical distribution of 
aerosols has been retrieved by aerosol optical proper­
ties from the ground based observation in several stud­
ies (Lee et al., 2014, 2013; Wong et al., 2009; Qiu et 
al., 2005). These studies presented a method to deter­
mine the vertical profiles of aerosol extinction coeffi­
cient numerically. They described that the vertical pro­
files of aerosol extinction coefficients can be estimated 

based on the computation of aerosol scaling height from 
surface visibility data with the columnar aerosol prop­
erties such as aerosol optical depth (AOD).

In this study, we estimated the vertical aerosol profiles 
and scaling height calculated with the AODs and the 
surface visibilities measured at Gwangju, Korea (35.23 
°N, 126.84°E) during spring season (March to May) of 
2009. The main objective of this study is to estimate 
the variation of the scaling height during spring season.  
We also investigated the influence factor which can 
worsen the reliable estimation with regard to the verti­
cal aerosol profiles modelled with the scaling height. 
The modelled aerosol vertical distributions are com­
pared with the vertical profiles derived from LIDAR 
observation. We used AOD data from the re-analysis 
data provided by the Monitoring Atmospheric Compo­
sition and Climate (MACC) global air quality service 
of the European Centre for Medium-Range Weather 
Forecast (ECMWF) and the surface visibility data ob­
tained from the Korea Meteorological Administration 

(KMA). Section 2 presents the method and the data set 
that are used in this study. Section 3 includes our re­
sults. We discuss our results and summarize our find­
ing in Section 4.

2. Methodology

2. 1  Data Collection
AODs and the surface visibilities data at Gwangju 

(35.23°N, 126.84°E), the south-western part of the 
Korean peninsula (see Fig. 1), were used in this study. 
The MACC global air quality service of the ECMWF 

Fig. 1. Geographic location of LIDAR observation site at Gwangju (yellow pin; 35.23°N, 126.84°E).
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provides a re-analysis data of global composition. The 
re-analysis data assimilate satellite data for instance 
total AOD which is provided the Moderate Resolution 
Imaging Spectroradiometer (MODIS), into a global 
model and data assimilation system to reduce the de­
parture between the model results and observation data 

(Bellouin et al., 2013; Inness et al., 2013). The re-ana­
lysis also provides AOD of certain aerosol classified 
as mineral dust, black carbon, organic matter, and sul­
phate as well as the columnar contents of gas species. 
The re-analysis provides 8 times per a day. The reliabil­
ity of inferring AOD from the MACC re-analysis is 
validated by comparisons with the results from AErosol 
Robotic NETwork (AERONET) sunphotometer mea­
surement (Cesnulyte et al., 2014). The surface visibili­
ty data were obtained from the visibility data which 
are reported by the Gwangju Regional Meteorological 
Administration.

The LIDAR system used in this study measures an 
elastic-backscattered signal at 532 nm. A pulsed Nd : 

YAG laser, transited from the original wavelength of 
1064 nm, is a light source of this LIDAR. The back­
scattered signals are collected with an 8-inch Schmidt-
Cassegrain type telescope with 60 MHz sampling rate. 
Received signals are collected as 2 minute time resolu­
tion and a vertical resolution of 2.5 m. A detailed sys­
tematic description is given in Shin et al. (2014). The 
vertical profiles of the αa are derived on the basis of 
the numerical inversion scheme suggested by Klett 

(1985). This method requires the initial value of extinc­
tion to backscatter ratio (so-called lidar ratio). Conse­
quently, the retrieval of the aerosol extinction is signif­
icantly depends on the correct choice of the lidar ratio. 
The extinction derived by LIDAR observations are as­
sessed up to 50% due to the statistical or systematic 
errors (Wandinger and Ansmann, 2002; Ansmann et 
al., 1992).

2. 2  ‌�Estimation of the Vertical Profiles of 
Aerosol Extinction Coefficient

In order to estimate the vertical profiles of the aero­
sol extinction coefficient, αa(z,λ), the aerosol scaling 
height (za) was determined. Aerosol scaling height was 
defined by the height of an exponential profile at which 
the values of the aerosol extinction coefficient is de­
creased exponentially of the extinction coefficient at 
the surface level (αa(0,λ)).

