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Abstract 
For the study area, Introducing the humidity correction and aerosol scale height correction methods, the 
optimal Aerosol optical thickness (AOT) and the PM2.5 mass concentration estimation models are selected 
as the Monadic quadratic equation model. Based on 5 point sliding average method and accumulated variance 
analysis, using the cumulative slope change ratio comparison method, taking the winter as the base period 
without considering other factors, the relative contribution rate of relative humidity to PM2.5 in the process 
of retrieving PM2.5 mass concentration was calculated to be 31.60% and 48.40% respectively in spring-
summer and autumn, the relative contribution rate of Aerosol scale height to AOT was 72.28% and 40.23% 
respectively in spring -summer and autumn, the relative contribution rate of relative humidity to AOT was 
24.59% and 26.23% respectively in spring-summer and autumn. By analyzing the contribution rate of relative 
humidity and Aerosol scale height to AOT or PM2.5, this study reveals the sensitivity of AOT to relative 
humidity and Aerosol scale height and the sensitivity of PM2.5 to relative humidity. It provides a reference 
for a more accurate inversion of PM2.5 mass concentration in near ground surface. The National Institute 
for Environmental Studies (NIES) began continuous observation of the atmosphere in 1996 in Tsukuba, 
Japan, with a compact Mie‐scattering lidar system, and added polarization measurement capability in 1999. 
Similar systems were installed at Nagasaki University on 22 February 2001 and at the Sino‐Japan Friendship 
Center for Environmental Protection in Beijing on 1 March 2001. 
Keywords: CALIPSO, AOT, PM2.5 inversion, cumulative slope change ratio comparison method, 
contribution rate 
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INTRODUCTION 
With rapid global industrial development, air 

pollution is becoming increasingly severe and 
environmental issues such as haze are gaining increasing 
attention, especially in developing countries such as 
China and India. Haze and other pollutants not only 
affect people’s working life and travel, but also the urban 
atmospheric environment. Fine particulate aerosols 
(such as inhalable fine particles and PM2.5) can cause 
respiratory diseases and cardiovascular diseases, which 
cause significant harm to human health (Martinelli 
2013). However, fine particulate matter (PM2.5) and 
aerosol optical thickness (AOT) are important 
indicators of urban atmospheric environmental quality, 
so their monitoring and analysis is particularly 
important. Researchers from all over the world have 
extensively studied the relationship between AOT and 
PM2.5 in different countries and regions, indirectly 

reflecting the pollution conditions near the ground 
through inverse PM2.5 concentrations. Some scholars 
have studied the relationship between AOT and PM2.5 
retrieved by MODIS and MISR data; the results show 
an extremely clear linear correlation between them, 
with correlation coefficients of 0.69 and 0.71, 
respectively. Moreover, a map of global PM2.5 mass 
concentration was successfully produced using AOT 
data (Van Donkelaa et al. 2006). Subsequently, by 
establishing the relationship between PM2.5 and 
MODIS AOT using the GEOS-Chem model and 
aerosol optical thickness data, the average distribution 
of the global PM2.5 mass concentration was estimated 
for 2001–2006 (Van Donkelaa et al. 2010). This further 
illustrates the important role of satellite remote sensing 
in air quality monitoring.  

The formation and characteristics of near ground 
particles are very complex and dependent on climatic 
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conditions, surface type, season, pollution, etc. 
Therefore, many researchers have begun to discuss how 
to improve the correlation between PM2.5 and AOT by 
revising the model to better reflect the concentration 
information of particles near the ground. For example, 
the correlation between MODIS AOT and the PM2.5 
concentration in Tsinghua Yuan of Beijing is influenced 
by atmospheric humidity and aerosol scale height. The 
correlation coefficient can be improved to 0.62 by 
combining relative humidity with the aerosol extinction 
coefficient; thus, the correlation between relative 
humidity and aerosol scale height can improve the 
relationship between the two factors (Wang et al. 2010). 
In addition, the relationship between AOT from 
MODIS inversion and near ground PM2.5 
concentration in different cities was studied after 
comparing the aerosol scale height, humidity, and 
particle size correction, which proved that remote 
sensing products play an important role in monitoring 
the distribution of PM2.5 (Aaron et al. 2010, Liu 2015, 
Strawa et al. 2014). By using the aerosol optical 
thickness below 3 km in CALIPSO aerosol stratified 
products and the air pollution index published by the 
Qingdao Meteorological Bureau, a higher correlation 
coefficient than the columnar aerosol optical thickness 
was obtained, and the effectiveness of the CALIPSO 
satellite remote sensing aerosol stratified product in air 
pollution monitoring was verified (Qi and Chen 2015).  

