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ABSTRACT

By analyzing the pollutant concentrations over the urban area and over the rural area of the city of
Lanzhou, Gansu Province, China, the relationships between the daytime inversion intensity and the pollutant
concentration in the atmospheric boundary layer (ABL) are studied with the consideration of wind speed
and direction, potential temperature, specific humidity profiles, pollutant concentration in the ABL, the
surface temperature, and global radiation on the ground. It was shown that the daytime inversion is a key
factor in controlling air pollution concentration. A clear and positive feedback process between the daytime
inversion intensity and the air pollutants over the city was found through the analysis of influences of climatic
and environmental factors. The mechanisms by which the terrain and air pollutants affect the formation
of the daytime inversion are discussed. The solar radiation as the essential energy source to maintain the
inversion is analyzed, as are various out-forcing factors affecting the inversion and air pollutants. At last, a
physical frame of relationships of air pollution with daytime inversion and the local and out-forcing factors
over Lanzhou is built.
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1. Introduction

As a typical city in an arid area, Lanzhou which
is located in a long valley runs mainly from the east
to the west with a length of about 30 km, maximum
width of 8 km, and depth of 200–600 m. Its urban
area lies mainly in the valley. Because of its specific
valley terrain and resulting climate, the diffusion pro-
cess of air pollutants over it is more complicated than
those over other cities (Zhang and Hu, 1998). Thus,
the interaction processes between different factors re-
lated to the air pollution are of interest. However,
more factors need to be considered to better analyze
trends in the air pollution of the city and improve the
countermeasures (Hu and Zhang, 1999).

The diffusion and transfer of air pollution in
Lanzhou City have been a focus for around two
decades. Some important progress has been made,
such as the discovery that a temperature inversion is
maintained not only at night, but also in the daytime
(Yuan, 1985; Wang and Zhang, 1999; Zhang, 2001;
Xi et al., 2002). However, most studies have resulted
in qualitative discussions and inferences while quan-
titative analyses and experimental investigations are
lacking. For example, it is not clear how much the
daytime inversion contributes to the increase in air
pollutant concentration, and it is also not clear how
strong the feedback of increase in air pollutant con-
centration to the daytime inversion is. On the other
hand, in some studies, the explanations given on inver-
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sion are not satisfactory. For example, it was proposed
that effects of hill peak heating and uphill wind partly
contribute to the formation of the inversion (Hu et al.,
1989; Zhang and Hu, 1992; Zhang and Hu, 1998; An
et al., 2008). Some studies went further claiming that
hill peak heating and uphill wind are two key factors
causing the inversion. According to these viewpoints,
the inversion should be stronger in summer than in
winter. In fact, the daytime inversion in summer is
weaker than that in winter, which shows that hill peak
heating and hill breeze are not major factors for the
formation of winter inversions.

Multiple local factors cause specific air pollution
in Lanzhou City. First, the specific terrain of the
city weakens the wind speed in Lanzhou, making it
difficult to blow air over its hills (Kaimal and Finni-
gan, 1994). Therefore, the capability to diffuse and
transfer air pollutants over the city is congenitally de-
ficient. Second, the daytime inversion worsens the dis-
persion of air pollution. Third, the feedback between
the daytime inversion and air pollutants further com-
plicates the diffusion of air pollution. It can be seen
that the valley terrain, weak wind velocity, tempera-
ture inversion, feedback between the daytime inversion
and the air pollutants, and arid climate are five impor-
tant local factors that interact with one another and
affect air pollution in Lanzhou City. In addition, the
Froude number and the bulk stability of the ABL are
two parameters that can be used to better synthesize
several of the local factors mentioned above and ap-
proximately indicate the capabilities of airflow transfer
over hills and turbulent diffusion, respectively (Zhang,

2001; Zhang and Lü, 2001; Gao and Bian, 2004). Thus,
in order to determine the correct countermeasure for
the air pollution of Lanzhou City, it is very important
to investigate complicated atmospheric diffusion and
transfer processes formed under the influence of these
factors.

