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ABSTRACT 

 

Frequent haze events have been happening in the North China Plain (NCP) and the severity 

of these events has attracted massive attention from both the public and the scientific community. 

Extremely high aerosol loadings in these haze events significantly influence visibility, human 

health and climate. Thus, improving the scientific understanding of haze pollution is of great 

importance. Furthermore, air quality modeling remains challenging due to large uncertainties in 

the emission inventory and incomplete parameterizations in the current model. This thesis aims 

to improve the understanding of haze pollution in the NCP using a regional model called WRF-

Chem and to improve performance of the WRF-Chem model through various strategies, 

including finding proper model settings, incorporating missing mechanism into the current model, 

and applying data assimilation techniques.    

The analyses of the January 2010 haze event show that it was mainly caused by high 

emissions of air pollutants and stagnant winter weather (low wind speeds, strong temperature 

inversion). The importance of secondary aerosol formation and cloud chemistry in winter haze 

was also emphasized by calculating the increasing ratios of primary aerosols, secondary 

inorganic aerosols and secondary organic aerosols from non-haze days to haze days, and by 

quantifying the increase in PM2.5 concentrations due to cloud chemistry. The contribution of 

regional transport to haze in Beijing was studied. It was found that non-local sources contributed 

about 47.8% to the PM2.5 concentrations in Beijing in haze days and sources of the non-local 

contributions were primarily from south Hebei, Shandong and Henan provinces. The high 

aerosol loadings were shown to have important feedbacks to decrease boundary layer heights by 

more than 100 meters and increase PM2.5 by about 20μg/m3 in some areas. 
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The responses of PM2.5 to emission changes suggest that increases in SO2, OC and NH3 

emissions may be the main causes of increasing haze occurrences since surface sulfate and OC 

aerosols were estimated to increase by 30.8% and 26.5% due to emission changes from 1985 to 

2010. Increasing NH3 emissions also significantly increased PM2.5 concentrations. These 

sensitivities are important supplements to previous studies conducted in Europe and the United 

States. In addition, the impacts of meteorology changes on PM2.5 concentrations were also 

investigated using this online coupled model, which are closer to what is happening in the 

atmosphere compared with those results using offline models. It was found that increases in 

temperature lead to increases in sulfate, nitrate, and ammonium because of higher reaction rate, 

higher concentrations of OH radicals and lower boundary layer heights, and an increase in 

Relative Humidity (RH) promoted more water aerosols and clouds, but caused decreases in dry 

PM2.5 concentrations because of higher wet deposition rate.  

The WRF-Chem model was first applied to evaluate short-term health risks of haze events, 

which overcome the shortcomings of observations that have less spatial information. Health 

impacts assessments show that the PM2.5 concentrations in January were estimated to cause 690 

(95% Confidence Interval (CI): (490, 890)) premature deaths, 45350 (95% CI: (21640, 57860)) 

acute bronchitis and 23720 (95% CI: (17090, 29710)) asthma cases in Beijing area, leading to 

about 253.8 (95% CI: (170.2, 331.2)) million US$ losses. These results directly stressed the 

importance of implementing pollution control policies.  

The laboratory measured RH dependent SO2 uptake coefficients were used to incorporate 

heterogeneous sulfate formation into the WRF-Chem model, which substantially improved the 

model performance in simulating sulfate during haze. The newly developed data assimilation 

system for the WRF-Chem model was first applied to constrain anthropogenic aerosol radiative 
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forcing in China. The estimated daytime monthly mean anthropogenic aerosol radiative forcing 

was estimated to be -29.9W/m2 at the surface, 27.0W/m2 inside the atmosphere, and -2.9W/m2 at 

the top of the atmosphere. This data assimilation system has been approved to be effective to 

reduce errors in aerosol modeling, and can be additionally applied in air quality forecasting and 

health impacts assessments.  

This thesis elucidated the roles of meteorology, secondary aerosol formation, regional 

transport, and aerosol feedbacks in winter haze formation, clarified the impacts of emission 

changes and meteorology changes on PM2.5 concentrations, directly emphasized the importance 

of implementing pollution control strategies using assessments of health and climate effects, and 

improved model performance in simulating sulfate and PM2.5 via incorporating heterogeneous 

sulfate formation and assimilating surface PM2.5 concentrations. This thesis also provided some 

implications for policy makers. Priorities should be given to control SO2, NH3, and OC 

emissions, which can be achieved by promoting the shift from coal/biofuel to cleaner energy, and 

by changing animal feeding and housing ways. In addition, more attention to greenhouse gases 

and absorbing aerosols is still necessary since absorbing aerosols play important roles in aerosol 

feedbacks, aerosol feedbacks can aggravate haze pollution, and increases in temperature may 

increase aerosol concentrations. To protect the public health, it is of great importance to predict 

air pollution episodes, release alerts of incoming severe haze episodes, and take emergency 

measures to reduce pollution levels.   
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PUBLIC ABSTRACT 

 

     Frequent haze events have been happening in the North China Plain (NCP), and the severity 

of these events has attracted massive attention from both the public and the scientific community. 

Extremely high aerosol loadings in these haze events significantly influence visibility, human 

health and climate. Thus, improving understanding of haze pollution is of great importance. 

Furthermore, air quality modeling remains challenging. 

This thesis elucidated the roles of meteorology, secondary aerosol formation, regional 

transport, and aerosol feedbacks in winter haze formation, clarified the impacts of emission 

changes and meteorology changes on PM2.5 concentrations, directly emphasized the importance 

of implementing pollution control strategies using assessments of health and climate effects, and 

improved model performance in simulating sulfate and PM2.5 via incorporating heterogeneous 

sulfate formation and assimilating surface PM2.5 concentrations. This thesis also provided some 

implications for policy makers. Priorities should be given to control SO2, NH3, and OC 

emissions, which can be achieved by promoting the shift from coal/biofuel to cleaner energy, and 

by changing animal feeding and housing ways. In addition, more attention to greenhouse gases 

and absorbing aerosols is still necessary since absorbing aerosols play important roles in aerosol 

feedbacks, aerosol feedbacks can aggravate haze pollution, and increases in temperature may 

increase aerosol concentrations. To protect the public health, it is of great importance to predict 

air pollution episodes, release alerts of incoming severe haze episodes, and take emergency 

measures to reduce pollution levels.   
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 Motivation and Importance of Work 

Haze is defined as an air pollution phenomenon where horizontal visibility is less than 10 km 

caused by aerosol particles, such as dust and Black Carbon (BC), suspended in the atmosphere 

(CMA, 2010; Tao et al., 2012). China has been undergoing rapid industrialization and 

urbanization processes, leading to severe haze pollution, which is characterized by large amounts 

of fine particles (PM2.5, particles with diameter less than or equal to 2.5 micrometers) in the air. 

Van Donkelaar et al. (2010) derived global map of PM2.5 averaged over 2001-2006 by using 

total-column aerosol measurements from satellite and vertical distribution information from a 

global model. As shown in Van Donkelaar et al. (2010), PM2.5 concentrations in east China are 

much higher than in most other countries.  

Large amounts of PM2.5 during haze efficiently reduce visibility, and accordingly affect land, 

sea and air traffic safety. It can also directly enter human body and adhere to lungs to cause 

respiratory and cardiovascular diseases (Liu et al., 2013). Pope et al. (2009) found that an 

increase of 10μg/m3 in the concentration of PM2.5 contributed to an estimated decrease in mean 

life expectancy of 0.61±0.20 years in the United States. Time-series analysis showed that short-

term increase in hospital admission rates is related to PM2.5, especially for heart failure 

hospitalization, which increased 1.28% for every 10μg/m3 increase in daily mean PM2.5 

concentrations (Dominici et al., 2006). Lim et al. (2012) estimated that ambient particulate 

matter pollution is among the top global risk factors, and it is the 4th risk factor in rapidly 

urbanizing East Asia (China). In addition to adverse physical health effects, it has been pointed 

out that pollution is also associated with stress and depression symptoms (Hyslop, 2009). 
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Moreover, haze affects climate and ecosystems via altering radiation (Sun, et al., 2006; Liu et al., 

2013). Ramanathan et al. (2001) estimated that the great Indo-Asian haze has a large negative 

forcing (-20±4 W/m2) at the surface and also significantly heats the atmosphere. It was also 

reported that aerosol pollution over Asia is impacting global air circulations and it is likely to 

change weather patterns over North America (Wang et al., 2014c). 

A series of severe haze events have been frequently happening in city clusters (e.g., Beijing-

Tianjin-Hebei (BTH), Yangtze River Delta, and Pearl River Delta clusters) in China and have 

become critical concerns due to its above-mentioned adverse influences on visibility, public 

health (both physical and psychological), and climate. Haze in Beijing and surrounding North 

China Plain (NCP) cities even attracts more attention because of extremely high PM2.5 

concentrations during haze and high occurrences, especially in winter. For example, in January 

2013, a severe and long-lasting haze episode occurred over eastern and northern China. 

According to the monitoring data by the Chinese Academy of Sciences (CAS), downtown 

Beijing’s daily mean PM2.5 concentrations exceeded 35 μg/m3 (the 24-hour PM2.5 standard in the 

United States) for 27 days in January (He et al., 2014; Wang et al., 2014a) and the hourly 

maximum PM2.5 was 680μg/m3. Beijing is located at the northern tip of the NCP, with the 

Yanshan mountains range to the north, Taihang mountains range to the west, and with flat land 

to the east and south. This kind of topography is not favorable for diffusion of air pollutants 

under southerly winds conditions. The main causes of winter haze in the NCP include high 

anthropogenic emissions and unfavorable meteorological conditions, but their roles have still not 

been well understood.  

The past decade has witnessed advances in air quality modeling, which are used to study the 

evolution and temporal and spatial variability of air pollutants. One notable improvement is the 



www.manaraa.com

3 
 

inclusion of interactions between meteorology and chemistry in online coupled models and this 

kind of model will be employed in this research. Nevertheless, air quality modeling is still 

challenging due to large uncertainties related to: incomplete or inaccurate emissions data, 

inaccurate initial and boundary conditions due to lack of key measurements, poorly 

parameterized processes in models, and other factors (Carmichael et al., 2008). As a result, large 

discrepancies can exist between model and observations, and these discrepancies lead to large 

uncertainties in estimates of above-mentioned health and climate effects. Data assimilation has 

been proved to be promising to reduce these discrepancies, but its applications in air quality 

studies in China are quite limited. The concept of data assimilation is introduced in chapter 6, 

including literature review, and summary of the current state of the science. 

 

1.2 Objectives 

This thesis is focused on understanding the formation mechanism of winter haze in the NCP 

and its health and climate impacts using the chemistry version of the Weather Research and 

Forecasting model (WRF-Chem) and a newly developed data assimilation tool. 

Specifically, five objectives are addressed:  

1. Investigate the roles of meteorology, secondary aerosol formation, regional transport, and 

aerosol feedbacks in winter haze formation in the North China Plain (NCP).   

2. Examine the responses of PM2.5 concentrations to emission changes (SO2, NH3, NH4, BC, 

and OC) and meteorology changes (temperature, relative humidity, and wind speeds) during 

winter haze. 

3. Evaluate health impacts and health-related economic losses due to severe haze events.   
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4. Improve model’s performance in simulating sulfate during haze via incorporating 

heterogeneous chemistry. 

5. Apply new data assimilation technique to improve aerosol predictions and evaluate climate 

effects based on improved aerosol predictions. 

 

1.3 WRF-Chem Overview 

There are two types of models, namely online and offline, for air quality modeling. Offline 

models do not consider feedbacks between air quality and meteorology, causing losses of 

important processes (Zhang, 2008). For online models, there are also two types: online integrated 

and online access models. Online integrated models compute meteorological and chemical fields 

simultaneously on the same grid. Online access models may have different spatial grids, and 

meteorology and chemistry models are linked through a model interface (Baklanov et al., 2014). 

The WRF-Chem model is an online integrated model, which has treatments of aerosol direct and 

indirect effects. The flow chart of WRF-Chem is shown in Figure 1.1. Terrestrial data and 

gridded meteorological data are the main inputs for the WRF Preprocessing System (WPS) and 

outputs from WPS together with emissions (anthropogenic, biogenic and biomass burning 

emissions) are inputs for the WRF-Chem model. The most frequently used gridded 

meteorological data is the 1º x 1ºNCEP FNL final analyses. The emissions used in this thesis will 

be introduced in the next section. Programs like NCL, GrADS can be used to visualize the 

outputs from WRF-Chem, and are used in this study. MOZART-4 (Model for Ozone and Related 

chemical Tracers, version 4) forecasts can be used as chemical initial and boundary conditions. 
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Figure 1.1. WRF-Chem flow chart 

 

The WRF-Chem model considers various physical and chemical processes, such as transport, 

deposition, photolysis, and radiation. Each process has numerous scheme options. The standard 

gas phase chemistry options in WRF-Chem include the CBMZ, RADM2, MOZART and it is 

convenient to add mechanisms using a tool called KPP (Damian et al., 2002). More detailed 

descriptions of the WRF-Chem model can be found in Grell et al. (2005).  

 

1.4 Emissions 

The main difference between running WRF with and without chemistry is the inclusion of 

emission data, which include anthropogenic emissions, biogenic emissions and biomass burning 

emissions. In this research, “Mix for Model Inter-Comparison Study-Asia (MICS-Asia)” 

emissions are used. The anthropogenic inventory for China is from the Multi-resolution 
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Emission Inventory for China (MEIC, http://www.meicmodel.org/) database developed by 

Tsinghua University. This combined emission inventory includes emissions of sulfur dioxide 

(SO2), nitrogen oxides (NOx), CO, non-methane volatile organic compounds (NMVOC), NH3, 

BC, OC, PM2.5, PM10, and carbon dioxide (CO2) by five sectors (power, industry, residential, 

transportation and agriculture) in 2008 and 2010. Spatial resolution is 0.25×0.25 degree and 

temporal resolution is one month.  

Biogenic emissions are predicted hourly by the MEGAN algorithm (Guenther et al., 2006) 

using information provided by WRF. MEGAN was developed for estimating the net emission of 

aerosols and gases from terrestrial ecosystems into atmosphere and land cover, weather and 

chemical composition of atmosphere are considered to be the driving variables 

(http://lar.wsu.edu/megan/). Since the study periods are winter, biomass burning is not 

significant, particularly in the NCP, so it is not included in this research. 

 

1.5 Thesis Organization 

Details of this research are shown in the following chapters. Chapter 2 focuses on the 

formation mechanism of the 2010 regional winter haze in the NCP. This study explains the 

causes of this haze event from several aspects, including roles of meteorology, secondary aerosol 

formation, regional transport, and aerosol feedbacks. In addition, the role of BC in the aerosol 

feedbacks has also been studied. This chapter is based on the results published in Gao et al. 

(2015a). Chapter 3 focuses on the responses of winter PM2.5 to emission and meteorology 

changes. The causes of the increasing haze frequency are still unknown, which may result from 

huge emission changes due to rapid industrialization and urbanization processes that happened in 

http://www.meicmodel.org/
http://lar.wsu.edu/megan/
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the past three decades. In addition, it may be also related to meteorology changes. This study was 

designed to investigate how these factors are related. Chapter 4 is focused on the assessment of 

health impacts and economic losses of the 2013 January haze event in Beijing. Beijing is one of 

the most populated cities in the world and numerous lives are endangered when pollution hazard 

happens. Therefore, health impacts and health-related economic losses are needed to be 

quantified to provide the basis for air pollution control. This chapter is based on the results 

published in Gao et al. (2015b). Chapter 5 is focused on the incorporation of heterogeneous 

sulfate formation since sulfate aerosols are largely underestimated by current models in many 

previous studies. It was pointed out that the missing heterogeneous sulfate formation can 

probably explain these underestimations (He et al., 2014; Y. Wang et al., 2014b; Zheng et al., 

2015). This study also examines the sensitivity of simulated sulfate aerosol to SO2 emissions. 

Chapter 6 focuses on assimilating surface PM2.5 measurements to constrain anthropogenic 

radiative forcing estimates. Although there have been great advances in air quality modeling in 

the past several decades, disagreements between model results and observations still exist, which 

will lead to uncertainties in estimates of health and climate impacts. This study applies data 

assimilation technique to constrain the estimate of aerosol climate impacts. Chapter 7 is a 

summary of this thesis and discussion of future research directions.  
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CHAPTER 2: MODELING STUDY OF THE 2010 REGIONAL HAZE EVENT IN THE 

NORTH CHINA PLAIN
21

 

2.1 Abstract 

The online coupled Weather Research and Forecasting-Chemistry (WRF-Chem) model was 

applied to simulate a haze event that happened in January 2010 in the North China Plain (NCP), 

and was validated against various types of measurements. The evaluations indicate that WRF-

Chem provides reliable simulations for the 2010 haze event in the NCP. This haze event is 

mainly caused by high emissions of air pollutants in the NCP and stable weather conditions in 

winter. Secondary inorganic aerosols also played an important role and cloud chemistry had 

important contributions. Air pollutants outside Beijing contributed about 47.8% to the PM2.5 

levels in Beijing during this haze event, and most of them are from south Hebei, Shandong and 

Henan provinces. In addition, aerosol feedback has important impacts on surface temperature, 

Relative Humidity (RH) and wind speeds, and these meteorological variables affect aerosol 

distribution and formation in turn. In Shijiazhuang, Planetary Boundary Layer (PBL) decreased 

about 300m and PM2.5 increased more than 20μg/m3 due to aerosol feedback. Feedbacks 

associated to Black Carbon (BC) account for about 50% of the PM2.5 increases and 50% of the 

PBL decreases in Shijiazhuang, indicating more attention should be paid to BC from both air 

pollution control and climate change perspectives.  

 

 

 

                                                           
21 This work has been published as Gao et al. (2015). 
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2.2 Introduction 

The North China Plain (NCP) is one of the most densely populated areas in the world and it 

has been the Chinese center of culture and politics since early times. Beijing, the capital of 

China, Tianjin, Shijiazhuang and other big cities with active economic developments are located 

in the NCP. This region is experiencing heavy haze pollution with record-breaking high 

concentrations of particulate matters (L. T. Wang et al., 2014). Haze is defined as an air pollution 

phenomenon where horizontal visibility is less than 10 km caused by aerosol particles, such as 

dust and Black Carbon (BC), suspended in the atmosphere (Tao et al., 2012). Its formation is 

highly related to meteorological conditions, emissions of pollutants and gas-to-particle 

conversion (Sun et al., 2006; Watson, 2002). Haze has attracted much attention for its adverse 

impacts on visibility and human health. During haze periods, reduced visibility affects land, sea 

and air traffic safety and the fine particles can directly enter the human body and adhere to lungs 

to cause respiratory and cardiovascular diseases (Liu et al., 2013). Moreover, haze affects 

climate and ecosystems via aerosol-cloud-radiation interactions (Sun, et al., 2006; Liu et al., 

2013).  

Because haze influences visibility, human health and climate (Gao et al., 2015b), numerous 

studies have used multiple methods to investigate physical, chemical and seasonal characteristics 

of aerosols during haze. The increase of secondary inorganic aerosols is considered to be an 

attribute of the haze pollution in east China (Tan et al., 2009; Zhao et al., 2013). Tan et al. (2009) 

studied the characteristics of aerosols in non-haze and haze days in Guangzhou, China and found 

that secondary pollutants (OC, SO42-, NO3- and NH4+) were the major components of haze 

aerosols and they showed a remarkable increase from non-haze to haze days. Similar conclusions 

were drawn by Zhao et al. (2013) after studying the chemical characteristics of haze aerosols in 
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the NCP. Secondary Organic Aerosol (SOA) formation can also be significant during haze (Tan 

et al., 2009; Zhao et al., 2013). Studies of aerosol optical properties show that fine-mode aerosols 

were dominant during haze (Yu et al., 2011; Li et al., 2013). In addition, contributions of diverse 

factors to haze formation, such as biomass burning and regional transport, have been 

investigated. Chen et al. (2007) used MM5-CMAQ to reproduce the haze pollution in September 

2004 in the Pearl Region Delta (PRD) region and discovered that sea-land breeze played an 

important role. Wang et al. (2009) discovered that almost 30-90 percent of the organics during 

the haze happened in June 2007 in Nanjing were from wheat straw burning. Cheng et al. (2014) 

concluded that biomass burning could cause haze issues and they found biomass burning 

contributed 37% of PM2.5, 70% of Organic Carbon (OC) and 61% of Elemental Carbon (EC) 

based upon both modeling and measurement results of case study in summer 2011 in the 

Yangtze River Delta (YRD) region. These biomass burning events mainly occurred in summer 

and autumn in east and south China (Cheng et al., 2013, 2014; Li et al., 2010; Wang et al., 2007, 

2009). To evaluate regional contributors to the haze in southern Hebei, Wang et al. (2012) 

simulated from 2001 to 2010 and concluded that Shanxi province and the northern Hebei were 

two major contributors, and winter was the worst season, followed by autumn and summer. X. 

Han et al. (2014) pointed out that the haze formation mechanism in winter in Beijing was 

different from that in summer and mass concentrations of PM2.5 in winter were relatively higher 

and the compositions were different than in summer. The extreme winter haze in the NCP has 

attracted enormous scientific interests. It has been found the stagnant meteorological conditions 

(weak surface wind speed and low Planetary Boundary Layer (PBL) height) and secondary 

aerosol formation are the main causes of winter haze formation (S. Han et al., 2014; He et al., 

2014b; K. Huang et al., 2014; Sun et al., 2014; Wang et al., 2014a; Zhao et al., 2013; Zheng et 
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al., 2014, 2015). Other causes proposed include high local emissions (He et al., 2014b; Zheng et 

al., 2014), enhanced coal combustion in winter (K. Huang et al., 2014; Sun et al., 2014), 

heterogeneous chemistry (He et al., 2014a; X. Huang et al., 2014b; Quan et al., 2014; Wang et 

al., 2014a, b;  Zheng et al., 2014, 2015) and regional transport (Tao et al., 2014; Sun et al., 2014; 

L. T. Wang et al., 2014; Z. Wang et al., 2014; Zheng et al.,2014). It was also pointed out that fog 

processing (K. Huang et al., 2014), aerosol-radiation interactions (J. Wang et al., 2014; Z. Wang 

et al., 2014; B. Zhang et al., 2015) and nucleation events (Guo et al., 2014) may play important 

roles in winter haze formation.  

Although previous studies have revealed characteristics and possible causes of winter haze in 

China, complex haze formation mechanisms still need further studies. Li et al. (2015) 

emphasized that regional transport of PM2.5 is a major cause of severe haze in Beijing, but R. 