                                       z
αa(z,λ) = αa(0,λ)exp(- ---),	 (1)
                                      za 

The AOD (τa) is the integral form of the αa(z,λ) in 
equation (2). This can be written as equation (3) with 
equation (1),

τa(λ) = ∫o

zTOA

αa(z,λ)dz,	 (2)

                                               zTOA

        = αa(0,λ)·za(1-exp(- -------))	 (3)
                                                  za

where zTOA is the height of the top of atmosphere. za is 
also wavelength-dependent as the αa(z,λ). In this study, 
we retrieved the za with αa(0,λ) at 550 nm wavelength.

The extinction which is might be produced by the 
background stratospheric aerosol and gases at 550 nm 
are comparably negligible than the extinction by tropo­
spheric aerosol. The smaller za

 (larger decreasing rate) 
is considered as larger contribution to AOD from the 
lower troposphere or surface and the larger za

 (smaller 
decreasing rate) implies that the aerosols are mainly 
contributed in the upper troposphere for the condition 
that the αa at the surface is same (Wong et al., 2009; 
Qiu et al., 2004). The αa(0,550 nm) can be estimated 
from the surface visibility (Vis) by the Koschmieder 
equation (Koschmieder, 1924) as:

                          3.912
αa(0,550 nm) = ----------αm(0,550 nm)	 (4)
                            Vis

where αm(0,550 nm) is the molecular extinction coeffi­
cient at 550 nm wavelength and the surface level. The 
za eventually can be calculated by combining equation 
(3) and (4) as follow:

               τa(550 nm)
za = -------------------------------	 (5)
       3.912

-αm(0,550 nm)
         vis

We used the AOD data at 550 nm from the re-analy­
sis of ECMWF and the surface visibility data which 
are provided by the Korea Meteorological Administra­
tion (KMA) to calculate the za and the vertical profiles 
of the αa.

3. Results
The temporal variation of AOD at 550 nm and the 

surface visibility at Gwangju are shown Fig. 2. The αa 
at the surface derived from the surface visibility are 
also presented. The average values of AOD at 550 nm 
were 0.34±0.15. The average values of the surface 
visibility and αa at the surface are 16.95±1.95 km and 
0.27±0.11 km-1, respectively for the 39 cases of ob­
servation during spring season of 2009. The values of 
AODs, the visibility, and the extinction coefficient at 
the surface are varied over a wide range of values. We 
find values of 0.11 to 0.68 for AODs at 550 nm and 7 

km to 30 km for the surface visibilities. On average, 
the surface visibility decreases when the AODs at 550 
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nm increases. In general, the AODs are associated with 
the aerosol loading in the atmosphere. Higher AODs 
represent the higher aerosol loading and thus lower vi­
sibility (Hoff and Christopher, 2009). The negative cor­
relation of the surface visibility with the αa at the sur­
face also related to high aerosol loading at the surface.

Fig. 3 shows the temporal variation of za at Gwangju, 
Korea during spring season of 2009. The za are derived 
from the AODs at 550 nm and the ground-level visibil­
ity. The average value of the za is 1.39±0.75 km. The 
values of the za retrieved in this study is mostly similar 
to the values of the za which were presented in previ­
ous studies over East Asia (Lee et al., 2013; Wong et 
al., 2009; Qiu et al., 2005). However, high values of 
the za

 (more than 3 km) are calculated for a few cases. 
The maximum and minimum value of the za is found 
as 3.55 km and 0.39 km, respectively.