2. Observational data

The joint research project of Gansu province and
the Chinese Academy of Sciences named “Study
on Atmosphere Pollution and its Countermeasure of
Lanzhou City” started in 2000. Several sets of data
were collected in this project, including the wind speed
and direction, temperature and humidity in the ABL,
the pollutant concentration, the surface temperature,
and global radiation. Lanzhou topography and the
distribution of urban pollutant monitoring and mete-
orological observation sites are shown in Fig. 1.

Seven sites (St-1 to St-7 in Fig. 1) in the urban area
of Lanzhou selected to monitor long-term air pollution
are as follows: Railway Bureau, Institute of Biologi-
cal Products, Gansu Provincial Construction Workers’
Hospital, Lanlian Hotel, Langang Welfare Area, An-
ning Environmental Protection Bureau, and Lanlian
Cultural Palace. The pollution sources and the whole
terrain were fully taken into account. A background
site in Yuzhong County, located at 36◦21′N, 103◦56′E,
and about 50 km southeast in the downwind direction
of Lanzhou City, was used to compare air pollution
over the urban area with that over the rural area.

Meteorological data was collected at other sites

Fig. 1. Lanzhou topography and distribution of urban pollutant monitoring
and meteorological observation sites.
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(St-8 to St-10 in Fig. 1). A tethered balloon pro-
filer was used to observe the ABL times per day at
0200–2400 LST every two hours. The ABL observa-
tion was related to measurements of air pressure, air
temperature, wind speed, wind direction and air rela-
tive humidity, whose accuracies were 0.1 hPa, 0.2◦C,
0.5 m s−1, 0.6◦and 3% respectively. The launch site
was at the open sports ground of Lanzhou University
(St-8, 36◦03′N, 103◦51′E, altitude of 1520 m) located
in the center of the city (Zhang, 2003). The data was
recorded about every 10 s. The maximum observa-
tional height was about 800 m, the minimum 450 m,
mostly, higher than 650 m. Surface temperature and
global radiation with sensor accuracies of 0.1◦C and
5% respectively were observed in the regular meteo-
rological station of Gansu Meteorological Bureau (St-
9) located near the observational site of the tethered
balloon profiler. Some other micrometeorological ob-
servations were conducted at the automatic weather
station (AWS) of Daqing Mountain (St-10, 36◦01′N,
103◦57′E, altitude of 1700 m), located on the east side
of the urban area and 200-m higher than the bottom of
the valley. Data were recorded every hour at both the
AWS and the regular meteorological station. Table 1
shows observational items at the three meteorological
observation sites.

In order to simplify data analyses, the overall pol-
lutant concentration of the urban area was represented
by the average of observed values at the seven sites.
In addition, the original temperature of the ABL col-
lected by the tethered balloon profiler was incorpo-
rated into the new data consisting of a set of records
every 20 m. The analyzed ABL data was mainly ob-
served below 650 m. The relationship between the air
potential temperature. θ (◦C) and the air temperature
T (◦C) is as follows:

θ = T [1 + 0.098 × (h0 + z)] , (1)

where h0 is altitude of the surface (m), z is height
(m). The average of data observed at 0200, 0400, 0600,
2000, 2200 and 2400 LST was taken as the mean value
at night, and the average of data observed at 1200,
1400 and 1600 LST was used as the mean value dur-

ing daytime.

3. Mechanism of forming air pollution over
Lanzhou City

3.1 Comparison of urban and rural air pollu-
tant concentrations

Large quantities of industrial pollutants are re-
leased into the atmosphere in Lanzhou, which is a
typical heavy industry city. Additionally, dust storms
occurring over the arid area may extend to Lanzhou
and bring a lot of particulate aerosol to it (Chu et al.,
2008). Thus, both the local industrial sources and re-
mote preconditions can cause air pollution. The main
components of air pollutants over the urban area are
particulate loading and industrial gas pollutants in-
cluding sulfur dioxide and nitrogen oxides. Figures 2a
and b respectively show the variations of gas pollu-
tant and particulate loading concentrations over the
urban area of Lanzhou and its rural area Yuzhong
County from 8 to 22 December 2000. From the fig-
ures, the following conclusions are drawn: (1) If the
daily mean emission of pollution sources is thought to
be nearly stable, the variation of the pollutant concen-
tration with time in the urban area can be attributed
to atmospheric diffusion and transfer. (2) Both the
gas pollutant concentration and the particulate load-
ing concentration over the urban area have the same
trends: increasing evidently from 11 to 16 December
2000, then dropping sharply from 17 to 19 December,
and going up again after 19 December. This indicates
that air diffusion and transfer abilities gradually de-
creased during 11–16 December and after 19 December
and increased from 17 to 19.