In contrast to MODIS aerosol optical thickness 
products and the Beijing air pollution index, the 
correlation between aerosol optical thickness products 
and the air pollution index was improved by aerosol 
scale height correction and humidity correction (Lau 
2005). These corrections have been performed for AOT 
data using RAMS model simulation of boundary layer 
height and relative humidity (Tao et al. 2013). This 
study found that the relationship between AOT 
concentration and PM2.5 varies with different regions, 
and experiments showed that the correlation in the 
eastern United States is higher than that in the west 
(Wang and Christopher 2003). The aerosol optical 
thickness of 26 cities around the world was retrieved by 
MODIS and compared with the concentration of 
PM2.5; the relationships between the two were highest 
under cloudless conditions, low relative humidity, low 
boundary layer height, and higher aerosol optical 
thickness (Gupta et al. 2006). These environmental 
climate factors should be introduced into the model of 
particle concentration near the surface in order to 
improve the correlation between AOT and PM2.5 
(Choi et al. 2009, Donkelaar et al. 2006, Liu et al. 2005). 

The vertical distribution data of atmospheric aerosols 
were measured by ground laser radar and airborne lidar, 
and the correlation between the AOT of MODIS 
inversion and PM2.5 ground observations was 
improved. The aerosol scale height correction of AOT 
based on the vertical distribution of aerosol is clear 
(Engel-Cox et al. 2006, Hutchinson and Smith 2008). 
These studies further demonstrate that satellite remote 
sensing is important for air quality monitoring and has 
practical application value for air quality monitoring on 
a large scale and over wide areas.  

In the past, many scholars have introduced the 
method of humidity correction and aerosol scale height 
correction, using aerosol AOT data to establish and 
compare simple linear regression models and multiple 
linear regression models of PM2.5-AOT. However, the 
contribution rate of relative humidity and aerosol scale 
height in the PM2.5 inversion process is often difficult 
to determine, and few scholars have studied the 
contribution rate of relative humidity and aerosol scale 
height. In this study, we quantitatively evaluate the 
contribution rate of relative humidity and aerosol scale 
height to PM2.5 and AOT using a new calculation 
method, a cumulative slope change ratio comparison 
method, based on the city of Zhengzhou in Henan 
province. The results of this study contribute to more 
accurate PM2.5 inversion in the study area and can 
indirectly determine the extent of the impact of other 
climatic conditions (such as temperature, precipitation, 
wind speed, wind direction, and other meteorological 
factors) on the inversion results. 

DATA ACQUISITION AND PROCESSING 

PM2.5 Data 
PM2.5 refers to particulate matter whose 

aerodynamic equivalent diameter is less than or equal to 
2.5 μm in ambient air and is also known as fine particles. 
The higher the PM2.5 value, the more serious the air 
pollution. The index of fine particulate matter has 
become an important index for measuring the degree of 
air pollution. The technical specifications and 
requirements of the PM2.5 automatic monitoring 
instrument (Trial) issued by China’s National 
Environmental Monitoring Centre in May 2012 have 
identified three automatic monitoring methods for 
PM2.5. The PM2.5 data used in this study is derived 
from the China National Environmental Monitoring 
Centre (http://www.cnemc.cn/). The daily PM2.5 
concentration data is based on the arithmetic average of 
PM2.5 data measured from monitoring stations. 

http://www.cnemc.cn/
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CALIPSO Aerosol Product Data 
Zhengzhou, the capital of Henan Province, is an 

important central city in Central China, a 
comprehensive transportation hub of the state, and the 
core city of the Central Plains Economic Zone. It is 
located between 112° 42′–114°14′E and 34°16′–34°58′N. 
As an inland central city, the power demand is 
dominated by thermal power generation. Coal dust and 
sulfide gas emissions are important causes of haze 
formation (Chen et al. 2013). According to the statistics 
of the China Meteorological Administration, the urban 
area of Zhengzhou was covered by haze for 251 days in 
2013. The number of fine days in Zhengzhou in 2014 
was 161. The number of fine days in Zhengzhou in the 
first half of 2015 was only 38. China’s Ministry of 
Ecology and Environment released the top 74 cities 
according to air quality ranking in China for the first 
three quarters of 2016, and Zhengzhou ranked fourth 
form the bottom (Jiang et al. 2017).  

