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ABSTRACT

CUACE/Aero, the China Meteorological Administration (CMA) Unified Atmospheric Chemistry Environ-

ment for aerosols, is a comprehensive numerical aerosol module incorporating emissions, gaseous chemistry

and size-segregated multi-component aerosol algorithm. On-line coupled into a meso-scale weather forecast

model (MM5), its performance and improvements for aerosol chemical and optical simulations have been

evaluated using the observations data of aerosols/gases from the intensive observations and from the CMA

Atmosphere Watch network, plus aerosol optical depth (AOD) data from CMA Aerosol Remote Sensing

network (CARSNET) and fromModerate Resolution Imaging Spectroradiometer (MODIS). Targeting Beijing

and North China region from July 13 to 31, 2008, when a heavy hazy weather system occurred, the model

captured the general variations of PM10 with most of the data within a factor of 2 from the observations and a

combined correlation coefficient (r) of 0.38 (significance level�0.05). The correlation coefficients are better at

rural than at urban sites, and better at daytime than at nighttime. Chemically, the correlation coefficients

between the daily-averaged modelled and observed concentrations range from 0.34 for black carbon (BC) to

0.09 for nitrates with sulphate, ammonium and organic carbon (OC) in between. Like the PM10, the values of

chemical species are higher for the daytime than those for the nighttime. On average, the sulphate, ammonium,

nitrate and OC are underestimated by about 60, 70, 96.0 and 10.8%, respectively. Black carbon is overestimated

by about 120%. A new size distribution for the primary particle emissions was constructed for most of the

anthropogenic aerosols such as BC, OC, sulphate, nitrate and ammonium from the observed size distribution of

atmospheric aerosols in Beijing. This not only improves the correlation between the modelled and observed

AOD, but also reduces the overestimation of AOD simulated by the original model size distributions of primary

aerosols. The normalised mean error has been reduced to 62% with the CARSNET observations and 76% with

MODIS, from the original 111% and 143%, respectively. The factors resulting in the underestimation of

aerosol concentrations and other discrepancies in the model are explored, and improvements in enhancing the

model performance are proposed from the analysis. It is found that the accuracy in meteorological predictions

plays a critical role on the simulation of the occurrence and accumulation of heavy pollution episode, especially

the circulation winds and the treatment of Planetary Boundary Layer (PBL).
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1. Introduction

Atmospheric aerosols not only deteriorate the natural

environment, but also harm human health and have direct

and indirect impacts on weather and climate (Twomey,
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1991; Jones et al., 1994; Charlson and Heintzenberg, 1995;

Yu, 2000; Ramanathan et al., 2001; Yu et al., 2001;

Caminade et al., 2006; IPCC, 2007). In many regions

around the globe, aerosols are the major pollutants in the

atmosphere, and their fine fractions are also the main

factors leading to the poor visibility (Mam et al., 2004). The

question as how to address these impacts of aerosols has

always been a focus of attention and a challenge for the

scientific community (Adams et al., 2000; Bertrand et al.,

2002; Brook et al., 2002; Fast et al., 2005; Levin and Cotton,

2009). In addition, atmospheric aerosols are composed of a

variety of components, which vary in size with different

sources. They are subject not only to atmospheric thermo-

dynamics and aerosol microphysics and dynamics, but also

to mutual interactions, which make it a challenge to

simulate them properly (Jacobson et al., 1997; Zhang

et al., 1999).

Surface-based observations, satellite retrieval and direct

emission inventories have shown the growing impairment

of air quality (AQ) in East Asia in the last 30 yr (Streets

et al., 2003; Richter et al., 2005; Cao et al., 2006; Zhang

et al., 2011). Particulate matters (PM), i.e. aerosols, are the

major pollutants in the atmosphere with the annual mass

concentration of 100 mg m�3 over China (Qu et al., 2010),

much higher than those in North America or Europe.

Sources for these particles and their precursors consist of

large amounts of carbonaceous matters, fugitive dust,

NOX, SO2, CO, NH3 and CxHy from industry, agriculture,

transportation, civil life and natural mineral dust from dry

areas of northwest China, deserts of Mongolia. A number

of models have been developed and used to simulate the

PM other than mineral dust aerosol in East Asia in several

projects, e.g. TRACER-P, ACE-Asia and MICS-ASIA

projects (Chin et al., 2003; Gong et al., 2003b; Zhang et al.,

2003; Tang et al., 2004; Tsai et al., 2004; Carmichael et al.,

2008) and the Cloud Indirect Forcing Experiment (CIFEX)

(Wilcox et al., 2006) and the East Asian regional Experi-

ment (EAREX) (Nakajima et al., 2007). However, due to

different purposes, those works were mostly focused on

aerosols in the outflow of Asian continent or in Asian mega

cities. None of these models were developed to deliver

operational aerosol or AQ forecasts over the whole China.

More works are needed on the simulation and detailed

evaluation of the aerosol distribution and its optical

characteristics over the main continent over China in order

to provide more accurate forecasts for PM and visibility.

CUACE/Aero, China Meteorological Administration

(CMA) Unified Atmospheric Chemistry Environment/

Aerosol, a fully online coupled meteorological/chemistry/

aerosol system, has been developed for aerosol simulation

and for the investigation of its impacts on AQ forecasts

in Asia where high concentrations and complex chemical

compositions of aerosols exist. This paper is to explore the

factors influencing the accuracy of the model simulations

through a detailed evaluation of model performance with

observation data and sensitivity tests targeting Beijing and

North China. Consequently, the research is to provide an

insight into the controlling components to achieve more

accurate aerosol simulations in China and hence to enhance

the AQ forecasts, which have not been fully investigated

before. Specifically, the impacts of initial size distributions

of primary PM emissions on the simulation of optical

properties [e.g. aerosol optical depth (AOD)] in China were

examined to search for more accurate parameters to reduce

the uncertainties of AQ forecasts related to the degradation

of visibility by the increase of aerosols.