As shown in Fig. 2a, the gas pollutant concen-
tration over the urban area was generally much higher
than that over the rural area, and its change with time
was also much faster than that over the rural area.
This is accounted for by more industrial gas pollution
sources in this industrial city. As shown in Fig. 2b,
the average particulate loading concentration over the
urban area was clearly higher than that over the rural
area during the observational days. Even so, the

Table 1. Observational items in three meteorological observation sites.

Item

Site A B C D E F G

St-8 Sports ground of Lanzhou Univ.
√ √ √ √ √ × ×

St-9 Daqing Mountain × × × × × √ ×
St-10 Gansu Meteorological Bureau × × × × × √ √

Note: A—air pressure in the ABL, B—air temperature in the ABL, C—wind speed in the ABL, D—wind direction in the ABL,

E—air relative humidity in the ABL, F—ground surface temperature, G—shortwave radiation
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Fig. 2. Variations of (a) the industrial gas pollutant and (b) particulate loading concentra-
tions over the urban area of Lanzhou City and rural Yuzhong County, from 8 to 22 December
2000.

Fig. 3. The difference between the urban and rural pol-
lutant concentrations from 8 to 22 December 2000.

trends with time are similar, although the trend for
the rural areas is a little steeper.

Meanwhile, Figs. 2a and b also clearly indicate
that change in the urban pollution is always anticor-
related with that in the rural pollution. Passing air
pollutants are easily captured by the urban valley, and
the locally produced pollutants are difficult to diffuse
and transfer freely in all directions. Also, because the
urban area is in the upwind direction of the rural area
(Yuzhong County), rural air pollution is easily influ-
enced by urban pollution, but not vice versa. Com-
paring Fig. 2b with Fig. 2a, it is found that the
influence of particulate loading over the urban area
on the city is stronger than that of gas pollutants. In
other words, poor air diffusion and transfer in Lanzhou

inhibit gas pollutant spreading more than particulate
loading. Thus, the change in particulate loading over
the urban area is more dramatic than the gas pollu-
tants.

Figure 3 shows the difference between the urban
and rural pollutant concentrations with time from 8
to 22 December 2000. In the weather records, passing
cold air was found twice, on days 11 and 19. From
the figure it is clear that the difference decreased a
few days before the cold air arrived at Lanzhou and
reached a minimum of 0 when the cold air passed on
days 11 and 19.

A few days before the cold air arrived, the restric-
tive effect on the diffusion and transfer of air pollu-
tant began to decrease. Consequently, more pollutants
were released from the urban area to the rural area,
causing the difference between the pollutant concen-
trations in two areas to gradually decrease. The lo-
cal particulate loading and gas pollutants frequently
spread to the rural area, so the pollution level in the
rural area was enhanced following a reduction in pol-
lution in the urban area. When the cold air passed on
days 11 and 19, the restrictive effect on the diffusion
and transfer dropped to the lowest level and even dis-
appeared, leading to the difference between the urban
pollutant concentration and the rural one reaching the
minimum as shown in Fig. 3. After the cold air passed,
the ability to restrict air diffusion and transfer recov-
ered , so spreading of the pollutants from the urban
area to the rural area decreased, causing the difference
to increase again.

In short, the time-related ability to limit air diffu-
sion and transfer over Lanzhou has a significant influ-
ence on the degree of industrial gas and particulate
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Fig. 4. The daytime inversion in ABL over Lanzhou City
from 11 to 16 December 2000.

loading pollutants over the urban and rural areas. The
above analyses indicate that the ability grew during
the periods from 11 to 16 December and after 19 De-
cember, and dropped during the periods from 17 to 19
December and before 11 December.

