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Abstract. The “Blue Sky Project” was proposed in 1998

to investigate by how much emissions should be reduced

to increase blue sky frequency in Beijing, which hosted the

Summer Olympics in 2008. This paper focuses on the tem-

poral variation of visibility and its dependence on meteoro-

logical conditions and suspended particles at Beijing using

the hourly observed visibility data at Beijing Capital Interna-

tional Airport (BCIA) from 1999 to 2007. It has been found

that about 47.8% (24.2%) of the hours in Beijing are “bad”

(“good”) hours with visibility below 10 km (equal or higher

than 20 km) between 1999 and 2007. Due to the high Rel-

ative Humidity (RH), summer is the season with the low-

est mean visibility in a year. Although PM10 index was re-

ported in a decreasing trend (Chan and Yao, 2008), the in-

crease of RH has resulted in a decreasing trend of visibility

over BCIA in the summer from 1999 to 2007. To ensure

blue sky (“good” visibility) for Olympics 2008, daily mean

PM10 index should have been reduced from 81 to 44. This

requires that not only vehicle emissions, but also other emis-

sions should be limited. Observations verify that blue-sky-

hour rate increased significantly after mean PM10 index was

reduced to 53 during Olympics 2008, however, the visibility

of 2009 returned to the mean level from 1999 to 2007 during

the period 8–24 August. RH (aerosol) contribute 24% (76%)

of the improvement of visibility during August 2008.

1 Introduction

Since the end of last century, there has been a growing inter-

est in the connection between air quality and human health

effects, such as chronic respiration illness, cancer, and car-

diovascular morbidity (Samet et al., 2000; Pope et al., 2002;
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Hauck et al., 2004). Visibility may act as an indicator for air

quality (Bäumer et al., 2008). Recently, clear sky visibility

has been found to decrease over land globally from 1973 to

2007 (Wang et al., 2009). Understanding the temporal vari-

ation of the atmospheric visibility and the factors affecting it

is important in a mega-city because poor visibility has sig-

nificance for not only human health but also air and ground

transportation.

Beijing hosted 2008 summer Olympics. Atmospheric visi-

bility, as well as air quality, were important factors determin-

ing the success of the 2008 Beijing Olympic Games. Mea-

sures have been taken to improve the air quality of Beijing,

including moving high-polluting industries out of Beijing,

replacing coal fuel with natural gas, and phasing out leaded

gasoline in recent years. Pollutants such as sulfates and ni-

trates have been reduced significantly since 1998 (Chan and

Yao, 2008), and the PM10 (Aerosol particulate matters hav-

ing diameters less than 10 µm) concentration has also been

reduced after 2003 (Chan and Yao, 2008). Improvements in

visibility have been experienced at UK after the reduction of

pollution (Doyle and Dorling, 2002). The Chinese govern-

ment has planned to increase Blue Sky frequency by limiting

vehicle emission during Beijing 2008 Olympics. In this re-

gard, understanding the relationship between visibility and

meteorological conditions and aerosols is essential as a first

step toward the development of a program to improve visi-

bility in Beijing.

Visibility at a given location is controlled by the physi-

cal and chemical properties of the particulate matter and the

ambient relative humidity (RH). Numerous studies carried

out all over the world indicate that visibility impairment is

largely due to the light scattering of ambient aerosols. Con-

centrations of these aerosols are governed by meteorological

conditions and the emission source strength (Sequiera and

Lai, 1998; Sloane, 1983, 1984; Lee, 1983; Dayan and Levy,

2005; Tsai, 2005; Vautard, 2009). Qin and Yang (2000) illus-

trated a clear trend of downward visibility in Beijing during
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1980–1994, using the visibility data at Beijing Local Time

14:00 LT in clear days. Decreasing trend of visibility dur-

ing 1973–2007 were also detected on the basis of the daily

visibility, which was defined by a minimum of four synop-

tic observations per day from National Climate Data Center

(Chang et al., 2009). There is, however, no comprehensive

visibility study based on hourly data for recent years in gen-

eral. This paper focus on the temporal variation of visibility

and its relay on meteorological condition and suspended par-

ticles, in order to give advice for improving visibility during

the Beijing 2008 Olympics. Data are described in Sect. 2,

which followed by result and discussion in Sect. 3. Finally,

conclusions are given in Sect. 4.