Zhang et al. (2015) pointed out that the evidence provided by Li et al. (2015) is insufficient and 

regional transport should be evaluated using chemical transport models. Furthermore, the 

contribution of aerosol feedbacks to PM2.5 levels is controversial. Therefore, the roles of regional 

transport and aerosol-radiation interactions in haze events need to be better understood. In this 

study, the online coupled model WRF-Chem, which is capable of simulating aerosols’ effects on 

meteorology and climate, is used to reproduce the severe haze event that happened in the NCP 

from 16 to 19 January 2010. During this haze event, the highest hourly PM2.5 concentration 

reached 445.6 and 318.1μg/m3 in Beijing and Tianjin and the areas with low visibility covered 

most eastern China regions (Zhao et al., 2013). In this study, we address the following important 

questions: (1) what is the performance of the model configurations in representing the 

meteorological variables, and the physical and chemical characteristics of the aerosols during the 

selected study period?; (2) How does the haze build up and dissipate?; (3) How do the chemical 
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species of PM2.5 change during haze period?; (4) Does regional transport play an import role in 

the 2010 haze event in Beijing?; (5) What is the contribution of aerosol feedback mechanisms to 

PM2.5 levels during the haze event?; and (6) What is the role of BC absorption in the feedback 

mechanism? In section 2.3, we describe the model we use and model configuration, including 

emissions and used parameterization schemes. In section 2.4, surface meteorological, chemical 

observations, atmospheric sounding products, as well as remote sensing products are used to 

evaluate the model performance. In section 2.5, questions from (2) to (6) are answered in detail. 

Conclusions are provided in the section 2.6.  

 

2.3 Model description and configuration 

The WRF-Chem model version 3.5.1 was employed to simulate the 2010 haze event in the 

NCP region and aerosol-radiation interactions were included (Chapman et al., 2006; Fast et al., 

2006). Domain settings are the same as those of Jing-Jin-Ji modeled area of Yu et al. (2012). As 

shown in Figure 2.1, three domains with two-way nesting were used and grid resolutions were 

81km × 81km (domain 1), 27km × 27km (domain 2) and 9km × 9km (domain 3). The number of 

vertical grids used was 27 and the number of horizontal grids was 81×57, 49×49, and 55×55, 

respectively. The first domain covers most areas of the East Asia region, including China, Korea, 

Japan and Mongolia. Beijing was set to be the center of the innermost nested domain. The 

chemical and aerosol mechanism used was gas-phase chemical mechanism CBMZ (Zaveri and 

Peters, 1999) coupled with the 8-bin sectional MOSAIC model with aqueous chemistry (Zaveri 

et al., 2008). MOSAIC treats all the important aerosol species, including sulfate, nitrate, chloride, 

ammonium, sodium, BC, primary organic mass, liquid water and other inorganic mass (Zaveri et 
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al., 2008). Some of the physics configuration options include Lin cloud-microphysics (Lin et al., 

1983), RRTM long wave radiation (Mlawer et al., 1997), Goddard short wave radiation (Chou et 

al., 1998), Noah land surface model, and the Yonsei University planetary boundary layer 

parameterization (Hong et al., 2006). 

Emissions are key factors in the accuracy of air quality modeling results. Monthly 2010 

Multi-resolution Emission Inventory for China (MEIC) (http://www.meicmodel.org/) was used 

as the anthropogenic emissions. This inventory includes emissions of sulfur dioxide (SO2), 

nitrogen oxides (NOx), Carbon Monoxide (CO), non-methane volatile organic compounds 

(NMVOC), NH3, BC, organic carbon (OC), PM2.5, PM10, and carbon dioxide (CO2) by several 

sectors (power generation, industry, residential, transportation, etc.). Biogenic emissions were 

calculated on an online way by the MEGAN model (Guenther et al., 2006). Meteorological 

initial and boundary conditions were obtained from the National Centers for Environmental 

Prediction (NCEP) Final Analysis (FNL) data set. Chemical initial and boundary conditions were 

taken from MOZART-4 forecasts (Emmons et al., 2010). The period from 11 to 24 January 2010 

was chosen as the modeling period, covering the 2010 NCP haze period (from 16 to 19 January 

2010). To overcome the impacts of initial conditions, three days were simulated and considered 

as spin-up time. 

http://www.meicmodel.org/
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Figure 2.1. WRF-Chem modeling domain settings and locations of observations 

 

2.4 Model evaluation 

2.4.1 Observation data sets and evaluation metrics 

Model evaluation was conducted in terms of both temporal variation and spatial distribution. 

Table 2.1 gives a summary of the observation data and variables used in the model evaluation. 

The meteorological variables, including 2 meter temperature (T2), 2 meter relative humidity 

(RH2) and 10 meter wind speed (WS10), at four stations (Beijing, Tianjin, Baoding and 

Chengde) were used. Surface concentrations of PM2.5, NO2, SO2 at three sites (Beijing, Tianjin 

and Xianghe, shown in Figure 2.1), and Aerosol Optical Depth (AOD) at four sites (Beijing city, 

Beijing forest, Baoding city, Cangzhou city) were also used in the evaluation against 

measurements. PM2.5 and AOD are typical variables to represent severity of haze pollution. To 

evaluate how model performs in simulating horizontal and vertical distributions of 
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meteorological and chemical variables, soundings of temperature and RH at Beijing, and AODs 

derived from CALIPSO were used in this study. The statistical metrics calculated include 

correlation coefficient R, mean bias (MB), mean error (ME), the root mean square error (RMSE), 

the normalized mean bias (NMB), the normalized mean error (NME), the mean fractional bias 

(MFB) and the mean fractional error (MFE). The definitions of these metrics can be found in 

Morris et al. (2005) and Willmott and Matsuura (2005).  
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Table 2.1. Observation data and variables used in this study 

 

aCMDSSS—China Meteorological Data Sharing Service System; CARE-China—Campaign on the atmospheric 

Aerosol Research network of China; CSHNET—Chinese Sun Hazemeter Network; SDZ—Observation data at 

Shangdianzi site are extracted from paper Zhao et al. (2013); CALIPSO—The Cloud-Aerosol Lidar and Infrared 

Pathfinder Satellite Observation; MODIS—the Moderate Resolution Imaging Spectroradiometer. bT2— temperature 

at 2m; RH2—relative humidity at 2m; WS10—wind speed at 10m; T1.5—temperature at 1.5m; RH1.5—relative 

humidity at 1.5m; AOD—Aerosol Optical Depth. 

 

2.4.2 Meteorology simulations 

Figure 2.2 shows the temporal variations of simulated and observed 24-h average 

temperature (a-d), relative humidity (e-h) and wind speed (i-l) at Beijing, Tianjin, Baoding and 
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Chengde stations. These observations were collected from the China Meteorological Data 

Sharing Service System (CMDSSS) data set. From normal days to haze days (gray shaded), 

temperature and relative humidity increased and wind speeds decreased. Generally, the 

variations of surface temperature, RH and wind speeds are captured by model, although 

overestimations of wind speed occur at the Chengde station throughout the whole period. Model 

mean, observation mean, MB, ME and RMSE were calculated and summarized in Table 2.2. The 

MB and RMSE for surface temperature vary from -2.0 to 2.0 K and from 1.5 to 3.2 K, 

respectively. The model underestimates temperature at Beijing, Tianjin and Baoding stations, 

and overestimates temperature at the Chengde station. RH agrees well with observations, with 

MB varying from -4.4% to 8.1% and RMSE varying from 6.4% to 11.1%. The magnitudes of 

MB and RMSE are comparable with those of L. T. Wang et al. (2014). The model shows good 

performance in simulating wind speed, with RMSE ranging from 1.1 to 1.6 m/s at Beijing, 

Tianjin and Baoding stations, below the level of “good” model performance criteria for wind 

speed prediction proposed by Emery et al. (2001). Wind speeds at the Chengde station were 

overestimated, with RMSE larger than the proposed criteria (2m/s). 
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Figure 2.2. The temporal variations of observed and simulated 24-h average temperature (a-

d), relative humidity (e-h) and wind speed (i-l) in the Beijing, Tianjin, Baoding, and Chengde 

stations 

 

Table 2.2. Performance statistics for meteorological variables 
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Figure 2.3. Simulated and observed vertical temperature profiles at 0800 and 2000 (China 

Standard Time, CST) from 15 January to 20 January 

Figure 2.3 compares simulated and observed vertical temperature profiles at 0800 and 2000 

(CST) from January 15 to January 20 at Beijing city. These atmospheric sounding data are from 

the NCAR Earth observing laboratory atmospheric sounding data set. The model captures the 

vertical profiles of temperature well. Obvious strong temperature inversions existed during the 

haze period (from 01/16 08:00 to 01/19 20:00) and the lapse rate during this period was about 5-

15°C/km, indicating unfavorable conditions for diffusion of pollutants. Figure 2.4 shows the 

vertical profiles of RH. The model captures the general profiles of RH, although the performance 

is not as good as for temperature. Simulated RH deviates largely away from observations on 

January 18 and 19, when RH was high near the surface.  
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Figure 2.4. Simulated and observed vertical RH profiles at 0800 and 2000 (CST) from 15 

January to 20 January 

 

 

Figure 2.5. Simulated and observed hourly temperature, RH, wind speed, PM2.5, NO2 and CO 

in the Shangdianzi (SDZ) station 
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Figure 2.5(a-c) compares simulated and observed hourly temperature, RH and wind speed at 

SDZ station (shown in Figure 2.1) using observations from Zhao et al. (2013). Simulated 

variations of meteorological variables agree well with observations, despite RH was 

overestimated on January 19 and 20 (Figure 2.5(b)) and wind speed was overestimated on 

January 22 (Figure 2.5(c)), which is similar to the comparisons shown in Figure 2.2.  

 

2.4.3 Chemical simulations 

Figure 2.5(d-f) shows variations of simulated and observed hourly PM2.5, NO2 and CO at the 

SDZ station. The haze event started from 16 January with rapid increase of PM2.5, NO2, and CO 

concentrations and ended on 20 January. The magnitudes and trends over time of the simulated 

PM2.5, NO2 and CO are generally consistent with measurements, although overestimation of 

PM2.5 and underestimations of NO2 and CO exist during the haze days. Figure 2.6 shows the 

temporal variations of the simulated and observed PM2.5, NO2 and SO2 at Beijing (a-c), Tianjin 

(d-f) and Xianghe (g-i) stations. SO2 was overestimated in Beijing, but other simulations agree 

well with observations, especially for PM2.5. Observation mean, model mean, MB, ME, NMB, 

NME, MFB, and MFE were calculated for 24-h average simulated and observed PM2.5 at these 

three stations and summarized in Table 2.3. As shown in Table 2.3, the model underestimates 

PM2.5 concentrations at all stations. NMBs for PM2.5 are -8.5%, -26.9% and -39.1% at Beijing, 

Tianjin and Xianghe, respectively. MFBs at these three stations range from -21.8% to 0.4% and 

MFEs range from 26.3% to 50.7%. They are all within the criteria proposed by Boylan et al. 

(2006) that model performance is “satisfactory” when MFB is within ±60% and MFE is below 

75%. Although the model performance for PM2.5 is satisfactory, biases still exist, especially 
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during severe haze days. Reasons for the biases might be errors in meteorological variables, large 

uncertainties of emission inventory, effects of horizontal and vertical resolutions, and incomplete 

treatments of atmospheric chemistry. Many atmospheric chemistry reactions have been and are 

being proposed for PM formation in winter haze. For example, He et al. (2014a) proposed that 

mineral dust and NOx could promote the formation of sulfate in heavy pollution days. The 

sensitivity of the simulations to some of these factors will be discussed in future studies. 

 

 

Figure 2.6. Temporal variations of the simulated and observed PM2.5, NO2 and SO2 at Beijing 

(a-c), Tianjin (d-f) and Xianghe (g-i) stations 
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Table 2.3. Performance statistics of PM2.5  

 

 

2.4.4 Simulations of optical properties 

In WRF-Chem, aerosol optical properties are calculated at four specific wavelengths, 300nm, 

400nm, 600nm, and 1000nm, while AOD observations from CSHNET, CALIPSO are not at 

these four wavelengths. To evaluate model performance of simulating AOD, we derived AOD at 

observation wavelengths based on Angstrom exponent relation (Schuster et al., 2006). Figure 2.7 

compares simulated and observed AOD at 500nm in Beijing city (a), Beijing forest (b), Baoding 

city (c) and Cangzhou city (d). In severe haze days, AOD could not be retrieved , so the 

observerd AOD data in some days are missing. At all four stations, model agrees very well with 

observations.  
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Figure 2.7.  Simulated and measured AOD at 500nm at Beijing city (a), Beijing forest (b), 

Baoding city (c) and Cangzhou city 

 

CALIPSO retrievals provide vertical curtains of aerosol and clouds. Figure 2.8 shows paths 

of the CALIPSO satellite, simulated extinction coefficient and observed plume top, and 

simulated AOD and CALIPSO retrieved AOD at 532nm at three moments: January 14 

12:00(CST) (a-c), January 21 02:00(CST) (d-f), and January 21 12:00(CST) (g-i), respectively. 

There were no retrievals in the NCP during haze days. Figure 2.8(a), (d) and (g) show that 

CALIPSO satellite passed over the NCP region at these three moments. Simulated extinction 

coefficient matches observed plume top (Figure 2.8(b), (e) and (h)), indicating that the model 

captures the vertical distributions of aerosols. The model also has good performance in 
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simulating AOD at 532nm, although underestimations happen around latitude 36°N (Figure 

2.8(c), (f) and (i)).  

 

 

Figure 2.8. Routes of CALIPSO satellite, simulated extinction coefficient and observed 

plume top, and simulated AOD and CALIPSO retrieved AOD at 532nm at three moments: 

January 14 12:00(CST) (a-c), January 21 02:00(CST) (d-f), and January 21 12:00(CST) (g-i) 

 

The model is shown to be capable of simulating the major meteorological and chemical 

evolution of this haze event. As spatial and vertical profiles of the haze period are incomplete or 

missing in the satellite retrievals and ground stations only provide point estimates, we can use the 

model to understand the haze spatial, vertical and temporal evolution, as discussed in the 

following sections. 
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2.5 Results and Discussions 

2.5.1 Meteorological conditions and evolution of air pollutants 

The evolution of the spatial distributions of the haze event is shown in Figure 2.9, where the 

horizontal distributions of PM2.5 and wind vectors are plotted every 12 hours from January 14 

00:00 to January 21 00:00. In the second plot (January 14 12:00), NCP surface areas were 

controlled by a low pressure system and air flows converged, resulting in a small increase of 

PM2.5 concentration. From January 14 00:00 to January 16 00:00, PM2.5 concentration over the 

NCP was generally below 120μg/m3. From January 16 to January 18, Beijing and surrounding 

areas were controlled by a weak high pressure system. During this period, large amounts of 

emissions in the NCP accumulated and the persistent southerly winds brought some air 

pollutants upwards to Beijing and southern Hebei areas. The weak high pressure system was 

replaced by a low pressure system that lasted until January 20. The weak high pressure system 

was too weak to disperse air pollutants and the replaced low pressure system aggravated the 

accumulation of air pollutants. On January 19, the NCP haze was in the worst state, with PM2.5 

concentrations above 350μg/m3 in south NCP. From January 20, strong northerly winds 

dispersed the accumulated air pollutants and the haze ended.  
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Figure 2.9. PM2.5 concentration from 14 January 00:00 to 21 00:00 January, plotted every 12 

hours 

 

To illustrate the vertical structure of the haze, vertical cross sections of PM2.5 concentration 

and clouds are presented in Figure 2.11. The cross section location is shown in Figure 2.10. 

There were two highly polluted points (around latitude 35 and 39) and they started merging as 

one from January 18 12:00 (Figure 2.11). At that time, southerly winds blew air pollutants 

northwards (Figure 2.9) and the polluted region was expanded. On January 19, there were fog 

and/or clouds near the surface and the impacts of fog and/or clouds will be discussed in section 

2.5.2.   
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Figure 2.10. Terrain heights and direction of cross section plots 
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Figure 2.11. Cross section plots of PM2.5 concentration and clouds from 14 January 00:00 to 

21 00:00 January every 12 hours 

Further details of the evolution of the haze are shown in the temporal variations of PM2.5 

concentrations in Shijiazhuang, Tianjin and Chengde (marked in Figure 2.1) in Figure 2.12. All 

three sites show similar temporal variations. Around noon of January 15, PM2.5 concentrations in 

Shijiazhuang, Chengde and Beijing increased at nearly the same time, labeled by red arrow in 

Figure 2.12. Air pollutants started accumulating when the NCP was controlled by the weak and 

stable weather conditions. Compared to Shijiazhuang and Beijing, the capital city of Hebei 

province and the capital of China, PM2.5 concentrations in Chengde were lower (Figure 2.12). It 

was estimated that there are more than 8100 coal-fired boilers and industrial kilns in 

Shijiazhuang city (Peng et al., 2002), resulting in high intensity of emissions in Shijiazhuang. On 

January 20, Chengde was the first to show sharp decrease of PM2.5 concentrations, followed by 

Beijing and Shijiazhuang, corresponding to the northerly wind impacts discussed above.  
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Figure 2.12. Temporal variations of simulated PM2.5 at Shijiazhuang, Beijing and Chengde 

To better understand the relationships between meteorological factors and pollution levels, 

time series of different pairs of variables are shown in Figure 2.13. CO shows very high 

correlation with PM2.5 (Figure 2.13(a)), which is consistent with the observation and modeling 

results in Santiago, Chile (Perez et al., 2004; Saide et al., 2011), and shows the large contribution 

of primary sources (including gaseous precursors) to PM2.5. Secondary aerosol formation also 

plays a role as PM2.5 peaks on the 19th while CO peaks on the 18th. RH and wind speed are two 

important factors affecting the concentrations of aerosols. RH has similar variations as PM2.5 

concentration (shown in Figure 2.13(a) and 2.13(b)). The NCP is close to the sea and under the 

slow southerly flows, temperature and RH increase along with PM2.5. During the haze event, RH 

values were generally above 40% and wind speeds were below 2 m/s (Figure 2.13(b)). Low wind 

speed is unfavorable for the dilution of air pollutants and high RH would accelerate the 

formation of secondary species, such as sulfate and nitrate, to aggravate the pollution level (Sun 

et al., 2006). NOX concentrations show similar variations as PM2.5, indicating the buildup of 

concentrations during the wind speed stagnation. Ozone shows lower concentrations during haze 

event (Figure 2.13(c)) because high aerosol loadings produce low photochemical activity due to 

decrease in UV radiation.  The concentrations have an inverse relationship with PBL Height 

(PBLH) as shown in Figure 2.13(d). Diurnal maximums of PBLHs were mostly below 400m and 

PBL collapsed at night during the haze event, indicating aerosols were trapped near the surface. 

On January 21 and 22, PBLHs were between 800 and 1000 meters, which helped diffuse and 

dilute the air pollutants, resulting in a decrease in concentration. The relationships between these 

variables are further discussed with respect to the influences of aerosol feedback mechanism in 

section 4.4. 
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Figure 2.13. Simulated temporal variations of meteorological and chemical variables in 

Beijing 

 

 

Figure 2.14. Temporal variations of vertical profiles of simulated (a) PM2.5 (unit: μg/m3) (b) 

temperature (unit: °C) (c) RH (unit: %) (d) wind speeds (unit: m/s)  in Beijing 
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Figure 2.14 shows the temporal variations of vertical profiles of simulated PM2.5 

concentration (a), temperature (b), RH (c) and wind speeds (d) at the Beijing site. PM2.5 was 

accumulated below 500m and concentrations reached peak values around January 18 00:00 

(Figure 2.14(a)), when a strong temperature inversion happened over Beijing (Figure 2.14(b)), 

which inhibited vertical atmospheric mixing. A strong temperature inversion also happened on 

January 19 (Figure 2.14(b)). From January 16 to 19, RH was mostly higher than 50% and 

reached a peak on the night of January 19 (Figure 2.14(c)). As a result, air pollutants released 

into the atmosphere were trapped in the moist atmosphere and accumulated as near surface 

horizontal winds were very weak (below 1.5m/s) during the haze period (Figure 2.14(d)). As 

mentioned above, the high RH enhances the formation of secondary species, which will be 

discussed in the following section. 

 

2.5.2 Evolution of aerosol composition during haze 

As shown above, during haze events, aerosols build up due to low mixing heights and low 

wind speeds. An important question is what is the role of secondary aerosol formation during 

such events? Previous measurement studies have found that the increase of secondary inorganic 

pollutants could be considered as a common property of haze pollution in East China (Zhao et 

al., 2013). However, few modeling studies have focused on the chemical characteristics, 

especially the secondary aerosol formation during haze. The observed and simulated chemical 

species of PM2.5 in Beijing are shown in Figure 2.15(a) and 2.15(b), respectively. Observed 

secondary inorganic aerosols (SIA) (NH4
+, SO4

2-, NO3-) increased significantly during the haze 

episode and accounted for 37.7% of  PM2.5 mass concentration (Zhao et al., 2013).  Primary OC, 
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BC, sulfate, nitrate and ammonium accounted for the major parts of the simulated PM2.5 during 

haze. Table 2.4 summarizes the mean concentrations of primary aerosols (primary OC and BC) 

and SIA (NH4
+, SO4

2-, NO3-)   in non-haze days, and in the most serious haze day. The primary 

aerosols increased by a factor of 4.0 from non-haze days to haze days. The SIA also increased 

from non-haze days to haze days, which agrees with the observation (Tan et al., 2009; Zhao et 

al., 2013). The SIA increased by a factor of 7.6 from non-haze days to haze days. However, the 

amounts of sulfate are underestimated by WRF-Chem, compared with the observation in Figure 

7(a) from Zhao et al. (2013). Tuccella et al. (2012) pointed out that the underestimation of 

simulated sulfate could be due to the underestimation of SO2 gas phase oxidation, errors in 

nighttime boundary layer height predicted by WRF-Chem, and/or the uncertainties in aqueous-

phase chemistry. It could also be caused by the missing heterogeneous sulfate formation in 

current model (He et al., 2014a; Wang et al., 2014b; Zheng et al., 2015). As discussed earlier, the 

SO2 gas phase concentrations at this site were overestimated. Adding reaction pathways to 

produce sulfate aerosol would improve both the predictions of sulfate (increase) and SO2 

(decrease) (He et al., 2014a; Wang et al., 2014c; Zheng et al., 2015). 

We investigated the role of aqueous phase chemistry during the haze event. Figure 2.16 

shows the contribution of aqueous chemistry to PM2.5 (calculated as the difference between with 

and without cloud chemistry scenarios). The aqueous phase pathway can reach a level of over 50 

μg/m3 around Beijing area, accounting for a significant part (about 14.3%) of total PM2.5 

concentration. As shown in Figure 2.11, fog/clouds existed near the surface on January 19 and 

this corresponds to the PM2.5 difference on that day in Figure 2.16. The sulfate production in 

aqueous phase may be higher than shown here after adding missing aqueous-phase reactions. 
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The impacts of heterogeneous reactions on sulfate production will be investigated in future 

studies.  

