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ABSTRACT: 

Aerosol optical properties and corresponding radiative effect (ARE) in ultraviolet (UV), visible (VIS), near-infrared (NIR), and 

shortwave (SW) during haze periods between winter and summer of Wuhan were compared. With the development of haze, the 

average aerosol optical depth (AOD) increased from 0.34 to 0.79 in winter and from 0.64 to 1.36 in summer. The aerosol volume 

size distribution (ASD) showed that obvious increases in fine mode particles in both winter and summer with haze occurring. The 

single scattering albedo (SSA) increased significantly in both seasons as a result of the emergence of numerous non-absorbent 

aerosols when haze occurred. The ARE at UV, VIS, NIR, and SW changed in winter (summer) from -8.29 W/m2 to -10.88 W/m2 (-

8.32 W/m2 to -11.06 W/m2), from -43.26 W/m2 to -66.04 W/m2 (56.33 W/m2 to -76.94 W/m2), from -21.90 W/m2 to -44.57 W/m2 (-

31.36 W/m2 to -48.67 W/m2), and from -73.46 W/m2 to -119.49 W/m2 (-8.32 W/m2 to -11.06 W/m2) respectively, when air 

conditions changed from clear to hazy. The variations in ARE fraction of UV, VIS, and NIR in SW depended much more on particle 

size rather than SSA. The ARE fraction of UV and VIS decreased while it of NIR increased in SW, when haze developed. Back 

trajectory analysis with active fire areas from Moderate Resolution Imaging Spectroradiometer (MODIS) indicated that the BC 

originated from the North in summer, while active fires in winter were rare. 

 

1. INTRODUCTION 

Aerosols have significant effects on climate change, radiation balance, 

and hydrological cycle (Ramanathan et al., 2001). It influences on the 

earth's radiation budget balance, not only directly by scattering and 

absorbing incoming solar radiation, but also indirectly by modifying the 

microphysical properties of clouds (Albrecht, 1989; Hansen et al., 1997; 

Haywood and Boucher, 2000). In recent years, increase in 

anthropogenic aerosol from developing countries owing to rapid 

industrial and economic development has been proved, and triggered 

widespread haze events in China (Huang et al., 2014; Tao et al., 2016). 

The fifth assessment report of the intergovernmental panel on climate 

change indicated that the increase in anthropogenic aerosol has 

enhanced aerosol radiative effects (AREs) producing a strong cooling 

effect on the ground, which can partially offset the greenhouse effect 

(Stocker et al., 2013). Except for the influence on climate change and 

hydrological cycle, aerosols also play an important role in air pollution 

environmental problems.  

Wuhan is a mega-city in Central China, located in the eastern portion of 

the Jianghan plain and the Yangtze River middle reaches. Large 

amounts of water vapor originating from rivers and lakes make the city 

under relatively high humidity conditions. In recent year, it has been 

suffering from air pollution problems due to an increase in 

anthropogenic aerosol emissions caused by rapid economic and 

industrial development. The formation of haze was largely driven by 

changes in meteorological conditions (Guo et al., 2014). In winter, 

because of climatic conditions that are beneficial to the accumulation of 

pollutant particles, large-scale regional haze events generally occur 

relatively frequently (Yaoqing et al., 2007; Yele Sun et al., 2006). In 

summer, by contrast, haze occur because of pollutant aerosols from 

biomass burning from both local and remote transmission (Zhang et al., 

2014), usually last for a relatively short period of time. Some studies 

have investigated that the chemical composition of aerosols based on 

sampling near the ground during haze periods in Wuhan (Lyu et al., 

2016; Lyu et al., 2015). While, the AREs in each sub-band are related 

to the compositions, particle sizes, and absorbing and scattering 

capacities of aerosols, which can change dramatically during haze 

periods and require thorough investigation as well. 

In this study, we conducted a full investigation to aerosol optical 

properties and their AREs in ultraviolet (UV), visible (VIS), near-

infrared (NIR), and shortwave (SW) during haze periods over Wuhan 

and compared their differences between summer and winter. We 

selected two haze events, one each from the winter and summer of 2014, 

which is the most recent year in which haze events occurred in both 

summer and winter. The winter event lasted from January 12 to 24, 

2014, and the summer event lasted from July 21 to 30, 2014. In 

addition, the Hybrid Single-Particle Lagrangian Integrated Trajectory 

(HYSPLIT) model and the Moderate-resolution Imaging 

Spectroradiometer (MODIS) active fire products were used to 

understand the influences of surrounding biomass combustion during 

haze periods. 