In the following, the model description, sensitivity

experiment setups and data sets are presented in Section

2, followed by the analysis of the results in Section 3, and

discussion and summary are presented finally in Section 4.

2. Description of model and experiments

2.1. CUACE/Aero

CUACE is a unified atmospheric chemistry environment

with four major functional sub-systems, emissions, gas

phase chemistry, aerosols and data assimilation, and is

developed to facilitate the establishment of a chemical

weather forecasting system using near real-time data

in China. One of its sub-systems, CUACE/Aero, is a

comprehensive module incorporating emission, gaseous

chemistry and size-segregated multi-component aerosol

algorithms. Using the national official basic information

of emission sources published in 2005 and updated with

83 point-sources for anthropogenic emissions over China at

a resolution of 0.58�0.58 (Cao et al., 2005, 2006; Lang

et al., 2008), the Emission Subsystem (EMIS) provides,

through SMOKE (The Sparse Matrix Operator Kernel

Emissions) module, the hourly gridded off-line emission

intensity for 32 species including black carbon (BC),

organic carbon (OC), sulphate, nitrate, fugitive dust par-

ticles and 19 volatile organic compounds (VOC), NH3, CO,

CO2, SOx and NOx over the model domain. The gas

chemistry module is based on the second generation of

Regional Acid Deposition Model (RADM II) mechanism

with 63 gaseous species through 21 photo-chemical reac-

tions and 121 gas phase reactions applicable under a wide

variety of environmental conditions especially for smog

(Stockwell et al., 1990). There are seven categories of

aerosol species, i.e. sea salts, sand/dust, BC, OC, sulphates,

nitrates and ammonium salts in the aerosol module.

Natural sea salt emission is calculated on-line with the

parameterisation scheme developed by Gong (2003)

which improves the sea salt simulation for number density

and size distribution under 0.1 mm. The natural sand/dust
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emissions are simulated with the Marticorena�Bergametti�
Alfaro (Marticorena and Bergametti, 1995; Alfaro and

Gomes, 2001) scheme by carefully using data representing

the desert layouts, soil textures and dust aerosol size

distributions over China (Gong et al., 2003b; Zhao et al.,

2003; Zhou et al., 2008). Apart from natural emissions,

fugitive dust from construction and transportation has also

been taken into account as the dust emission.

The aerosol microphysics contains major aerosol pro-

cesses in the atmosphere such as hygroscopic growth,

coagulation, nucleation, condensation, dry depositions,

scavenging and aerosol activations (Gong et al., 2003a),

which is coherently integrated with the gaseous chemistry in

CUACE/Aero. The gaseous chemistry provides the produc-

tion rates of sulphate and second organic aerosols (SOA),

and at the same time generates an oxidation background for

aqueous phase aerosol chemistry, in which sulphate trans-

formation changes the distributions of SO2 in clouds. Both

nucleation and condensation are considered for sulphate

aerosol formation depending on the atmospheric state after

gaseous H2SO4 formed from the oxidation of sulphurous

gases such as SO2, H2S and DMS. Second organic aerosols

as generated from gaseous precursors are partitioning

among different bins through condensation using the

same approach as the gaseous H2SO4 condensation to

sulphate. Since the nitrates and ammonium formed through

the gaseous oxidation are unstable and prone to further

decomposition back to their precursors, CUACE adopts

ISSOROPIA to calculate the thermodynamic equilibrium

between them and their gas precursors (West et al., 1998;

Nenes et al., 1998, Yu et al., 2005). Table 1 shows the list of

the specific parameterisation schemes for various CUACE

components. Except for ammonium, sulphates, BC, OC,

sand/dust, nitrates and sea salts are segregated into 12 size

bins with radii ranging from 0.005�0.01, 0.01�0.02, 0.02�
0.04, 0.04�0.08, 0.08�0.16, 0.16�0.32, 0.32�0.64, 0.64�1.28,
1.28�2.56, 2.56�5.12, 5.12�10.24, 10.24�20.48 mm. In each

size bin, an internal mixture is assumed for all aerosol

components, while external mix is adopted between differ-

ent bins for the particle number density.

In this study the CUACE/Aero is on-line coupled into

MM5 to achieve synchronous integrations and outputs of

various species and meteorological elements. Its horizontal

dimensions are set to 136�169 at a resolution of 54 km to

cover Asia and the eastern part of Europe. There are

24 vertical sigma levels up to 100 hPa with the level

thickness increasing with height. In the coupled system,

the large-scale transports of various tracers are based on

the positive and conserved advection transport algorithm

scheme (MPDATA) (Smolarkiewicz, 2006) and the diffu-

sivity from the nonlocal diffusion originally for heat and

humidity in MRF PBL scheme which has been used in

CUACE/Dust (Zhou et al., 2008).

2.2. Experimental scheme and observation database

Three sets of experimental runs were designed: the control

run (CTL), sensitive test one (ST1) and test two (ST2). For

all the runs, the evaluation period was selected from July 13

to 31, 2008, during which a very heavy hazy episode

persisted from July 22 to 28 in North China. The initial

and boundary values for O3 and OH radical were taken

from climatic means, and zeros for each aerosol species at

July 4 with a 10-day spin-off run to achieve full mixing for

gas chemistry and aerosols. The initial and boundary

meteorological fields are interpolated from the 6-hour

analysis of CMA T213 model, including wind, temperature,

pressure and humidity at each standard level from the

ground to 100 hPa for the CTL run. In order to explore the

impacts of meteorological fields on the under-estimates of

PM10 during the heavy hazy episode, the experimental ST1

run from July 22 to July 28 was done by replacing the

meteorology of July 22�25 with that of July 25�28, which
was more close to the reality than the originally provided by

T213 model. In the experimental ST2 run, a new set of

initial mass and number size distributions for BC, OC, SF,

nitrate and fugitive dust were used to investigate the impacts

of initial size distributions on the AOD simulations.