The averaged vertical profiles of αa for 39 profiles 
which are derived with the za at each individual verti­
cal point and the αa at the surface. The mean vertical 
profile of αa are presented in Fig. 4. The corresponding 
averaged values of AOD, visibility, αa at the surface, 
and za are summarized in Table 1. The mean vertical 
profile of αa which are derived from the elastic-back­
scattered signal observed by the LIDAR system is also 
shown in Fig. 4. The horizontal error bars of the aver­
aged vertical profiles of αa indicates the standard devi­
ation in terms of the variation of individual retrieved 
profiles during observation period. The value of αa in­
ferred from the modelling at each vertical point is con­

sidered to be differed to the αa from the LIDAR obser­
vation. This difference is considered as a result from 
the uncertainty of the αa inferred from the LIDAR ob­
servation. The uncertainty of the profiles of the αa de­
rived with the elastic LIDAR is large (20-30%) (Ans­
mann et al., 1992). Another possible reason for the dif­
ferences is the different retrieval wavelength for αa. 
The αa at 550 nm at each vertical point are estimated 
with the za but the LIDAR derived αa uses 532 nm. 

Fig. 3. Variation of aerosol scaling height retrieved with the 
AODs from ECMWF and the visibilities from KMA at 
Gwangju, Korea during spring season of 2009.
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Fig. 2. Time series plots of (a) aerosol optical depth at 550 nm retrieved from ECMWF (black), (b) surface visibility from KMA 

(red), and (c) extinction coefficient at the surface calculated with the surface visibility (blue) at Gwangju, Korea during spring 
season (March to May) of 2009. Green colored lined indicates mean value of each parameter.
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Nevertheless, the averaged vertical profile of αa from 
LIDAR observation is within the standard deviation of 
αa retrieved from the modelling with data set. It is con­
sidered that the αa from the modelling is relatively in 
good agreement with the results from the LIDAR ob­
servation.

The za is most essential parameter to estimate the 
reliable vertical profiles of αa. The za is determined by 

αa at the surface derived from the surface visibility and 
the AODs. The relation between the za and the αa at 
surface is illustrated in Fig. 5a. The Fig. 5a shows a 
negative correlation of the za with the αa at the surface. 
Increasing the αa at the surface is considered that the 
aerosol is mainly distributed at the surface or lower tro­
posphere. Consequently, the za, which determined the 
vertical distribution of aerosol, decreases as the αa at 
the surface increases. In contrast, a positive correlation 
of the AODs with the za was found as shown in Fig. 5b. 
The za is determined as high when the AODs increase. 
High AOD is considered to increase the chance to be 
distributed in not only lower troposphere or the surface 
but also upper troposphere. The za is determined in con­
sideration of both the αa at the surface and the AOD. A 
comparably better correlation between the za and the 
AOD (r2 = 0.51) is believed that the AOD influence 
more on determination of the za than the visibility at 
the surface during the observation period in this study.

The AOD is an integral form of the αa with height 
from the surface to the top of the atmosphere. Since the 
majority of aerosol abundance exists at the near surface 
within the planetary boundary layer (PBL), with regard 
to increment of AOD we expected that the visibility at 
the surface decrease (i.e., the αa at the surface increas­
es). The visibilities at the surface however are not link­
ed to the variation of AODs for few cases as we expect­
ed during the observation period. For instance, the 
higher visibilities are observed at the surface although 
the AODs are significantly high for some cases (see 
Fig. 2). We believe that the aerosol plumes are mostly 

Table 1. Mean AODs, visibility, extinction coefficient at the surface, scaling height, and the differences between vertical aerosol 
profile estimated with the scaling height and LIDAR observation at Gwangju, Korea during spring season of 2009.

# of data AOD Visibility (km) Ext. coeff.sfc
 (km-1) Scaling height (km) Differencesestimated-LIDAR

 (%)

39 0.34±0.15 16.95±1.95 0.27±0.11 1.39±0.75 46±21

Fig. 4. Mean vertical profiles of aerosol extinction coeffic­
ients estimated with the aerosol scaling height (black) and the 
LIDAR observation (red) at Gwangju, Korea during spring 
season of 2009. Standard deviation is shown as the horizon­
tal error bars, respectively.
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transported to our study area through the upper tropo­
sphere (e.g., above PBL) for these cases. Thus, the vis­
ibility at the surface are observed as higher even though 
the AOD is high. The higher AOD are assessed from 
the aerosols existed above PBL in these cases.