 

2. MEASUREMENTS AND METHODS 

2.1 Data and instrument 

The observation data was acquired from a Cimel sun-sky 

radiometer (CE-318) installed on the roof of the State Key 

Laboratory of Information Engineering in Surveying, Mapping, 

and Remote Sensing (114°21′ E, 30°32′ N) at Wuhan University, 

Wuhan. The instrument has an approximately 1.2° full angle 

field of view and two detectors, observing direct solar, aureole, 

and sky radiance automatically in eight spectral channels: 340, 

380, 440, 500, 675, 870, 940, and 1020 nm (Holben et al., 

1998). It is calibrated annually from the China Meteorological 

Administration Aerosol Remote Sensing Network (Che et al., 

2009). 

The active fire data was from Moderate Resolution Imaging 

Spectroradiometer (MODIS) global fire area products. The 

humidity data used in this study were obtained from the 

NOAA’s National Climatic Data Center (NCDC), while PM2.5 

(particulate matter with aerodynamic diameter less than 2.5 

micrometers) and PM10 (particulate matter with aerodynamic 

diameter less than 10 micrometers) data were acquired from the 
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China National Environmental Monitoring Center (CNEMC). 

According to the environmental air quality index (AQI) 

technical requirements (HJ 633-2012), haze days are defined as 

those on which the daily average mass concentration of PM2.5 

was above 75 μg/m3. Details of haze days are shown in Table 1. 

 

 
Table. 1 Days with clear air conditions and haze periods in 2014 in Wuhan 

 January July 

Clear air 12-22 21-26, 29-30 

Haze 12-20, 23-24 27-28 

 

2.2 Methods 

2.2.1 Inversion of aerosol optical properties: The aerosol 

optical properties were retrieved from the measurements of the 

Cimel sun-sky radiometer at 340, 380, 440, 500, 675, 870, and 

1020 nm, based on the method of Dubovik and King (2000). 

The Ångström exponent (AE) proposed by Ångström (1929) 

was computed from the negative of the first derivative of AOD 

with the associated wavelength on a logarithmic scale (Eck et 

al., 1999). The volume size distribution (ASD), asymmetry 

factor (ASY), and single-scattering albedo (SSA) was were 

retrieved from the direct sun observations and sky irradiance 

with the uncertainty less than 5% at 440, 675, 870, and 1020 

nm (Dubovik et al., 2002; Dubovik and King, 2000). The 

uncertainty of SSA inversion was controlled between 0.03 and 

0.07, depending on the aerosol loading and types (Dubovik et 

al., 2000).  

 

2.2.2 Aerosol radiative effects calculation: The ARE 

was the difference between the net radiative flux with and 

without aerosols in each spectral interval. It was calculated 

using the libRadtran model (Mayer and Kylling, 2005) with 

input parameters of aerosol optical properties, precipitable 

water vapor acquired from the band of sun-sky radiometer at 

940 nm, and total ozone column from the Ozone Monitoring 

Instrument (OMI) onboard the Aura spacecraft, and surface 

albedo were input into the model as parameters for irradiance 

simulation (Moody et al., 2005), in each sub-band: UV (280-

400nm), VIS (400-700nm), VIS (700-2800nm), and SW (280-

2800nm) spectra. In order to maintain consistency between the 

two seasons, the solar zenith angle was limited to 60° ± 5°, 

because this angle strongly influences the ARE evaluation 

(Haywood and Boucher, 2000) 

 

2.2.3 Backward trajectories simulation: The Hybrid 

Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) 

model was developed by the National Oceanic and Atmospheric 

Administration (NOAA) Air Resource Laboratory (Draxier and 

Hess, 1998). It is a complete air trajectory model that is widely 

used for calculating simple air parcel trajectories, complex 

transport, dispersion, chemical transformation, and deposition 

simulations (Stein et al., 2015). Meteorological files as input 

data for running the HYSPLIT model were acquired from 

reanalysis data of the NOAA. In this study, the HYSPLIT 

model was used in combination with active fire data from 

MODIS global fire area products to analyse the influence of the 

surrounding regions on Wuhan during the haze periods. 

 

3. RESULTS 

3.1 Investigation of aerosol optical properties 

3.1.1 Aerosol optical depth and Ångström exponent: The 

variations of AOD and AE during the study periods is shown in 

Fig. 1. Data from July 24–25 are missing due to adverse 

weather factors. In winter, the daily mean AOD was 0.34 under 

clear air and was 0.79 in haze event. It fluctuated drastically 

from maximum 1.55 (January 13) to minimum 0.29 (January 21) 

during whole study periods and the AE changed from 0.84 to 

1.74. Before January 20, the mean AOD was 0.94 showing 

relatively heavy haze. After this, AOD decreased and reached 

about 0.37 showing the influence on coarse mode particles. 