The targeting area for the evaluation is defined by 1108
E�1208E, 348N�428N covering North China (Fig. 1). Three

kinds of observations are used for the model evaluation.

First, the mandatory meteorological observations of wind,

temperature, pressure and humidity are available from eight

stations in the region where Zhangjiakou, Nanjiao, Jinan,

Table 1. CUACE components and algorithms

Gas phase chemistry RADM II [Stockwell et al., 1990]

SOA formation Gas/particle partitioning (Schell et al., 2001)

Aqueous-phase chemistry Gery et al. (1989)

Aerosol physics CAM (Gong, 2003)

Inorganic heterogeneous chemistry ISORROPIA (Nenes et al., 1998)

Vertical diffusion K-theory eddy diffusivity from MRF scheme (Zhou et al., 2008)

Advection MPDATA (Smolarkiewicz, 2006)

SOA, second organic aerosols.
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Xingtai, Zhengzhou and Taiyuan have both upper air (twice

daily) and surface (eight times daily) observations, with

Shangdianzi and Huimin having only surface observations.

Second, the surface daily and hourly PM10 and BC

concentrations from CMA Atmosphere Watch network

(CAWNET) and AOD data from CMA Aerosol Remote

Sensing network (CARSNET) are obtained at five stations

(hereinafter referred to as the five stations) (Zhang et al.,

2008): Shangdianzi, Nanjiao, Gucheng, Zhengzhou and

Huimin (Table 2). AOD from NASA Moderate Resolution

Imaging Spectroradiometer (MODIS) has also been used

for its large spatial coverage. Finally, SO2, aerosol number

concentrations and the water-soluble aerosol data with

diameter less than 1 mm were obtained at the intensive

observation campaign at a CMA site (Zhang et al., 2009).

All the model outputs have been interpolated through the

Cressman Scheme with a radius of 0.58 into the observation

stations (Cressman, 1959). The MODIS AODs have been

interpolated into the model grids with a radius of 0.38. In
addition to the scatter and time series plots, model statistics

are presented in Table 3 for the mean bias (MB), normalised

mean bias (NMB), mean errors (ME), normalised mean

errors (NME) and correlation coefficient (r) (Yu

et al., 2006, 2008).

3. Analysis of experimental results

3.1. Evaluation of the meteorological fields of

MM5-CUACE/Aero

Meteorological performance is critical in achieving a good

prediction of chemical species in the atmosphere. It is

directly linked to the transport, diffusion, chemistry, hygro-

scopic growth, deposition and interactions of aerosols and

their precursors. Gridded model outputs of wind speed/

direction, temperature, humidity and geopotential height at

ground, 850, 700 and 500 hPa have been interpolated in the

eight meteorological stations and compared with surface

and upper layer radiosondes data (Table 4).

The analysis shows that the temperature correlation

coefficients at three upper levels are all larger than 0.85

with the mean square errors (MSE) of less than 1.6 K

except for 850 hPa with a correlation coefficient of 0.77.

The wind speed simulation is more complicated than the

temperature and height fields. However, the wind speed

correlation at 850 hPa level reaches 0.6 and gets better

with heights. Mean square errors at all levels are very

small, basically around 2.5 m s�1, except for 500 hPa. The

correlations for wind direction are better than those for

the wind speed at all levels. Mean square errors of wind

Taiyuan
Xingtai

Zhangjiakou Shangdianzi

Huiming

Jinan

Zhengzhou

Gucheng

Nanjiao

Fig. 1. The model domain, results domain and stations. The background is BC emission at the unit of kg gird�1 s�1.

Table 2. Name, type and observation elements for the five

CAWNET/CARSNET Stations

Shangdianzi Regional background PM10, AOD

Nanjiao Urban PM10, AOD

Gucheng Rural PM10, AOD

Huimin Rural PM10, AOD

Zhengzhou Urban PM10, AOD

4 C.-H. ZHOU ET AL.



direction at all level are less than 208 at upper levels.

Because pollutants are mainly concentrated in the mid and

lower troposphere, the error of the simulated wind speed

in the lower troposphere should affect their transport

and diffusion. The analysis of humidity suggests that the

correlation from 850 to 500 hPa is similar, i.e.�0.50. The

MSE for humidity is also small at lower levels and increases

slightly with height, which indicates that the outcome of the

simulated humidity at mid and lower levels is better than

that at higher levels. This may be conductive to some

processes such as deposition and transformation related to

aerosol and humidity. For the surface layer, the correlation

coefficients for all the other variables can reach 0.6 with

small deviation compared to the higher levels except the

wind speed whose correlation coefficient is only 0.26,

which has an adverse impact on the model performance

as discussed later.

Compared to the evaluation of the meteorological fields

simulated by MM5 in summer time [Dilley et al., 2003] in

the USA, the current system has the equivalent per-

formance with small and reasonable atmosphere standard

deviations and correlations.

3.2. Comparison of CUACE PM10 with observations

The statistical results and scatter plots for all the simulated

and the observed daily averaged PM10 for the five stations

in CTL run are summarised as shown in Table 5 and in

Figure 2. It can be seen that the model captured the general

variations of PM10 with most of the data having a factor

of 2 within the observations and a combined correlation

coefficient (r) of 0.38 (Fig. 2). The mean observed PM10 for

Shangdianzi is the lowest among the five stations due to the

fact that Shangdianzi is dedicated as the regional pollution

background site for North China Plain in CAWNET

with aged particles from south and little local emissions.

However, for the rural sites of Huimin and Gucheng, the

mean PM10 concentrations have reached 101.3 and 95.5 mg
m�3 respectively, which are comparable to the high values

for the urban sites of Beijing Nanjiao and Zhengzhou. This

indicates that compared to urban areas, particulate pollu-

tion in the rural areas is also very high. The NMB in

Huimin is �31.1% with an NME of 43.5%, indicating that

there is an obvious systematic underestimation of PM10 in

this site. The NMBs in rural sites of Shangdianzi and

Gucheng are near to or lower than 10%, much less than

for other three stations. For the rural sites Huimin and

Shangdianzi, the correlation coefficients are 0.52 and 0.40,

respectively, being on the top among the five stations.