2 Data descriptions

In this paper, the hourly operational meteorological data (vis-

ibility, temperature, pressure, dew point temperature, RH)

are used to investigate the temporal variation of visibility and

its relationship with the meteorological conditions from 1999

to 2007. The data are provided by the information center

of Beijing Capital International Airport (BCIA) after qual-

ity control. The visibility observation is obtained manually.

The archived weather observations record on an hourly ba-

sis is used in the present study. A “good” hour, is defined as

the hour with a visibility equal or higher than 20 km in this

study. A “bad” hour is defined as the hour with a visibility

lower than 10 km. A “very bad” hour is defined as the hour

with a visibility lower than 2 km. In this paper, “blue sky

rate” is defined as the occurrence frequency of the “good”

hour.

Considering that particles in the fine (<2.5 µm) fraction

account for 99% number concentration of the total parti-

cles in airborne PM samples in Beijing (Shi et al., 2003),

daily mean PM10 data from 2003 to 2007 is used to ana-

lyze the correlation between visibility and suspended parti-

cles. The daily mean concentrations of PM10, a primary pol-

lutant, in the Beijing city have been presented in the form of

the ambient air pollution index (API). The relationships be-

tween API and PM10 concentration is given in Table 1. The

data obtained from Beijing Environmental Protection Bureau

(BJEPB: http://www.bjepb.gov.cn/air2008/Air.aspx) include

daily API for 28 surface stations from 2003 to 2009. Unfor-

tunately, not all stations have the complete records of API

for 7 years because of some unexpected and historical rea-

sons, for instance, some data are lost, some stations were

relocated and some were established after 2006 during this

period. In this study, we chose 19 stations with consistent

observations from 2003 to 2009 (details are provided by the

supplementary material, Table S1). The daily PM10 data is

spatially averaged from 19 monitoring stations in the Beijing

city (Fig. 1). If there is a day in which API record of more

than 3 stations are missing, the day is regarded as an invalid

day. Data in an invalid day are not considered in our analysis.
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Fig. 1. Locations of the Beijing airport and 19 API observation

stations in Beijing.
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Fig. 2. Occurrence frequency of hourly visibility in different vi-

sual ranges from 1999 to 2007. Dashed lines show the 1999–2007

average frequency of visibility in different visual ranges.

In addition, we also calculate the daily mean RH, visibility

and PM10 for August from 2003 to 2008.

3 Results and discussions

3.1 Temporal variations of visibility and RH

Hourly visibility data from 1999 to 2007 are summarized in

Fig. 2 according to visual ranges. Only 24.2% of the hours in

Beijing were “good” hours (blue bars and blue dashed line)

and about 47.8% were “bad” hours (including yellow and

brown bars and lines) from 1999 to 2007. The frequency of

visibility between 2 km and 10 km, shown by yellow bars,
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Table 1. The relationships between API and PM10 concentration.

API PM10 Conc. (µg m−3) Level of air quality

0–50 0–50 Excellent

50–100 50–150 Good

100–200 150–350 Slight pollution

200–300 350–420 Moderate pollution

300–400 420–500 Heavy pollution

400–500 500–600 Heavy pollution

has increased from 37% in 1999 to 43% in 2007. The fre-

quency of “very bad” hours does not have much fluctuation

from 1999 to 2007. This leads to an increase of the fre-

quency of “bad” hours during the years. It should be noted

that “very bad” hour in BICA is often influenced by several

weather phenomena, such as fog, haze, dust and precipita-

tion. From 1999 to 2007, about 68.7% of the “very bad”

hours are caused by fog. About 27.7%, 3.0% and 0.6% of

them are associated with haze, dust and precipitation, respec-

tively.

Seasonal and diurnal variations of visibility and their

trends from 1999 to 2007 are illustrated in Fig. 3. To avoid

the influence of precipitation and fog to the visibility obser-

vation, the data of precipitation and fog hours are excluded

from analysis (Trijonis, 1979; Chen et al., 2003). Summer is

the season with the lowest visibility. Mean visibility in sum-

mer is generally below 10 km during the night and morning,

and exceeds 10 km only in the afternoon. Note that July is the

“worst” month with a mean visibility of 9.4 km. The mean

visibility in August, the month summer Olympics 2008 was

held, is 9.8 km from 1999 to 2007. For the other seasons,

mean visibility generally exceeds 10 km during the day time,

and is lower than 10 km during the night time. October is the

“best” month with a mean visibility of 12.8 km. The monthly

variation of RH shown in Fig. 4 reveals that the moisture

abundance in summer is responsible for the relatively low

visibility.