As shown in Figure 2.15(a) and 2.15(b), the model underestimates OC. To evaluate the 

formation of Secondary Organic Aerosol (SOA) during the haze event, the RADM2/MADE-

SORGAM model was used. The CBMZ/MOSAIC version used is not capable of simulating 

SOA formation because CBMZ was hard-wired with a numerical solver in WRF-Chem and thus 

SOA condensable precursors could not be directly added into it (Zhang et al., 2012). RADM2 is 

an upgrade of RADM1 and it gives more realistic predictions of H2O2 (Stockwell et al., 1990), 

and Schell et al., (2001) incorporated SOA into the Modal Aerosol Dynamics Model for Europe 

(MADE) (Ackermann et al., 1998) by means of the Secondary Organic Aerosol Model 

(SORGAM). SORGAM treats anthropogenic and biogenic aerosol precursors separately and 

eight SOA compounds are considered, of which four are anthropogenic and the other four are 

biogenic (Schell et al., 2001). Predicted Anthropogenic SOA (ASOA), biogenic SOA (BSOA) 

and Primary Organic Aerosol (POA) in Beijing are shown in Figure 2.15(c). SOA indeed shows 

a marked increase from non-haze days to haze days, but the amount of SOA is very small 

compared with POA. The highest SOA concentrations in China are usually found in summer and 

in Central China (Jiang et al., 2012). In addition, almost all of the simulated SOA are ASOA. 

Jiang et al. (2012) also concluded that in winter, the fractions of ASOA are larger than 90% in 

north China. Biogenic emissions are usually controlled by solar radiation and temperature, and 

solar radiation is weaker and temperature is lower in winter compared with summer. Moreover, 

the high isoprene, API (a-pinene and other cyclic terpenes with one double bond) and LIM 

(limonene and other cyclic diene terpenes) emissions are located below 30 °N and in Northeast 

China (Jiang et al., 2012), not in the NCP, so the SOA concentrations are not high in this winter 
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haze event period in the NCP. As shown in Table 2.4, the mean SOA concentration in non-haze 

days is 0.3μg/m3 and in the haze days is 1.1μg/m3. The factor increase of SOA from non-haze 

days to haze day is 3.7, which is close to that of primary aerosols and much lower than that of 

SIA. The SOA formation in winter has not been well studied and it might be underestimated by 

the model as it could have missing pathways to SOA formation. Further work is needed to 

improve the underestimation of SOA formation in the winter. 

 

 

Figure 2.15. Observed (a) and simulated (b) chemical species of PM2.5 and simulated SOA (c) 

in the Beijing site 



www.manaraa.com

40 
 

Table 2.4. Primary aerosol, SIA and SOA (μg/m3) during haze days and non-haze days in Beijing 

 Primary SIA SOA 

Haze days 56.4 81.9 1.1 

Non-haze days 14.2 10.8 0.3 

Ratio 4.0 7.6 3.7 
 

 

Figure 2.16. PM2.5 concentration difference due to cloud chemistry from 14 January 0000 to 

21 January 0000, plotted every 12 hours 

 

2.5.3 Impacts of surrounding areas on haze in Beijing 

Previous studies found that both local emissions and regional transport have significant 

contributions to the high fine particle levels in Beijing (Yang et al., 2011). In section 4.1, we 

mentioned that there exists a high correlation between CO and PM2.5 concentrations. Figure 2.17 
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shows the correlations of PM2.5 and CO concentrations in Beijing (a) and SDZ (b). The 

correlation coefficients are 0.91 and 0.96, respectively. According to these high correlations, we 

can use CO transport to represent PM2.5 transport to quantify the local and regional contributions 

to the Beijing haze. CO tracer tests were conducted in two simulations: one with Beijing local 

CO emissions on and the other one with Beijing local emissions off. The ratio of CO in Beijing 

when Beijing emissions are turned off to CO in Beijing when Beijing emissions are on represents 

the non-local contributions. It can reach above 70% during haze (Figure 2.18) and the average 

contribution is about 47.8% from January 16 to January 19. These contribution values can be 

used to represent the non-local contributions to the PM2.5 levels in Beijing during haze.  

 

 

Figure 2.17. Correlation between CO and PM2.5 at Beijing (a) Shangdianzi (b) 
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Figure 2.18.  Non-local contributions to CO in Beijing 

 

To figure out the dominant transport paths, FLEXPART-WRF (Stohl et al., 1998; Fast and 

Easter, 2006) was used to generate 72-hour backward dispersions around the Beijing area. 50000 

particles were released backwards from a box (1 degree×1 degree×400m), the center of which is 

Beijing urban area, from January 19 00:00. The number concentrations of particles were plotted 

at 6 hours before, 12 hours before, 24 hours before and 48 hours before the released time (Figure 

2.19). For 12 hours, Beijing was influenced by sources to the south, including sources from south 

Hebei and Shandong. For 2 days, more sources contributed to the haze buildup in Beijing, 

including sources from Henan and Inner Mongolia. A number of coal mines are located in Hebei, 

Shandong and Henan provinces and Inner Mongolia areas have high emissions of primary 

aerosols.  
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Figure 2.19. Backward dispersion of particles released on January 19 00:00, plotted 6, 12, 24, 

and 48 hours before being released (unit: number/grid cell) 

 

2.5.4 The impact of aerosol feedback 

 Aerosols affect weather and climate through many pathways, including reducing downward 

solar radiation through absorption and scattering (direct effect), changing temperature, wind 

speed, RH and atmospheric stability due to absorption by absorbing aerosols (semi-direct effect), 

serving as cloud condensation nuclei (CCN) and thus impacting optical properties of clouds (first 

indirect effect), and affecting cloud coverage, lifetime of clouds and precipitation (second 

indirect effect) (Zhang et al., 2010; Forkel et al., 2012). The feedback mechanisms are complex 

and many aspects of them are not well understood. Although previous studies have investigated 
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aerosol-radiation-meteorology interactions (Zhang et al., 2010; Forkel et al., 2012), the studies 

on short time scale events with high aerosol loadings, such as haze events, are limited. This 

section focuses on evaluating the impacts of aerosol feedback mechanism on meteorology and 

air quality. The feedback discussed in this paper only includes aerosols’ direct and semi-direct 

effects.  

 

2.5.4.1 Impact of feedback on meteorology and PM2.5 distribution 

Figure 2.20(a) shows the observed daily maximum surface solar radiation and simulated 

surface solar radiation in with feedback (WF) and without feedback (NF) scenarios in Beijing.  

Simulated daily surface maximum surface shortwave radiations in NF feedback scenario are 

higher than observations and the overestimations are reduced by implementing aerosol feedback 

(Figure 2.20(a)). In NF scenario, the correlation coefficient R between simulated and observed 

daily maximum surface shortwave radiation is 0.84 in Beijing; in WF scenario, simulated and 

observed surface shortwave radiation are highly correlated, with 0.93 R value in Beijing, proving 

that high concentrations of aerosols can significantly affect radiative transfer. Ding et al. (2013) 

investigated the influence of aerosols on weather during biomass burning episodes using 

radiation measurements and drew similar conclusions. However, their study did not include the 

evaluation of aerosol feedbacks from a modeling perspective.  

The changes in radiation have impacts on the environment. Simulated PBLH and PM2.5 

concentration at Shijiazhuang in WF and NF scenarios are shown in Figure 2.20(b) and 2.20(c). 

In non-haze days, PBLH differences between the two scenarios are negligible due to low aerosol 

loadings. In haze days, PBLHs in the WF scenario are generally lower than in the NF scenario.  
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As shown in Figure 2.20(c), PM2.5 concentration at Shijiazhuang in WF scenario is higher than it 

in the NF scenario and the difference reaches about 50μg/m3 on January 19. Aerosols affect 

PBLHs in two ways: (1) radiation is scattered back to sky and absorbed, as a result, radiation 

reaching the surface is reduced (Figure 2.20(a)) and so is temperature; and (2) suspended 

aerosols like BC absorb radiation to heat the upper PBL (Ding et al., 2013). Both of these ways 

increase temperature inversion and atmospheric stability, and thus exacerbate PM2.5 pollution. 

Figure 2.21 shows temporal variations of vertical profiles of (a) PM2.5 (c) RH (e) temperature 

(g) wind speeds differences in Beijing between WF and NF scenarios. When aerosol feedback is 

included, PM2.5 concentrations near Beijing surface are mostly increased, except on the morning 

of January 17, on the afternoon of January 18 and on January 19 (Figure 2.21(a)). The increases 

of PM2.5 are caused by the above mentioned increases of temperature inversion (shown in Figure 

2.21(e)) and atmospheric stability. Apart from these, PM2.5 concentrations are also affected by 

RH and wind speeds. In WF scenario, RH is generally increased near surface, especially on 

January 19 (Figure 2.21(c)), while horizontal wind speeds are also increased on January 19, 

which is the main cause of decreases of PM2.5 concentrations in Beijing.  
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Figure 2.20. Observed daily maximum surface solar radiation and simulated surface 

shortwave radiation in with feedback (WF) and without feedback (NF) scenarios in Beijing (a), 

simulated PBLH (b) in WF and NF scenarios at Shijiazhuang, and simulated PM2.5 concentration 

(c) in WF and NF scenarios at Shijiazhuang 
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Figure 2.21. Temporal variations of vertical profiles of (a) PM2.5 (unit: μg/m3) (c) RH 

(unit: %) (e) temperature (unit: °C) (g) wind speeds (unit: m/s) differences in Beijing between 

WF and NF scenarios; (b), (d), (f) and (h) are PM2.5 , RH, temperature and wind speeds 

differences in Beijing between WF and NBCA (BC absorptions are teased out) scenarios 
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To evaluate impact of aerosol feedback on horizontal meteorological fields and PM2.5 

distributions, averaged differences of PM2.5 concentrations, temperature, PBLHs and horizontal 

winds between WF and NF scenarios at 2p.m. and 2a.m. in haze days (from January 16 to 19) 

were calculated and are shown in Figure 2.22. Figure 2.22(c) shows that PBLHs are reduced in 

almost all NCP areas when aerosol feedbacks are considered at 2p.m.. At 2p.m., PM2.5 

concentrations are increased about 20μg/m3 at Shijiazhuang (114.53°E, 38.03°N). In a few 

locations (the areas below Beijing (Figure 2.22(a))), PM levels are decreased, although PBLHs 

are suppressed in those areas. The decreases of PM2.5 concentrations in the areas below Beijing 

are due to big horizontal wind changes, shown in Figure 2.22(g). When aerosol feedback is 

included, surface temperature is reduced in areas where there are high aerosol loadings (Figure 

2.22(e)). Figure 2.22(d) shows that PBLHs are enhanced in east and southwest NCP areas at 

2a.m. with aerosol feedback. Aerosol feedback mechanism at night time is more complex 

compared to it at day time. At night, there is no incoming shortwave radiation from the sun and 

major radiation is the long wave radiation emitted from the earth. The presence of clouds and 

some kinds of aerosols can trap outgoing long wave radiation, and as a result, the surface 

atmosphere is warmed. Different aerosols show different effects on long wave radiation.  

Greenhouse gases (GHGs) absorb long wave radiation, while large particles like dust scatter long 

wave radiation. As a result, the upper atmosphere temperature is likely to be warmer or cooler 

than surface atmosphere temperature. If the upper atmosphere is warmer than the surface, a 

stable PBL will form. This can explain why aerosol feedbacks increase PBL heights in some 

regions and decrease in some other regions of NCP. Changes of PM2.5 concentrations at 2a.m. are 

mainly caused by changed PBLHs (Figure 2.22 (b)), showing decreasing trends in areas where 
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PBLHs are enhanced, because changes of winds are relatively small (Figure 2.22(h)). 

Temperature changes at 2a.m. are similar to it at 2p.m., but the magnitudes are smaller.  

 

2.5.4.2 Impact of BC absorption on meteorology and PM2.5 distribution 

To investigate BC’s influence on meteorology and air quality, sensitivity tests were 

conducted by removing BC absorption in WRF-Chem (i.e., imaginary refractive index set to 

zero).  Figure 2.21 shows temporal variations of vertical profiles of (b) PM2.5 (d) RH (f) 

temperature and (h) wind speeds differences in Beijing between WF and NBCA scenarios. The 

differences between WF and NBCA can be used to represent impacts of BC absorption since in 

WF scenario both scattering and absorbing are considered while in NBCA scenario only 

scattering is considered. It is obvious from Figure 2.21(f) that upper atmosphere is heated by BC, 

especially at 1.5km, which increases temperature inversion and atmospheric stability. BC 

absorption’s impacts on PM2.5, RH and wind speeds are similar to the impacts of both scattering 

and absorption, but the magnitudes are smaller (Figure 2.21(b), (d) and (g)).  
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Figure 2.22. Differences of PM2.5 concentration (unit: μg/m3), temperature (unit: °C), PBLH 

(unit: m) and horizontal wind (unit: m/s) at 2p.m. (a, c, e, g) and 2a.m. (b, d, f, h) between WF 

and NF scenarios 
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Figure 2.23. Differences of PM2.5 concentration (unit: μg/m3), temperature (unit: °C), PBLH 

(unit: m)  and horizontal wind (unit: m/s)  at 2p.m. (a, c, e, g) and 2a.m. (b, d, f, h) between WF 

and NBCA scenarios 
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Figure 2.23 is similar to Figure 2.22 except that the differences are between WF and NBCA 

scenarios. At 2p.m., PM2.5 concentration is increased about 10μg/m3 in Shijiazhuang (114.53°E, 

38.03°N), accounting for about 50% of PM2.5 changes due to the total aerosol feedback (Figure 

2.23(a)). At 2p.m., PBL heights are decreased about 40-150m (Figure 2.23(c)), accounting for 

about 50% of those changes in Figure 2.22(c). At 2p.m., surface temperature in high aerosol 

loading areas are decreased about 0-2 °C (Figure 2.23(e)), while the temperature decreases in the 

same areas are above 2°C in Figure 2.23(e). At 2a.m., changes of PM2.5, PBLHs, surface 

temperature and wind speeds are similar to Figure 2.22, with smaller magnitudes.  

 

2.6 Conclusions 

In this study, the online coupled WRF-Chem model was used to reproduce the haze event 

happened in January, 2010 in the NCP. The model was evaluated against multiple observations, 

including surface observations of meteorological variables and air pollutants, atmospheric 

sounding products, surface AOD measurements, and satellite AOD measurements. The 

correlation coefficients between simulated and observed PM2.5 concentrations in Beijing, Tianjin 

and Xianghe stations are 0.77, 0.75 and 0.69, indicating that WRF-Chem provides reliable 

representation for the 2010 haze event in the NCP.  

This haze event is mainly caused by high emissions of air pollutants in the NCP region and 

stable weather conditions in winter. The haze built up almost simultaneously in major cities in 

the NCP and dissipated from north to south. During haze days, horizontal wind speeds and 

mixing heights were low, temperature inversion happened above surface and RH values were 

above 40%. Photochemistry was not significant during haze days due to weak UV radiation.  In 
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addition, secondary inorganic aerosols played an important role in the haze event. The role of 

cloud chemistry in this haze event cannot be ignored.  

CO was used to represent PM2.5 to quantify non-local contributions to PM2.5 in Beijing based 

on high correlations between them. The average contribution is about 47.8% in haze days. The 

FLEXPART model was implemented to investigate the sources of the non-local contributions 

and results show that air pollutants from south Hebei, Shandong and Henan provinces are the 

major contributors to the PM2.5 in Beijing.  

Impacts of high aerosols in haze days on radiation, boundary layer heights and PM2.5 have 

been demonstrated. When aerosol feedback is considered, simulated surface radiation agrees 

well with observations. In haze days, aerosol feedback has important impacts on surface 

temperature, RH and wind speeds, and these meteorological variables affect aerosol distribution 

and formation in turn. The role of BC in aerosol feedback loop has also been investigated. It can 

account for about 50 % of the PM2.5 increases and 50% of the PBLH decreases in Shijiazhuang. 

More attention should be paid to BC from both air pollution control and climate change 

perspectives. 

This study still has some limitations. First, underestimation of sulfate and OC is a problem of 

WRF-Chem model. Further studies are needed to improve the simulation of sulfate and organic 

aerosols. Second, emissions have large uncertainties in Asia, which affect air quality simulations 

determinedly. Some advanced techniques, such as data assimilation, can be applied to reduce 

uncertainties in the future.  
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CHAPTER 3: RESPONSES OF WINTER PM2.5 TO EMISSION AND METEOROLOGY 

CHANGES IN THE NORTH CHINA PLAIN
31

 

3.1 Abstract 

The winter haze is a growing problem in the North China Plain (NCP), but the causes have 

not been well understood. The changes in emissions and global warming might be the possible 

reasons. The chemistry version of the Weather Research and Forecasting model (WRF-Chem) 

was applied in the NCP to examine how the PM2.5 concentrations change in response to changes 

in emissions (sulfur dioxide (SO2), black carbon (BC), organic carbon (OC), ammonia (NH3), 

and nitrogen oxides (NOx)), as well as meteorology (temperature, relative humidity (RH), and 

wind speeds) changes in winter. The historical detailed SO2, BC and OC emissions from 

Argonne National Laboratory (ANL), and inferred NH3, NOx emission changes, as well as 

perturbations of temperature, RH, and wind speeds in model initial and boundary conditions 

were used to simulate a winter month (January 2010) in the NCP. From 1985 to 2010, the 25.7% 

increases in SO2 surface emissions cause about 30.8% increases in surface sulfate aerosols. 

Monthly domain mean BC and OC aerosols increased about 9.8% and 26.8% from 1985 to 2010, 

due to 6.6% and 26.5% increases in BC and OC emissions. Due to SO2, BC, and OC emission 

changes from 1985 to 2010, the domain maximum monthly PM2.5 changes can reach 14.9μg/m3, 

and OC accounted for more than half this change. Increasing NH3 emissions significantly 

increases PM2.5 concentrations in the NCP and increasing NOx emissions also increases PM2.5 

concentrations but to a lesser extent. The increases in NOx emissions actually leads to 27.5% 

decrease in surface ozone concentration and 44.7% decrease in surface OH radical concentration 

because the NCP region is VOC-limited in winter and the reduced oxidants decrease sulfate 

                                                           
31 This work is under preparation to be submitted.  
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aerosol. The sensitivity results indicate SO2, OC and NH3 emissions should be controlled 

preferentially to control winter haze. Based on the major sources of SO2, OC and NH3 emissions, 

natural gas should be promoted to take the place of coal and biofuel, and some animal feeding 

and animal housing strategies should be taken to control NH3 emissions. Because of temperature 

increase, the predicted monthly PM2.5 concentration increases 2.6μg/m3 on domain average, and 

the domain peak increase is about 6.0μg/m3. The increases of sulfate, nitrate, and ammonium are 

mostly due to increasing OH radicals and higher chemical reaction rate under enhanced 

temperature. The other causes of the increased PM2.5 concentrations are the large changes in 

surface wind fields and Planetary Boundary Layer Heights (PBLHs) after temperature 

perturbations. Increases in RH lead to lower dry PM2.5, but more water aerosols and clouds. Due 

to 5.3% decrease in wind speeds, monthly mean PM2.5 increase by 1.25% on domain average.  

 

3.2 Introduction 

PM2.5 (particulate matter with diameter equal to or less than 2.5μm) is a main air pollution 

concern due to its adverse effects on public health (Gao et al., 2015b; Pope et al., 2009). Pope et 

al. (2009) estimated that a decrease of 10μg PM2.5 is related to about 0.61 year mean life 

expectancy increase. PM2.5 is also associated with visibility reduction and regional climate 

(Cheung et al., 2005). Many cities in the North China Plain (NCP) are experiencing severe haze 

pollution with exceedingly high PM2.5 concentrations. In January 2010, a regional haze occurred 

in the NCP and maximum hourly PM2.5 concentration in Tianjin was over 400μg/m3 (Zhao et al., 

2013). In January 2013, another unprecedented haze event happened, and the daily PM2.5 

concentrations in some areas of Beijing and Shijiazhuang reached over 500μg/m3 (Wang et al., 
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2014a), and instantaneous PM2.5 concentration at some urban measurement sites were over 

1000μg/m3 (Zheng et al., 2015). It is well known that particulate matter levels are strongly 

influenced by emissions and meteorological conditions (Steiner et al., 2006). The PM in the 

atmosphere can be directly emitted from sources like wildfires, or formed from emitted gases 

through secondary aerosol formation mechanism. Meteorology affects PM levels via changing 

emissions, chemical reactions, transport and deposition processes (Mu and Liao, 2014). 

Increasing wildfire emission in North America is mainly caused by warmer temperatures and 

precipitation changes (Dawson et al., 2014), and increased temperature leads to higher biogenic 

emissions, which are important precursors of secondary organic aerosols (Dawson et al., 2014; 

Heald et al., 2008; Jacob and Winner, 2009). Increasing temperature also increases sulfate 

concentration due to higher SO2 oxidation rate (Aw and Kleeman, 2003; Dawson et al., 2007) 

and semi-volatile aerosols may decrease due to evaporation under higher temperature (Sheehan 

and Bowman, 2001; Dawson et al., 2007; Tsigaridis and Kanakidou, 2007). Higher relative 

humidity favors the formation of nitrate and increasing precipitation decreases all PM species via 

wet scavenging (Dawson et al., 2007; Tai et al., 2010). Increasing clouds promote in-cloud 

sulfate production (Tai et al., 2010) and changes in wind speed and mixing height determines the 

dilution of primary and secondary PM (Jimenez-Guerrero et al., 2012; Megaritis et al., 2014; Pay 

et al., 2012).  

With rapid economic boom and industrial developments, emissions in China changed 

enormously during the past years. It is estimated that NOx emissions in China increased by 70% 

from 1995 to 2004 (Zhang et al., 2007), Black Carbon (BC) increased by 46% from 2000 to 2010 

(Lu et al., 2011), Organic Carbon (OC) increased by 33% from 2000 to 2010 (Lu et al., 2011), 

and SO2 increased by 61% from 2000 to 2006 (Lu et al., 2011). Apart from emission changes, it 
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was observed that the winter is warming up in China, especially in the northern part (Hu et al., 

2003; Ren et al., 2012).  

Many studies have tried to investigate the impacts of emission changes on aerosol formation 

in Europe and in the United States (Aksoyoglu et al., 2011; Andreani-Aksoyoglu et al., 2008; 

Megaritis et al., 2013; Tsimpidi et al., 2012a; Tsimpidi et al., 2012b). Andreani-Aksoyoglu et al. 

(2008) applied the CAMx model to study the influences of reducing NH3 and NOx emissions on 

secondary aerosol formation in Switzerland and northern Italy in summer and found that 

secondary aerosol formation in northern Switzerland is mainly limited by HNO3 and aerosol 

formation around Milan is mostly dependent on HNO3 and NH3. Aksoyoglu et al. (2011) 

conducted similar studies in Europe in both summer and winter periods and concluded that 

aerosol formation in winter is more sensitive to ammonia emissions in most European areas, but 

it is NOx-sensitive in Switzerland. Megaritis et al. (2013) applied the PMCAMx model to study 

the sensitivities of PM2.5 to emissions (SO2, NH3, NOx, anthropogenic VOCs and anthropogenic 

POA) in Europe, and found that reduction of NH3 emissions is the most effective way to reduce 

PM2.5 in both summer and winter, but reductions of NOx increases PM2.5 in winter because more 

oxidants are available. Tsimpidi et al. (2012a, 2012b) applied the same model to quantify the 

response of inorganic PM2.5 to emission changes of SO2, NH3, NOx and anthropogenic VOCs in 

the eastern United States in both summer and winter. They found that SO2 control measure is 

better in July, NH3 control strategy is better in January and coupled reduction of SO2 and NOx 

emissions is more effective to reduce PM2.5 in both summer and winter. 