In Table 5, the correlation coefficients at daytime for the

five stations are all higher than those at nighttime while the

aerosol concentrations at daytime are all underestimated,

as the MBs and NMBs are all negative and NMBs

are comparable to NMEs. By a careful examination of the

Table 3. Statistical metrics used for performance evaluation

Mean bias (MB); mean difference (MD) ð1=nÞ
P

i ðmi � oiÞ
normalised mean bias (NMB); normalised mean difference

(NMD)

P
i ðmi � oiÞ

�P
i oi

� �
� 100%

Mean error (ME); mean absolute difference (MAD) ð1=nÞ
P

i mi � oij j
Normalised mean error (NME); normalised mean absolute

difference (NMAD)

P
i mi � oij j

�P
i oi

� �
� 100%

Coefficient of determination (r2) r2�1� SSE/SST; SSE ¼
P

i ðmi �m0iÞ
2
; SST ¼

P
i m2

i � ð1=nÞ �
P

i mi

� �2
;

m0i ¼ aþ b � oi

Note: n is the total number of data pairs and i�1, 2, . . ., n, o is the measured concentration and m is the modelled concentration.

Table 4. Comparison between observations and simulations of meteorological fields

Meteorological field Quantity Ground 850 hPa 700 hPa 500 hPa

Temperature r 0.61 0.77 0.93 0.89

MSE (K) 3.3 1.6 1.1 1.8

Humidity r 0.55 0.51 0.67 0.54

MSE (%) 13.2 14.0 21.3 21.2

Wind speed r 0.26 0.64 0.64 0.82

MSE (ms�1) 0.55 2.5 2.5 4.1

Wind direction r 0.54 0.92 0.90 0.90

MSE (8) 28 15 13 10

Note: r is the correlation coefficient (significance level �0.0500), and at ground use pressure for the element of geo-potential height.

MSE, mean square error.
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PBL simulations from the model, it was found that the

performance was closely linked to the simulation of PBL

heights. The modelled mixing heights varied from 1500 to

3000 m high at daytime and were only about 40 m (the

height of the first layer of the model) at night for both rural

and urban sites (Fig. 3). While the observed mixing layer

heights are typically around 1000 m high in clear days and

would be much lower under stable weather conditions in

summer (He et al., 2006). This implied that aerosols in the

near surface had been over-diluted in the daytime due to

the over-estimate of the PBL heights. It has been found

that the MRF PBL scheme used in this MM5 tends to

produce over-developed PBL in the daytime even at very

high horizontal resolutions (about 2 km) (Hong and Noh,

2006; Steeneveld et al., 2008).

On the contrary, at night, there are no underestimations,

and the MBs and NMBs for all stations are much less than

those for the daytime. However, the NMEs are much larger

than the NMBs and are all much larger than those of the

daytime, which indicates that there exit larger random

errors in the simulation at night than at the daytime. These

random errors are found to be related to the MRF PBL

scheme which roughly defines the PBL regime to be stable

when the Bulk Richardson Number is larger than 0.5

and cannot represent the significant turbulence generated

mainly by short-term (minutes) accelerations of unknown

origin in the near-calm nocturne conditions (Mahrt et al.,

2012).

Table 5. Simulated mean (model mean) and mean observed (observed mean) PM10 concentrations, and mean bias (MB), NMB

(normalised mean bias), NME (normalised mean errors and correlation coefficient r for nighttime, daytime and full day (daily) of the five

stations: Shangdianzi, Nanjiao, Gucheng, Huimin and Zhengzhou for CTL test

Stations Model mean Observed mean MB NMB (%) NME (%) r

Shangdianzi

Daytime 37.9 56.4 �18.5 �32.8 46.0 0.61

Nighttime 64.4 61.5 2.8 4.6 71.5 0.15

Daily 51.1 59.3 �8.2 �13.7 56.7 0.40

Nanjiao

Daytime 65.2 116.6 �51.4 �44.1 44.1 0.27

Nighttime 135.9 138.4 �2.5 �1.7 47.6 �0.08

Daily 100.5 127.7 �27.2 �21.3 37.4 �0.01

Gucheng

Daytime 69.7 100.2 �30.4 �30.4 38.8 0.39

Nighttime 121.3 102.7 18.6 18.1 46.6 0.13

Daily 95.5 101.3 �5.8 �5.7 35.1 0.20

Huimin

Daytime 50.4 93.3 �42.9 �46.0 53.3 0.54

Nighttime 81.0 96.9 �15.8 �16.2 54.3 0.33

Daily 65.8 95.5 �29.7 �31.1 43.5 0.52

Zhengzhou

Daytime 58.7 96.0 �37.3 �38.9 44.0 �0.19

Nighttime 120.7 96.7 24.0 24.8 68.9 0.18

Daily 89.7 96.6 �6.9 �7.1 38.6 0.05

Significance level �0.0500.

f = 52.5+0.29x, r=0.382
 (significent level=0.0500), unit: µg m-3

CAWNET
0 50 100 150 200 250

C
T

L

0

50

100

150

200

250

Fig. 2. Scatters of simulated and observed daily mean PM10 for

all the five stations in CTL run. Results of CTL means from

control run. CAWNET is from CAWNET observation.
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Of cause, the model resolution is also a factor contribut-

ing to the poor simulation of PBL height. The coarse

resolution and the missing updated database to represent

the rapid growth of the urban areas and changes of the

landuse and landcover in North China have definitely

contributed to the unrealistic simulation of PBL in the

model and needs to be improved in future studies.