While, the daily mean AOD changed from 0.64 under clear air 

to 1.36 during haze event in summer. The mean daily AE 

almost unchanged around 1.40 showing dominant fine mode 

particle. In general, compared with the haze in winter, the mean 

AOD and AE were both larger during summer haze periods. 

 
Fig. 1 Time series chart of AOD (500 nm) and AE (440-870 nm) in January (winter) and July (summer). 

 

3.1.2 Aerosol size distribution: The ASD is depicted in Fig. 

2, showing a bimodal size distribution dependent on integrative 

action of fine and coarse mode particles during the clear air and 

haze periods. The peak of fine mode particle changed from 

0.034 μm3/μm2 to 0.068 μm3/μm2 in winter and it varied from 

0.106 μm3/μm2 to 0.168 μm3/μm2 in summer, when haze 

developed. Meanwhile, the peak of coarse mode particle had no 

significant changes from clear air to haze periods, and it was 

around 0.051 μm3/μm2 in winter and around 0.042 μm3/μm2 in 

summer. The fine mode particle increased obviously with haze 

occurring and it was constantly dominant in summer. While, in 

winter, the coarse mode particles were preponderance during 

clear air periods. The particle effective radius increased as well 

with haze developing, from 0.128 μm to 0.166 μm in winter and 

from 0.179 μm to 0.229 μm in summer. Fig. 3 showed 

relationships between fine mode particle effective radius and 
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relative humidity. The mean relative humidity was 50.8% and 

76.9% in winter and summer respectively. And the radius 

increased with increase of the relative humidity, due to the 

hygroscopic growth in a relatively high humid environment.  

 
Fig.2. The ASD during haze and clear air periods in winter and summer over Wuhan. 

 

  
Fig. 3 Relationship between the RH and fine mode effective radius in winter and summer. 

 

3.1.3 Single scattering albedo: The SSA at four different 

wavelengths was shown in Fig. 4. The value of SSA increased 

from 440 nm to 870nm and then decreased at 1020 nm in winter, 

indicating the influence of raising large dust particles covered 

with iron components, which had strong absorption of solar 

radiation at the UV interval (Sokolik and Toon, 1999).  

 
Fig. 4 Variations of SSA at 440 nm, 670 nm, 870 nm, and 1020 nm in winter and summer. 

 

In summer, by contrast, the SSA maintained a decreasing trend 

and the differences in SSA between clear air and haze condition 

deceased from 440 nm to 670nm. It was due to carbonaceous 

aerosols from surrounding biomass combustion regions which 

also show strong absorption capacity and a strong wavelength 

dependence (Kirchstetter, 2004). In addition, the values of SSA 

under haze in both the seasons were even higher, indicating that 

the appearance of numerous non-absorbent aerosols, such as 

sulfate (Charlson and Hofmann, 1992). 

 

3.2 Aerosol radiative effects at UV, VIS, NIR, and SW 

3.2.1 Time series of ARE in each sub-band: The variation 

of earth surface ARE at UV, VIS, NIR, and SW was shown in 

Fig. 5. The average ARE at UV, VIS, NIR, and SW changed 

from -8.29 W/m2 to -10.88 W/m2, from -43.26 W/m2 to -66.04 

W/m2, from -21.90 W/m2 to -44.57 W/m2, and from -73.46 

W/m2 to -119.49 W/m2 respectively in winter. And it changed 

in summer from -8.32 W/m2 to -11.06 W/m2, from -56.33 W/m2 

to -76.94 W/m2, from -31.36 W/m2 to -48.67 W/m2, and from -

96.01 W/m2 to -135.67 W/m2 respectively.  

 
Fig. 5 Time series chart of ARE at earth surface in January (winter) and July (summer). 

 

3.2.2 Variation in ARE fraction of each sub-band: In both 

two seasons, the ARE enhanced with haze occurring. The 

changes in ARE fraction of UV, VIS, and NIR was displayed in 

Table. 2. The ARE percentage of UV and VIS in SW decreased, 

while NIR fraction increased, when the air condition changed 

from clear to haze. In addition, the Variations in ARE 

percentage of each sub-band were larger in winter than that in 

summer. 
Table. 2 ARE fraction of UV, VIS, and NIR in SW 

 Winter Summer 

Clear air Haze Clear Haze 

UV (%) 11.3 9.5 8.7 8.2 
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VIS (%) 58.9 55.9 58.7 56.0 

NIR (%) 29.8 34.6 32.6 35.8 

 