In addition, there have been a number of studies concerning the effects of 

climate/meteorology changes on PM2.5 concentrations in the United States and in Europe 

(Dawson et al., 2007; Megaritis et al., 2013; Megaritis et al., 2014; Tagaris et al., 2007; Tai et al., 
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2012a; Tai et al., 2012b). Tagaris et al. (2007) investigated the impacts of possible global climate 

change on PM2.5 concentrations over the United States using Global Climate Model simulations 

and chemical transport model and found that major decreases in sulfate, nitrate and ammonium 

and minor organic carbon will make organic carbon be the dominant PM2.5 component in the 

future. Tai et al. (2012a) also studied the influence of climate change on PM2.5 concentration in 

the United States using general circulation models (GCMs) and concluded that effects of 2000-

2050 climate change will affect annual PM2.5 by less than 0.5μg/m3. Dawson et. (2007) applied 

PMCAMx model to study the sensitivities of PM2.5 to various meteorological variables and 

concluded that wind speed, mixing height and precipitation affect all PM species, temperature 

increased sulfate formation and decreased nitrate and organic carbon, and absolute humidity 

increased nitrate formation. The effects of meteorology on PM2.5 concentrations were also 

studied over Europe (Megaritis et al., 2013), and they concluded that increasing temperature 

decreases PM2.5 concentrations due to evaporation of ammonium nitrate, increases organic 

aerosol and sulfate due to higher gas-phase reaction rates. It was also found that increasing 

absolute humidity increases nitrate aerosols and decreases sulfate in winter (Megaritis et al., 

2014). Tai et al. (2012b) used a multiple linear regression model to explore the relationships 

between PM2.5 and meteorological variables in the United States and found that temperature and 

PM2.5 components are highly correlated in most of the US areas and relative humidity is 

negatively correlated with organic carbon but positively correlated with sulfate and nitrate. They 

also found that the overall correlations of temperature and RH with PM2.5 are mainly driven by 

synoptic transport modes (Tai et al., 2012b). 

Although the impacts of emission, climate/meteorology changes on PM2.5 concentrations 

have been topics of many studies conducted in the Europe and the United States, similar studies 
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are still limited in China. The haze pollution is growing in China, especially in the NCP, but the 

causes of the growth have not been well understood. The large emission changes in the last 2 to 3 

decades may be a cause and the observed winter warming in the NCP could be another cause. 

The main objective of this study is to quantify the responses of PM2.5 and its major species to 

changes in emissions, including SO2, BC, OC, NOx and NH3, and to temperature, Relative 

Humidity (RH) and wind speed changes in the NCP region. Winter haze in the NCP has a large 

contribution from secondary inorganic aerosols and secondary inorganic aerosols are influenced 

by emissions, temperature and RH. The models used in previous similar studies referenced above 

are all offline models, which are not capable of considering the feedbacks of changing 

temperature on other meteorological variables, and the impacts of aerosols on meteorology. 

Wang et al. (2014b) pointed out that aerosol feedbacks should not be neglected when modeling 

aerosol in China, so we considered aerosols feedbacks using a fully online coupled model WRF-

Chem in this study. 

This chapter is organized as follows. First, the WRF-Chem model, model settings and 

domain settings are briefly described and then in the next section, emission changes from 1985 to 

2010 and accordingly PM2.5 changes are discussed. After that, the responses of PM2.5 to NH3 and 

NOx emission changes are analyzed. At last, the impacts of temperature, RH increase and 

decrease in wind speeds on PM2.5 are also discussed.  
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3.3 Methodology 

3.3.1 WRF-Chem model 

The online coupled WRF-Chem model is the modeling tool used in this study. The WRF-

Chem model simulates emissions, transport, chemical reactions and depositions of gases and 

aerosols. In this study, we used a configuration that includes direct and indirect feedbacks. The 

gas phase mechanism used in this study is the Carbon Bond Mechanism version Z (CBM-Z), 

which includes 67 species and 164 reactions (Zaveri and Peters, 1999; Zaveri et al., 2008). The 

gas-particle portioning module used is the MOSAIC, which considers all important aerosol 

components, such as sulfate, nitrate, ammonium, BC, and OC (Zaveri et al., 2008). Eight size 

bins version of MOSAIC was used and the aerosol sizes range from 0.039μm to 10μm. The 

thermodynamic module in MOSAIC consists of two methods: Multicomponent Taylor 

Expansion Method (METM) to obtain activity coefficients in aqueous aerosols and 

Multicomponent Equilibrium Solver for Aerosols (MESA) to calculate the intraparticle solid-

liquid phase equilibrium, which has been proven to be accurate and computationally efficient 

(Zaveri et al., 2008). Other chosen parameterization schemes and the model domain settings in 

this study are the same as Gao et al. (2015). Three nested domains with 81km, 27km, and 9km 

grid resolutions from outer to innermost were used Gao et al. (2015). Inputs into the model 

include meteorological boundary and initial conditions from NCEP FNL 1°×1° data and 

chemical boundary and initial conditions from MOZART model simulations (Emmons et al., 

2010). The anthropogenic emission inventory used is the Multi-resolution Emission Inventory 

for China (MEIC) dataset (http://www.meicmodel.org/), which provides monthly CO, NOx, SO2, 

VOC, PM2.5, BC, OC , CO2 and NH3 emissions by five sectors (industry, residential, 

transportation and agriculture) in 2010. Simulations for evaluating SO2, BC and OC emission 

http://www.meicmodel.org/
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changes were conducted using 2010 MEIC emission with SO2, BC and OC emissions 

overwritten by Argonne National Laboratory’s annual emissions for 1985, 2000 and 2010 in 

China (Lu et al., 2011). Biogenic emissions were estimated online using the MEGAN model 

(Guenther et al., 2006). The simulation was based on a winter month January (1-31 January 

2010) and five days in previous month were modeled as spin-up to overcome the influences of 

initial conditions. 

 

3.3.2 Sensitivity experiments  

To quantify the influences of emission changes of SO2, BC, OC, NH3, and NOx, and 

meteorology (temperature, RH and wind speeds) changes on PM2.5 and its major species, we 

simulated 9 cases. They are listed and explained in Table 3.1. The changes of PM2.5 and its major 

components due to perturbations in emissions and meteorology are analyzed for the NCP region. 

The NCP region is defined using domain 3 in Gao et al. (2015) and the statistics of changes are 

calculated within domain 3 for the January 2010 month. 
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Table 3.1. Simulation cases and descriptions 

Cases Descriptions 

CTL Base case, all emissions are from MEIC for 2010 

T2 Temperature boundary conditions and initial conditions were increased by 

+2K 

RH2 RH boundary conditions and initial conditions were increased by +2% 

WS90 Wind speed boundary conditions and initial conditions were reduced by 

10% 

EMI_ANL1985 SO2, OC and BC emissions are overwritten with the ANL emissions for 

1985, while other emissions were kept with MEIC 2010.  

EMI_ANL2010 SO2, OC and BC emissions are overwritten with the ANL emissions for 

2010, while other emissions were kept with MEIC 2010.  

NH3-NOx-1985 Speculate NH3 and NOx emission level in 1985 based on Liu et al. (2013), 

while other emissions were kept with MEIC 2010.  

NH3-1985 Speculate NH3 emission level in 1985 based on Liu et al. (2013), while 

other emissions were kept with MEIC 2010. 

NOx-1985 Speculate NOx emission level in 1985 based on Liu et al. (2013), while 

other emissions were kept with MEIC 2010. 

 

3.3.3 Model Verification 

The WRF-Chem model performance has been verified using multiple observations, including 

surface meteorological, chemical and optical data, and satellite data in Gao et al. (2015a). The 

model captured the variations of surface temperature, relative humidity, while wind speed was 
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slightly overestimated (Gao et al., 2015a), which has been reported as a common problem of 

current WRF-Chem model under low wind speed conditions. The Root Mean Square Error 

(RMSE) of temperature varies were all less than 3.2K and RMSEs of RH vary from 6.4 to 

11.1%. The RMSE of wind speeds were below the proposed criteria (2m/s) at the Beijing, 

Tianjin and Baoding stations, but larger than the criteria at the Chengde stations. The time series 

of simulated surface PM2.5, NO2, and SO2 showed good agreement with observations and also 

with simulated aerosol optical depth (AOD) (Gao et al., 2015a). The calculated Mean Fractional 

Bias (MFB) and Mean Fractional Error (MFE) values of PM2.5 ranged from -21.8% to 0.4% and 

ranged from 26.3% to 50.7% (Gao et al., 2015a). In addition, the comparison between model 

results and satellite suggested that the vertical distribution of aerosol and horizontal distribution 

are captured well by the model (Gao et al., 2015a). Compared with observed PM2.5 compositions, 

sulfate and OC were underestimated and nitrate was overestimated by the model (Gao et al., 

2015a). The underestimation of sulfate may be due to underestimation of SO2 gas phase 

oxidation, the errors in aqueous-phase chemistry, and/or missing heterogeneous sulfate formation 

(Gao et al., 2015a). In general, the performance of the WRF-Chem model in predicting PM2.5 and 

chemical species is reasonably acceptable.  

 

3.4 Results and Discussion 

3.4.1 PM2.5 sensitivity to SO2, BC and OC emission changes 

The emission changes of SO2, BC and OC and resulted impacts on PM2.5 from 1985 to 2010 

were examined based on the emission inventory of SO2, BC and OC for 1985 and 2010 from 

ANL. Figure 3.1(a-c) displays SO2, BC and OC emissions for 2010 and Figure 3.1(d-f) shows 
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the changes of them from 1985 to 2010. Populated regions of the NCP, such as urban Beijing, 

urban Tianjin, and urban Shijiazhuang, exhibit large emissions of SO2, BC and OC that relate to 

residential and power generation. From 1985 to 2010, SO2 surface emissions in urban Beijing 

and urban Tianjin areas decreased, but markedly increased in most areas of Hebei province, 

especially in Tangshan, Baoding and Shijiazhuang cities. This is because the Beijing government 

moved many factories out to Hebei and many new iron and steel industries appeared in Hebei 

after 2000. In general, averaged SO2 emission in the NCP increased 25.7% from 1985 to 2010, 

but SO2 emissions in Beijing and Tianjin decreased. Unlike SO2 emissions, BC emissions 

significantly increased in urban Beijing from 1985 to 2010. This is because residential sources 

are the biggest contributor to BC in winter (Li et al., 2015) and the population in urban Beijing 

sharply increased with rapid urbanization. However, BC emissions in south Hebei province and 

Tianjin city decreased from 1985 to 2010. This may be because people living in these areas 

changed their cooking energy from biomass to gas. From 1985 to 2010, the mean BC emissions 

in the NCP increased about 6.6%. Similar to BC emissions, OC emissions increased in the center 

of Beijing from 1985 to 2010. In addition, OC emissions increased in most areas of Hebei 

province. On average, OC emissions increased 26.5% from 1985 to 2010. The enhancements of 

SO2, BC and OC emissions in the NCP are expected to result in substantial increase in PM2.5 

concentrations.  
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Figure 3.1. Surface SO2, BC and OC emissions for 2010 (a-c), and the changes of them from 

1985 to 2010 (d-f)  

 

 

Figure 3.2. Predicted monthly mean PM2.5 changes due to SO2, BC and OC emission changes 

from 1985 to 2010  
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Figure 3.2 shows the simulated monthly mean PM2.5 changes due to SO2, BC and OC 

emission changes from 1985 to 2010. Predicted monthly mean PM2.5 concentrations increase 

everywhere in the domain due to emission changes resulting from the rapid urbanization and 

industrialization processes after the implementation of Chinese economic reform in 1978. The 

domain mean PM2.5 concentrations increase by 2.0μg/m3 and the domain maximum increase is 

about 15μg/m3. The most influenced regions are urban Beijing, urban Tianjin, Tangshan City and 

south Hebei province. Fine sulfate increases in most regions of the domain except in the urban 

Beijing area (Figure 3.3(d)), which is mainly caused by the substantial decrease of SO2 emission 

from 1985 to 2010 (Figure 3.1(d)). In Figure 3.1(d), SO2 emission also decreases in the urban 

Tianjin area, but the predicated fine sulfate increases in that area, showing that the responses of 

fine aerosol can be affected by emission changes in surrounding regions. The spatial distributions 

of fine BC and fine OC for 2010 are similar, but the magnitudes of OC concentrations are higher 

than BC, except in the urban Beijing area (Figure 3.3(b-c)). From 1985 to 2010, simulated fine 

OC increases almost over the whole domain, but fine BC decreases in some regions of Tianjin 

and south Hebei province (Figure 3.3(e-f)) due to the decreases in BC emissions in those areas. 

The increase in OC emissions in south Hebei province and Tianjin city may be related to the 

increasing vehicle population from 1985 to 2010. The monthly domain mean and peak fine 

sulfate, BC, OC and PM2.5 for 2010 and for changes from 1985 to 2010 were computed and 

summarized in Table 3.2. From 1985 to 2010, sulfate increased by 30.8%, BC increased by 9.8% 

and OC increased by 26.8% due to 25.7% increase in SO2 emissions, 6.6% increase in BC 

emissions and 26.5% increase in OC emissions. The nearly linear response of both BC and OC 

aerosols to their emissions is due to the omission of a secondary organic aerosol formation in the 

chosen CBMZ/MOSAIC mechanism. Thus, both were treated as primary aerosols. Our analyses 
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indicate that SOA contribution in this time period was small (Gao et al., 2015a). The increase in 

OC is more than the sum of sulfate and BC. Considering the underestimation of sulfate by the 

current model, the magnitudes of the sulfate enhancement due to SO2 emission changes should 

be higher, but the enhancement fraction should be estimated more correctly. The increase of SO2 

emissions also causes a slight decrease in nitrate (-0.45%) and a 2.1% increase in ammonium. 

More free NH3 reacts with enhanced H2SO4 due to increasing SO2 and as a result, ammonium 

increases and less HNO3 gas is transferred to the aerosol phase, which is consistent with the 

responses to increasing SO2 emissions in Kharol et al. (2013).  

 

Table 3.2. Monthly domain mean and peak BC, sulfate and PM2.5 concentrations for 2010 and for 

changes from 1985 to 2010 due to BC, OC and SO2 emission changes (μg/m3) 

Years  SO4
2- BC OC PM2.5 

1985-

2010 

Domain peak (μg/m3) 0.9 4.8 9.7 14.9 

Domain mean 

(μg/m3) 

0.3 (30.8%) 0.3 (9.8%) 1.4 (26.8%) 2.0 

 
 2010 

Domain peak (μg/m3) 3.0 29.6 25.2 138.9 

Domain mean 

(μg/m3) 

1.4 3.6 6.4 56.4 
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Figure 3.3. Predicted monthly mean fine sulfate, BC and OC concentrations for 2010 (a-c), 

the changes of them from 1985 to 2010 (d-f), and the impact of the emissions changes outside 

the domain (g-i)  

 

As mentioned above, aerosol concentrations can also be affected by emission changes in 

surrounding areas. To explore the impact of emission changes outside the domain on aerosols in 

the NCP domain, we changed emissions in outer domains from 1985 to 2010 and kept emission 

in the innermost domain unchanged. The impact on fine sulfate, fine BC and fine OC are shown 

in Figure 3.3(g-i). The impact on fine sulfate shows a gradient from south to north, reflecting that 
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SO2 and/or sulfate aerosol from south are transported into the innermost domain during this 

period. The magnitude of the import role is comparable to the impact of emission changes from 

1985 to 2010. The impact on BC inside the innermost domain is also positive, except in the 

region of Shijiazhuang City. This is probably because BC emission decreases outside the 

innermost domain and thus less BC aerosol are imported. The domain mean of import role of OC 

is about 0.6μg/m3, accounting for 42.9% of the total impact of emission changes from 1985 to 

2010. As the emission changes of surrounding regions has significant impact on the aerosols 

changes in the NCP, air pollution control strategies have to be implemented in not only the NCP 

region, but also surrounding regions.  

 

3.4.2 Sensitivity to NH3 and NOx emission increases 

NH3 and NOx are the other two important secondary inorganic aerosol gaseous precursors in 

addition to SO2, but we do not have detailed information about their emissions in the last two to 

three decades. Liu et al. (2013) provides historical trends in NH3 and NOx emission over China 

from 1980 to 2010. From 1985 to 2010, NH3 and NOx emissions over China increased about 

306.6% and 121.9% respectively (Liu et al., 2013). Based on this information and available 

MEIC NH3 and NOx emissions for 2010, we inferred NH3 and NOx emissions in 1985 (other 

emissions were kept the same as 2010 levels. The predicted changes of PM2.5 and major PM2.5 

inorganic species at the ground-level after a 300% increases in NH3 and 120%  in NOx emissions 

are shown in Figure 3.4 and monthly domain maximum and mean aerosol changes are 

summarized in Table 3.3. 
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Figure 3.4. Responses of PM2.5 and major PM2.5 inorganic species (sulfate, nitrate, and 

ammonium) to NH3 and NOx emission changes from 1985 to 2010 

 

3.4.2.1 Increase of NH3 emissions 

We further explored the sensitivity of PM2.5 to changes in NH3 and NOx emission by carrying 

out simulation where NH3 and NOx emissions varied separately. Figure 3.4(a-d) shows the 

spatial distributions of sulfate, nitrate, ammonium, and PM2.5 changes due to the increase of NH3 

emissions. The 300% increase in NH3 emissions results in significant increases in nitrate 

(+101.7%) and ammonium (+67.0%). The domain mean changes of sulfate due to increase in 



www.manaraa.com

78 
 

NH3 is close to zero (about 0.02μg/m3), which is consistent with the results from Kharol et al. 

(2013). 

 

Table 3.3. Monthly domain maximum and mean aerosol changes (μg/m3) due to NH3 and NOx 

increases from 1985 to 2010 

 SO42- NO3- NH4+ PM2.5 

Increase NH3 0.1 11.6 3.5 15.6 

0.02(0.6%) 5.7 (101.7%) 1.8 (67.0%) 7.5 

Increase NOx -2.66 4.57 0.5 3.0 

-1.0 (-36.8%) 2.0 (+35.2%) 0.2 (7.3%) 1.1 

Increase Both -2.7 18.8 4.9 22.2 

-1.0 (-36.4%) 10.7 (190.5%) 2.8 (108.2%) 12.5 

 

The monthly domain maximum and mean nitrate changes are about 11.6μg/m3, and 5.7μg/m3 

(Table 3.3) and the maximum change occurred in urban Beijing and urban Tianjin where 

anthropogenic NOx emissions are very high. The significant increases of nitrate after NH3 

emission increase indicate that NH3 limits the NH3NO3 formation in the NCP region in this 

period and its reduction might be useful to control winter PM2.5 in the NCP. Megaritis et al. 

(2013) found that NH3 reduction is effective to control NH3NO3 formation in the eastern United 

States and in Europe.  
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The monthly domain mean increase of ammonium is about 1.8μg/m3 and the peak change 

also occurred in urban Bejing and urban Tianjin. Due to NH3 emission increase, monthly domain 

averaged PM2.5 increases 7.5μg/m3 and the peak increase is about 15.6μg/m3 in urban areas. 

 

 

Figure 3.5. Daytime ozone (a) and OH (b) changes due to NOx emission increases 

 

3.4.2.2 Increase of NOx emissions 

After 120% increases in NOx emissions, domain mean surface PM2.5 increases about 

3.0μg/m3, but the changes of individual PM2.5 inorganic components vary. The increase of NOx 

emissions cause 1.0μg/m3 (-36.8%) decrease in monthly domain mean sulfate and the domain 

peak sulfate reduction is about 2.7μg/m3. The OH radical is critical in the sulfate formation in the 

regions where SO2 concentrations are high and there is a competition between NOx and VOCs to 

react with OH (Tsimpidi et al. 2012b). When the VOCs/NOx concentration ratio is close to 5.5:1, 
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the OH reacts with NOx and VOCs at an equal rate (Seinfeld and Pandis, 2006). When the 

concentration ratio is lower than 5.5:1, the OH will primarily react with NOx, and the region with 

this concentration ratio is called VOC-limited region. In VOC-limited region, an increase of NOx 

will cause a decrease of OH and ozone concentration. When the VOCs/NOx concentration ratio 

is higher than 5.5:1, the OH will preferentially react with VOCs, and the region with this high 

ratio is called NOx-limited region. In the NOx-limited region, an increase of NOx will increase 

OH and ozone concentrations. In the simulated winter month, biogenic emissions are low and 

NOx emissions in the NCP is very high, leading to lower VOCs to NOx ratio, and it can be 

considered as VOC-limited region. Fu et al. (2012) pointed out that north East Asia is VOC-

limited in January and urban areas of Beijing are VOC-limited in both January and July. As a 

result, the 120% increase in NOx emissions result in a 21.9% decrease in daytime surface ozone 

concentration and 45.8% decrease in daytime surface OH concentration, which are shown in 

Figure 3.5. Over the entire domain, ozone and OH decrease due to NOx emission increases 

(Figure 3.5). Consequently, sulfate aerosol decrease over the entire domain, as shown in Figure 

3.4(e). In addition, the decrease in sulfate might also be related to the changes in 

thermodynamics of the ammonium-sulfate-nitrate system. Although OH decreases, nitrate still 

rises (2.0μg/m3, +35.2%) due to increase in NOx emissions, and so does ammonium (0.2μg/m3, 

+7.3%). The net effects of NOx emission increases bring about 1.1μg/m3 increase in monthly 

domain mean PM2.5 concentration and the domain peak increase is about 3.0μg/m3 (Table 3.3), 

both of which are much less than the net effects of increase in NH3 emissions.   
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3.2.2.3 Coupled increases of NH3 and NOx emissions 

As shown above, increasing NH3 emissions significantly increases PM2.5 concentrations in 

the NCP region and increasing NOx emissions also increases PM2.5 concentrations but to a lesser 

extent. The effects of coupled increases of NH3 and NOx emissions are shown in Figure 3.4(i-l) 

and the effects on sulfate, nitrate, ammonium and PM2.5 are mostly a simple addition of the effect 

of increasing NH3 emissions and the effect of increasing NOx emissions. Due to the coupled 

increases of NH3 and NOx emissions, monthly domain mean PM2.5 increases 2.5μg/m3 and the 

peak increase is about 17.5μg/m3 (Table 3.3). 