3.3. Comparison of aerosol constituents in Beijing

One aerosol mass spectrometer (AMS) and one 43CTL SO2

analyser (Thermal Environmental, USA) stationed on

a CMA building in the centre of Beijing City measured

the diurnal variation of the sub-micron hydroscopic

aerosol constituents and SO2 from June 20, 2008. One

Aethalometer (model AE-31, Magee Scientific) was used to

measure BC on a 5-min time base at Nanjiao (Zhang et al.,

2009). The daily, day- and nighttime mean aerosol con-

centrations of OC, sulphate, nitrate, ammonium and BC

from both observations and CTL simulations are shown in

Table 6.

The correlation coefficients between daily-averaged

modelled and observed concentrations range from 0.34

for BC to 0.09 for nitrates with sulphate, ammonium and

OC in between. Generally, the correlation values are higher

for the daytime than those for the nighttime, which is very

similar to the PM10, and underestimations are shown for

all the hygroscopic aerosol components. The OC concen-

trations are very close to observations with an NMB of

about �10% and NME of 24%. The sulphate, ammonium

and nitrate are underestimated by about 59.7, 70 and

96.0%, respectively. It is showed that SO2 is overestimated

by 54% in Beijing (Table 6). However, an analysis of the

OH radicals in the model points out to the underestimated

oxidation capacity of the atmosphere in North China.

Observations show that the concentration of OH radical
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can reach 8�107 cm�3 in summer time in Beijing (Ren

et al., 2002) and about 106 cm�3 in the outflow atmosphere

of the Asia in west Pacific Ocean (Crawford et al., 2003).

However, the highest values of OH radicals from the gas

chemistry in the model are only close to 105 cm�3 (1 ppt)

which is around the global background value and is about

two to three orders of magnitude lower than the observed

value in Beijing. The lower oxidation capacity was a factor

for the underestimation of sulphate and nitrate since most

days were clear during the test time with clear sky processes

dominated. The ammonium has also been underestimated

by 70% and has a ratio of 1:3 to the sulphate mass

concentrations from the model, indicating that almost all

the ammonia was combined with sulphuric acid to form the

ammonium sulphate with very little left for nitric acid. The

observed ammonium to sulphate ratio is close to 1:2, which

shows that abundant ammonia can be combined with

nitrate acid in reality. Urban areas are rich in ammonia

because of emissions, i.e. from coal combustions (Cao

et al., 2010) which have not been fully accounted for in the

emission database for ammonia in the current modelling

system. The underestimation of ammonium is also a major

reason for the underestimation of nitrate. Therefore, a

reasonable simulation of ammonium is the basis for

improving the sulphate and nitrate simulations.

Only BC was overestimated by 129%, with 80% higher

at daytime and 165% higher at night, respectively. How-

ever, due to the small fraction of BC in the total aerosol,

e.g. 3% in 127.7 mg m�3 PM10 at Nanjiao, the over-

estimation of BC did not change the general underestima-

tion trend of total PM10 in the region.

3.4. Aerosol under a heavy hazy episode

A heavy PM episode was observed from July 22 to 28,

during which time North China was controlled by a

combination of a strong subtropical high and a continental

high and a stable weather featuring light fog with haze

observed (Fig. 4a). The weather map at 500 hPa at 00 UTC

on July 26 indicated that North China was just under the

Table 6. Simulated mean (model mean) and mean observed (observed mean) concentrations, MB (mean bias), NMB (normalised mean

bias), NME (normalised mean errors and correlation coefficient r for nighttime, daytime and full day (daily) of the five aerosol constituents:

sulphate (SF), organic carbon (OC), ammonia (AM), nitrate (NT) and BC in control run (CTL)

Aerosol constituents Model mean Observed mean MB NMB (%) NME (%) r

SF

Daily 13.4 33.2 �19.8 �59.7 60.7 0.284

Daytime 11.3 32.1 �20.8 �64.9 64.9 0.57

Nighttime 15.5 34.3 �18.8 �54.8 59.8 �0.12

OC

Daily 27.2 30.5 �3.3 �10.8 24.4 0.124

Daytime 17.0 29.3 �12.3 �42.0 42.5 0.33

Nighttime 37.3 31.3 6.0 19.0 34.5 0.31

NH4
�

Daily 4.5 14.9 �10.4 �70.1 70.1 0.284

Daytime 3.1 13.8 �10.7 �77.6 77.6 0.68

Nighttime 5.8 16.0 �10.1 �63.4 63.9 �0.04

NO3
�

Daily 0.6 15.9 �15.3 �96.0 96.0 0.09

Daytime 0.2 12.7 �12.5 �98.8 98.8 0.22

Nighttime 1.1 18.8 �17.7 �94.0 94.0 0.15

BC

Daytime 7.8 4.4 3.4 80.1 80.1 0.47

Nighttime 17.5 6.7 10.8 161.0 165.3 0.42

Daily 12.7 5.5 7.1 129.0 129.2 0.34

SO2

Daytime 8.9 5.5 3.4 38.0 52.2 0.33

Nighttime 15.2 5.4 9.8 64.0 70.0 0.14

Daily 11.8 5.4 6.3 54.0 62.9 0.19

Significance level �0.0500.
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north edge of the subtropical high marked by the line of 588

decametres of geopotential height (GPDM) (Fig. 4a, right)

while the surface map indicated a weak continental high

marked by the isobaric line of 1008 hPa (Fig. 4a, left). Fig.

4b shows the simulated mean wind, temperature, humidity

fields and observed wind speeds from July 22 to July 31. The

results indicate that warm and humid air from east and

south was blown into North China and stopped by the Yan

Mountains in the north and Taihang Mountains in the west

with very low surface wind speeds, producing a condition

similar to the weather map during this period of time. Under

such conditions, the air mass was very stable and pollutants

were easily accumulated. Consequently, persistently high

PM10 concentrations were observed in Shangdianzi, reach-

ing 150 mg m�3 and in Nanjiao, reaching 250 mg m�3 or

more (Fig. 3). For all the five stations, the episode mean

PM10 concentrations were all higher than those before the

episode, i.e. the episode mean PM10 in Shangdianzi was

more than four times higher than that before the episode.