The cloud-aerosol lidar with orthogonal 
polarization (CALIOP) carried by the CALIPSO 
satellite is the first spaceborne polarization laser radar 
that can provide continuous observation. It can receive 
both horizontal and vertical polarization echo signals at 
both 532 nm and 1064 nm. It is not only able to 
distinguish different types of clouds and aerosols but 

can also retrieve three-dimensional structural 
information of clouds and aerosols at high resolution 
(Kato et al. 2011, Singh and Venkatachalam 2014, 
Winker et al. 2010). This study employed 
CAL_LID_L2_05kmALay-Standard-V4-10 aerosol 
stratified product data from the CALIPSO satellite 
borne lidar Level 2 version within 200 km 
(latitude:33.31–36.22°N, longitude:112.11–115.20°E) 
of Zhengzhou urban area, with a horizontal resolution 
of 5 km and a vertical resolution of 30 m, in the HDF 
(Hierarchical Data Format) format. The CALIPSO 
satellite trajectory data in the study area is shown in Fig. 
1. The research period was from December 1, 2013 to 
November 30, 2014. The CALIPSO Level 2 data 
product is calculated by the inversion algorithm of the 
Level 1 product data. Due to the uncertainty of the 
algorithm, parameters such as the retrieved aerosol 
optical thickness, extinction coefficient, and 
backscattering coefficient will have some deviations in 
the inversion process (Garnier et al. 2015, Li et al. 2015). 
Therefore, CALIPSO Level 2 data must be filtered to 
reduce errors. A basic quality screening technology is 
used to screen CALIPSO Level 2 data; the quality 
control parameter settings are shown in Table 1. 

The basic quality screening technology uses several 
major markers such as the cloud-aerosol discrimination 

 
Fig. 1. CALIPSO satellite trajectory data in the study area 
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score (CAD Score) in CALIPSO Level 2 data and 
extinction quality control (Extinction QC) to screen out 
effective aerosol optical thickness (Man et al. 2013, 
Strawa et al. 2013). As the composition of the upper 
atmosphere has little impact on the near surface air 
pollution index data, and to reduce the impact of the 
upper atmosphere on the near surface data, we use 
CALIPSO layer product aerosol data to obtain the 
arithmetic mean of aerosol optical thickness (AOT) of 
each CALIPSO data rail near the ground (below 3 km), 
along with the basic quality screening technology and 
IDL program design. 

METHODS 

Estimation of the Relationship between AOT 
and PM2.5 

The selected CALIPSO AOT data are taken as 
independent variables and the daily average PM2.5 
concentration data of their corresponding dates are 
taken as dependent variables. Five regression models of 
linear function, a monadic quadratic equation function, 
power function, logarithm function, and exponent 
function are selected, and the regression model of AOT 
and PM2.5 mass concentration regression is established 
(Table 2). The correlation coefficient, R2, of the five 
regression models is not high, which indicates that the 
fitting degree of PM2.5 and AOT is not high. 
Therefore, the correlation degree should be improved 
by the correction of aerosol scale height and the 
correction of humidity (Bilal et al. 2017, Guo et al. 2017, 
Hu et al. 2014, Xin et al. 2016). 

Aerosol scale height correction 
The atmospheric aerosol scale height refers to the 

vertical height that the particles can reach in the entire 
gas column according to the ground concentration in 
the vertical direction; i.e., the equivalent thickness of 
the gas soluble layer assuming a constant aerosol 
concentration with height. The aerosol optical thickness 
is the integral of the near ground extinction coefficient 
from the surface to the top of the atmosphere, while the 
mass concentration of fine particles only represents the 
mass concentration of fine particles near the ground. 
Therefore, when the aerosol optical thickness is used to 
estimate the concentration of fine particles near the 
ground, the aerosol optical thickness of the vertical air 
column of the CALIPSO satellite should be 
transformed into the aerosol extinction coefficient near 
the ground (Liu et al. 2015). Based on the Koschmieder 
model (Koschmieder 1924), the Peterson model adjusts 
the contrast threshold from 0.02 to 0.05 to adapt to the 
climate characteristics of different research areas. In 
addition, the influence of atmospheric Rayleigh 
scattering and ozone absorption in the horizontal 
direction is considered by adding 0.0146 (Chen et al. 
2013, Peterson and Fee 1981). Therefore, the Peterson 
model is a real model describing the relationship 
between atmospheric aerosol optical thickness and the 
horizontal meteorological horizon: 

 𝑇𝑇 =  𝐻𝐻 × (3.0/𝑉𝑉 − 0.0146) (1) 

In formula (1), T indicates the aerosol optical 
thickness (AOT), H is the aerosol scale height in km, 
and V indicates visibility. The visibility data is provided 
by the China Meteorological Data Sharing Service 
System (http://data.cma.cn/). Based on the calculation 
of aerosol scale height, we calculate aerosol scale height 
predominantly using daily visibility data. The aerosol 
scale height, H, can be calculated by formula (1); then, 
the AOT is divided by the aerosol scale height. The 
aerosol extinction coefficient near the ground is 
obtained using the visibility data and the aerosol scale 
height is then corrected (Liu et al. 2014). 