 

3.4.3 Effects of temperature increases 

The model used in this study is a fully online-coupled model, which simulates meteorological 

variables and chemical variables together. Therefore, it is impossible to increase temperature 

uniformly, unlike previous studies using offline models (Dawson et al., 2007; Megartis et al., 

2013; Megartis et al., 2014). To examine the sensitivity of PM2.5 to temperature increase 

(reflecting the winter warming trends), we increase temperature by +2°C in the initial and 

boundary conditions. As a result, the monthly domain mean surface temperature increases 2.0 °C, 

but in a non-uniform manner. The spatial distributions of monthly mean surface temperature and 

temperature changes are shown in Figure 3.6(a-b). The monthly mean surface temperature 

increases more along top left domain boundaries and less over the Bohai sea. The influence of 

increasing temperature on biogenic emissions is included using temperature-sensitive biogenic 

emission model MEGAN (Guenther et al., 2006). 
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Figure 3.6. Monthly mean temperature (a) and temperature difference due to perturbation in 

initial and boundary conditions (b), and daily mean OH (c), mean PBLH (d) changes due to 

temperature increase 

 

Due to the perturbation in temperature as mentioned above, sulfate, nitrate, ammonium and 

PM2.5 are predicted to increase throughout the domain (Figure 3.7). Predicted monthly mean 

sulfate increase 0.1μg/m3 (+9.8%), nitrate increase 0.7μg/m3 (+4.8%), and ammonium increase 
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0.3μg/m3 (+5.3%). Monthly PM2.5 concentration increases by 2.6μg/m3 on domain average, and 

the domain peak increase is about 6.0μg/m3. The increases of sulfate, nitrate and ammonium are 

mostly attributed to the increasing OH radicals, as shown in Figure 3.6(c). After the temperature 

perturbation, daily OH increase about 6.1% on domain average, and the distributions of OH 

increase roughly corresponds to the distributions of temperature increase, with more increase 

along top left domain boundaries and less increase near the Bohai sea. It was found that higher 

temperature increased volatilization of ammonium nitrate and partitions it to the gas phase 

(Megaritis et al., 2014), but it is not significant here (ammonium nitrate decreases only in small 

areas close to the Bohai sea) due to the low temperature in winter. In addition, the increase of 

sulfate, nitrate, and ammonium could be partially due to accelerated gas-phase reaction rate at 

higher temperature (Dawson et al., 2007; Megaritis et al., 2014).   

As shown in Figure 3.7, PM2.5 concentration increases more than the sum of sulfate, nitrate, 

and ammonium increases, suggesting that primary aerosols also increase after the temperature 

perturbations (In the chosen CBMZ-MOSAIC mechanism, there is no secondary organic aerosol 

formation). On average, monthly BC concentration increases 2.4% and monthly OC 

concentration increases 2.5%. Since the temperature is perturbated in an online-coupled way, it 

can affect other physical parameter, such as wind direction, wind speed, and PBLHs, which are 

key factors in the diffusion of air pollutants. 

Figure 3.6(d) shows that monthly PBLHs in most NCP areas decrease after the temperature 

perturbation, and PBLHs over the Bohai sea decrease the most, with monthly mean decrease 

over 60 meters. The monthly domain average PBLHs decrease about 2.2% due to increasing 

temperature. Besides, surface horizontal winds also change due to temperature increase, as 

shown in Figure 3.8. Wind speeds decrease over the whole domain (Figure 3.8(b)). Over the 
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Bohai sea, wind fields have larger differences compared to the changes over the NCP land. The 

decreases in PBLHs and surface wind speeds due to temperature perturbation directly affect the 

distributions and magnitudes of PM2.5 concentrations in the NCP. 

 

 

Figure 3.7. Monthly mean changes of sulfate (a), nitrate (b), ammonium (c), and PM2.5 (d) 

due to temperature increase 
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Figure 3.8. Monthly mean changes of wind fields (a) and surface horizontal wind speeds (b) 

due to temperature increase 

 

3.4.4 Effects of RH increases 

The RH was enhanced by 10% in model initial and boundary conditions, as a result, the 

simulated monthly mean RH increase 11.4% on domain average. We chose to increase by 10% 

because the variations of RH in the past several decades in the NCP are close to 10%. The 

monthly mean RH and the changes are shown in Figure 3.9(a-b). RH increases more in the west 

and northeast regions than in the middle region. Because of higher RH, dry PM2.5 decreases 

9.3µg/m3 and water PM2.5 increases about 8.1µg/m3. In addition, more clouds form near the 

surface (5.9 times). The spatial distributions of dry PM2.5 changes are corresponding to the 

changes of water PM2.5 and clouds (Figure 3.10). The changes of sulfate, nitrate and ammonium 

are shown in Figure 3.11. All these species decrease due to RH increase. Previous sensitivity 
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studies found that increases in RH can enhance nitrate as more HNO3 is shifted to the aerosol 

phase (Dawson et al., 2007; Megaritis et al., 2014) and other species are less sensitive to 

humidity changes (Dawson et al., 2007). However, the increases in RH may affect the wet 

deposition rate to change aerosol concentration. The decreases in PM2.5 concentration and its 

species are due to wet deposition. Wet deposition is one of the major sinks of aerosols. The 

increase RH promotes the formation of clouds, as shown in Figure 3.10(c), and as a result, the in-

cloud scavenging loss rate is enhanced. 

 

 

Figure 3.9. Monthly mean RH (a) and RH difference due to perturbation in RH initial and 

boundary conditions (b) 
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Figure 3.10. Monthly mean changes of dry PM2.5 (a), water PM2.5 (b), and cloud (c) due to 

RH increase 

 

 

Figure 3.11. Monthly mean changes of sulfate (a), nitrate (b), and ammonium (c) due to RH 

increase 

 

3.4.5 Effects of wind speed decreases 

Simulations were also carried out when wind speeds were reduced. A 10% decrease in wind 

speed in initial and boundary conditions resulted in monthly mean wind speed decrease of about 
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0.2 m/s (5.3%). The monthly mean wind vectors of the CTL case, WS90 case and differences 

between them are shown in Figure 3.12. The differences are pronounced in mountainous areas 

(northwest areas of the domain) and relatively smaller in other areas. Figure 3.13 presents the 

spatial distributions of wind speeds in CTL case, and the changes of wind speeds and PM2.5 

concentrations due to perturbation of wind speeds in initial and boundary conditions. The lower 

wind speeds results in large areas with increased PM2.5 due to lower dispersion rates. Monthly 

mean PM2.5 is predicted to increase by 1.3% (0.7μg/m3) on domain average. PM2.5 decreases in 

some areas, reflecting regions with increases in wind speeds and changes in directions. 

 

 

Figure 3.12. Monthly mean wind vectors of CTL case (a), WS90 case (b) and the difference 

between them (WS90-CTL) (c) 
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Figure 3.13. Monthly mean wind speeds of CTL case (a), changes of wind speeds (WS90-

CTL) (b), and changes of PM2.5 concentration 

 

3.5 Summary 

A fully online coupled meteorological and chemical transport model, WRF-Chem was used 

to study responses of winter PM2.5 concentrations to changes in emissions of SO2, BC, OC, NH3, 

and NOx and to meteorology (temperature, RH, and wind speeds) changes in the NCP region, 

where people are suffering from severe winter haze pollution.  

The detailed historical emissions of SO2, BC, and OC in 1985 and 2010 from ANL were used 

to evaluate the impacts of changes in emissions of SO2, BC, and OC. From 1985 to 2010, the 

25.7% increases in SO2 surface emissions lead to a 30.8% increase in surface sulfate aerosols. 

BC and OC emissions increased by 6.6% and 26.5%, and accordingly monthly domain mean BC 

and OC aerosols increased by 9.8% and 26.8%. Due to SO2, BC, and OC emission changes from 

1985 to 2010, the domain maximum monthly PM2.5 changes reached 14.9μg/m3, and OC 

accounted for more than half of this change. The 300% increases in NH3 emission and 120% 

increases in NOx emissions were inferred from Liu et al. (2013), and the responses of winter 
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PM2.5 concentrations showed that increasing NH3 emissions significantly increased PM2.5 

concentrations in the NCP region. The increases in NOx emissions also increased PM2.5 

concentrations, but to a lesser extent. The increases in NOx emissions actually caused a 27.5% 

decrease in surface ozone concentration and 44.7% decrease in surface OH radical 

concentrations, because the NCP region is VOC-limited in the winter and the reduced oxidants 

decrease sulfate aerosol. 

The sensitivities of PM2.5 to emission changes of its precursors provide some implications for 

haze pollution control. Although SO2 emissions in Beijing significantly decreased from 1985 to 

2010 due to strict air pollution control measures, sulfate may still increase in Beijing under stable 

conditions. Therefore, air pollution control measures should be implemented on a regional scale, 

not just in megacities. The SO2 emissions in China are mostly from power plants and industry, 

and SO2 emissions have been decreasing after 2006 because of the usage of flue-gas 

desulfurization technology and the phase-out of some power units (Lu et al., 2011). As shown 

above, OC accounts for a large fraction in PM2.5 changes. In China, the residential sector, 

particularly biofuel usage is the primary sources of OC. Therefore, the usage of natural gas or 

other clean energy should be promoted to reduce the usage of coal and biofuel. PM2.5 is sensitive 

to increasing NH3, indicating control of NH3 emissions may be effective to control haze 

pollution. NH3 emissions in China are mainly from agriculture sources (about 90%), including 

livestock, fertilizer, and agricultural soil (Huang et al., 2012). Lelieveld et al. (2015) found that 

agricultural emissions make the largest relative role in PM2.5 concentration in eastern USA, 

Europe, Russia and East Asia. To control NH3 emissions from agriculture sources, some animal 

feeding and animal housing strategies should be taken.   
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The effects of changes in winter time meteorology conditions were also studied. A 2 °C 

perturbation in model initial and boundary conditions lead to a 2 °C increase in domain mean 

surface temperature. Due to temperature increase, monthly mean sulfate increased 0.1μg/m3 

(+9.8%), nitrate increased 0.7μg/m3 (+4.8%), and ammonium increased 0.3μg/m3 (+5.3%). The 

predicted monthly PM2.5 concentration increased 2.6μg/m3 on domain average, and the domain 

peak increased by 6.0μg/m3. The increases of sulfate, nitrate, and ammonium mostly resulted 

from increasing OH radicals and higher chemical reaction rate under enhanced temperature. The 

other causes of the increased PM2.5 are the large changes in surface wind fields and PBLHs. A 

increase in RH promotes more clouds and water aerosols, but dry PM2.5 decreased due to 

enhanced wet deposition rate. Because of the decrease in wind speeds (0.2 m/s, 5.3%), monthly 

mean PM2.5 increased by 1.3% (0.7μg/m3) on domain average. 

Previous studies (Dawson et al., 2007; Megartis et al., 2013; Megartis et al., 2014) applied 

identical temperature increase to the model to investigate the effects of temperature increase, but 

the temperature increase in reality is not uniform, which may lead to large changes in 

atmospheric circulations. Recently, Chen and Wang (2015) found that haze over North China is 

associated with atmospheric circulation anomalies. Future climate change will potentially 

significantly impact fine particulate matter and thus human health, and conversely aerosol will 

affect meteorology. More studies are necessary to get a better understanding of the aerosol-

meteorology/climate interactions.  
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CHAPTER 4: HEALTH IMPACTS AND ECONOMIC LOSSES ASSESSMENT OF THE 

2013 SEVERE HAZE EVENT IN BEIJING AREA
41

 

4.1 Abstract 

Haze is a serious air pollution problem in China, especially in Beijing and surrounding areas, 

affecting visibility, public health and regional climate. In this study, the Weather Research and 

Forecasting-Chemistry (WRF-Chem) model was used to simulate PM2.5 concentrations during 

the 2013 severe haze event in Beijing, and health impacts and health-related economic losses 

were calculated based on model results. Compared with surface monitoring data, the model 

results reflected pollution concentrations accurately (correlation coefficients between simulated 

and measured PM2.5 were 0.7, 0.4, 0.5 and 0.6 in Beijing, Tianjin, Xianghe and Xinglong 

stations, respectively). Health impacts assessments show that the PM2.5 concentrations in January 

might cause 690 (95% Confidence Interval (CI): (490, 890)) premature deaths, 45350 (95% CI: 

(21640, 57860)) acute bronchitis and 23720 (95% CI: (17090, 29710)) asthma cases in Beijing 

area. Results of the economic losses assessments suggest that the haze in January 2013 might 

lead to 253.8 (95% CI: (170.2, 331.2)) million US$ losses, accounting for 0.08% (95% CI: 

(0.05%, 0.1%)) of the total 2013 annual Gross Domestic Product (GDP) of Beijing. 

 

4.2 Introduction 

Air pollution is a severe public health problem associated with industrialization and 

urbanization. The World Health Organization (WHO) Global Burden of Disease (GBD) project 

links over 3.2 million premature deaths worldwide in 2010 to ambient particulate matter (PM) 

                                                           
41 This work has been published as Gao et al. (2015).  
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pollution; furthermore, ambient PM pollution ranked 4th in health risk factors in East Asia in 

2010 (Lim et al., 2012). Previous epidemiological studies have revealed robust associations 

between PM pollution and health effects (Dockery and Pope, 1994; Seaton et al., 1995) and 

recent studies provide strong evidence for the causal relationships between long and short term 

exposure to PM2.5 and cardiovascular effects, mortality and likely causal relationships between 

long and short term exposure to PM2.5 and respiratory effects (Burnett et al., 2014; U.S. 

Environmental Protection Agency, 2012). The evidence providing causal determination between 

PM10-2.5 (aerodynamic diameter ≥ 2.5 μm but ≤ 10 μm), mortality and morbidity is not as strong 

as that for proving PM2.5’s health impacts (U.S. Environmental Protection Agency, 2012). PM2.5 

may seriously affect human health because it is able to penetrate deeper into the lungs with small 

size, and various chemicals are absorbed on its surface (Pope and Dockery, 2006).   

In January 2013, a severe and long-lasting haze episode occurred over eastern and northern 

China. According to the monitoring data by the Chinese Academy of Sciences (CAS), downtown 

Beijing’s daily mean PM2.5 concentrations exceeded 75 μg/m3 (the Grade II daily PM2.5 standard 

in China) for 70% days in January (He et al., 2014; Wang et al., 2013). As the political and 

cultural center of China, Beijing’s air quality influences a large populace and is often 

prominently featured in global news and media channels. Extreme high population density 

increases the population weighted effects of air pollutants when air pollution events occur. To 

provide the basis for air pollution control, human exposures to air pollutants and health-related 

economic losses are needed to be quantified.  

Most previous studies used monitoring data to estimate human exposures to PM (An et al., 

2013; Hou et al., 2012; Zhang et al., 2008). While individual monitors have low measurement 

uncertainty, they do not provide or provide less information on spatial variability of PM; 
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furthermore, monitors may not be operated continuously in time or may suffer from missing data 

due to mechanical and quality assurance failures. Air quality models provide an alternative 

method of establishing population exposure to outdoor PM, with the benefit of complete spatial 

and temporal coverage. For example, Marlier et al. (2012) includes the results from GEOS-Chem 

model to quantify health effects from fire emissions in Southeast Asia; The chemical transport 

model ATMoS was used to quantify health impacts of particulate pollution in Delhi (Guttikunda 

and Goel, 2013) and Hyderabad, India (Guttikunda and Kopakka, 2013). These studies have 

been based on annual average air pollution, but there are far fewer studies that focus on the 

evaluation of acute air pollution episodes, which have well documented impacts on mortality. 

Historical examples (summarized by Henschel et al., 2012) include 60 deaths in the Meuse 

Valley of France in 1930 (Godlee, 1991), 18 deaths in the small town of Donora, Pennsylvania in 

1952 (Godlee, 1991), and 4000-12000 excess deaths in London in 1952 (Godlee, 1991; Bell and 

Davis, 2001). In addition, time-series analysis shows that short-term increase in hospital 

admission rates is related to PM2.5, especially for heart failure hospitalization, which increased 

1.28% for every 10 μg/m3 increase in daily mean PM2.5 concentrations (Dominici et al., 2006).  

In this paper, we aim to quantify the burden of PM2.5 during the 2013 severe haze on both 

mortality and morbidity in Beijing area. Health-related economic losses are also calculated and 

the findings of this study can provide scientific basis for implementation of air pollution control 

strategies.  

 

4.3 Methodology and Data 

Our integrated assessments include three steps: (1) define the study region and simulate 

PM2.5 concentrations; (2) estimate human exposure and health impacts, including both mortality 
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and morbidity; and (3) quantify the economic losses of those impacts. These three steps are 

described in detail here.  

 

4.3.1 WRF-Chem settings and defining the study region 

The 2013 haze event simulation was performed with WRF-Chem model. The model 

considers the interactions between meteorology and chemistry. Domain settings (definitions of 

simulation regions) in this study are the same as those of Jing-Jin-Ji modeled area of Yu et al. 

(2012). Three domains with two-way nesting were employed (Figure 4.1) and grid resolutions 

are 81km × 81km, 27km × 27km and 9km × 9km from outer to inner domains. Beijing was set to 

be the center of the innermost domain. Gas-phase chemical mechanism CBMZ (Zaveri and 

Peters, 1999) coupled to the 8-bin sectional MOSAIC model with aqueous chemistry (Zaveri et 

al., 2008) was used. We used monthly 2010 Multi-resolution Emission Inventory for China 

(MEIC) (http://www.meicmodel.org/) as model anthropogenic emissions inputs. Spatial 

resolution of this emission inventory is 0.25×0.25 degree. Biogenic emissions were predicted 

hourly by the MEGAN algorithm (Guenther et al., 2006). Meteorological and chemical initial 

and boundary conditions were obtained from National Centers for Environmental Prediction 

(NCEP) Final Analysis and MOZART-4 (Model for Ozone and Related chemical Tracers, 

version 4) forecasts (Emmons et al., 2010), respectively. The study period is January 2013 and 

the last five days of December, 2012 were simulated as spin-up time to overcome the impacts of 

initial conditions. The study region is defined with the black rectangle (between 115.5°E and 

117.54°E longitude and 39.42°N and  41.12°N latitude) shown in Figure 4.1. Simulated PM2.5 

concentrations from the innermost domain were interpolated to the study region and the 

interpolated PM2.5 concentrations were used to estimate human exposures and health impacts.   

http://www.meicmodel.org/
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Figure 4.1. WRF-Chem domain settings, study region and geographic locations of 

meteorological and air quality measurements 

 

4.3.2 Estimating human exposures and health impacts 

Cases of mortality and morbidity can be calculated using the Poisson regression model, 

shown as follows (Guttikunda and Kopakka, 2013):  

∆𝐸 = ∑ ∆𝑃𝑂𝑃 ∗ 𝐼𝑅 ∗ ( 1 −
1

𝑒(𝛽∗𝛥𝐶)

#𝑔𝑟𝑖𝑑𝑠
𝑖=1 )      (5.1) 

∆𝐸 Number of estimated cases of mortality and morbidity 

𝛥𝐶 The incremental concentration (use WHO 24-hour mean PM2.5 guideline as reference) 

∆𝑃𝑂𝑃 The population exposed to the incremental concentration 𝛥𝐶 in grid i 

𝐼𝑅 Incidence rate of the mortality and morbidity end points 

𝛽 The concentration-response function, defined as the change in number cases per unit 

change in concentration per capita 
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Simulated daily mean PM2.5 concentrations were used to estimate exposure level using 

function (1). In the calculation, WHO 24-hour mean PM2.5 guideline value (25μg/m3) was used 

as reference to obtain the incremental concentration. The gridded population data we used are 

from the Gridded Population of the World (GPW) future estimates for 2015 dataset. The 

resolution of this dataset is 2.5 arc-minute for each grid. According to the results of the sixth 

population census (http://data.stats.gov.cn), 8.6% residents are between 0 and 14 years old and 

8.7% residents are above 65 years old. For children, adults and old people, concentration-

response functions are different. Concentration-response function and incidence rate are 

important in health impacts evaluation and they have variations for different countries and 

regions.  

In this study, 𝛽 values and IRs were cited from published findings. Some studies using PM10 

for exposure assessment were also included and the following conversion relation was used: 

𝑃𝑀2.5 = 𝑃𝑀10 × 0.6 (Kan et al., 2004; Teng et al., 1999). The short-term  

𝛽 values and daily IRs are summarized in Table 4.1. The 𝛽 values represent the increase in daily 

mortality and morbidity cases corresponding to a 10 μg/m3 increase of PM2.5 concentration. Chen 

et al. (2011) estimated the short-term association between PM2.5 and daily mortality in Beijing 

using time-series method. For PM2.5’s acute effects on respiratory and cardiovascular hospital 

admission, the 𝛽 values were collected from the meta-analysis results in China (Aunan and Pan, 

2004). Xu et al. (1995) investigated the association of air pollution with daily outpatient visits in 

Beijing and Jin et al. (2000) provided the relation between air pollution and new occurrence of 

chronic bronchitis in Benxi, China using statistical regression model. The 𝛽 value for asthma 

was also obtained using meta-analysis method by Xie et al. (2009). Mortality and hospitalization 

IRs were cited from BMBPH (2013) Due to the limited data available, other IRs were cited from 

http://data.stats.gov.cn/
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Zhang et al. (2007). These IRs were converted from annually to daily with the assumption that 

the cases took place equally in each day (Xie et al., 2014).  

 

Table 4.1. β values and daily IRs 

 

 

4.3.3 Economic valuation of the health impacts 

We further evaluated the economic losses of the health impacts associated with the high 

PM2.5 concentrations during haze. Here we used the unit economic losses of related health 

endpoints for Beijing area borrowed from Huang and Zhang (2013), listed in Table 4.2. The unit 

economic cost of mortality was assessed using Value of a Statistical Life (VSL) method, which 

indicates how much people would be willing to pay (WTP) for a reduction of death. For the case 

that some morbidity endpoints cannot be valued from WTP literatures, the Cost of Illness (COI) 

method was used. COI considers both health expenditures and loss of labor productivity. It is 

shown as below (Huang and Zhang, 2013): 

𝐶𝑖 = (𝐶𝑝𝑖 + 𝐺𝐷𝑃𝑝 ∗ 𝑇𝐿𝑖) ∗ 𝛥𝐸𝑖  (5.2) 

Where: 



www.manaraa.com

104 
 

𝐶𝑖 Total economic cost for end point i 

𝐶𝑝𝑖 Health expenditures for end point i 

𝐺𝐷𝑃𝑝 Daily GDP per capita 

𝑇𝐿𝑖 Loss of labor time due to end point i 

𝛥𝐸𝑖 Health impacts of end point i 

 

Table 4.2. Unit losses for various health endpoints in Beijing (per case, US$) (Huang and Zhang, 

2013) 

Endpoints Mortality  Acute Bronchitis Asthma 

 

Clinic Visit 

 

Hospitalized 

 

Cost per case (US$) 273513.36 407.03 299.61 83.86 2761.04 

 

4.4 Model Evaluation 

In this section, surface meteorological and air quality measurements are used to evaluate 

model performance. Figure 4.2 shows the time series of simulated and observed daily mean 

temperature, relative humidity (RH) and wind speed at Beijing and Miyun stations. The 

geographic locations of these two stations are marked in Figure 4.1. The meteorological 

measurements were collected from the surface stations of the Chinese National Meteorological 

Center (http://cdc.cma.gov.cn/home.do). Local-scale meteorology is an important driver of 

regional air pollution (Pearce et al., 2011), so the accuracy of simulated meteorological variables 

is critical to the performance of air quality modeling. Simulated temperature, relative humidity 

and wind speed capture the main features and variations as observed at both Beijing and Miyun 
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stations, although small underestimation of temperature (~ -3 °C) and overestimation of wind 

speed exist at Beijing station. Mean bias (MB), mean error (ME) and root mean square error 

(RMSE) are calculated for temperature, relative humidity and wind speed at the above mentioned 

two stations and these evaluation metrics are summarized in Table 4.3. Emery et al. (2001) 

proposed that good model performance would be classified as temperature bias smaller than 0.5 

degree, wind speed RMSE smaller than 2 m/s, and wind speed bias smaller than 0.5 m/s.  In 

general, the model performs better at Miyun station than at Beijing station.  