Wind is the ultimate factor to determine the atmosphere

stability and a control factor for pollutants’ dispersion and

diffusion. Figure 5 shows the time-height sectional wind

field for Shangdianzi station before and during the heavy

episode. Before the episode, a systematic high wind above

brought an unstable condition into the region (Fig. 5a),

favouring the diffusion and ventilation of the pollutants

and resulting in a low PM concentration. However, during

the episode, a reverse condition formed, featuring a low

wind aloft and relatively large wind right above the

surface (Fig. 5b). While the low wind aloft resulted in a

systematic stable condition favourable for the accumula-

tion of pollutants in the surface, the relatively high surface

wind enhanced the mixing of pollutants in the boundary

layer and transported the pollutants from urban source

region to the rural stations. These contrast meteorological

conditions were both observed and simulated for the

Shangdianzi station and explained the reason for the

formation of the episode and for the high rural PM

concentrations observed.

Conversely, if the simulated conditions do not match the

pollutant accumulation conditions, the model will under

estimate the pollutant concentrations. This is clearly shown

Fig. 4. (a) Typical weather charts at surface (left) and 500 hPa (right) (at 00UTC of July 26) in the hazy pollution episode. The

subtropical high is marked by 588GPDM at 500 hPa and (b) the simulated mean wind (vector), temperature (shaded), humidity fields

(contour) and observed wind speeds (scattered numbered) from July 22 to July 31.
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for the CTL run which missed the episode. The time-height

cross section wind indicated that a strong wind in the upper

atmosphere was propagated downward gradually from

July 23 to July 25, with a surface instant wind well above

14 m s�1 in Beijing and its neighbouring area on July 24

while the observed winds were only less than 4 m s�1 under

700 hPa at most time (Fig. 7a). In the surface there is

a strong north wind belt invaded North China while

most surface observations are about or less than 3 m s�1

(Fig. 7c). This false large wind field caused an abrupt drop

in PM10 between July 24 and 25 in several stations,

reaching below 50 mg m�3, which was much smaller than

the observed (Fig. 6). It also impacted on the pollution

levels on July 25�28 because of the much lower pollutant

initial conditions from the previous July 22�25 simulations.

Although a low wind speed was simulated for July 25�28
in the low troposphere (Fig. 7b), the simulated PM10 was

still much lower than the observed (Fig. 6).

Fig. 6. Time series plot for simulated and observed hourly

PM10 for Nanjiao(upper), Gucheng(middle panel) and

Shangdianzi(bottom panel). Obs.(dotted) is the observed PM10,

CTL(solid) is PM10 from the control run. ST1 (long dash) is PM10

from sensitive test one.

a 

b 

Fig. 5. The time-height sectional wind field for Shangdianzi. (a)

Before the haze episode (July 19�22); (b) during the haze episode

July 22�25; (c) during the haze episode (July 25�28).
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In order to improve the model results, the model was

re-run (ST2) by replacing all the meteorology of July

22�25 with that of July 25�28, which was more close to

the reality. The new results indicated that the correlation

coefficients have obviously been increased from 0.4 to 0.84,

�0.01 to 0.14, 0.2 to 0.54, 0.52 to 0.61 and 0.05 to 0.31

for Shangdianzi, Nanjiao, Gucheng, Humin and Zhengzhou,

respectively, and a total correlation coefficient from 0.38 to

0.54 (Fig. 8). The time series of the PM10 concentrations

are relatively persistently higher and much closer to the

observation (Fig. 6).

It is further found that despite the use of more realistic

meteorology, the underestimations still exist. This indicates

that there is still much more space for the wind and the

PBL conditions to be improved especially under the stable

conditions.

3.5. Evaluation of CUACE/Aero AOD

3.5.1. Comparisons of AOD with remote sensing and

surface-based measurements. In CUACE/Aero, the AOD

was calculated from the simulated mass concentration,

particulate size distribution, hygroscopic growth and ab-

sorbing and scattering properties of each size bin for every

aerosol component. The output AOD is the sum of AOD

of 12 bins of all aerosol species (i.e. dust, BC, OC, sea salt,

sulphate, ammonium and nitrate) in the bands of 470, 550,

670, 870 and 1020 nm. Aerosol optical depth derived from
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satellites is known for its higher spatial resolution and can

represent the averaged aerosol distribution within a pixel

and is often used to evaluate and to improve aerosol

simulation (Jeuken et al., 2001; Kinne et al., 2003; Stier

et al., 2005; Kinne et al., 2006). The level-2 AOD with a

resolution of 10 km from MODIS (Kaufman, 1997a; Levy

et al., 2007) satellite was used to evaluate CUACE AOD.

Since NASA Terra overpasses China from 02:00 to 04:45

(UTC) each day, the mean CUACE AOD in three

intervals, i.e. 02:00, 04:00 and 06:00, is selected for the

comparisons when at least more than 15% MODIS AODs

in 550 nm are available in a comparison model grid. Those

AODs have been interpolated into the model grid by a

search radius of 0.38. Ground-based daily mean AODs in

440 nm at Nanjiao, Shangdianzi, Gucheng, Huimin and

Zhengzhou stations (Che et al., 2009) from CARSNET are

also used for the model AOD evaluations.

The correlation coefficient reaches 0.45 between mod-

elled and MODIS AODs (Fig. 9a) and 0.23 between

modelled and CARSNET AODs in CTL run (Fig. 9c).