The lowest visibility of 9.7 km occurs at 01:00 LT, and the

highest visibility, which is 13.7 km, appears at 15:00 LT. The

relatively good visibility in the afternoon is mainly because

of the high temperature (not shown) from solar heating that

reduces the RH (Fig. 4), and in addition, the higher PBL

(Planetary Boundary Layer) in the afternoon may provide

suitable conditions for vertical mixing of pollutants, leading

to better visibility.

On average, the annual mean visibility is decreasing at

−0.13 km per year from 1999 to 2007, however the decreas-

ing trend is not significant at 95% confident level. While

there is an obvious decreasing trend of visibility in most

months, summer is the main season that contributes to the

decrease of annual mean visibility (Fig. 3). The decreasing

trend in July is significant at 95% confidence level. The de-
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Fig. 3. Visibility distribution in relation to Month and Local Time

(filled color). The blue bars at the top (on the right) denote mean

visibility over the entire period 1999 to 2007 for each hour (month).

The red curves denote visibility trend in BCIA from 1999 to 2007.

Red dash line represents sunrise time and black dash line represents

sunset time.
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Fig. 4. RH distribution in relation to Month and Local Time (filled

color). The blue bars at the top (on the right) denote mean visibility

over the entire period 1999 to 2007 for each hour (month). The red

curves denote visibility trend in BCIA from 1999 to 2007. Red dash

line represents sunrise time and black dash line represents sunset

time.

creasing rate peak is about −0.5 km per year in July, and it

could be explained by the obvious increasing trend of RH in

summer (Fig. 4). The mean visibility trends are negative for

every hour and reaches the minimum value of −0.17 km per

year in the late afternoon (17:00 LT), when a slight increase

of RH was found in Fig. 4, although none of them are signif-

icant.
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Fig. 5. Daily mean visibility of BCIA vs. daily mean PM10 con-

centration in Beijing from 2003 to 2007 using the 19 observing sta-

tions. The correlation index between visibility and ln(PM10 con-

centration) for four seasons is shown as the variable “r”.

3.2 Dependence of visibility on PM10 and

meteorological conditions

Several former studies indicated that the decrease of visibil-

ity was related to the increase of PM10 in urban city Xian

and Taiwan (Che et al., 2006; Tsai, 2005). The daily mean

visibility of BCIA in relation to daily mean PM10 mass con-

centration of Beijing from 2003 to 2007 is shown in Fig. 5.

The days with daily mean RH greater than 90% are excluded

from analysis (Malm and Day, 2001; Chang et. al., 2009).

Daily average PM10 concentration in spring is higher than

those in other seasons. The correlation index between vis-

ibility and ln(PM10 concentration) for four seasons are sta-

tistically significant at 99% confidence level. “Good day”

hardly occur when PM10 concentration (index) is greater

than 250 µg m−3 (150). The visibility may varies between

2 km and 45 km when PM10 concentration (index) is below

150 µg m−3 (100), and most of the days with visibility below

10 km occur in the summer due to the high RH (Fig. 4).

Figure 6 combined frequency distribution of visibility

ranges and RH at BCIA from 1999 to 2007. Results show

that low visibility is highly associated with high RH. Most

“very bad” hours occur when the RH is 90∼100%. There are

a few cases of “very bad” hours caused by sand storm when

RH is about 20∼40%. For most hours with visibility higher

than 2 km and lower than 10 km, the RH is around 60∼100%.

The RH has a broad range of 10∼100% for visibility from

10 km to 15 km, but with a high frequency around 30∼40%.

Results also show that good visibility is highly related to low

RH. For “good” hours with visibility equal or higher than

20 km, the RH is mostly around 20∼40%. Results in this

study are consistent with previous work that showed reduc-
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Fig. 6. Hourly occurrence frequency of visibility in relation to visi-

bility and RH in BCIA from 1999 to 2007.

tion in visibility under high RH (Malm and Day, 2001; Se-

quiera and Lai, 1998).

To understand visibility variation at a location, it is impor-

tant to examine the relationship between visibility and the

winds that can characterize the transport of the pollutants.

Figure 7 presents the visibility distribution in relation to wind

direction and wind speed. It is obvious that the visibility

over BCIA is low under the prevailing southerly, southeast-

erly and easterly wind conditions when industrial aerosols

are carried over to Beijing (Song et al., 2006; Chan et al.,

2005). Mountains around the north and west of Beijing play

a significant role in blocking these urban aerosols from being

advected out of Beijing. Moreover, “bad” hours occur under

weak variable wind conditions; this may be related to the

dominance of local urban emissions. There are some cases

of lower visibility under strong southerly or southeasterly

wind (greater than 12 m s−1) condition, which correspond to

the low level jet under severe convective system in the sum-

mer. “Good” visibility is associated with northerly, north-

westerly and westerly wind greater than 3 m s−1, suggesting

that regional transport from less populated and moist air from

northwestern China.