3.2 Inversion and its relationship with air
pollution

The daytime inversion in the ABL over Lanzhou
City from 11 to 16 December 2000 is shown in Fig.
4. The daytime inversion intensity was very weak on
11 December. A strengthening process increased the
inversion intensity in the following days. In addition,
the trend of the daytime inversion is similar to that of
the urban pollutant concentration shown in Fig. 2, re-

vealing that the inversion is a key factor controlling air
pollutant diffusion and transfer during the daytime.

To understand how the daytime inversion forms,
the daytime air temperature at the heights of 10 m
and 600 m, and their contributions to the daytime in-
version from 11 to 16 December 2000 are plotted in
Fig. 5. As shown in Fig. 5a, the air temperature at
600 m increased from 11 to 16 December, while it de-
creased at 10 m during the same period. This indicates
the formation and continuous development of the day-
time inversion. Pollutant aerosol in the atmosphere
can absorb and scatter solar radiation, consequently
heating the atmospheric layer in which the particles
reside and changing the radiative heating of the atmo-
sphere and surface (Peter, 2007). These effects may
alter the dynamical and hydrological processes gov-
erning cloud formation (William et al., 2002; Yoram
et al., 2008). Therefore, the air temperature of the
high layer in which the particles reside goes up with
aerosol absorption of solar radiation. Although aerosol
absorption also influences the air temperature at low
levels, its effect is much less than that of the sun’s heat
on the ground surface. Therefore, when the surface so-
lar radiation decreases, air temperature at low levels
also decrease. Similar studies (Dinar et al., 2008) have
also found that atmospheric aerosols absorb and reflect
solar radiation causing surface cooling and heating of
the atmosphere. Thus, the relation between the day-
time inversion and air pollutants is feedback-positive.
If no other factor interrupted the process, both day-
time inversion intensity and pollutant concentration
would become higher and higher.

Fig. 5. (a) The daytime air temperature at the heights of 10 m and 600 m during
11 to 16 December 2000, and (b) their contributions to the daytime inversion over
Lanzhou City.
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Fig. 6. The integrated flux of daily surface global radia-
tion in Lanzhou City from 8 to 22 December 2000.

Figure 5b shows the contribution of the absorption
of solar radiation and the reduction of surface solar
radiation to the daytime inversion intensity from 11
to 16 December 2000. The contribution of the ab-
sorption of solar radiation to the daytime inversion
gradually increases with time from 11 to 16 Decem-
ber. The opposite is true for the reduction of surface
solar radiation.

Although the observational period of the ABL is
too short to be used to analyze the correlation between
the daytime inversion and the air pollutant concentra-
tion in the long term, the change in daily integrated
surface radiation flux on the urban area of Lanzhou
from 8 to 22 December 2000 can indirectly verify the
above results, as shown in Fig. 6. From the figure,
it is clear that the change in daily integrated surface
radiation flux is anticorrelated with the trend of the
pollutant concentration in Fig. 2, indicating that the
increase in the air pollutant concentration can atten-
uate the surface solar radiation flux in the urban area
and vice versa. This result is consistent with previous
studies (Shen et al., 1982; Chen et al., 1993).

The above discussion suggests that the pollutant
radiation effect plays an irreplaceable role in the for-
mation and development of daytime inversions. Some
studies (Stull, 1988; Zhang and Hu, 1998; Hu and
Zhang, 1999) have shown that the peak heating and
uphill wind caused by the valley terrain and arid sur-
face can also form a daytime inversion. The gas pollu-
tant and particulate loading concentrations over the
urban area reached the lowest levels when cold air
passed on 11 December. Because of such low pollu-
tant concentrations, the peak heating and uphill wind
caused by the valley terrain had greater advantages
than pollutants in the formation of the daytime inver-
sion. In Fig. 5, the difference between the daytime
air temperature at a height of 600 m and that at a
height of 10 m was about 0.7◦C, which can be primar-

ily taken as the contribution of the valley terrain to
the ABL inversion. However, when pollutant aerosol
over the valley took part in the formation of an urban
daytime inversion, the inversion became stronger and
lasted longer following enhancement of the pollution
level. The difference between the temperature values
at the two heights grew rapidly and on 16 Decem-
ber reached the maximum value of 6◦C, about eight
times higher than 0.7◦C. According to the above dis-
cussion, we can see that when the previous inversion
state is ruined by the passing cold air, the formation
of a new inversion state is mainly attributed to the
effect of the valley terrain just as it acts on 11 Decem-
ber. In promoting the development of an inversion,
pollutants play a more important role than the valley
terrain, which is just regarded as a factor to start the
new inversion state.