Statistically, the MBs and NMBs between model AOD and

MODIS and CARSNET are all found to be positive with

similar NMB and NME (Table 7, CTL), which indicates a

systematic overestimation. The averaged CUACE AOD

is about 116% higher than the MODIS and about 78%

higher than the CARSNET. This was contrary to the

averaged PM10 concentrations at daytime from the model,

which were found to be underestimated with �39% of

NMB and 45% of NME (Table 7, CTL). Although AOD

represents the total column of the atmospheric aerosol

loading, the highest loading is still concentrated near the

surface layer, which makes a large contribution to AOD.

Theoretically, a lower PM10 should result in a lower AOD.

Considering the strong capacity of fine particles, parti-

cularly those with diameter less than 1 mm, in absorbing

and scattering sunlight and their great contributions to

AOD, the error in the simulated number concentrations of

fine particles would cause a large bias in AOD simulations.

Monthly mean particle size distributions of water-soluble

aerosols (B1 mm in diameter) of sulphate, nitrate, OC and

ammonium from 5-minute intervals raw data measured in a

field campaign carried out at the same period in Beijing

by an AMS (Zhang et al., 2009) were used to compare the

size distribution of water-soluble aerosols simulated by

CUACE/Aero. The result showed that the peak of the

simulated size distribution of fine particles was close to

0.1 mm which was coinciding with the size where the peak

particle extinction coefficient was while the peak of the

Fig. 8. (a) normalised mean bias (NMB) amplified �1 (white) and normalise mean error (NME)(grey) for each stations during the hazy

polluted episode; (b) mean simulated PM10 (black) and mean observed PM10 (light grey) during the hazy polluted episode (July 22 to July

28) and mean observed PM10 (dark grey) before the episode (July 13 to July 21) for each stations in control run (CTL).

Fig. 9. Correlation coefficients (significance level �0.0500) for

Shangdianzi, Nanjiao, Gucheng, Huiming, Zhengzhou and total

(including all data) for control run (CTL; brown columns) and

ST1.
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observed particle size distribution was close to 0.5 mm,

with much narrower spectral width (Fig. 10c). Though the

simulated peak mass concentration was less than a half of

the observed one, the simulated number concentration was

still about two orders higher. With the same prescribed

extinction parameters, the simulated extinction of water-

soluble aerosols (B1 mm) should be much higher than

the one if the observed size distribution was used, resulting

in the over-estimation of predicted AODs. Therefore,

the number size distribution is one of the most sensitive

parameters for the overestimated AODs.

3.5.2. The effect of initial size distribution on AOD

simulations. Mass size distributions for anthropogenic

aerosols after emissions are usually prescribed from hy-

pothesis or from observations near the source. Currently,

most are based on the observation and laboratory work

in Europe and North America where the annual mean

concentration is typically about 20 mg m�3 (Malm et al.,

2004; Torseth, 2004), much lower than those in east Asia

where the annual mean for most stations can reach up to

more than 100 mg m�3 (Qu et al., 2010). The initial mass

size distribution in China may be quite different from those

of Europe and North America. A new set of initial mass

and number probability density function (PDF) of anthro-

pogenic aerosols emitted was constructed (ST2) to explore

the reasons of the overestimated AOD in CTL run.

In CTL, the prescribed mass size distribution for all the

mass and AOD results discussed before is following the

idealised log-normal mass size distributions:

fx ¼
1

r
ffiffiffiffiffiffi
2p
p exp �ðlog 10ðxÞ � lÞ2

2r2

 !

; x > 0

The mass mean diameter m was 0.1 mm for BC and

OC (Berner et al., 1996), 0.25 mm for sulphate and nitrate

and 3 mm for fugitive dust (Fig. 11). The MSE for

all these components was 1.7. In ST2, the mass size

distributions were reconstructed from the integrated size

distribution observations in the summer time from 2004 to

2006 from 3 nm to 10 mm during the CAREBeijing-

2006 (Yue et al., 2009) and 2008 intensive observation at

CMA as shown in Figure 12. Compared to the previous

distributions, the peak size of the new mass size dis-

tribution for BC, OC, sulphate and nitrate is changed

from 0.1 to 0.5 mm and the peak PDF values changed

from �50 to 25%, displaying more evenly in the range of

0.01�0.1 mm.

In both the CTL and ST2 runs, the initial mass size

distributions for natural dust and sea salt remain un-

changed. The dust is set to be in three log normal

distributions with the mean diameter of 1.99, 4.56 and

7.68 mm and the MSE of 0.96, 0.62 and 0.21, respectively

from the detailed observations in Asia dust source area

(Zhang et al., 1998). The emission size distribution for

sea salt is computed through the density function of size

and wind at 10 m high (Gong, 2003).

The re-run results (ST2) showed that the averaged PM10

was only reduced by 1.1 mg m�3 and the NMB difference

was only 1%, indicating the negligible impact of the new

size distribution on the total PM10 mass. However, the

difference between AODs from the two size distributions

was quite obvious (Table 7). The averaged AOD was

reduced from 1.40 to 0.81 when compared with MODIS,

which was much closer to the observed mean 0.61 than

before. The MB was decreased to �1/5 of the original

value and NMD by �50%. Compared with CARSNET,

the averaged AOD reduced from 2.71 to 1.37, changing

from 78% overestimation to 11% underestimation, with

only half of the original NME. The over-estimation of

AOD at daytime has been corrected. The correlation

coefficient between modelled AOD and CARSNET AOD

Table 7. Simulated daytime mean (model mean) and observed daytime mean (observed mean), and MB (mean bias), NMB (normalised

mean bias), NME (normalised mean errors and correlation coefficient r between AOD of control run (CTL) and sensitive test two (ST2)

with those of MODIS and CARSNET

Aerosol constituent Model mean Observed mean MB NMB (%) NME (%) r

MODIS

CTL 1.40 0.65 0.75 116 143 0.45

ST2 0.81 0.65 0.16 25 76 0.44

CARSNET

CTL 2.71 1.54 1.17 78 111 0.23

ST2 1.37 1.54 �0.17 �11 62 0.31

PM10

CTL 56.3 92.2 �36.0 �39.0 45.0 0.52

ST2 55.2 92.2 �37.0 �37.1 46.1 0.49

Significance level �0.0500.
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was increased from 0.23 to 0.31, with little change to the

MODIS correlations. The scatter plots (Fig. 10b, d) show

the obvious improvements of modelled AOD, especially

with MODIS, and the original overestimated AODs are

now evenly distributed within a factor of 2 from the

observed. Therefore, the more realistic size distributions

Fig. 10. (a, b, c and d): scattered plots between CUACE AOD and CAERSNET AOD, CUACE AOD and MODIS AOD; (e and f):

vertical bar plots for mean values of CUACE AOD, CARSNET AOD and MODIS AOD. Results of CTL means from the control run and

results of ST2 means with the new size distribution.
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greatly improve the AOD simulation without much influ-

ence on the total PM10 predictions.