 
Fig. 6 ARE Fraction variation of UV VIS and NIR in SW with single scattering albedo and fine mode 

effective radius at SUR. 
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In order to further investigate the reason of variations in ARE 

percentage of each sub-band, Fig. 6 showed the ARE percent 

variation of UV VIS and NIR in SW with single scattering 

albedo and fine mode effective radius at earth surface. In winter, 

the fraction of UV and VIS decreased and NIR fraction 

increased with the fine mode effective radius increasing. The 

relationship between ARE Fraction and fine mode effective 

radius had relatively higher correlation coefficient (R2) of 0.704 

in UV, 0.713 in VIS, and 0.771 in NIR, compared with the 

relationship of SSA. In summer, by contrast, the ARE Fraction 

of VIS and NIR had high R2 (0.680 and 0.663) with effective 

radius, while the ARE Fraction of UV depended much more on 

SSA with R2 of 0.608. It may be owing to the increase in 

carbonaceous aerosols under haze conditions. According to the 

Mie theory (Mie, 1908), the increase of particle radius due to 

hygroscopic growth under high humidity conditions enhanced 

forward scattering and decreased backward scattering. And 

because of wavelength dependence, this effect had more 

sensitive to short wavelength solar light. Thus, in general, with 

the increased of particle radius, the ARE fraction of UV and 

VIS decreased and it of NIR increased in SW. 

 

3.3 Trajectory analysis with active fire points 

 
Fig.7 Cases of 72-h back trajectories from Wuhan with MODIS fire product maps over China during the 

haze periods 

Cases of 72-h back trajectories at 500 m, 1500 m, and 3000 m 

simulated by the HYSPLIT were shown in fig. 7 and it built 

connections between local and regional pollution. January 12-

14 and July 21-23 were typical cases that were analyzed 

surrounding the combustion influence on Wuhan.  Long-range 

trajectories appeared in January from Northwest China, where 

was almost no fires were observed, while from the areas where 

fire was observed by MODIS measurements occurred around 

Southern and Southwest Wuhan. It showed that air-masses 

arrived at Wuhan without the influence of other areas where fire 

was observed. Short-range trajectories, by contrast, appeared in 

July from southwest and northwest of Wuhan. It was obvious 

that air brought pollutants produced by biomass combustion 

from regions with active fires and accumulated over Wuhan. 

 

4. CONCLUSIONS 

In this study, aerosol optical properties from sun-sky radiometer 

and their AREs in ultraviolet (UV), visible (VIS), near-infrared 

(NIR), and shortwave (SW) from libRadtran model were 

investigated completely during haze periods in summer and 

winter of Wuhan. An increase of mean AOD (500 nm) was from 

0.34 to 0.79 in winter and from 0.64 to 1.36 in summer, when 

haze occurring. The peak value of fine mode particles in winter 

increased from 0.034 μm3/μm2 to 0.068 μm3/μm2. In summer, 

fine mode particles had always been dominant, and showed a 

rapid increase for the peak value from 0.105 μm3/μm2 to 0.168 

μm3/μm2. The value of SSA showed a similar trend in both the 

seasons where it was much higher during haze periods, 

indicating an increase of non-absorbent particles, although the 

absorbent particles also increased. In addition, the value of the 

SSA in winter increased from 440 nm to 670 nm and then 

decreased at 1020 nm, indicating the strong absorption of solar 

radiation at a short wavelength. 

The ARE at UV, VIS, NIR, and SW changed in winter (summer) 

from -8.29 W/m2 to -10.88 W/m2 (-8.32 W/m2 to -11.06 W/m2), 

from -43.26 W/m2 to -66.04 W/m2 (56.33 W/m2 to -76.94 

W/m2), from -21.90 W/m2 to -44.57 W/m2 (-31.36 W/m2 to -

48.67 W/m2), and from -73.46 W/m2 to -119.49 W/m2 (-8.32 

W/m2 to -11.06 W/m2) respectively, when air conditions 

changed from clear to hazy. The ARE fraction of UV, VIS in 

SW decreased while the ARE fraction of NIR increased during 

haze periods. According to the Mie theory, the increase of 

particles size due to hygroscopic growth under high humidity 

conditions enhanced forward scattering and decreased backward 

scattering. And it had more sensitive to short wavelength light 

because of wavelength dependence.  

The influence of the surrounding regions where fire was 

observed was analyzed using the HYSPLIT model to verify the 

contribution of surrounding biomass combustion to haze in 

Wuhan. In summer, air-masses passed through areas in the 

North and brought pollutants to Wuhan. While, in winter, 

pollutants were carried from Southeast Asia and India. It had 

almost no influence on the areas surrounding Wuhan. 

A detailed investigation of the aerosol optical and associated 

radiative properties in two seasons with different climatic 

conditions and pollutant sources enhanced the understanding 

and assessment of haze variation mechanisms and were also 

useful in more accurately assessing the radiative effect of 

aerosols on localized climate. 
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