Both the valley terrain and pollutants affect the
daytime inversion through solar radiative forcing.
Therefore, the solar radiation flux is the essential en-
ergy source for maintenance of the daytime inversion.
Other out-forcing factors also have significant impacts
on the daytime inversion and air pollution. Especially,
the daytime inversion is reduced by the passing of cold
air and increased by the passing of warm air over the
valley. During the two cold air processes occurring
on 11 and 19 December, the restriction on air diffu-
sion and transfer was eliminated, causing the pollu-
tant concentration to drop sharply (see Fig. 2) and
the daytime inversion to weaken. Thus, cold airflow
can interrupt the positive feedback process between
inversions in daytime and pollutants.

Precipitation can also wash out air pollutants and
sharply reduce the pollutant concentration, so it can
also interrupt the positive feedback process. However,
the precipitation is especially limited in winter because
of the arid climate of Lanzhou, so it is not enough to
wash out the pollutants and clear them away. Synop-
tic processes are known to have a certain periodicity.
Following periodical synoptic processes, the feedback
process can be interrupted or strengthened, changing
the pollutant concentration regularly.

Overall, there are relatively complex relationships
between daytime inversions and the local and out-
forcing factors including valley terrain, weak wind
speed, sources of particulate, and the arid climate in
Lanzhou City. A rough physical frame of these rela-
tionships can be given out through a combination of
the above facts and inferences, as shown in Fig. 7.

4. Discussion

Change in the pollutant concentration over
Lanzhou City with time results from change in the
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Fig. 7. Physical frame of the relationships between daytime inversion and the
local and out-forcing factors in Lanzhou City.

specific capability of diffusion and transfer. The events
in which the pollutant concentration went up sharply
during 11 to 16 December and after 19 December mean
the capability became lower, while the event in which
the pollutant concentration decreased on days 17 to
19 shows that the capability became stronger. Com-
pared with the rural area, the air pollution over the
urban area is much more serious due to more pollutant
sources. Due to the urban area being in the upwind
direction of the rural area, the pollutants over the ur-
ban area can be transferred to the rural area by wind.
Thus, the air pollution over the rural area is seriously
influenced by that over the urban area. When cold air
passes, the difference between the concentrations over

two areas reaches a minimum value.
The daytime inversion intensity increases gradually

along with the increase of pollutant concentration, in-
dicating it is a key factor in controlling the air pol-
lutant diffusion and transfer. The pollutant aerosol
not only absorbs solar radiation, but also weakens the
surface solar radiation flux on the ground. As to air
temperature, the heating effect is dominant at a high
height, and the cooling effect is dominant at a low
height. Both of them contribute to daytime inversion
formation. Therefore, the interaction between daytime
inversions and air pollutants is actually a positive feed-
back process. If no out-forcing factor interrupted the
feedback process, both daytime inversions and pollu-
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tant concentrations would become higher and higher.
The solar radiation flux is the essential energy

source needed to maintain a daytime inversion. Syn-
optic processes are also important out-forcing factors
in changing the inversion and restricting air diffusion
and transfer. Cold airflow can reduce or eliminate a
daytime inversion, while warm airflow can enhance it.
Additionally, precipitation can wash away air pollu-
tants and, consequently, interrupt the feedback pro-
cess between the inversion and the pollutants. It is
not difficult to understand that the pollutant concen-
tration changes regularly, following periodical synoptic
processes.

In all, feedback between air pollutants and daytime
inversions makes a large contribution to air pollution,
while the specific factors including valley terrain, weak
wind speed, remote sources of particulate, and the arid
climate lead to the special mechanism of forming air
pollution that is different from other cities.
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