It was also found the new initial size distribution did

not bring the AOD calculation into the same systematic

under-estimation as the total PM10. This may be related to

the vertical profiles of the aerosols and the total aerosol

column loading. One possibility was that the daytime

aerosol loading may be overestimated, resulting in the

higher AOD, even with underestimated PM10 in the

surface. However, due to the lack of vertical profile ob-

servations, this cannot be verified at present. Therefore, in

addition to having a more realistic aerosol size distribution,

the observed vertical profiles are also very important in

improving the AOD calculations, i.e. the CALIPSO may

provide further information for the model impartment.

3.5.3. Size distribution on the contribution of each aerosol

type to the total AOD. The modelling results enable the

analysis of the contribution of each aerosol type to the total

AOD. It is shown that sulphate is the dominant contributor

to the total AOD in Beijing (Fig. 13), followed by OC, dust

and BC. The contribution of sea salt can be ignored. The

new initial size distribution reduced the AODs of BC, OC

and dust by about 60% and of sulphate by 53%. One of

the reasons for the difference may be due to the fact that

most of the sulphate is from the oxidation of SO2 and

subsequent gas-to-particle conversion process such as

nucleation, coagulation and condensation. The change in

the size distribution of existing particles will change the

condensation process of sulphuric acid and indirectly

change the sulphate size distribution, resulting in the lower

AOD. Generally, the total AOD reduction is about 51%

with less MB.

4. Summary and conclusions

China Meteorological Administration Unified Atmos-

pheric Chemistry Environment/Aerosols, CUACE/Aero,

Fig. 11. Scattered plots for daytime mean PM10 between the simulated and observed of all the CAWNET five stations, (a) for the

control test (CTL) and (b) for the sensitive test two (ST2) with the new size distribution; (c) for the observed mass size distribution,

prescribed mass size distribution and aerosol scattering capacity.
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has been developed with fully online coupled gas phase

chemistry, aerosol microphysics and thermodynamic

equilibrium. Applied in North China and evaluated with

observational data, the factors influencing the performance

of the model are investigated with improvements pro-

posed to enhance the model ability to predict both aerosol

chemical and optical properties.

It is found that the model captured the general variations

of PM10 with most of the data within a factor of 2 from the

observations and a combined correlation coefficient (r) of

0.38 when compared the hourly and daily averaged PM10

from five stations in North China. The correlation between

simulated and observed PM10 is better at daytime than

at nighttime and better at rural than at urban sites.
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Uncertainty in night emissions as well as model resolution

to resolve the heterogeneous features in the urban areas

are attributed for the difference. Another factor for the

systematic underestimation of daytime PM10 concentra-

tions is from the overestimation in simulating the PBL

heights at daytime, i.e. over 1500 m versus observed

1000 m. At night, random errors dominated because PBL

heights are always about 40 m with little variations in

the meteorological model, neglecting the in-homogeneous

factors such as the night turbulence and heat island impacts

over a large area of the city.

The comparison of sub-micron aerosol compositions

with AMS measurements in Beijing shows a systematic

underestimation of sulphate, nitrate and ammonium con-

centrations by �60, 70 and 96%, respectively. This was

primarily due to the weaker, simulated OH concentrations

and less ammonia emission estimation in Beijing. OC

simulation results are rather reasonable with only 10%

bias while the BC concentration was about 129% higher

than observed.

It is found that the accuracy of meteorological simula-

tions is the key to capture the heavy pollution episodes.

The PM10 concentrations during July 23�25 in the heavy

pollution episode were severely underestimated due to an

incorrect simulation of strong winds in the surface and

aloft that caused the unrealistic dispersion and resulted

in a quick drop in pollutant concentrations. Corrected

with more realistic meteorology, this underestimation was

greatly improved, although the uncertainties still existed.

Further analysis of emission, transformation, deposition

processes as well as sub-grid treatment is needed to narrow

the difference for heavy pollution simulations.

On the basis of the observations of aerosol mass size

distributions, a more realistic size distribution for the

primary particle emissions of BC, OC, sulphate and nitrate

aerosols was constructed. The new size distribution of

primary emissions shifted the peak concentration from

0.1 to 0.5 mm and greatly improved the AOD simulations

over the original results where an overestimation was found

for all sites despite of the underestimation of the daytime

PM10 mass concentrations. Though this study pointed

out the direction towards improving the simulation of the

aerosol size distributions and AOD, further study is still

needed to obtain more information on the size distributions

of primary particle from different regions and industrial

sectors.

This work also reveals the comparability of simulated

AOD with observations. The correlation coefficient be-

tween simulated AOD is 0.45 with MODIS but is only

0.23 with surface CARSNET AODs, indicating that the

simulated AOD is more comparable with the grid-averaged

AOD by MODIS (10 km grid average) than with the single-

point measurement by CARSNET.

It should be pointed out that this paper only uses the

surface data to evaluate the PM10 chemical compositions.

The vertical profiles and column loading data should be

used in the future to further the understanding of the model

processes of AOD and aerosol�cloud interactions.
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