We classified the estimated vertical profiles into 3 
categories with regard to the AODs and the visibility. 
Fig. 6 shows the modelled vertical profiles and the 
LIDAR observation for each classified case. Case I 
includes the observation days when the higher AODs 

(> averaged AOD) and the high visibilities (> aver­
aged visibility) were measured. Case II includes the 
days for the lower AODs and visibilities and the other 
days were classified as Case III. Therefore, the differ­
ences between the estimated vertical profiles of αa from 
modelling and the LIDAR observation were varied 
according the classification. A comparably larger dif­

ference between the vertical profile of αa from model­
ling and LIDAR observation were found in Case I as 
59±16%. The estimated vertical profiles of αa were 
relatively well matched with the aerosol vertical pro­
files derived from LIDAR observation in case of Case 
II (39±14%).

The za and the PBL height obtained from re-analysis 
data are shown in Fig. 6. The averaged za, the PBL 
height, and the difference between the za and the PBL 
height are presented for each individual case. The high­
er za was estimated for the Case I and the averaged za 
was 3.09±0.46 km. In contrast, the lower za are esti­
mated for Case II. The averaged za is 0.82±0.27 km 
for Case II. The PBL heights are 0.45±0.54 km and 
0.19±0.26 km for the Case I and Case II, respectively. 
The aerosols are mainly transported to our observation 
site through the upper troposphere for Case I. The aero­

Fig. 6. (top panel) mean vertical profiles of aerosol extinction coefficients estimated with the aerosol scaling height (black) and 
the LIDAR observation (red) at Gwangju, Korea during spring season of 2009 for (a) Case I, (b) Case II, and (c) others. Standard 
deviation is shown as the horizontal error bars for each individual cases, respectively (bottom panel). The aerosol scaling height 
and the planetary boundary layer for (d) Case I, (e) Case II, and (f) others. The mean values of scaling height and the PBL height 
and the differences between the scaling height and the PBL height are presented in the graph for each case, respectively.
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sols in this case are thus considered to be mostly dis­
tributed in the upper troposphere compared to the sur­
face. As An interesting result, the visibilities could be 
measured at the surface as high even though the high 
AOD were observed. Also, the high za are calculated 
with high values of AODs and high visibility for this 
reason in case of Case I. Because the aerosol are dis­
tributed in upper troposphere for Case I from the high 
za, it is considered that there is a limitation to deter­
mine the vertical distribution by description of expo­
nential decreasing when the aerosol are distributed and 
transported in various altitude above PBL height. In 
contrast, Case II showed that the lower visibility at the 
surface and lower AODs are measured. Under the wet 
atmosphere conditions (i.e. relative humidity (RH)> 
70%), visibility can be reduced by the growth of hygro­
scopic particles (e.g., sulphate) (Charlson et al., 1978). 
A spring season in Korea is typically dry and the aver­
aged RH during the observation period was 49%. There­
fore, we can consider that dry aerosols are mostly re­
sponsible to visibility within PBL. For Case II, the za 
are calculated as lower than Case I. The vertical distri­
bution of aerosols could be retrieved accurately. We 
summarized the corresponding values for each classi­
fication in Table 2.

We used model results from the MACC for the inter­

pretation of the type of aerosols for each classified 
case. The mean dust AOD for Case I and Case II are 
shown in Fig. 7a and Fig. 7b, respectively. The mean 
dust AODs are 0.18 and 0.05 for the Case I and Case 
II, respectively. The dust AODs for Case I are signifi­
cantly higher than the dust AODs for Case II. Most 
Asian dust events over East Asia can be described by 
the emission of dust in desert areas and subsequent 
transport through the high altitude levels (Shin et al., 
2015). The types of aerosol for Case I are considered to 
be mainly consist of dust particle according the model 
result. The dust particles which are frequently trans­
ported through the upper troposphere above PBL are 
believed to responsibility of high AOD and low visi­
bility at the surface for Case I. Moreover, the za are 
hard to be estimated accurately to describe the vertical 
distribution for this type of aerosols (e.g., dust parti­
cles that are mostly transported through the upper tro­
posphere above PBL). Asian dust outbreaks occur in 
spring time of each year as well as sometimes in win­
ter season of each year in Korea (Tatarov et al., 2012). 
We need to be aware of this type of aerosols which are 
transported through upper troposphere when we de­
scribe the vertical distribution of aerosols with the za. 
Nevertheless, the za is still good manner to retrieve the 
vertical profiles of aerosol with a few exception.