 

 

Figure 4.2. Observed (black lines) and simulated (red lines) daily meteorological variables at 

Beijing and Miyun stations 
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Table 4.3. Performance statistics for meteorological predictions at Beijing and Miyun stations 

 

Bejing Miyun 

 

MB ME RMSE MB ME RMSE 

Temperature (°C) -3.2 3.2 3.6 -1.1 1.4 1.8 

RH (%) 6.3 9.7 11.1 0.9 7.3 9.9 

Wind Speed (m/s) 0.7 0.9 1.0 0.6 0.7 0.9 

 

 

Figure 4.3. Observed (black lines) and simulated (red lines) hourly PM2.5, CO and NO2 at 

Beijing, Tianjin, Xianghe and Xinglong stations  
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The simulated hourly PM2.5, CO and NO2 were compared with air quality measurements at 

Beijing, Tianjin, Xianghe, and Xinglong stations in the CARE-China network. The geographic 

locations of these four stations are marked in Figure 4.1. As shown in Figure 4.3, the WRF-

Chem model generally captured the hourly variation of PM2.5, CO and NO2 at these four stations. 

Underestimations of CO exist at Xianghe and Xinglong stations compared to measured 

concentrations. This might be caused by large uncertainties in emission inventories. On January 

13, there is also an underestimation of PM2.5. The underestimations of air pollutants may be 

caused by the overestimation of wind speeds (e.g. Figure 4.2). Since this paper focuses on the 

health impacts assessment of PM2.5 using numerical modeling results, the accuracy of modeling 

PM2.5 plays a crucial role in the assessment. MB, ME, correlation coefficients R, the normalized 

mean bias (NMB), the normalized mean error (NME), the mean fractional bias (MFB), and the 

mean fractional error (MFE) were calculated versus 24-h observations for simulated and 

measured PM2.5 at four stations. The MB values for PM2.5 at Beijing, Tianjin, Xianghe and 

Xinglong are 2.4, -13.7, -13.9 and -12.8, respectively (Table 4.4). Boylan et al. (2006) proposed 

that MFB should be within ±60% and MFE should be below 75% for a satisfactory model 

performance. For our results, MFB values are within 22% and MFE values are below 50%, 

indicating that our model results are good and reasonably represent the real pollution states. As 

shown in Table 4.4, PM2.5 is slightly overestimated at Beijing station and underestimated at other 

three stations. Large uncertainties in aerosol emissions and lack of some secondary aerosol 

formation mechanisms in WRF-Chem are the two main reasons for the overestimation and 

underestimation. During haze events, secondary aerosols play an important role (Sun et al., 

2014), which has not been well represented in WRF-Chem model. 
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Table 4.4. Performance statistics for PM2.5 at four stations 

 

 

4.5 Results and Discussion 

4.5.1 Causing factors of this event 

4.5.1.1 Weather system 

As shown in Figure 4.3, PM2.5 in Beijing reached peak value (677μg/m3) at 17:00 on January 

12th. Figure 4.4 shows the surface weather analysis on that day (0000 UTC). The figure is 

provided by the Korea Meteorological Administration (KMA), and Beijing city is denoted with a 

red arrow in the figure. There were two weak high pressure systems, one in the western direction 

and another one in the southern direction of Beijing.  Pressure gradient force was very small, and 

wind speeds were weak around the Beijing area, which is unfavorable to the dispersion of air 

pollutants. 
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Figure 4.4. Weather maps at 0000 UTC on January 12th, 2013 

 

 

Figure 4.5. Observed vertical profile of (a) temperature at 0800 (0000 UTC) (b) temperature 

at 2000(1200 UTC) (c) relative humidity at 0800 (0000 UTC) (d) relative humidity at 2000 

(1200UTC) on January 12th in Beijing 
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4.5.1.2 Boundary layer 

Figure 4.5 shows observed vertical temperature and relative humidity profiles at 0000 UTC 

and 1200 UTC on January 12th, 2013. These atmospheric sounding data are retrieved from the 

NCAR Earth observing laboratory (http://weather.uwyo.edu/upperair/sounding.html). Obvious 

strong temperature inversions are apparent up to heights of 500 and 1000 meters (Figure 4.5). 

The temperature inversions are 10°C and 5°C, indicating extreme stable vertical conditions near 

surface. Figures 4.5(c) and 4.5(d) show that relative humidity near surface on January 12th was 

above 80%. Sun et al (2006) pointed out that high RH can accelerate the formation of secondary 

species, such as sulfate and nitrate. The stable boundary layer and high RH near surface 

aggravate the pollution. In addition, Zheng et al. (2014) pointed out that regional transport 

played a significant role in this haze event.  

 

4.5.2 Simulated PM2.5 concentrations 

The simulated monthly averaged PM2.5 concentrations are displayed in Figure 4.6 and daily 

averaged PM2.5 concentrations are shown in Figure 4.7. In the center of Beijing city, monthly 

averaged PM2.5 is above 170μg/m3 and the pollution level for the north part of Beijing is lower 

than it in the south part. Rural areas are located in the north of Beijing and economically active 

areas are in the south of Beijing. As shown in Figure 4.7, there are five small haze episodes in 

January, from 3 to 7, from 9 to 13, from 17 to 19, from 21 to 23 and from 25 to 31. High PM 

concentrations happen around urban area and extend to all southern regions.  

http://weather.uwyo.edu/upperair/sounding.html
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Figure 4.6. Horizontal distribution of monthly averaged PM2.5 (x axis means longitude and y 

axis means latitude) 

 

 

Figure 4.7. Horizontal distribution of daily (from January 1 to January 31) averaged PM2.5 (x 

axis means longitude and y axis means latitude) 
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4.5.3 Mortality and morbidity losses 

Daily health impacts of PM2.5 were calculated using equation (1) for the Beijing area 

specified in Figure 4.1 by the black area. Total mortality during haze in Beijing in January was 

estimated to be 690, with the 95% confidence interval from 490 to 890. The total morbidities in 

January are summarized in Table 4.5. For comparison, Xie et al. (2014) estimated 201 deaths 

during period from 10 to 15 January, 2013. Li et al. (2013) estimated 725 premature deaths for 

the 2013 January haze in Beijing and Zhang et al. (2013) calculated 2725 premature deaths for 

12 cities in NCP area from 10 to 31 January, 2013. These three studies used station 

measurements to represent pollution levels in the city. But pollution has high variation from 

urban to rural areas. That people live in urban and rural areas are exposed to different pollution 

levels should be considered in air pollution exposure studies. For this study, monitoring data 

from four sites were used to validate the model results. As shown in Table 4.4, model performs 

well compared with observations but with lower mean at Tianjin, Xianghe and Xinglong 

stations. The simulated fields provide more detailed information regarding concentration 

gradients and thus our estimates may be more realistic.  

  

Table 4.5. Health impacts estimates for January 
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4.5.4 Economic losses 

Using the unit economic losses of various health endpoints, we calculated the economic 

losses for the haze in January. The total GDP of Beijing was 317,302.36 million US$ in 2013 

(http://data.stats.gov.cn) and the total economic losses for this haze event in January is estimated 

at 253.8 (95% CI: (170.2, 331.2)) million US$, accounting for 0.08% (95% CI: (0.05%, 0.1%)) 

of the total annual GDP of Beijing. Detailed economic losses of each health endpoint are listed in 

Table 4.6. The calculations of confidence intervals in Table 4.6 only consider the uncertainties of 

β values. For all economic losses, economic losses due to deaths account for about 74.3% of the 

total losses. For economic losses of morbidity, the losses of hospitalization and acute bronchitis 

are dominant.  

 

Table 4.6. Economic loss estimates 

Health Endpoints Economic cost (million US$) 

Mortality 188.7 (134, 243.4) 

Hospitalization 31.9 (18,44.5) 

Clinic Visits 7.6 (4.3, 10.8) 

Acute Bronchitis 18.5 (8.8, 23.6) 

Asthma 7.1 (5.1, 8.9) 

Total 253.8 (170.2, 331.2) 

 

4.5.5 Uncertainty Discussion 

Evaluating health impacts and economic loss of air pollution is becoming critical since it can 

analyze the cost-benefits of air pollution control measures. Previous studies assume that the 

http://data.stats.gov.cn/
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whole population was exposed to the average concentration levels recorded in monitoring 

stations (Kan et al., 2004). In this study, WRF-Chem was used to overcome this unreasonable 

assumption.  However, using simulated PM2.5 to approximate human exposure also has 

uncertainties. As mentioned in the model evaluation section, WRF-Chem overestimated PM2.5 

concentration in Beijing station slightly, and underestimated in other three stations. It’s difficult 

to quantify how uncertainties of WRF-Chem affect the results in this study since data from only 

one monitoring station in Beijing area are available. For the available Beijing station, slightly 

overestimated PM2.5 could lead overestimations of health impacts and economic losses. The 

sensitivity of health impacts and economic losses to PM2.5 concentrations are calculated and 

summarized in Table 4.7. Estimated premature deaths increase 70 (about 10% increase) and 

estimated economic losses increase 25.7 million US$ (about 10% increase) when simulated 

PM2.5 concentrations increase 10 μg/m3. More studies are needed to reduce uncertainties in air 

quality modeling.  

 

Table 4.7. Sensitivity of health impacts and economic losses to 10 μg/m3 increase of PM2.5 

concentrations (mean and 95% CI) 

Deaths Total economic losses (million US$) 

70 (50, 90) 25.7 (17.5, 33.1) 

 

In the calculation of health impacts, it is crucial to choose the reference concentration. In this 

study, we used the WHO 24-hour mean PM2.5 guideline 25 μg/m3 as the reference concentration 

with the assumption that there are no health impacts under this threshold. At present, there is no 

scientific basis to set a threshold to evaluate health impacts, but the threshold is commonly used 
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in health impacts evaluation studies. For example, Guttikunda and Goel (2013) set 10μg/m3 as 

the threshold value for the impact analysis. In addition, we explored the sensitivity of estimated 

premature deaths and total economic losses to different threshold assumptions. As shown in 

Table 4.8, the assumed threshold could significantly affect the estimations.  

Concentration-response function is another important factor in health impacts assessment 

studies. In this study, most concentration-response functions used are from meta-analyses, which 

can avoid errors from individual study.  Apart from this, 95% CI is included to represent the 

uncertainties caused by concentration-response functions. Burnett et al. (2014) considered 

nonlinear relation between PM2.5 exposure and excess mortality relative risk, but it is ignored in 

this study, which could lead to overestimations of damages at high PM2.5 levels. For health 

endpoints selection, only those endpoints that could be quantified are chosen, leading to an 

underestimation of the impacts. Furthermore, only acute effects are assessed in this study, while 

air pollution also has chronic effects on public health. Based upon above mentioned 

uncertainties, our assessments are very conservative.  

 

Table 4.8. Sensitivity analysis of PM2.5 –related deaths and total economic losses using different 

thresholds 

Thresholds Death number Total economic losses (million US$) 

0 μg/m3 880 (620, 1130) 322.5 (215.6, 418. 7) 

25 μg/m3 690 (490, 890) 253.8 (170.2, 331.2) 

75 μg/m3 380 (270, 490) 141 (94.2, 184.8) 
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4.6 Summary 

During the 2013 January haze event in Beijing, PM2.5 concentrations were extremely high, 

with maximum hourly concentration about 650 μg/m3 and the high PM concentrations persisted 

for a long time. As mentioned above, ambient particulate pollution is one of the top 5 risk factors 

of deaths in East Asia (Lim et al., 2012) and there have been many examples in history that air 

pollution events caused extensive premature deaths and diseases. Summarizing methods of 

evaluating heath impacts and economic losses, we established an approach to assess health 

impacts and economic losses of the 2013 January severe haze event in Beijing, using simulated 

PM2.5 concentrations, which were verified with both meteorology and air quality measurements, 

dose-response functions from epidemiology studies in Beijing area, and gridded population data. 

The results show that the PM2.5 pollution levels in January might cause 690 (95% CI: (490, 890)) 

premature deaths and 253.8 (95% CI: (170.2, 331.2)) million US$ economic losses. We only 

evaluated the health impacts of PM2.5 and the impacts of other air pollutants, like ozone, CO, are 

not included. Considering many aspects, including model uncertainty, reference concentration 

selection, our assessments are conservative. The results imply the severity of haze event from 

both health and economic loss perspectives.   
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CHAPTER 5: IMPROVING MODELING OF SULFATE AEROSOLS DURING THE 

JANUARY 2013 HAZE EPISODE IN NORTH CHINA
51

 

5.1 Abstract 

The online WRF-Chem model was implemented to reproduce the 2013 January haze event in 

North China. Compared to observations, temperature and relative humidity (RH) are simulated 

well (mean biases are -0.2K and 2.7%, respectively), but wind speeds are overestimated (mean 

bias is 0.5m/s). At the Beijing site, peak PM2.5 concentration is not captured by the model and 

comparisons between simulated and observed PM2.5 species show that sulfate is largely 

underestimated, which may result from uncertainty in SO2 emission and missing heterogeneous 

sulfate formation in current model. To investigate the sensitivity of sulfate formation to SO2 

emission and heterogeneous chemistry, three parallel experiments were conducted and results 

suggest that heterogeneous chemistry is more important in sulfate formation. With included 

heterogeneous formation, model results agree better with observations. Domain mean sulfate 

concentrations increase 8.8μg/m3 after including heterogeneous sulfate formation. Although the 

enhanced SO2 to sulfate conversion in the HetS case reduces SO2 concentrations, it is still largely 

overestimated by the model, suggesting the overestimations of SO2 concentrations in the NCP 

are mostly due to errors in SO2 emission inventory.   

 

5.2 Introduction  

Frequent haze pollution in China has drawn great attention due to its adverse impacts on 

visibility, public health and climate (M. Gao et al., 2015; R. J. Huang et al., 2014). In January 

                                                           
51 This work is under preparation to be submitted.  
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2013, a persistent unprecedented severe haze episode occurred in central and eastern China. 

During this episode, highest instantaneous PM2.5 concentration reached 1000 ug m-3 in some 

highly polluted areas of Beijing (J. K. Zhang et al., 2014). This month is considered as the 

haziest month in the past 60 years in Beijing (Y. Gao et al., 2015; L. T. Wang et al., 2014). Many 

field experiments and modeling studies have been conducted to investigate the formation 

mechanism of this event and high emissions of primary air pollutants, stagnant weather 

condition, regional pollution transport, and fast gas-to-particle conversion are considered as the 

main causes (Sun et al., 2014; Wang et al., 2014a; Wang et al., 2014b; J. K. Zhang et al., 2014; B. 

Zheng et al., 2015; G. J. Zheng et al., 2015). In the past three decades, NCP has experienced 

rapid urbanization and industrialization processes, causing high atmospheric pollutant emissions. 

In January 2013, a weak East Asian winter monsoon existed over eastern China, inhibiting 

convection and bringing in more water vapor (R. H. Zhang et al., 2014). Under the stagnant and 

wet environment, primary gaseous pollutants transformed into aerosols quickly, which is 

considered as the internal cause of the growth of PM2.5 (Wang et al., 2014a). The percentage of 

sulfate in PM2.5 increases from 13% in normal days to 25% in haze days (Quan et al., 2014). 

However, photochemical activity in haze days may be lower than it in normal days, indicating 

that heterogeneous inorganic aerosol formation may be important in the 2013 winter haze 

episode (Quan et al., 2014), which also agrees with the conclusion from He et al. (2014) that 

sulfate formation is a main reason for fine particle growth, and that mineral dust promotes fast 

conversion of sulfur dioxide (SO2) to sulfate in haze days. 

This haze episode with extremely high PM2.5 concentrations provides an opportunity to 

evaluate the extent that added chemical pathways can improve current air quality models. In this 

study, we apply the WRF-Chem model to reproduce the 2013 January haze episode. It is found 



www.manaraa.com

123 
 

that sulfate is largely underestimated by the WRF-Chem model when applied in Europe, which 

could be caused by the underestimation of the SO2 gas phase oxidation rate (Tuccella et al., 

2012), uncertainty in SO2 emission, and some missing formation mechanisms in current models, 

including heterogeneous chemistry. This modeling study is designed to evaluate how WRF-

Chem performs on simulating the 2013 January haze episode and to investigate the impacts of 

SO2 emission and heterogeneous chemistry on the formation of sulfate aerosols. 

 

5.3 Model and Observations 

5.3.1 Model Configurations  

This study uses WRF-Chem version 3.5.1, with two nested domains, covering China and 

most parts of East Asia. Horizontal resolutions are 81km and 27km from outer to inner domains 

and 27 vertical layers are used. The meteorological initial and lateral boundary conditions are 

from the European Center for Medium-Range Weather Forecasts (ECMWF)’s Operational 

Model Analysis dataset. Chemical boundary and initial conditions are obtained from global 

Model for Ozone and Related Chemical Tracers (MOZART-4) (Emmons et al., 2010). 

Anthropogenic emissions and biogenic emissions are the same as the descriptions in Chapter 2. 

The model configuration options used are the same as those in Chapter 2. The aerosol model 

used is the 8-bin sectional MOSAIC (Zaveri et al., 2008) model. MOSAIC treats all important 

aerosol species, including sulfate, nitrate, ammonium, OC, BC, sodium, chloride and other 

inorganics (OIN). OIN species mainly consist of minerals and trace metals.  
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Three parallel experiments, summarized in Table 5.1, were conducted in order to study the 

impacts of different factors on sulfate formation. Each experiment was run from 12:00 UTC on 

the 30 December 2012 to 00:00 UTC on 2 February 2013, covering the whole January haze 

month. Initial conditions were updated daily with a 12-hour spin-up time.  

 

Table 5.1. Explanations of all simulations in this study 

Simulation Name Description 

CTRL Standard simulation  

2SE SO2 emissions are doubled from the standard simulation 

HetS Heterogeneous sulfate formation is added into WRF-Chem   

 

5.3.2 Observations 

Model results are compared to meteorological and chemical observations to evaluate model 

performance. The meteorological observations are from the China Meteorological Data Sharing 

Service System (http://cdc.cma.gov.cn/home.do). In this study, 25 stations in North China, 

including Beijing, Tianjin, Baoding, are used. The locations of each station are denoted in black 

in Figure 5.1. The meteorological measurements used in this study also include sounding data 

provided by the National Center for Atmospheric Research Earth Observing Laboratory 

(http://weather.uwyo.edu/upperair/sounding.html). The location of sounding measurements used 

in this study is denoted in blue in Figure 5.1. Surface chemical observations, including hourly 

PM2.5, SO2, NOx, are from the CARE-China network (Wang et al., 2014a). The locations of the 

four stations (Beijing, Tianjin, Xianghe, and Xinglong) analyzed are shown in red in Figure 5.1.   

http://weather.uwyo.edu/upperair/sounding.html
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Figure 5.1. Domain settings and locations of observation sites 

 

 5.4 Results 

5.4.1 Model Evaluation 

In this section, we compare the model simulations of surface temperature, relative humidity 

(RH), wind speed, surface PM2.5, SO2, NOx concentrations and chemical composition of PM2.5 in 

the CTRL experiment to observations from 1 to 31 January 2013. Statistical metrics, including 

correlation coefficient (R), Mean Bias (MB), Mean Error (ME), Root Mean Square Error 

(RMSE), Mean Fractional Bias (MFB), and Mean Fractional Error (MFE), are calculated to 

evaluate model performance.  
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Meteorology plays a critical role in the transport, diffusion, and chemical formation of 

aerosols. Whisker plots of simulated and observed daily mean temperature, RH, and wind speed 

are shown in Figure 5.2. Solid dots represent values averaged over 25 stations. The performance 

statistics are listed in Table 5.2. Generally, the temporal variations of temperature, RH, and wind 

speeds are captured well by the model. The simulated ranges of temperature, RH, and wind 

speeds over 25 stations are also consistent with measurements. The model reproduces 

temperature with a correlation coefficient (R) of 0.99 and a small negative mean bias of -0.2 K. 

RH is also simulated reasonably well by the model with a R of 0.99 and a small positive mean 

bias of 2.7%. The simulation of wind speed is not as good as those of temperature and RH. 

Generally, wind speeds are overestimated by the model with a positive mean bias of 0.5 m/s, and 

a R of 0.96. Other studies also report that wind speeds are typically overestimated by the WRF-

Chem model under low wind conditions (Tuccella et al., 2012; Zhang et al., 2010). The errors in 

wind speeds may be related to model resolution, which affects the ability to resolve topography.   
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.  

Figure 5.2. Whisker plots of simulated (red) and observed (black) daily mean 2m temperature, 

2m RH and 10m wind speed; solid dots denote values averaged over 25 stations  
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Table 5.2. Performance statistics of meteorological and chemical variables 

 

 

The meteorological simulations are also validated against atmospheric sounding 

measurements, shown in Figure 5.3. The solid dots are mean vertical profiles observed and 

simulated at 00 and 12 UTC over January 2013. At both 00UTC and 12UTC, near surface 

temperature is overestimated, and near surface RH is underestimated. This is opposite to the 

previous comparisons shown in Figure 5.2 and Table 5.2 because this is calculated for one 

station in Beijing and the previous comparisons are based on values averaged over 25 stations. 