Although the annual PM10 concentration has been re-

ported to decrease from 1999 to 2005 in Beijing (Chan and

Yao, 2008), the increase of moisture over the years in the

summer may intensify the hygroscopic growth of the aerosol

particles, and therefore increase light extinction and reduce

visibility. Specific humidity reveals an increasing rate of

0.16 g kg−1 per year in the summer from 1999 to 2007 (not

shown). We think it is a probable explanation of the trend

of decreasing visibility from 1999 to 2007. Surface moisture

increase is also reported by Dai (2006) in a global range and

is found to be associated with global warming.

Atmos. Chem. Phys., 10, 7821–7827, 2010 www.atmos-chem-phys.net/10/7821/2010/
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10 km, and red symbol represents visibility no less than 20 km. The

symbols with “+” represent observation in 2008. Triangle repre-
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greater than 1.5 m s−1 and lower than 3 m s−1, and square repre-
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Fig. 9. Occurrence frequency of hourly visibility in different vi-

sual ranges from 8 to 24 August 1999 to 2009. Dashed lines show

the average frequency of visibility from 8 to 24 August in different

visual ranges from 1999 to 2007.

3.3 Visibility in August

Improvements in visibility have been experienced at UK af-

ter the reduction of pollution (Doyle and Dorling, 2002).

During Beijing 2008 Olympics, the Chinese government had

planned to increase Blue Sky frequency by limiting vehicle

emission and other emission(Zhang et al., 2009). But how

much the emission should be limited is an interesting ques-

tion. Figure 8 summarizes the relationship of daily mean vis-

ibility with daily mean RH and PM10 index in August, which

is the olympic month, from 2003 to 2007. Also observations

in 2008, represented by the symbols with “+”, are shown in

Fig. 8. Precipitation and fog days are excluded. It is seen

that low visibility is generally associated with high RH and

high PM10 index, while high visibility occurs when RH and

PM10 index are low. The daily mean RH in August varies

from 42% to 98%, with an average of 78% during the years

from 2003 to 2007. PM10 index in the same period varies

from 15 to 150, with an average of 81. The averaged visibil-

ity in August from 2003 to 2007 is 9.7 km. The increasing

moisture or RH brought more challenge to improve visibil-

ity during Olympics 2008. Since the RH modification was

impossible, a possible way to increase visibility was to re-

duce PM10 index. Assuming a RH of 78%, Figure 8 shows

that PM10 index needs to be 77 (44) in order to get a visibil-

ity of 10 (20) km during August. A recent study shows that

24% of PM10 in Beijing is contributed by vehicle emission

in a wet season (Zhang et al., 2007). Other emissions, such

as soil dust, coal combustion, secondary pollutants, biomass

burning, and industrial emission also make 30%, 19%, 18%,

9% and 1% contributions to PM10, respectively (Zhang et

al., 2007). If the visibility would be 10 km under a RH of

78%, 30% of vehicle emissions should be limited for the

www.atmos-chem-phys.net/10/7821/2010/ Atmos. Chem. Phys., 10, 7821–7827, 2010
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Fig. 10. The relationship between daily mean mass extinction ef-

ficiency (MEE) and relative humidity in summer 2003-2008. The

black curve is the fitting line of the data. The correlation coefficient

between MEE and x is shown as the variable “r”.

Olympics 2008. For RH higher than 60% in August, the vis-

ibility would not reach the standard of a “good” day even if

all vehicles be limited. In addition to vehicle emission lim-

itation, soil dust emission, coal combustion and secondary

particulate should also be limited during the Olympics 2008

if the visibility is to be improved to 20 km in Beijing. In fact,

Chinese government has reduced soil dust by planting veg-

etation and limited coal combustion and industrial emission

during Olympics 2008 (Zhang et al., 2009). The symbols

with “+” represent observation in the August of 2008. Figure

8 shows obvious decrease of daily PM10 index and increase

of daily mean visibility in the August of 2008. The mean

PM10 index in August 2008 has been reduced to 60. The

mean visibility has been improved to 12.6 km in August of

2008 (Fig. 8). From the hour frequency in different visibility

range in Fig. 9, blue sky hour rate had been increased 50.2%

from 8 to 24 August 2008, when Olympic game was held. In

that period, the mean PM10 index was reduced to 53. Unfor-

tunately, from 8 to 24 August 2009, the blue sky hour rate

has been recovered to the average level from 1999 to 2007.