Humidity correction 
As the Environmental Protection Bureau generally 

uses ground monitoring stations to measure PM2.5 
concentration, the air is usually dried and the results 
typically represent the PM2.5 mass concentration in the 
environment with relatively fixed relative humidity 
(Alam et al. 2015, Tripathi et al. 2005). The remote 
sensing inversion of aerosol optical thickness is detected 
in the background without the drying process. Relative 
humidity has a large influence on the extinction 

Table 1. Selection of main parameters for data quality 
control 

CALIPSO Level 2 aerosol layer data products 
Feature_Optical_Depth_532≠-9999; 

-100≤CAD_SCORE≤-50; 
Extinction_QC_532=0 or Extinction_QC_532=1; 

0≤Layer_Top_Altitude≤3KM; 
 

Table 2. Regression fitting model of pre-correction 
AOT and PM2.5 

Model type Fitting equation 
Correlation 

coefficient R2 
Linear function y = 0.0167x + 0.0917 0.0048 

Logarithm function y = -0.004ln(x) + 
0.0898 0.0101 

exponent function y = 0.0819e0.0658x 0.0010 
Power function y = 0.0786x-0.032 0.0103 

A monadic 
quadratic 

equation function 

y = 0.3391x2 - 0.2599x 
+ 0.1234 0.1845 

 

http://data.cma.cn/
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coefficient of aerosol particles. When the relative 
humidity is high, water soluble aerosol particles are 
absorbed and expanded, increasing the extinction 
coefficient and experimental error by several times 
(Chudnovsky et al. 2012, Strawa et al. 2013). Therefore, 
according to the empirical formula proposed by White 
and Roberts (1977), the following moisture absorption 
growth factor f (RH) is adopted: 

 𝑓𝑓(𝑅𝑅𝐻𝐻) = 1/(1 − 𝑅𝑅𝐻𝐻/100) (2) 

There are two main ways to use the moisture 
absorption growth factor, f (RH). Approach one 
combines the relative humidity data of the observation 
site and divides the near ground extinction coefficient 
(AOT after aerosol scale height correction) by f(RH). 
The aerosol extinction coefficient is obtained after 
humidity correction and the PM2.5 mass concentration 
is retrieved using this “dry” extinction coefficient (Lee 
et al. 2011, Zhu et al. 2017). Approach two uses the 
relative humidity data of the observation station to 
multiply the PM2.5 mass by f(RH) to correct the 
humidity, thus reducing the mass concentration of fine 
particles to the mass concentration in the “moist” state, 
then using AOT after aerosol scale height correction 
(the extinction coefficient of the near ground aerosol) 
to retrieve the PM2.5 mass concentration (Chitranshi et 
al., 2015). These two approaches are both used for 
humidity correction. 

Contribution Rate 
At present, there are few studies on the contribution 

rate of relative humidity and aerosol scale height to the 
retrieval of PM2.5 from satellite remote sensing AOT 
data. In order to study this problem, a new analysis 
method is adopted in this study, including the five-
point sliding average method (Pei and Guo 2001), 
accumulated variance analysis (Wang et al. 2012), and 
the cumulative slope change ratio comparison method 
(Ma et al. 2015). 

Five-point sliding average method and accumulated 
variance analysis 

For N discrete data {Yi}, it is considered that every 
five adjacent data points are essentially stationary within 
the cell; i.e. its mean value is close to constant. The 
arithmetic mean of every five adjacent data points can 
be selected to represent the value of any one of the 
points, and is thought to inhibit the measurement of 
random errors. Typically, the mean value is used to 
represent the measurement results of point data or 
endpoint data. The middle point of the five points is 
replaced with the mean; hence, the five-point sliding 

average method (Pei and Guo 2001). The general 
expression is: 

 𝑦𝑦𝑦𝑦 =
1

2𝑛𝑛 + 1
� 𝑦𝑦𝑦𝑦 + 1
𝑛𝑛

𝑘𝑘=−𝑛𝑛

  

(𝑦𝑦 = 𝑛𝑛 + 1,𝑛𝑛 + 2, . . . ,𝑁𝑁 − 𝑛𝑛) 

(3) 

The accumulated variance analysis is a nonlinear 
statistical method used to directly determine the 
variation of discrete data points from the curve. For 
sequence n, the accumulated variance of t at a certain 
time is expressed as: 
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(4) 

This method mainly judges the discrete amplitude 
of discrete data on its mean value. If the cumulative 
leveling value increases, the discrete data is larger than 
its average value, and the opposite is less than its average 
value. If the curve is composed of the above two parts, 
the turning point of the change trend can be 
determined. In this study, the five-point sliding average 
method and accumulated variance analysis are used to 
analyze the seasonal variation characteristics of relative 
humidity and aerosol scale height in order to determine 
the inflection points of daily average relative humidity, 
aerosol scale height, PM2.5 after humidity correction, 
and AOT after aerosol scale height correction and 
humidity correction. This study provides a basis for 
evaluating the contribution rates of AOT and PM2.5. 

