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Characteristics of ventilation coefficient and its impact on urban air pollution
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Abstract: The temporal variation of ventilation coefficient was estimated and a simple model for the prediction of urban ventilation
coefficient in Changsha was developed. Firstly, Pearson correlation analysis was used to investigate the relationship between
meteorological parameters and mixing layer height during 2005—2009 in Changsha, China. Secondly, the multi-linear regression
model between daytime and nighttime was adopted to predict the temporal ventilation coefficient. Thirdly, the validation of the
model between the predicted and observed ventilation coefficient in 2010 was conducted. The results showed that ventilation
coefficient significantly varied and remained high during daytime, while it stayed relatively constant and low during nighttime. In
addition, the diurnal ventilation coefficient was distinctly negatively correlated with PM,, (particle with the diameter less than 10 pum)
concentration in Changsha, China. The predicted ventilation coefficient agreed well with the observed values based on the
multi-linear regression models during daytime and nighttime. The urban temporal ventilation coefficient could be accurately
predicted by some simple meteorological parameters during daytime and nighttime. The ventilation coefficient played an important

role in the PM,, concentration level.
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1 Introduction

Air pollution is a serious problem attracting much
attention all over the world. Identifying the source of air
pollution is essential to determine atmospheric pollution,
meanwhile effective control has been emphasized in
recent studies. Consideration must be given to
meteorological parameters influencing urban air
pollution [1-2]. However, the studies regarding these
problems have been limited until now.

The two most important meteorological parameters
are: the mixing layer height (MLH) and wind speed
[3—5]. The mixing layer height indicates the vertical
diluted ability of air pollutants, and the wind speed
represents the horizontal ventilation, which benefits the
dispersion of air pollution. Therefore, the ventilation
coefficient, which is a product of mixing layer height
multiplied by average wind speed, implies the
assimilative potential and ventilation capacity [6—7]. The
ventilation coefficient plays an important role in the
dilution and elimination of aerosols, and can be
considered as one of the factors determining pollution
potential over a region of interest. Some studies [8—11]
have investigated the characteristics of the ventilation
coefficient. For example, GOYAL and CHALAPATI [7]

investigated the temporal characteristic of the ventilation
coefficient in Kochi, and they stated that the ventilation
coefficient was higher during the afternoon, while it was
lower during the evening and morning in all the seasons.
In addition, the study by MANJU et al [12] in Manali
demonstrated that the highest ventilation coefficient
between 13:00 and 16:00 implied potentially safe hours
for dispersion of the pollutants during summer. However,
most of these studies only aimed at the characteristics of
ventilation coefficient but did not focus on the
relationship between ventilation coefficient and air
pollution.

China is the biggest developing country with urban
intensively increasing air pollution due to the rapid
development of urbanization, basic constructions and
economic development, which exerts an adverse effect
on the urban environment, health and climate change. To
date, the air pollution in China has attracted much
attention around the world. The most serious air
pollution is mainly distributed in the large and medium
cities, especially the capital cities. Changsha, the capital
city of Hunan province, is located at the central south of
China. Similar to other capital cities, Changsha has
experienced increasing air pollution attributed to urban
industrialization and basic construction, which posed a
potential threat to the entire city. Changsha belongs to
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the subtropical monsoon climate, and consequently its
meteorological parameters (temperature, wind speed and

relative humidity) intensively vary during the whole year.

However, such climatic disadvantage may create an
uncertain risk on the air quality. Therefore, it is of
significant importance to investigate the impact of the
meteorological conditions on the urban air pollution in
Changsha, China.

PM,¢ (particle with the diameter less than 10 um),
as one of the most important air pollutants, can be greatly
influenced by the meteorological condition. PMj,
pollution in Changsha is relatively serious due to the
intensive basic construction and the specific climate
characteristics. Thereby, urban ventilation coefficient can
be regarded as an important standard of urban ventilation
and assimilative pollution ability.

To better estimate the ventilation coefficient and to
further understand its association with air pollution, a
large amount of studies [13—20] have practiced different
methods to measure the mixing layer height such as
Lidar observation, numerical experiment (MMS5), simple
diagnostic model (AERMET), profiler-derived CBL
height, ultra high frequency (UHF) wind profiler, and
lapse adiabatic line. However, as the costly expenditure
and restriction in time and frequency, it is extraordinarily
intricate and unfeasible to be implemented. Besides,
sometimes, the results incline to be imprecise in this way
probably attributed to the handicaps during measurement
and uncertainty of some parameters in the models. In
consequence, this work provides an easier and less
expensive alternative method to calculate the temporal
ventilation coefficient than other methodologies. This
method provides a simple and accurate method to
evaluate and predict the real time ventilation coefficient
in the cities.