Although about 15% vehicle was limited for working day af-

ter Olympic Game in Beijing, it is not enough to improve

blue sky rate obviously in August. The observed mean PM10

index is 76 and hourly mean visibility is 9.5 km in August of

2009 (not shown).

Although quantitatively dividing the impacts of relative

humidity (RH) and aerosol on visibility during Olympic

2008 is interesting, it is still a complicated issue. The hygro-

scopic growth factor of aerosol varies with different chem-

ical compositions and physical properties. However, long-

term observation data of chemical species and size distri-

bution of aerosol in Beijing is not available. If we assume

that aerosol chemical composition and size distribution are

relatively constant, especially in annual variation, we can

roughly quantify the effect of RH and aerosol on visibility

during 2008 Olympic.

An important parameter linking aerosol mass concentra-

tion with the light extinction is the mass extinction efficiency

(MEE). It is defined as the ratio of the extinction coefficient

to PM10 mass concentration (Si et al., 2005; He, 2009). The

light extinction is calculated from the Koschmieder’s for-

mula:

σext=3.912/V, (1)

where σ ext is the extinction coefficient, and V denotes vis-

ibility (in km). The dependence of daily averaged MEE on

daily mean RH is shown in Fig. 10. Assuming MEE is a

function of RH: MEE = f (RH) = ax3 + bx2
+ cx + d , where x

is 1/(1-RH). We can get the fitting coefficients based on daily

mean mass extinction efficiency (MEE) and RH in summer

of 2003–2008 (Fig. 10).

MEE = −0.0032x3
+0.0161x2

+1.5703x −0.0355 (2)

Here the correlation coefficient between MEE and x is

0.76, which is statistically significant at the 99% confidence

level.

If we set PM10 concentration as the mean value from 2003

to 2007, and let RH equal to the mean RH during August

of 2008, we could get the visibility improvement due to RH

from Eqs. (1) and (2). Similarly, the effect of PM10 on vis-

ibility during olympic 2008 can be derived. The proportion

of RH and PM10 (aerosol) on improving visibility during Au-

gust of 2008 is about 24% and 76%, respectively.

4 Conclusions

Temporal variation of visibility and its relay on meteoro-

logical condition over BCIA have been examined using the

hourly visibility, RH and wind field data from 1999 to 2007.

The daily mean PM10 index from 2005 to 2007 are also

used to investigate the relationship between visibility and

suspended particles in the air in Beijing city. About 47.8%

(24.2%) of the hours in Beijing are “bad” (“good”) hours be-

tween 1999 and 2007. Summer is the season with the low-

est visibility in a year, and 01:00 LT is the hour with low-

est visibility in a day. Analysis of the meteorological condi-

tions reveals that high (low) RH is in high accordance with

low (high) visibility. A “good” hour in Beijing is associated

with northerly, northwesterly, and westerly wind greater than

3 m s−1; a “bad” hour is associated with weak variable wind

and wind from the south, the southeast, and the east.

The data presented in this paper indicate that there is a sig-

nificant decreasing trend of visibility over BCIA in the sum-

mer from 1999 to 2007. The decreasing trend is apparently

due to the increase in RH. If the mean RH 78% is consid-

ered, a “good” day would occur if PM10 index were reduced

Atmos. Chem. Phys., 10, 7821–7827, 2010 www.atmos-chem-phys.net/10/7821/2010/
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to 44. Assuming 24% of PM10 in Beijing is contributed by

vehicles, a “good” day would not happened during Olympics

2008 even if all vehicle emissions were eliminated. Apart

from vehicle emission limitation, soil dust, coal combustion

and biomass burning limitation should also be considered to

improve visibility for Bejing Olympics 2008. And this con-

clusion was confirmed in the August of 2008 during Beijing

Olympics and in the August of 2009 later. Due to high RH

in summer, the challenge of improving visibility of Beijing

remains.

Supplementary material related to this

article is available online at:

http://www.atmos-chem-phys.net/10/7821/2010/

acp-10-7821-2010-supplement.pdf.
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Bäumer, D., Vogel, B., Versick, S., Rinke, R., Möhler, O., and
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