At higher layers, simulated temperature agrees well with observation but large discrepancies 

exist between simulated and observed RH, which is consistent with the results from Misenis and 

Zhang (2010) and Zhang et al. (2010). Misenis and Zhang (2010) reported that vertical profiles 

of RH are sensitive to adopted land surface model and PBL options. Wind speeds are 

overestimated near the surface, confirming the overestimation of surface winds shown in Figure 

5.2, but are underestimated at higher levels. At 12UTC, simulated wind direction agrees well 

with sounding measurements, but large deviations occur at 00UTC. 
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Figure 5.3. Whisker plots of observed (blue) meteorological variables vertical profiles with 

WRF-Chem simulations (red), averaged in Beijing for January 

 

The errors in simulated wind speeds and wind directions affect the transport and diffusion of 

air pollutants and the errors in simulated temperature and RH affect the chemical reaction rates 

and aerosol formations. Figure 5.4 presents the temporal variations of simulated and measured 

hourly surface PM2.5, CO, SO2, and NOx concentrations in the Beijing, Xianghe and Xinglong 

stations. The model reproduces the variations of these pollutants over the month nicely, except 

SO2. The performance statistics for averaged concentrations over three sites are summarized in 

Table 5.2. Generally, PM2.5 concentrations are overestimated with a MB of 43.3μg/m3, but the 

peak value on January 13 was not captured by the model. The calculated MFB for PM2.5 is 

35.9%, which is slightly higher than the good performance criteria (MFB should be less than or 

equal to ±30%) proposed by Boylan et al. (2006). However, the calculated MFE value of 38.9% 

for PM2.5 is within the proposed criteria +50% (Boylan et al., 2006). The model accurately 

predicts CO concentrations, with a low MB of about 0.0ppbv, and a low MFB value of 3.6%. 
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The correlation coefficients between simulation and observation are higher than 0.8 for PM2.5, 

CO and NOx, but less than 0.7 for SO2. Besides, the MFB and MFE values for SO2 are higher 

than other three variables. SO2 is systemically overestimated at Beijing and Xianghe. This 

suggests that the emieeions may be overestimated and/or rates of conversions to sulfate are 

underestimated. At Xinglong, model shows better predictions of SO2. This is because Xinglong 

is a rural site, located in the Yanshan Mountains, and it was outside the hazy region during the 

month. NOx is overestimated by the WRF-Chem model with a mean bias of 31.7ppbv (Table 

5.2). In the last several days of the month, simulated PM2.5, CO, and NOx are significantly higher 

than observations and show similar variations, which may be due to the errors in simulated 

meteorology fields.   
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Figure 5.4. Time series of simulated and measured hourly NOx concentrations at Beijing, Tianjin, Xianghe, and Xinglong
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Figure 5.5 shows the temporal variations of observed (left) and simulated (right) main PM2.5 

chemical species (sulfate, nitrate, ammonium, elemental carbon, and organic carbon) mass 

concentrations at Beijing from 25 to 30 January. Although the total PM2.5 was accurately 

predicted during this period (Figure 5.4), the sum of these five components was underestimated. 

OC and sulfate are largely underestimated and nitrate is slightly overestimated by the model. The 

underestimation of OC could be caused by the large uncertainty of OC emission inventory and 

missing secondary organic aerosol formation in the selected CBMZ-MOSAIC coupled 

mechanism used in this study. The overestimation of nitrate is probably caused by the 

underestimation of sulfate because less consumed ammonium favors the formation of 

ammonium nitrate (Tuccella et al., 2012). The errors in simulated sulfate could be caused by 

uncertainties in SO2 emission, and/or too low SO2 to sulfate conversion rates. It is meaningful to 

know how these factors affect the sulfate formations during haze, because sulfate formation is a 

main cause of fine particle growth (He et al., 2014), which is considered to be the internal cause 

of the 2013 haze event (Wang et al., 2014a). The observations show sulfate grew from a few 

μg/m3 before the event to over 100μg/m3 at the event peak.  
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Figure 5.5. Temporal variations of observed (left) and simulated (right) PM2.5 chemical 

species concentration at Beijing from 25 to 30 January 

 

5.4.2 Sensitivity Tests 

In the above section, it is found that sulfate is largely underestimated by the model, and thus 

nitrate concentration is affected. In this section, we would like to discuss the impacts of above 

mentioned three factors, namely SO2 emission and sulfate formation, on sulfate in PM2.5 and 

other PM2.5 chemical species. In the 2SE experiment, we double the SO2 anthropogenic emission. 

In the HetS experiment, we incorporate a heterogeneous sulfate formation chemistry into WRF-

Chem. 

 

5.4.2.1 Description of the incorporation of heterogeneous chemistry  

We have used KPP protocol (Damian et al., 2002) to extend the CBMZ-MOSAIC 

mechanism to simulate heterogeneous chemistry on the OIN surface. Many studies have 
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proposed the heterogeneous chemistry on mineral dust (Song et al., 2007; Usher et al., 2002), 

fine particles (Ding and Zhu, 2003), and sea-salt particles (Sievering et al., 1991). The 

heterogeneous chemistry mechanism is still not fully understood. In this study, we parameterize 

heterogeneous chemistry only on OIN (where mineral dust and trace metals are included). The 

uptake of SO2 on the OIN surface is thought to be irreversible (Kumar et al., 2014; Wang et al., 

2012; Zhang and Carmichael, 1999). The rate coefficient 𝑘𝑔 for losses of SO2 due to 

heterogeneous uptake is determined by the following equations (Heikes and Thompson, 1983; 

Kumar et al., 2014): 

𝑘𝑔 = ∑
4𝜋𝑟𝑖  𝐷𝑔𝑉 𝑁𝑖

1 + 𝐾𝑛[𝜒 +
4(1 − 𝛾)

3𝛾 ]

3

𝑖=1
 

(5.1) 

                                                                    

where 𝑖 represents the used eight OIN bins,  𝑟𝑖 (cm) represents the effective radius of each 

OIN bin, and  𝐷𝑔 (cm2s-1) represents gas diffusion coefficient. 𝑉 denotes the ventilation 

coefficient and 𝑁𝑖(# cm-3) is the number density of OIN aerosols. 𝐾𝑛 is the dimensionless 

Knudsen number, 𝜒 represents correction factor and 𝛾 (uptake coefficient) is the most important 

parameter.   𝐷𝑔 is calculated using the equation (3.2) (Kumar et al., 2014) 

𝐷𝑔 =  
5

16𝜌𝑎𝐴𝑑𝑔
2

√(
𝑚𝑎 + 𝑚𝑔

𝑚𝑎
) 

𝑅𝑇𝑚𝑎

2𝜋
    

(5.2) 

 

where  𝜌𝑎 (gcm-3) represents the atmosphere mass density, 𝐴 is the Avogadro number, 𝑅 is 

gas constant and 𝑇 (K) denotes the absolute temperature. 𝑑𝑔 (cm) represents the collision 

diameter. 𝑚𝑎 and 𝑚𝑔 denote air and gas molecular weights, respectively. 𝜒 is determined by 
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equation (3.3) and results in mass concentration in WRF-Chem are converted into number 

concentration using equation (3.4) 

𝜒 =  
(
4
3 𝐾𝑛 + 0.71)

𝐾𝑛 + 1
 

 
(5.3) 

𝑁𝑖 =  
𝑀𝑖𝜌𝑎

(
4
3 𝜋𝑟𝑖

3)𝜌𝑝

 

 

 
(5.4) 

where 𝑀𝑖 represents the mass mixing ratio and 𝜌𝑝 is the mass density of dust (Kumar et al., 

2014).  

𝛾  is the most important parameter in heterogeneous chemistry calculation, but large 

uncertainties exist in 𝛾 values. The magnitudes of  𝛾 may vary several orders, depending on 

surface properties, aerosol compositions, temperature, RH and other conditions (Wang et al., 

2012; B. Zheng et al., 2015). The high dependence of  𝛾 on RH has been reported in previous 

laboratory studies, but it is ignored or poorly treated in previous modeling studies (Song et al., 

2007; Kumar et al., 2014). Dentener et al. (1996) set 𝛾 value of SO2 to 3×10-4 when RH is lower 

than 50%, and to 0.1 when RH is greater than 50%. Song et al. (2001) set 𝛾 value of SO2 to 0.05 

when RH is greater than 50%, and to 0.005 when RH is lower than 50%. Zheng et al. (2014a) 

assumed 𝛾 is the low limit when RH is lower than 50%, and is increased linearly to high limit 

with the increase of RH to maximum RH values.  

In this study, the heterogeneous SO2 reaction incorporated is shown in the below equation 

(Wang et al., 2012; Kumar et al., 2014):  

𝑆𝑂2 + OIN →  𝑆𝑂4
2− (5.5) 
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The 𝛾 value is determined based on the work of Kumar et al. (2014). The dependence of 𝛾 

values of SO2 on RH is treated based on Preszler Prince et al. (2007), where data for SO2 loss is 

measured under various RH values. 

 

5.4.2.2 Sensitivity Results 

Observed and simulated mean inorganic aerosol concentrations and fractions from 25 to 30 

January 2013 are listed in Table 5.3. Compared to the CTRL run, sulfate in the 2SE case increase 

by 88.7%, but it is still largely underestimated by the model. Observed sulfate aerosols account 

for about 23.9% in the major fine aerosol components, while simulated sulfate aerosols account 

for 5.3%, and 10.0% for the CTRL and 2SE cases, respectively. For the HetS experiment, sulfate 

fraction is significantly improved with a fraction of 18.8%. In some days, nitrate is overestimated 

by the model (shown in Figure 5.5), and this overestimation can be reduced with enhanced 

sulfate aerosols. Mean nitrate decreases from 55.5 to 53.9μg/m3 when sulfate increase from 5.3 

to 40.0μg/m3 from the CTRL run to the HetS run. 
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Table 5.3. Observed and simulated mean major fine aerosol species concentrations (μg/m3) 

and fractions from 25 to 30 January

 

 

Figure 5.6 shows the mean fractions of main PM2.5 chemical species for the observations and 

the sensitivity experiments. Fractions for the 2SE case only slightly change from the fractions for 

the CTRL experiment. Compared to observations, the fractions in the HetS experiment are better, 

with enhanced sulfate fraction and reduced nitrate fraction. However, OC is still underestimated. 

The errors could easily be accounted for in the emissions, which are thought to have large errors. 

In addition, it has been suggested the SOA can be produced in low temperature winter time 

condition (R. J. Huang et al., 2014). This should be considered in future modeling studies. With 

more sulfate aerosols in the HetS case, ammonium increases about 68.0% because more 

ammonia is consumed to form NH4SO4. 
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Figure 5.6. mass concentrations of PM2.5 chemical species in the CTRL (a) case, the HetS 

case (b) and  mean mass fractions of PM2.5 chemical species for observation and the sensitivity 

simulations (c) 

 

Figure 5.7 shows the spatial distribution of monthly mean sulfate concentration for CTRL 

experiment and increased sulfate concentrations for sensitivity perturbations. Domain mean 

sulfate concentrations increase 3.1 and 8.8μg/m3 by doubling SO2 emission and incorporating 

heterogeneous sulfate formation, respectively. These results indicate that the sulfate formation is 

more sensitive to heterogeneous chemistry. Figure 5.8 shows the temporal variations of observed 

SO2 concentrations and simulated SO2 concentrations in the CTRL and HetS cases. Although the 

enhanced SO2 to sulfate conversion in the HetS case reduces SO2 concentrations, it is still largely 

overestimated by the model, suggesting the overestimations of SO2 concentrations in the NCP 

are mostly due to errors in SO2 emission inventory.  The underestimation of sulfate is mainly 

attributed to low SO2 to sulfate conversion rate.  
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Figure 5.7. Spatial distribution of monthly mean sulfate concentration for CTRL experiment 

(a) and increased sulfate concentration caused by 2SE (b),  and HetS (c) 

 

 

Figure 5.8. Time series of observed SO2 concentration and simulations in the CTRL and 

HetS cases in Beijing 
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5.5 Summary 

The online coupled WRF-Chem model was used to reproduce the 2013 January severe haze 

event over the North China Plain and evaluated using meteorological and chemical 

measurements. Temperature and RH are simulated well by the WRF-Chem model, but the 

extremely low wind speeds during haze are overestimated, which has also been reported in many 

previous studies.  

Simulated hourly PM2.5, CO, SO2, and NOx concentrations were compared to observations at 

three stations. Simulated SO2 concentrations were higher than observations at Beijing and Xiang 

stations, but consistent with observation at Xinglong. This may be because Xinglong was out of 

the pollution region and uncertainties of SO2 emissions in Xinglong are lower than in urban areas. 

The temporal variations of observed PM2.5 chemical compositions suggest that the increase in 

sulfate from non-haze to haze days is one of the critical causes of this haze event. However, the 

sulfate concentrations were largely underestimated by the model, which might be due to missing 

heterogeneous sulfate formation in current model. 

We propose the uptake of SO2 on aerosols is an important sulfate formation pathway. The 

uptake coefficient was treated as RH dependent and the values were from previous laboratory 

works. Three parallel experiments were conducted to investigate the sensitivity of sulfate 

formation to SO2 emission and heterogeneous chemistry. The results show that doubling SO2 

emission does not significantly enhance sulfate concentrations, but incorporating heterogeneous 

sulfate formation does, suggesting missing chemical formation of sulfate is likely to be the cause 

of the underestimation of sulfate. Domain mean sulfate concentrations increase 8.8μg/m3 after 

including heterogeneous sulfate formation, and the temporal variations of simulated sulfate in 
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Beijing were consistent with observations after including heterogeneous sulfate formation 

pathway.  

We expected that the overestimations of SO2 concentrations at Beijing and Xianghe were due 

to the underestimation of sulfate. However, SO2 concentrations in the HetS case are still much 

higher than observations. Thus, we conclude that the overestimations of SO2 concentrations in 

the NCP are mostly due to errors in SO2 emission inventory and the underestimation of sulfate is 

mainly attributed to low SO2 to sulfate conversion rate.  
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CHAPTER 6 CONSTRANTS OF SURFACE PM2.5 PREDICTIONS USING 3DVAR 

ASSIMILATION: A POTENIAL OPPORTUNITY FOR BETTER RADIATIVE 

FORCING ESTIMATES
61

 

6.1 Abstract 

Large uncertainties exist in anthropogenic aerosol radiative forcing estimates in polluted 

China due to discrepancies between simulated aerosol and observations. In this study, the 

3DVAR GSI DA system coupled with the fully online coupled WRF-Chem model is shown to 

improve the PM2.5 predicts during a severe haze event by assimilating surface PM2.5 

measurements. The correlation coefficients between observations and model results are 

improved from 0.67 to 0.94. The enhanced PM2.5 concentrations due to DA have significant 

effects on anthropogenic aerosol radiative forcing. We estimate the daytime monthly mean 

anthropogenic aerosol radiative forcing to be -29.9W/m2 at the surface, 27.0W/m2 inside the 

atmosphere, and -2.9W/m2 at the top of the atmosphere using the constrained model simulations. 

Due to DA, the domain mean changes of daytime forcing at the surface, inside the atmosphere 

and at the TOA are -3.0, 2.8, and -0.2W/m2, respectively.  

 

6.2 Introduction 

Large aerosol loadings in the North China Palin (NCP) adversely influence visibility, human 

health (Gao et al., 2015) and climate radiative forcing (Gao et al., 2014). Although there have 

been great advances in predicting aerosols, it is still challenging due to poor model 

parameterization, missing aerosol formation mechanisms, and large uncertainties in emission 

                                                           
61 This work is under preparation to be submitted.  
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inventory (Carmichael et al., 2008). As a result, large discrepancies can exist between model and 

observations, and these discrepancies lead to large uncertainties in estimates of above-mentioned 

effects. 

Data assimilation (DA) is a powerful technique to combine model results and observations to 

reduce uncertainties (Niu et al., 2008; Schwartz et al., 2012).  There are various DA algorithms, 

including nudging, optimal interpolation, 3-dimensional variation (3DVAR), 4-dimensional 

variation (4DVAR) and ensemble Kalman filter (EnKF). DA has been widely used in 

meteorology for more than three decades, but its application in air quality modeling is a 

relatively recent study area (Pagowski et al., 2010; Tombette et al., 2009). A 4DVAR data 

assimilation was developed by Elbern et al. (Elbern et al., 1997, 2000; Elbern and Schmidt, 

1999, 2001) and applied to improve SO2 and ozone predictions. 4DVAR was also used to 

assimilate many trace gases, including ozone, NO, NO2, HNO3, and the improved initial 

conditions significantly reduce the dissimilarities between model and measurements (Chai et al., 

2006, 2007).  Besides tracer gases, aerosol measurements or Aerosol Optical Depth (AOD) from 

multiple platforms have been assimilated to improve model predictions using various methods, 

including optimal interpolation (Adhikary et al., 2008; Chung et al., 2010), 3DVAR (Chen et al., 

2014; Jiang et al., 2013; Liu et al., 2011; Niu et al., 2008; Pagowski et al., 2010; Schwartz et al., 

2012), and EnKF (Lin et al., 2008; Pagowski and Grell, 2012; Schutgens et al., 2010). However, 

aerosol data assimilation studies in China, particularly PM2.5 data assimilation, are still limited 

due to lack of chemical observations. In addition, PM2.5 is complicated to be treated in DA since 

it has various species and it will be computational expensive to assimilate it. With the 

improvements of computational resources and increasing presences of chemical observations, 

this study area can be further investigated.  
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In this study, we extended the 3DVAR Grid-point Statistical Interpolation (GSI) system for 

the Weather Research and Forecasting model coupled with Chemistry (WRF-Chem) to its use 

with the commonly used MOSAIC aerosol model, and applied it to evaluate the impacts of 

assimilating surface PM2.5 concentrations on model predictions and anthropogenic aerosol 

radiative forcing during a severe haze event in the North China Plain.  

 

6.3 Modeling and DA systems 

6.3.1 WRF-Chem model configurations 

We simulated PM2.5 concentrations using the WRF-Chem model version 3.5.1. We used two 

nested domains with 80×56 and 48×48 grids and the resolution of the innermost domain is 27km 

(Figure 6.1). Other domain settings and model inputs (meteorological and chemical initial and 

boundary conditions, anthropogenic and biogenic emissions) are the same as Gao et al. (2015).  

 

 

Figure 6.1. The model domain and the locations of measurement sites 
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6.3.2 GSI 3DVAR DA system 

The GSI 3DVAR DA system is flexible, and can be run efficiently on many parallel 

computing platforms. It provides an analysis by minimizing a cost function as shown below: 

𝐽(𝑥) = (𝑥 − 𝑥𝑏)𝑇𝐵−1(𝑥 − 𝑥𝑏) + (𝑦 − 𝐻(𝑥))𝑇𝑅−1(𝑦 − 𝐻(𝑥))   

In this equation, x is a vector of analysis, xb denotes the forecast or background vector, y is 

an observation vector, B represents the background error covariance matrix, and R represents the 

observation error covariance matrix. Measurement and representativeness errors are combined 

by each element of the matrix. H is observation operator to transform model grid point values to 

observed quantities. The analysis variables in GSI can be unbalanced velocity potential, 

unbalanced part of temperature, unbalanced part of surface pressure and pseudo-relative 

humidity. For each analysis variable, background error covariance statistics (BECs) is required 

by 3DVAR data assimilation technique. In this study, the total mass per size bin instead of each 

PM2.5 component, is used as control variable, which efficiently reduces the computational 

complexity (Saide et al., 2013). The standard deviations and vertical as well as horizontal length 

scales are calculated using the NMC (National Meteorological Center) method (Parrish & 

Derber, 1992). This method commonly uses 24- and 48-h forecasts or 12- and 24-h forecasts to 

compute statistics, but we use NCEP Final Analysis and ECMWF reanalysis data to calculate the 

statistics because this way is much computational cheaper (Saide et al., 2013).   

The observation operator interpolates the aerosol analysis to the observation location and 

vertical extrapolation is not performed in this study. Hourly surface PM2.5 concentrations are 

from the Ministry of Environmental Protection (MEP) of China stations (locations are shown in 

red in Figure 6.1) and observations within 1 hour window of the analysis were assimilated. The 

observation errors contain two parts: measurement errors and representativeness errors. The 
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measurement error is computed using 𝑒𝑜 = 1.5 + 0.0075 ∗ 𝑂𝑏𝑠, where Obs means observation 

values. The representativeness errors depend on the locations of the measurement sites, and are 

defined following Elbern et al. (2007).   

 

6.3.3 Experimental Design 

Two parallel experiments were designed to examine the influences of assimilating surface 

PM2.5 on forecasting aerosols. One control case (CTL, also called NODA) was employed without 

data assimilation, and the other one (called DA) was performed via assimilating surface PM2.5 

concentrations. The experiments were conducted using same domain settings (shown in Figure 

6.1) and model settings. The influences of PM2.5 DA was first tested by performing a 24 hour test 

run, which initiated on 1 January, 2013 00:00 UTC and the results will be shown in section 6.4.1. 

Based on the results, the DA was then conducted by assimilating surface PM2.5 every three hours 

from 1 January, 2013 00:00 UTC to 31 January, 2013 21:00 UTC. The analyses that were 

assimilated were valid at 00:00 UTC, 03:00 UTC, 06:00 UTC, 09:00 UTC, 12:00 UTC, 15:00 

UTC, 18:00 UTC, and 21:00 UTC. There was no meteorological data assimilation performed in 

this study.  

 

6.4 Results 

6.4.1 Verification of 24 hour PM2.5 Forecasts 

The model PM2.5 forecasts with and without DA were verified against surface PM2.5 

measurements. The simulated and observed PM2.5 concentrations averaged over all sites 
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(locations are shown in Figure 6.1) are shown in Figure 6.2(a), and the PM2.5 concentrations were 

overestimated by the model (NODA). The DA case shows better agreements with observations, 

particularly in the first several hours, indicating the improvements of PM2.5 forecasts via data 

assimilation. However, the impacts of DA die out quickly and PM2.5 forecasts with and without 

DA become very close after 18 hours. The improvements and decreasing impacts of better initial 

conditions can also be found in the calculated correlation coefficients between model and 

observations (Figure 6.2(b)), and calculated root mean square errors (RMSE) (Figure 6.2(c)). 

The correlation coefficient between model and observations increases from 0.38 to 0.81 at the 

first forecast hour after assimilating PM2.5, but the impacts on correlation become insignificant 

after about 3 hours (Figure 6.2(b)). The RMSE values drops from 89.35μg/m3 to 43.29μg/m3 at 

the first forecast hour due to DA, and the impacts of DA on RMSE are almost gone after 19 

hours (Figure 6.2(c)). The difference of RMSE of NODA case and DA case shows sharply 

decreases in the first three forecast hours, and then decrease slowly before becoming close to 

zero (Figure 6.2(c)).  Since the improvements due to DA are great within three hours and die out 

after a long time, we decided to assimilate surface PM2.5 concentrations every 3 hours.   
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Figure 6.2. Mean PM2.5 concentrations (a), correlation coefficients (b), and RMSE as a 

function of forecast hour for all sites shown in Figure 6.1 
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6.4.2 Impacts on PM2.5 Initial Conditions 

The PM2.5 concentrations at all 00:00UTC, 06:00UTC, 12:00UTC and 18:00UTC over the 

whole month were plotted against observations and shown in Figure 6.3. After DA, the slope is 

closer to 1, indicating DA improves the initial fields effectively. The spatial distributions of 

averaged surface PM2.5 differences (DA minus CTL) at 00:00UTC, 06:00UTC, 12:00UTC and 

18:00UTC are displayed in Figure 6.4. Generally, the patterns are similar at four moments. At 

00:00UTC, the differences in most NCP regions are positive and are negative in southwest 

domain areas, indicating the DA increases simulated PM2.5 in most NCP regions and decreases 

simulated PM2.5 in southwest domain areas. At 06:00UTC, DA increases simulated PM2.5 at a 

higher level, with more than 80μg/m3 enhancement in southern Hebei province. This plot also 

implies that the errors in emission vary in both time and space since the differences that shown in 

Figure 6.4 have variations over time and space.  
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Figure 6.3. Scatter plots of simulated (CTL and DA cases) and observed PM2.5 concentrations 

at all (a) 00:00, (b) 06:00, (c) 12:00 and (d) 18:00 UTC 
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Figure 6.4. Averaged surface PM2.5 differences (DA minus CTL) at all (a) 00:00, (b) 06:00, 

(c) 12:00 and (d) 18:00 UTC 
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6.4.3 Performance of PM2.5 DA 

Figure 6.5(a) shows observed and simulated PM2.5 averaged over all measurement sites. The 

NODA case significantly underestimates PM2.5 concentrations in the 12-14 January haze episode 

and overestimates PM2.5 at the end of January. These underestimations and overestimations are 

corrected well by assimilating surface PM2.5 every 3 hours.  The correlation between simulated 

and observed PM2.5 averaged over all stations improves from 0.67 to 0.94 (Table 6.1) after 

assimilating surface PM2.5 concentrations. Other metrics, including mean bias (MB), mean error 

(ME), mean fractional bias (MFB), mean fractional error (MFE) and RMSE, are also calculated 

to quantify for changes after DA. Due to DA, RMSE are reduced from 38.0μg/m3 to 20.5μg/m3, 

and MFE decreases from 22% to 10% (Table 6.1).   
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Figure 6.5. Observed and simulated (DA and NODA) hourly PM2.5 concentrations averaged 

over all measurement sites (a), and whisker plot for observed daily mean PM2.5 concentration and 

simulation in NODA case (b) and DA case (c) 
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Figure 6.5(b) displays the whisker plot of observed daily mean PM2.5 concentrations and 

simulations in the NODA case. From January 9 to January 13, PM2.5 concentrations are largely 

underestimated by the model. From January 28 to January 31, PM2.5 concentrations are 

overestimated by the model. The model performance during these two episodes has been 

substantially improved by assimilating surface PM2.5 measurements, as shown in Figure 6.5(c). 