In this work, the temporal characteristic of urban
ventilation coefficient and its quantitative relation are
analyzed with meteorological parameters during daytime
and nighttime, as well as its influence to PM, level in
Changsha, China. In addition, accurate multi-linear
regression models are provided by some meteorological
parameters for the calculation and prediction of the
ventilation coefficient.

2 Method

2.1 Sample location

The railway station of Changsha was selected as the
sampling location for this work. This railway station is
adjacent to the downtown of Changsha. A number of
activities by trains, vehicles and human beings occur at
this location every day. The trains operate regularly on a
24 h schedule every day. In addition, there are two
large-scale bus stations in close proximity to the railway

station: one is located in the west and the other is located
in the south. These local buses operate daily starting at
6:00 and continuing to 00:00 year round. Vehicular
traffic by cars and motorcycles is a
phenomenon along the main traffic artery around the
railway station. Also noted within the vicinity of the
railway station is ongoing construction of shopping malls
and residential buildings.

PM,, sampling was located on the top of a building,
approximately 10 m above ground level (AGL). The
PM,, sampling location was selected there because no
other building or barrier was higher to possibly prevent
the airflow at the sample location, which otherwise may
have affected the aerosol pollution.

common

2.2 Data of meteorological parameters

Data of the meteorological parameters including
mixing layer height (MLH), solar radiation (SR),
temperature (T), pressure (Pre), relative humidity (RH),
wind speed (WS), and dew point temperature (DT) on
the airport of Changsha were collected from the
meteorological websites during 2005—2009. The data of
MLH and SR were downloaded from the website of
NOAA (http://ready.arl.noaa.gov/HYSPLIT traj.php) by
HYSPLIT 4 (Hybrid Single-Particle Lagrangian
Integrated Trajectory) Model. The data of T, Pre, RH,
WS and DT were downloaded from the website of
weather underground (http://www.wunderground.com/).
The 24-hourly PM;, concentration in 2008 was obtained
from Changsha Environmental Protection Bureau.

In this work, the total number of the data
during 2005—2009 is 41 621, and non-precipitation cases
accounts for about 86% (35 662). The data received
during precipitation are excluded due to a dry-adiabatic
lapse rate in the mixing layer [13]. For the main purpose
of the present work, the non-precipitation data are
considered adequately representative of all cases.

2.3 Calculation of ventilation coefficient

Ventilation coefficient (VC, V) is a product of
mixing layer height and average wind speed through the
mixing layer. The ventilation coefficient reflects the
transport rate of populations in the mixing layer. The
calculation of VC is given by

V=Z,U (1)

where Z; is atmospheric mixing layer height above the
ground at height of i meters (m); U is average wind
velocity near the ground (m/s).

In this work, the values of Z; and U were selected at
height of 10 m above ground. Lower ventilation
coefficient indicates less dispersion potential of
pollutants in the atmosphere. The higher the coefficient
is, the greater the ability of the atmosphere to disperse
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the pollutants is. The values of ventilation coefficient
were calculated based on the data of mixing layer height
and wind speed on the airport and railway station.

3 Results

3.1 Diurnal variation of ventilation coefficient in

different seasons

The hourly values of the mixing layer height
indicated a similar trend in all the seasons. As shown in
Fig. 1, the mixing layer height increased from 8:00, and
reached the maximum at 14:00 ranging from 1 471 m in
summer to 949 m in winter. Then, it decreased from
14:00 till 19:00, and tended to be invariable from 20:00
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Fig. 1 Variations of hourly MLH (a), WS (b) and VC (c¢) in
different seasons at Changsha during 2005—-2009

to 7:00. The lowest values of the mixing layer height
were equal to or less than 200 m during all the seasons.
The wind speed indicated a slightly different trend
compared with the mixing layer height which moderately
increased from 8:00 and reached the maximum value
between 14:00 and 16:00. Then, it rapidly decreased
until 19:00, and lightly changed from 20:00 to 7:00.
Basically, both mixing layer height and wind speed
intensively varied during 8:00—19:00 and significantly
high, while they nearly tended to be invariable and low
during 20:00—7:00. Therefore, both of the mixing layer
height and wind speed showed the same trend in the
different seasons.

Combined with the mixing layer height and wind
speed, the ventilation coefficient showed the similar
diurnal trend. The ventilation coefficient greatly varied
during 8:00—19:00, while it seemed to be unalterable
during 20:00—7:00. The maximum values of ventilation
coefficient were 5122 m%s in summer followed by
3711 m%s in autumn and 3 694 m%s in spring,
respectively. Winter records had the smallest value of
2 537 m%/s. All the maximum values were found to occur
at 14:00.