Cumulative slope change ratio comparison method 
In order to facilitate the cumulative slope change 

ratio comparison method (Ma et al. 2015, Wang et al. 
2012), the slope of the linear relationship between 
cumulant A and the annual corresponding date is K1 
and K2 at the two periods before and after the inflection 
point, respectively. The slope of the linear relationship 
between cumulant B and the annual corresponding date 
is K3 and K4 at the two periods before and after the 
inflection point, respectively. The slope change rate of 
cumulant A is S (unit:%): 

 𝑆𝑆 = 100 × (𝐾𝐾2 − 𝐾𝐾1)/ 𝐾𝐾1 (5) 

The slope change rate of cumulant B is M (unit:%): 

 𝑀𝑀 = 100 × (𝐾𝐾4 − 𝐾𝐾3)/ 𝐾𝐾3 (6) 

In formulas (5) and (6), S and M are positive 
numbers indicating slope increases, whereas negative 
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numbers indicate slope reduction. The contribution 
rate of change of A to B (C: unit:%) can be expressed as: 

 𝐶𝐶 = 100 × 𝑆𝑆/𝑀𝑀 (7) 

However, in addition to A, there may be other 
factors contributing to B. If CT (unit:%) is used to 
represent the contribution rate of change of other 
factors to B, then CT can be expressed as: 

 𝐶𝐶𝑇𝑇 = 100 − 𝐶𝐶 (8) 

In this study, the contribution rate of relative 
humidity to PM2.5, the contribution rate of aerosol 
scale height to AOT, and the contribution rate of 
relative humidity to AOT were analyzed using the 
cumulative slope change ratio comparison method. 

RESULTS AND DISCUSSION 

PM2.5 and AOT Model after Correction 
After correction of aerosol scale height and 

humidity, 92 aerosol optical thickness data points are 
established after processing, along with daily average 
PM2.5 data provided by the China National 
Environmental Monitoring Centre relationship model. 
AOT after aerosol scale height correction is taken as the 
independent variable and PM2.5 after humidity 

correction is the dependent variable. Five regression 
fitting models including linear, monadic quadratic 
equation, power logarithm, and exponent models are 
established (Table 3). Moreover, AOT after aerosol 
scale height correction and humidity correction is taken 
as the independent variable and PM2.5 is the dependent 
variable, and the five regression fitting models are 
established (Table 4). 

The correlation coefficients of the five regression 
models are greatly improved (Tables 3 and 4) for both 
models. The monadic quadratic equation model has the 
highest correlation coefficient, R2, which is as high as 
0.7063 and 0.7059, respectively, as shown in Fig. 2 (a) 
and (b). R2 values for the monadic quadratic equation 
model, linear model, power model, exponential model, 
and logarithmic model increase from 0.1845 to 0.7063, 
0.0048 to 0.7037, 0.0103 to 0.6666, 0.0010 to 0.6583, and 
0.0101 to 0.5947, respectively (Table 3). For the model 
results shown in Table 4, the same R2 values increase 
from 0.1845 to 0.7059, 0.0048 to 0.7033, 0.0103 to 
0.6654, 0.0010 to 0.6575, and 0.0101 to 0.5943, 
respectively. Therefore, the monadic quadratic 
equation model is the best choice for the relationship 

Table 3. Regression fitting model table of AOT after 
aerosol scale height correction and PM2.5 after 
humidity correction 

Model type Fitting equation Correlation 
coefficient R2 

Linear function y = 0.08x + 0.0304 0.7037 
Logarithm 
function y = 0.0658ln(x) + 0.1252 0.5947 

exponent 
function y = 0.0475e0.6815x 0.6583 

Power function y = 0.109x0.6132 0.6666 
A monadic 
quadratic 
equation 
function 

y=0.006x2+0.0644x+0.0368 0.7063 

 

Table 4. Regression fitting model table of AOT after 
aerosol scale height and humidity correction and PM2.5 

Model type Fitting equation 
Correlation 

coefficient R2 
Linear 

function y = 0.08x + 0.0302 0.7033 

Logarithm 
function y = 0.0654ln(x) + 0.1248 0.5943 

exponent 
function y = 0.0473e0.6855x 0.6575 

Power 
function y = 0.1088x0.613 0.6654 

A monadic 
quadratic 
equation 
function 

y=0.0061x2+0.0644x+0.0367 0.7059 

 

 

 
Fig. 2. Monadic quadratic equation models of (a) AOT 
after aerosol scale height correction and PM2.5 after 
humidity correction and (b) AOT after aerosol scale 
height and humidity correction and PM2.5 
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model between AOT and PM2.5. This further proves 
that it is effective and feasible to retrieve PM2.5 data 
from CALIPSO satellite aerosol data. It also provides 

strong support for the study of relative humidity and 
aerosol vertical elevation contribution rate. 