After assimilating surface PM2.5 measurements, median and maximum values show lower 

differences with observations.  

The performance of DA has also been tested using three non-assimilated station and the 

comparisons are shown in Figure 6.6. In the Beijing IAP and Xianghe stations, the 

underestimation and overestimation of PM2.5 during the above-mentioned two episodes have 

been improved. The correlation coefficients between simulation and observation have been 

improved from 0.73 to 0.86, and from 0.53 to 0.64 in the Beijing IAP and Xianghe stations, 

respectively. However, in the Xinglong station, DA does not improve the simulation according to 

the comparison with observations. This is mainly because Xinglong station is far away from the 

assimilated stations (Figure 3.1 and Figure 6.1) and thus DA has slight effects on the simulation.  

Figure 6.7 shows the simulated monthly mean surface PM2.5 concentrations in NODA case 

(a), in DA case (b), and the differences between them (c). In the NODA case, monthly mean 

surface PM2.5 concentrations in most east China areas are above 200μg/m3. Due to DA, the 

maximum positive changes (more than 80μg/m3) occur in Liaoning province and the maximum 

negative changes happen in north Jiangsu province. In general, assimilating surface PM2.5 

observations increases PM2.5 concentrations in the NCP, except in Tianjin. In south Hebei 

province, monthly mean PM2.5 concentrations increase more than 40μg/m3. 



www.manaraa.com

158 
 

 

Figure 6.6. Comparisons between simulated and observed hourly PM2.5 concentrations at 

three non-assimilated sites: Beijing IAP station (a), Xianghe (b), and Xinglong (c) 
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Table 6.1. Statistics for simulated PM2.5 with and without DA compared against observations 

 MB (μg/m3) ME (μg/m3) MFB MFE RMSE (μg/m3) R 

noDA -6.1 37.0 -3.0% 20% 38.0 0.67 

DA -3.8 14.9 -1.0% 10% 20.5 0.94 

 

 

Figure 6.7. Monthly mean surface PM2.5 in NODA case (a), DA case (b) and the differences 

(DA minus CTL) (c) 

 

6.4.4 Impacts on estimates of anthropogenic radiative forcing 

Figure 6.8 shows monthly averaged daytime (8:00 to 17:00) anthropogenic radiative forcing 

at the surface, inside the atmosphere and at the top of the atmosphere derived from CTL and DA 

cases. Forcing at the surface is negative over the entire domain and values are pronounced in the 

east and south regions. The domain mean forcing at the surface is about -26.9 W/m2, and the 

domain forcing inside the atmosphere is comparable to it, but with a opposite sign (+24.2 W/m2). 

The forcing at the top of the atmosphere has negative values in the east areas, including the East 
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China Sea, and is positive in west NCP, east Shanxi province and Inner Mongolia. The domain 

mean forcing at the TOA is about -2.7 W/m2. 

  

 

Figure 6.8. Monthly daytime all-skies anthropogenic radiative forcing (W/m2) at the surface 

(BOT, positive values represent downward direction), inside the atmosphere (ATM, positive 

values indicate heating of the atmosphere) and at the top of the atmosphere (TOA, positive 

values denote downward direction) for CTL and DA cases; the last row refers to the differences 

between the CTL and DA cases 
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Due to the relatively large negative MBs shown in Table 6.1, the anthropogenic radiative 

forcing might have large uncertainties. To constrain this, we also derived anthropogenic radiative 

forcing with aerosols from the DA case, which has lower errors compared to observations. The 

patterns of forcing at the surface, inside the atmosphere and at the TOA are similar to the results 

from CTL case. Because of DA, radiative forcing at the surface decreases in most areas, but 

increases in the south domain regions, corresponding to the Changes shown in Figure 6.8. In 

CTL case, domain mean daytime forcing are -29.9W/m2 at the surface, 27.0W/m2 inside the 

atmosphere, and -2.9W/m2 at the TOA. The domain mean changes of forcing at the surface, 

inside the atmosphere and at the TOA are -3.0, 2.8, and -0.2 W/m2, respectively.  

 

6.5 Summary 

The capability of assimilating hourly surface PM2.5 observations was added into the GSI 

3DVAR system. This system with the WRF-Chem model was applied to reproduce the hazy 

month in January 2013. Two experiments were performed: a control experiment without DA and 

a DA experiment with aerosol analysis updated every 3h. The results show that surface PM2.5 

concentrations were significantly improved in terms of correlation coefficient, RMSE, MFB, 

MFE. The correlation coefficients between simulated and observed PM2.5 averaged over all 

stations has been improved from 0.67 to 0.94. The DA system also improves PM2.5 

concentrations in the regions where observations were not assimilated. Due to DA, the monthly 

mean changes PM2.5 concentrations can be over 80μg/m3 in some areas.   

The improved PM2.5 concentrations due to DA have significant effects on anthropogenic 

aerosol radiative forcing. Due to DA, the domain mean changes of daytime forcing at the 
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surface, inside the atmosphere and at the TOA are -3.0, 2.8, and -0.2W/m2, respectively. We 

estimated the daytime monthly mean anthropogenic aerosol radiative forcing to be -29.9W/m2 at 

the surface, 27.0W/m2 inside the atmosphere, and -2.9W/m2 at the top of the atmosphere using 

the constrained model simulations. 

This study proves that better initial conditions provided by DA can improve only short-term 

predictions since the impacts of errors in emission inventory or model will dominate after several 

hours. As the errors in emission inventory is the major cause of uncertainties in air quality 

modeling, particularly in polluted regions, like East Asia, it will be promising to improve air 

quality modeling by constrain uncertainties in emission inventory. In the future, better 

predictions of aerosol can be expected by using both adjusting initial conditions and constraining 

errors in emission inventory.   

 

6.6 References 

Adhikary, B., Kulkarni, S., Dallura, a., Tang, Y., Chai, T., Leung, L.R., Qian, Y., Chung, C.E., 
Ramanathan, V., Carmichael, G.R., 2008. A regional scale chemical transport modeling of 
Asian aerosols with data assimilation of AOD observations using optimal interpolation 
technique. Atmos. Environ. 42, 8600–8615. doi:10.1016/j.atmosenv.2008.08.031 

Carmichael, G.R., Sandu, A., Chai, T., Daescu, D.N., Constantinescu, E.M., Tang, Y., 2008. 
Predicting air quality: Improvements through advanced methods to integrate models and 
measurements. J. Comput. Phys. 227, 3540–3571. doi:10.1016/j.jcp.2007.02.024 

Chai, T., Carmichael, G.R., Sandu, A., Tang, Y., Daescu, D.N., 2006. Chemical data assimilation 
of Transport and Chemical Evolution over the Pacific (TRACE-P) aircraft measurements. J. 
Geophys. Res. Atmos. 111, 1–18. doi:10.1029/2005JD005883 

 



www.manaraa.com

163 
 

Chai, T., Carmichael, G.R., Tang, Y., Sandu, A., Hardesty, M., Pilewskie, P., Whitlow, S., 
Browell, E. V., Avery, M. a., Nédélec, P., Merrill, J.T., Thompson, A.M., Williams, E., 
2007. Four-dimensional data assimilation experiments with International Consortium for 
Atmospheric Research on Transport and Transformation ozone measurements. J. Geophys. 
Res. Atmos. 112, 1–18. doi:10.1029/2006JD007763 

Chen, D., Liu, Z., Schwartz, C.S., Lin, H.-C., Cetola, J.D., Gu, Y., Xue, L., 2014. The impact of 
aerosol optical depth assimilation on aerosol forecasts and radiative effects during a wild 
fire event over the United States. Geosci. Model Dev. 7, 2709–2715. doi:10.5194/gmd-7-
2709-2014 

Chung, C.E., Ramanathan, V., Carmichael, G., Kulkarni, S., Tang, Y., Adhikary, B., Leung, L.R., 
Qian, Y., 2010. Anthropogenic aerosol radiative forcing in Asia derived from regional 
models with atmospheric and aerosol data assimilation. Atmos. Chem. Phys. 10, 6007–6024. 
doi:10.5194/acp-10-6007-2010 

Elbern, H., Schmid, H., 1999. transport modeling l • j " } T. J. Geophys. Res. 104. 

Elbern, H., Schmidt, H., 2001. Ozone episode analysis by four-dimensional variational chemistry 
data assimilation. J. Geophys. Res. 106, 3569. doi:10.1029/2000JD900448 

Elbern, H., Schmidt, H., Ebel, A., 1997. for tropospheric chemistry modeling linear version of 
the model . The procedure is commonly. J. Geophys. Res. 102. 

Elbern, H., Schmidt, H., Talagrand, O., Ebel, a., 2000. 4D-variational data assimilation with an 
adjoint air quality model for emission analysis. Environ. Model. Softw. 15, 539–548. 
doi:10.1016/S1364-8152(00)00049-9 

Elbern, H., Strunk, a., Schmidt, H., Talagrand, O., 2007. Emission rate and chemical state 
estimation by 4-dimensional variational inversion. Atmos. Chem. Phys. Discuss. 7, 1725–
1783. doi:10.5194/acpd-7-1725-2007 

Gao, M., Guttikunda, S.K., Carmichael, G.R., Wang, Y., Liu, Z., Stanier, C.O., Saide, P.E., Yu, 
M., 2015. Health impacts and economic losses assessment of the 2013 severe haze event in 
Beijing area. Sci. Total Environ. 511, 553–561. doi:10.1016/j.scitotenv.2015.01.005 

Gao, Y., Zhao, C., Liu, X., Zhang, M., Leung, L.R., 2014. WRF-Chem simulations of aerosols 
and anthropogenic aerosol radiative forcing in East Asia. Atmos. Environ. 92, 250–266. 
doi:10.1016/j.atmosenv.2014.04.038 

Jiang, Z., Liu, Z., Wang, T., Schwartz, C.S., Lin, H.C., Jiang, F., 2013. Probing into the impact 
of 3DVAR assimilation of surface PM10 observations over China using process analysis. J. 
Geophys. Res. Atmos. 118, 6738–6749. doi:10.1002/jgrd.50495 

Lin, C., Wang, Z., Zhu, J., 2008. An Ensemble Kalman Filter for severe dust storm data 
assimilation over China. Atmos. Chem. Phys. 8, 2975–2983. doi:10.5194/acp-8-2975-2008 



www.manaraa.com

164 
 

Liu, Z., Liu, Q., Lin, H.C., Schwartz, C.S., Lee, Y.H., Wang, T., 2011. Three-dimensional 
variational assimilation of MODIS aerosol optical depth: Implementation and application to 
a dust storm over East Asia. J. Geophys. Res. Atmos. 116, 1–19. 
doi:10.1029/2011JD016159 

Niu, T., Gong, S.L., Zhu, G.F., Liu, H.L., Hu, X.Q., Zhou, C.H., Wang, Y.Q., 2007. Data 
assimilation of dust aerosol observations for CUACE/Dust forecasting system. Atmos. 
Chem. Phys. Discuss. 7, 8309–8332. doi:10.5194/acpd-7-8309-2007 

Pagowski, M., Grell, G. a., 2012. Experiments with the assimilation of fine aerosols using an 
ensemble Kalman filter. J. Geophys. Res. Atmos. 117, 1–15. doi:10.1029/2012JD018333 

Pagowski, M., Grell, G. a., McKeen, S. a., Peckham, S.E., Devenyi, D., 2010. Three-dimensional 
variational data assimilation of ozone and fine particulate matter observations: Some results 
using the Weather Research and Forecasting-Chemistry model and Grid-point Statistical 
Interpolation. Q. J. R. Meteorol. Soc. 136, 2013–2024. doi:10.1002/qj.700 

Saide, P.E., Carmichael, G.R., Liu, Z., Schwartz, C.S., Lin, H.C., Da Silva, a. M., Hyer, E., 2013. 
Aerosol optical depth assimilation for a size-resolved sectional model: Impacts of 
observationally constrained, multi-wavelength and fine mode retrievals on regional scale 
analyses and forecasts. Atmos. Chem. Phys. 13, 10425–10444. doi:10.5194/acp-13-10425-
2013 

Schutgens, N. a. J., Miyoshi, T., Takemura, T., Nakajima, T., 2009. Applying an ensemble 
Kalman filter to the assimilation of AERONET observations in a global aerosol transport 
model. Atmos. Chem. Phys. Discuss. 9, 23835–23873. doi:10.5194/acpd-9-23835-2009 

Schwartz, C.S., Liu, Z., Lin, H.C., McKeen, S. a., 2012. Simultaneous three-dimensional 
variational assimilation of surface fine particulate matter and MODIS aerosol optical depth. 
J. Geophys. Res. Atmos. 117, 1–22. doi:10.1029/2011JD017383 

Tombette, M., Mallet, V., Sportisse, B., 2008. PM10 data assimilation over Europe with the 
optimal interpolation method. Atmos. Chem. Phys. Discuss. 8, 9607–9640. 
doi:10.5194/acpd-8-9607-2008 

 

 

 

 

 

 



www.manaraa.com

165 
 

CHAPTER 7 SUMMARY AND FUTURE WORK 

7.1 Summary 

Improvements in the understanding of the causes of winter haze events as well as the causes 

of increasing haze occurrences in the NCP, assessments of health and climate impacts of haze 

events, and advances in aerosol modeling via incorporating missing reactions and assimilating 

measurements were the main subjects of this thesis.  

The first objective was to investigate the roles of meteorology, secondary aerosol formation, 

regional transport, and aerosol feedbacks in winter haze formation in the NCP. The best model 

configuration was found to represent the meteorology and concentrations of air pollutants during 

the January 2010 haze event. Various meteorology variables, including temperature, relative 

humidity, horizontal winds, and vertical mixing, during haze were characterized and it was found 

that the increases in temperature and relative humidity during haze were associated with moist 

warm southerly winds. The increasing ratios of primary aerosols, secondary inorganic aerosols 

and secondary organic aerosols from non-haze days to haze days were calculated and the role of 

cloud chemistry in this event was also quantified, which emphasized the importance of 

secondary aerosol formation and cloud chemistry in winter haze.  

The contribution of regional transport to haze in Beijing was studied. A CO tracer model was 

built to study the role of regional transport and the FLEXPART model was used to study the 

transport pathways. It was found that non-local sources contributed about 47.8% to the PM2.5 

concentrations in Beijing in haze days and sources of the non-local contributions were primarily 

from south Hebei, Shandong and Henan provinces, which provides scientific basis to implement 

regional air pollution control strategies. The high aerosol loadings were shown to have important 
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feedbacks to decrease PBLH by more than 100 meters and increase PM2.5 by about 20μg/m3 in 

some areas.  

The causes of increasing haze occurrences in the NCP are still unclear, which may be 

affected by both emission changes and meteorology changes. The responses of PM2.5 

concentrations to emission changes (SO2, NH3, NH4, BC, and OC) and meteorology changes 

(temperature, relative humidity, and wind speeds) during winter haze were examined in objective 

two. The results suggest the increases in SO2, OC and NH3 emissions may be the main causes of 

increasing haze occurrences since surface sulfate and OC aerosols were estimated to increase by 

30.8% and 26.5% due to emission changes from 1985 to 2010. Increasing NH3 emissions also 

significantly increased PM2.5 concentrations. Most previous similar air quality studies were 

conducted in Europe and the United States, and those results might not be suitable for controlling 

haze pollution in the NCP. The results in this objective provide some implications. Another 

novelty in objective two was investigating the impacts of meteorology changes on PM2.5 

concentrations using a fully online coupled model. All previous studies used offline models to 

conduct this kind of study, and the results might not be consistent with what is happening in the 

atmosphere due to the missing information in offline models. The results in objective two show 

that the increases in temperature lead to increases in sulfate, nitrate, and ammonium because of 

higher reaction rate, higher OH radicals and lower boundary layer heights, which is different 

from previous studies that omitted the impacts of higher temperature on wind fields and 

boundary layer heights. An increase in RH promoted more water aerosols and clouds, but caused 

decreases in dry PM2.5 concentrations because of higher wet deposition rate, which is different 

than results from previous studies that found higher RH favors secondary inorganic aerosol 

formation.  
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In the third objective, the simulated PM2.5 concentration from the WRF-Chem was used to 

evaluate health impacts and health-related economic losses due to severe haze events. This is the 

first known application of the WRF-Chem to assess short-term health risks of haze events. 

Previous similar studies are mostly based on observation data, but observations provide less 

spatial information of aerosols. Health impacts assessments show that the PM2.5 concentrations in 

January were estimated to cause 690 (95% Confidence Interval (CI): (490, 890)) premature 

deaths, 45350 (95% CI: (21640, 57860)) acute bronchitis and 23720 (95% CI: (17090, 29710)) 

asthma cases in Beijing area, leading to about 253.8 (95% CI: (170.2, 331.2)) million US$ 

losses. This work connects haze pollution with health to stress the importance of implementing 

pollution control policies and protecting the public health. 

The fourth objective was to improve the model performance in simulating sulfate during haze 

via incorporating heterogeneous chemistry. It was found that sulfate has been largely 

underestimated by current models compared with observations. Although the heterogeneous 

sulfate formation was added into some air quality models recently, like CMAQ, GEOS-Chem, 

the dependences of uptake coefficients were ignored or oversimplified. The novelty of this work 

is that the laboratory measured RH dependent SO2 uptake coefficients were used. With included 

heterogeneous formation, model results agree better with observations, indicating that missing 

heterogeneous chemistry in current model may explain part of the underestimation of sulfate 

formation.  

Although the model results were acceptable compared with observations based on acceptable 

air quality model performance metrics, errors still exist and were large in some days, which lead 

to large errors in health and climate effects estimates. Observed surface PM2.5 concentrations 

were assimilated to constrain estimates of anthropogenic aerosol radiative forcing and the results 
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were shown in objective 5. The correlation coefficient between observations and model results 

was improved from 0.67 to 0.94. The data assimilation system was newly developed for the 

WRF-Chem model and it was first applied to constrain anthropogenic aerosol radiative forcing in 

China. The estimated daytime monthly mean anthropogenic aerosol radiative forcing was 

estimated to be -29.9W/m2 at the surface, 27.0W/m2 inside the atmosphere, and -2.9W/m2 at the 

top of the atmosphere. The newly developed data assimilation system for the WRF-Chem model 

can also be used to improve PM2.5 forecast to provide robust alerts for air pollution episodes, and 

be used to constrain estimates of health risks due to PM2.5.  

Based on the findings in this thesis, priorities should be given to control SO2, NH3, and OC 

emissions, which can be achieved by promoting the shift from coal/biofuel to cleaner energy, and 

by changing animal feeding and housing ways. In addition, more attention to greenhouse gases 

and absorbing aerosols is still necessary since absorbing aerosols play important roles in aerosol 

feedbacks, aerosol feedbacks can aggravate haze pollution, and increases in temperature may 

increase aerosol concentrations. The estimates of health and climate impacts due to haze 

emphasize the urgency and importance of controlling haze pollution. To protect the public health, 

it is of great importance to predict air pollution episodes, release alerts of incoming severe haze 

episodes, and take emergency measures to reduce pollution levels.   

 

7.2 Future Work 

In this thesis, the used CBMZ/MOSAIC mechanism is not able to simulate SOA. Even 

though some mechanism (such as MADE/SORGRAM) and some global and regional models 

consider the SOA, SOA in polluted atmospheres are still largely underestimated. This is 

probably because SOA involves numerous and complicated physical and chemical phenomena 
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(Lin et al., 2012). Recent studies have claimed that SOA is significant even under low pressure 

in winter haze (Huang et al., 2014). With the advance in understanding of SOA formation, more 

efforts should be made to improve modeling SOA during haze events.  

In the chapter 3, we explored the sensitivity of PM2.5 to emission changes using detailed SO2, 

BC and OC emissions in 1985, inferred NH3 and NOx emissions. Emissions for other species 

were taken from inventory for 2010. In the future, with available comprehensive historical 

emissions, we can obtain better relationships between emission changes and PM2.5 

concentrations.  

In chapter 4, we evaluated the health impacts of the 2013 haze event using the PM2.5 fields 

from the WRF-Chem model. Although the performance of WRF-Chem in simulating PM2.5 was 

good compared with measurements, there were still large uncertainties. With more and more 

surface and satellite measurements are becoming available, we can assess the health impacts 

using the PM2.5 fields that corrected by assimilating measurements from multiple platforms. 

Furthermore, the contribution of each emission sector (industry, power, agriculture, residential, 

and transportation) on human health can be further studied in the future. 

In chapter 6, we only assimilated surface PM2.5 concentrations because few satellite 

measurements were available during haze event. The newly released Deep Blue (DB) retrievals 

provide much higher sampling frequency during heavy pollution conditions (Tao et al., 2015). In 

the future, improving modeling aerosols in haze pollution will benefit from this dataset. Besides, 

the influences of aerosols on radiation vary between different aerosol species. For example, 

sulfate affects climate through light-scattering properties, black carbon mainly absorbs light, and 

organic carbon primarily scatters light (Nocakov et al., 2015). With more observations of aerosol 
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species becoming available in China, we can assimilate individual aerosol specie to constrain 

estimates of climate effects. Furthermore, the contributions of different anthropogenic emission 

sectors, such as power, industry, transportation, residential and agriculture, to the total 

anthropogenic radiative forcing can be additionally investigated in the future, which will provide 

useful suggestions for air pollution control from climate effects aspect.  

The large uncertainties in emission inventory remarkably affect the aerosol modeling, which 

can be improved by using inverse modeling. Some inverse modeling methods and the adjoint 

model of WRF-Chem have been developed (Guerrette and Henze, 2015; Saide et al., 2015). In 

the future, we can apply these techniques to improve aerosol modeling by reducing uncertainties 

in emission inventory.   
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