3.2 Ventilation coefficient during daytime and

nighttime

Figure 2 shows the monthly variation of the mixing
layer height, wind speed and ventilation coefficient
during daytime and nighttime. The value of mixing layer
height during daytime was greatly higher than that
during nighttime, as shown in Fig. 2(a). Mean mixing
layer height during daytime differed by less than 300 m
in most months except for November, December and
January, and the value during nighttime changed by less
than 100 m in all months. Values for the daytime mixing
layer height showed large variations during the year.
They were the deepest of about 925—1 070 m during
May through October, and the shallowest of about
600—650 m in December and January with rapid changes
in transition months. Values for nighttime mixing layer
height varied throughout the year by only less than 100
m. In general, the maximum nighttime occurred in July
and the minimum occurred in November and December.

Average wind speeds throughout daytime and
nighttime are shown in Fig. 2(b). Daytime wind speeds
ranged from about 2 m/s to 3.5 m/s and nighttime wind
speeds varied from about 1.2 m/s to 1.8 m/s. Like the
mixing layer height, wind speed and its variation were
greater during daytime than nighttime. In addition,
annual variations during daytime and nighttime were
different. Generally, larger speeds occurred from July to
September during daytime, and during nighttime in
September, October, January and February. Lower
speeds commonly occurred from November to March
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Fig. 2 Monthly mean MH (a), WS (b) and VC (c) for daytime
and nighttime at Changsha during 2005—-2009

during daytime and in May and June during nighttime.
Based on the variations of mean mixing layer height
and wind speed during daytime and nighttime, the
ventilation coefficient varied more or less from month to
month and from daytime to nighttime. Basically, the
ventilation coefficient during daytime was greatly larger
than that during nighttime, and mean daytime values
significantly varied in different months while mean
nighttime values tended to be slightly changed between
different months. Figure 2(c) showed that the maxima of
ventilation coefficient during daytime and nighttime

were 4 264.10 m%/s and 561.64 m%/s in July, while the
minimum values of them were 1 436.4 m*/s in December
and 270.62 m%/s in June. It was noteworthy that in July
there was a larger standard deviation of ventilation
coefficient compared with other months.

3.3 Relation between ventilation coefficient and
meteorological parameters

Since it was difficult to estimate the ventilation
coefficient, we analyzed it by two meteorological factors:
mixing layer height and wind speed, separately. However,
measuring and calculating the mixing layer height were
tough and complex based on the current detecting
methods and experiential models. Therefore, in this work,
the correlation of mixing layer height and meteorological
parameters was analyzed including solar radiation (S),
wind speed (W), temperature (7), pressure (P), relative
humidity (Hr) and dew point temperature (7). Then, the
multi-linear regression was adopted by these
meteorological parameters to obtain the reasonable
model of mixing layer height at daytime and nighttime
during 2005-2009.

The data were separated into two time segments as
daytime from 8:00 to 19:00 and nighttime from 20:00 to
7:00. Table 1 gives the correlation of mixing layer height
with the meteorological parameters between daytime and
nighttime. In Table 1, the mixing layer height had the
largest correlation coefficient (0.799) with solar radiation
during daytime, while it was mainly correlated with wind
speed during nighttime (R=0.451). This result indicated
the existence of different essential factors influencing the
mixing layer height during daytime and nighttime,
respectively. Therefore, the sun exerted significant
importance on the variation of mixing layer height and
hence on the ventilation coefficient during daytime,
while the wind speed played an important role in the
alteration of mixing layer height and hereby in the
ventilation coefficient during nighttime. In addition, the
mixing layer height also had relatively high correlation
coefficients with relative humidity and temperature
during daytime, while the relative humidity had
moderately strong relation with mixing layer height
during nighttime.

Table 1 Correlations of mixing layer height with
meteorological parameters

Time S /4 T P Hy Tp
Daytime 0.799 0.306 0.459 -0.243 -0.566 0.216

Nighttime 0.129 0.451 0.089 —0.038 -0.248 0.036

Based on the correlation of mixing layer height with
the meteorological parameters between daytime and
nighttime, the multi-linear regression models of the
mixing layer height between daytime and nighttime
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using the stepwise method were listed as follows:

Haytime=1.455+52.84W+11.39P+54.77T-47.34Tp+
9.97THr—12530.29

Highttime=48.6W—2.28 Hp+1.867+0.085+0.65P—-337.37

3)
where Hgaytime and Hyighiime are the hourly mixing layer
heights during daytime and nighttime.

It was noted that the partial regression coefficients
of the mixing layer heights during daytime and nighttime
were 0.83 and 0.49, respectively. Their combination
resulted in a good coincidence between regressed and
observed ventilation coefficient during the whole day
with the high correlation coefficient of 0.94. As shown in
Fig. 3, the seasonal correlations of diurnal predicted and
observed ventilation coefficient were higher than 0.9,
which interpreted good accordance between regressed
and observed values. However, some hourly regressed
ventilation coefficients were relatively greatly deviated
from the observed values, such as the minimum
regression values during 20:00-23:00 and the maximum
regression values during 12:00—16:00.