Contribution Rate 

Seasonal variation characteristics of relative humidity 
and aerosol scale height 

In order to scientifically analyze the characteristics 
of relative humidity and aerosol scale height over the 
past year, the 92 data selected based on the CALIPSO 
Level 2 data are divided into four seasons: winter 
(December–February), spring (March–May), summer 
(June–August), and autumn (September–November), 
as shown in Table 5. The change characteristics of daily 
relative humidity and the five-point sliding average 
value of Zhengzhou district from December 2013 to 
November 2014 are shown in Fig. 2, respectively. The 
overall trend of daily average relative humidity rose 
steadily and showed a certain seasonal regularity; it 
generally increased in winter, spring, summer, and 
autumn, which coincided with the four seasonal change 
regulations in Zhengzhou. The average relative 
humidity of spring, summer, autumn, and winter was 
50.50%, 60.77%, 7 0.09%, and 49.10%, respectively. 

The change characteristics of aerosol scale height 
and the five-point sliding average of Zhengzhou 
District from December 2013 to November 2014 are 
shown in Fig. 3. The daily aerosol scale height in 
winter, autumn, summer, and spring increased steadily 
then decreased steadily, which is consistent with the 

Table 5. Seasonal classification of data 
Winter (December 2013 to 

February 2014) 
Spring (March 2014 to May 

2014) 
Summer (June2014 to August 

2014) 
Autumn (September 2014 to 

November 2014) 
2013-12-04 
2013-12-05 
2013-12-06 
2013-12-07 
2013-12-13 
2013-12-14 
2013-12-20 
2013-12-21 
2013-12-22 
2013-12-23 
2013-12-29 
2013-12-30 
2014-01-05 
2014-01-21 
2014-01-22 
2014-01-23 
2014-01-24 
2014-01-30 
2014-02-07 
2014-02-08 
2014-02-09 
2014-02-15 
2014-02-16 

 

2014-03-04 
2014-03-10 
2014-03-11 
2014-03-19 
2014-03-20 
2014-03-26 
2014-03-28 
2014-03-29 
2014-04-05 
2014-04-12 
2014-04-13 
2014-04-27 
2014-04-28 
2014-04-29 
2014-04-30 
2014-05-06 
2014-05-07 
2014-05-14 
2014-05-15 
2014-05-16 
2014-05-22 
2014-05-23 
2014-05-29 
2014-05-31 

 

2014-06-01 
2014-06-07 
2014-06-08 
2014-06-15 
2014-06-17 
2014-06-23 
2014-06-30 
2014-07-10 
2014-07-16 
2014-07-17 
2014-07-18 
2014-07-25 
2014-07-26 
2014-08-01 
2014-08-02 
2014-08-03 
2014-08-10 
2014-08-11 
2014-08-18 
2014-08-19 
2014-08-20 
2014-08-27 

 

2014-09-02 
2014-09-03 
2014-09-04 
2014-09-05 
2014-09-18 
2014-09-19 
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Fig. 3. (a) Trend of daily average relative humidity and 
(b) five-point sliding average trend of relative humidity 
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seasonal variation of aerosol scale height. The average 
aerosol scale height in spring, summer, autumn, and 
winter was 0.77 km, 0.62 km, 0.49 km, 0.39 km, 
respectively. 

Contribution rate of relative humidity to PM2.5 
According to the seasonal variation characteristics of 

relative humidity and aerosol scale height, the inflection 
point of accumulated variance of daily average relative 
humidity is approximately before and after the winter, 
spring, summer, and autumn seasonal nodes, and the 
inflection point of accumulated variance of PM2.5 after 
humidity correction is approximately before and after 

the winter, spring-summer, and autumn nodes (Fig. 5 
(a) and (b)). Therefore, the common inflection points 
of cumulative daily relative humidity and cumulative 
PM2.5 after humidity correction are divided into three 
periods: winter, spring-summer, and autumn. From 
Fig. 5 (c) and (d), and according to the actual 
calculation results of formulas (5–8), we can see that the 
contribution rate of relative humidity to PM2.5 in 
spring-summer compared to winter was 31.60%, while 
the contribution rate of temperature and other factors 
to PM2.5 was 68.40%. In autumn, compared with 
spring-summer, the contribution of relative humidity 

  
Fig. 4. (a) Trend of daily aerosol scale height and (b) five-point sliding average trend of daily aerosol scale height 

 
Fig. 5. (a) Daily average relative humidity accumulated variance, (b) PM2.5 after humidity correction accumulated 
variance, (c) cumulative daily average relative humidity, and (d) cumulative PM2.5 after humidity correction 
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to PM2.5 was 48.40%, while temperature and other 
factors contributed 51.60% to PM2.5. 