Table 2. Mean AODs, visibility, extinction coefficient at the surface, scaling height, and the differences between vertical aerosol 
profile estimated with the scaling height and LIDAR observation at Gwangju, Korea during spring season of 2009 for Case I, 
Case II, and others.

Classification (# of data) AOD Visibility  

(km)
Ext. coeff.sfc

  

(km-1)
Scaling height  

(km)
Differences (model-LIDAR)  

(%)

Case I (3) 0.48±0.07 25.00±0.00 0.16±0.00 3.09±0.46 59±16
Case II (13) 0.28±0.07 11.92±2.71 0.36±0.10 0.82±0.27 39±14
Others (23) 0.36±0.18 18.52±6.92 0.24±0.10 1.46±0.57 47±23

Fig. 7. Distribution of averaged AOD at 550 nm over East Asia for dust retrieved from ECMWF during observation days corre­
sponding to (a) Case I and (b) Case II.

(a)	 (b)
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4. Summary and Conclusion
In this study we presented the difference of the za in 

dependence of the different AODs and the surface vis­
ibilities. The aerosol vertical profiles were estimated 
with the za. The retrieved aerosol vertical profiles from 
the modelling were compared with the results from the 
LIDAR observation. The data cover the time frame the 
spring season (March to May) in 2009. The observa­
tion days are divided into three categories classified by 
different AOD values and the surface visibility.

The difference between the vertical aerosol profiles 
derived from model and LIDAR observation was sig­
nificant in dependence of aerosol types. The types of 
aerosol could be inferred by the correlation of AODs 
and the visibilities. The AODs are associated with aero­
sol loading in the atmosphere. Higher AODs represent 
the higher aerosol loading and thus lower visibility. 
However, the positive correlations of AODs with the 
visibility (e.g., high AODs and high visibility) are 
found for a few cases. The averaged za is 3.09±0.46 

km and the differences between vertical aerosol pro­
files derived from modelling and the LIDAR observa­
tion was 59±16%. We believed that the aerosols are 
mainly distributed in upper troposphere in this case. 
The visibility was measured at the surface as high even 
though the high AOD were measured simultaneously 
because of high aerosol loading in the upper tropo­
sphere. The za has a limitation to accurately describe 
the vertical structure when the aerosols are distributed 
in various altitudes above PBL. The aerosols, which 
mostly influences on these cases, were considered as 
dust particles that are usually transported and distrib­
uted in the upper troposphere. In contrast, the vertical 
profiles of αa retrieved from modelling are relatively 
good in agreement with the vertical profiles of αa mea­
sured by LIDAR observation as 39±14%. We consid­
er that the aerosols are mostly distributed at lower tro­
posphere/surface. The za thus is calculated as lower 

(0.82 km). The vertical distribution of aerosol could be 
retrieved accurately than the cases that the aerosols are 
distributed at the upper sphere as well as the surface.

Our results suggests that the za must be determined 
carefully when the aerosol particles are transported or 
distributed in upper troposphere above PBL. For in­
stance, description of vertical profiles of αa by using 
the za in the spring season in Korea, when the Asian 
dust particle that frequently occurs, is still challenging. 
Nevertheless, the za could provide the continuous and 
near-real time information on the vertical distribution 
of aerosols which can be used as valuable input para­
meters for the radiative transfer model. In future work, 
we will aim to develop the method for retrieval of the 
vertical distribution of aerosols including the aerosol 

that exists in upper troposphere with za and the varia­
tion of the za according to the season with long-term 
measurement data set.
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