Contribution rate of aerosol scale height to AOT 
Similarly, the inflection points of accumulated 

variance of daily aerosol scale height and AOT after 
aerosol scale height correction and humidity correction 
are approximately before and after the winter, spring, 
summer, and autumn seasonal nodes or winter, spring-
summer, and autumn seasonal nodes, respectively (Fig. 
6 (a) and (b)). Therefore, the common inflection 
points of cumulative daily aerosol scale height and 
cumulative AOT after aerosol scale height correction 
and humidity correction are divided into three periods: 
winter, spring-summer, and autumn. Using the same 
formulas as in section 4.2.2, the contribution rate of 
aerosol scale height to AOT was 72.28% in spring-
summer compared with that in winter. In autumn, the 
contribution of aerosol scale height to AOT was 40.23% 
compared with spring-summer (Fig. 6 (c) and (d)). 

Contribution rate of relative humidity to AOT 
The inflection point of accumulated variance of 

daily average relative humidity is approximately before 
and after the winter, spring, summer, and autumn 
seasonal nodes, while the inflection point of 

accumulated variance of AOT after aerosol scale height 
correction and humidity correction is approximately 
before and after the winter, spring-summer, and 
autumn seasonal nodes (Figs. 5 (a) and 6 (b)). The 
common inflection points of cumulative daily average 
relative humidity and cumulative AOT after aerosol 
scale height correction and humidity correction are 
again divided into three periods: winter, spring-
summer, and autumn. The contribution rate of daily 
average relative humidity to AOT was 24.59% in spring-
summer compared with that in winter. The 
contribution of daily average relative humidity to AOT 
in autumn was 26.23%, compared with that in spring-
summer (Figs. 5 (c) and 6 (d). 

Discussion 
In the process of retrieving PM2.5 for the spring-

summer period, the contribution rate of aerosol scale 
height to AOT is approximately three times that of 
relative humidity to AOT. For the autumn period, the 
contribution rate of aerosol scale height to AOT is 
approximately 1.5 times that of relative humidity to 
AOT (Table 6). Before correction, the correlation 
coefficient, R², of the five models after only aerosol scale 
height correction of AOT is 6-7 times higher, while the 
R² of the five models is not significantly improved after 

 
Fig. 6. (a) Accumulated variance of daily aerosol scale height, (b) accumulated variance of AOT after aerosol scale 
height correction and humidity correction, (c) cumulative daily aerosol scale height, and (d) cumulative AOT after 
aerosol scale height correction and humidity correction 



 
 
Li et al. 
 

 
1194  Ekoloji 28(107): 1185-1197 (2019) 
 

humidity correction of AOT and PM2.5 (Table 7). 
Therefore, during the correction process of AOT 
inversion of PM2.5, according to the change of R² 
before and after correction, aerosol scale height has the 
largest contribution rate to AOT and relative humidity 
has a small contribution rate to AOT and PM2.5. Thus, 
the validity of the research results is verified. 

CONCLUSION 
The National Institute for Environmental Studies 

(NIES) begin continuous observation of the 
atmosphere in 1996 in Tsukuba, Japan, with a compact 
Mie‐scattering lidar system, and add polarization 
measurement capability in 1999. Similar systems are 
installed at Nagasaki University on 22 February 2001 
and at the Sino‐Japan Friendship Center for 
Environmental Protection in Beijing on 1 March 2001. 
Many researchers have established PM2.5 and AOT 
estimation models for the correction of relative 
humidity and aerosol scale height to PM2.5 or AOT. 
However, none have demonstrated the sensitivity of 
PM2.5 and AOT to relative humidity and aerosol scale 
height, nor their contribution to PM2.5 and AOT 
(Kang et al. 2016). Similarly, there are few studies on 
the effect of meteorological factors such as temperature, 
precipitation, and wind speed on PM2.5 and AOT (Lary 
et al. 2014, Seung et al. 2012). 

(1) In the study area, the quality of the model 
depends on the correlation between sample data. The 
optimal estimation model between PM2.5 after 
humidity correction and AOT after aerosol scale height 
correction is a monadic quadratic equation model; its 
correlation coefficient, Ra

2, reaches 0.7063. The optimal 
estimation model between PM2.5 and AOT after 
aerosol scale height correction and humidity correction 
is also a monadic quadratic equation model, with a 
correlation coefficient, Rb

2, of 0.7059. Because Ra
2 is 

greater than Rb
2, the optimal estimation model of AOT 

and PM2.5 is a monadic quadratic equation model of 
PM2.5 after humidity correction and AOT after aerosol 
scale height correction. Therefore, the corrected data 
can reflect the feasibility of the linear regression 
relationship between the near ground (below 3 km) 
aerosol optical thickness (AOT) obtained from 
CALIPSO Level 2 aerosol data and fine particle PM2.5 
data. 

(2) Accumulated variance analysis is used to 
determine the approximate seasonal inflection points 
and divide the year into three periods: winter, spring-
summer, and autumn. The correlation coefficients of 
the linear relationship are 0.9894, 0.9945, and 0.9978, 
respectively, according to the statistical analysis between 
the cumulative daily average relative humidity and the 
three corresponding seasonal periods. Similarly, the 
maximum correlation coefficients of the linear 
relationship between the cumulative aerosol scale 
height and the three corresponding seasonal periods are 
0.9656, 0.9855, and 0.9758, respectively. The maximum 
correlation coefficients of the linear relationship 
between cumulative PM2.5 after humidity correction 
and the three corresponding seasonal periods are 
0.9890, 0.9972, and 0.9748, respectively, and the 
correlation coefficients of the linear relationship 
between cumulative AOT after aerosol scale height and 
humidity correction and three corresponding seasonal 
seasons are 0.9803, 0.9889, and 0.9914, respectively. 

(3) In the study area of Zhengzhou city of Henan 
Province, we effectively calculate the contribution rate 
of relative humidity and aerosol scale height during 
estimation of the PM2.5 and AOT model. The relative 
contribution rate of relative humidity to PM2.5 is 
31.60% and 48.40% during the spring-summer and 
autumn periods, respectively, according to the 
cumulative slope change ratio comparison method in 

Table 6. Contribution rate of relative humidity and aerosol scale height to PM2.5 and AOT 
Model type 

R2 (Before 
correction) 

R2 (PM2.5 after 
humidity correction) 

R2 (AOT after 
humidity correction) 

R2 (AOT after Aerosol scale 
height correction) 

Linear function 0.0048 0.0048 0.0048 0.7026 
Logarithm function 0.0101 0.0101 0.0101 0.5935 
exponent function 0.0010 0.0010 0.0009 0.6568 

Power function 0.0103 0.0104 0.0104 0.6646 
A monadic quadratic 

equation function 0.1845 0.1845 0.1840 0.7052 

 

Table 7. Comparison of correlation coefficients between AOT and PM2.5 regression models before and after 
correction 

period The relative humidity 
contribution rate to PM2.5 

The relative humidity 
contribution rate to AOT 

The aerosol scale height 
contribution rate to AOT 

Spring-summer 31.60% 24.59% 72.28% 
Autumn 48.40% 26.23% 40.23% 
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the winter (November–February) datum period. The 
relative contribution rate of relative humidity to PM2.5 
is 31.60% and 48.40% in spring-summer and autumn; 
however, the relative contribution rates of other 
meteorological factors to PM2.5 are 68.40% and 51.60% 
in spring-summer and autumn, respectively. The 
relative contribution rate of relative humidity to AOT, 
the relative contribution rate of aerosol scale height to 
AOT, and the total relative contribution rate of relative 
humidity and aerosol scale height to AOT is 24.59% and 
26.23%, 72.28% and 40.23%, and 96.87% and 66.46% in 
spring-summer and autumn, respectively, while the 
relative contribution rate of meteorological factors such 
as temperature, precipitation, and wind speed to AOT 
is 3.13% and 33.54% in spring-summer and autumn, 
respectively. 

(4) This study reveals the seasonal trends of relative 
humidity and aerosol scale height in Zhengzhou, 
Henan province, from December 2013 to November 
2014, and uses quantitative research methods to study 

the contribution rate of relative humidity and aerosol 
scale height to PM2.5 and AOT. It is highly significant 
for future inversion of more accurate PM2.5 data, 
analysis of the spatial distribution of fine particulate 
matter (PM2.5), and analysis of the sources and 
components of pollution. Furthermore, it provides a 
decision-making basis for pollution control policies by 
environmental protection departments, with the 
ultimate aim of improving the atmospheric 
environment. 
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