()

3.4 Relation between ventilation coefficient and PM;,
concentration
To further understand the correlation between
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ventilation coefficient and PM;, concentration, the
railway station of Changsha was selected as one of the
most seriously polluted areas to investigate the influence
of ventilation coefficient on the PM;, concentration in
Changsha. Four similar but different PM,, trends were
detected: PM,, concentration was significantly high
during night especially around 19:00, and it markedly
decreased till noon. Finally, PM,y concentrations at the
railway station showed an increasing trend during
daytime probably due to the influence of the different
and continuous anthropogenic activities as well as the
variation of the ventilation coefficient. As shown in
Fig. 4, the ventilation coefficient was significantly
negatively correlated with PM;, concentration in
different seasons. Similar to the result on the airport
during 2005-2009 depicted in Section 3.1, the
ventilation coefficient at the railway station was
obviously high and variable during daytime, while it was
low and invariable during nighttime. Accordingly, the
PM,, concentration was more serious during nighttime
than daytime. This may be resulted from the relatively
intensive airborne pollution in the atmosphere due to the
variable pollution sources including unreasonably
located industries, substantive traffic emissions and some
specific heavy exhaust. The contrary trend of variation
between diurnal ventilation coefficient and PM,,
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Fig. 3 Correlation between daily predicted and observed ventilation coefficient (VC) from 2005 to 2009: (a) Spring; (b) Summer;

(¢) Autumn; (d) Winter
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Fig. 4 Correlation between diurnal ventilation coefficient (VC) and PM,, concentration in 2008: (a) Spring; (b) Summer; (c) Autumn;

(d) Winter

concentration indicated that the ventilation coefficient, to
a large extent, exerted an important effect on the PMy,
variation in Changsha. Therefore, it is far-reaching for
the local government to take some reasonable strategies
to improve the urban ventilation and air quality.

4 Discussion

Based on the results above, there existed a
significant difference of ventilation coefficient between
daytime and nighttime. Figure 1 showed that the
ventilation coefficient tended to be higher and
significantly varied during daytime, while it was
relatively lower and constant during nighttime. This may
be resulted from the combined effect by the mixing layer
height and wind speed. The extreme high values of
mixing layer height occurring at noon (14:00) mainly
due to the maximum during late night and early morning
hours could be explained by the occurrence of ground
based inversions which hampered the dispersion [12].
The presence of high-speed wind was common in
summer during mid-day, while it was comparatively low
in winter months, which corresponded to the average
mixing layer height. These observations revealed that the

relatively higher ventilation coefficient occurred in
daytime, in particular at noon, which was favourable for
dispersion of the air pollution. Whereas, the ventilation
coefficient seemed low during nighttime, which may
hamper the dispersion of air pollutants and thus result in
poor air quality. Figure 1 also indicated that both the
vertical ventilation (mixing layer height) and the
horizontal ventilation (wind speed) were significantly
high during noon and afternoon. Both of these two types
of ventilation were relatively low during night. The high
vertical and horizontal ventilation levels indicated the
capacities of dilution and dispersion of air pollutants.
MANJU et al [12] estimated the assimilative capacity of
Manali on the basis of ventilation coefficient for the four
seasons of the year 1998. They found that summer had
the highest ventilation coefficient among the various
seasons. In their study, the maximum values of the
ventilation coefficient were 7 900 m%/s in summer (May)
during noon, and the least in winter (January) with value
of 2 226 m?s. In this work, the values in different
seasons were averaged by three months, for example,
from spring (March, April and May) to winter
(December, January and February), and the wind speed
was relatively low since it was selected at 10 m above
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Fig. 5 Diurnal predicted and observed ventilation coefficient (VC) from January to October in 2010

the ground rather than the values at height of atmosphere.
So, the ventilation coefficient was relatively lower than
the other studies. RAMA et al [20] studied the
assimilative capacity based on ventilation coefficient of
the Visakhapatnam bowl area in summer and winter of
2002—2003. They demonstrated that the ventilation
coefficient was low during early morning and during
night, and tended to be the highest during afternoon
hours. In their study, the maximum value of ventilation
coefficient in summer was 9 781 m%/s and in winter it
was 13 924 m?/s at 14:00. By contrast, in terms of the
results of this work, the maximum value in summer was
greatly larger than that in winter and the values studied
were relatively lower than those in the publications
mainly due to the different geography and climate in
variable terrains.

There are other studies focusing on the variation of
the mixing layer height, wind speed and ventilation
coefficient in different time segments. Monthly averaged
values of morning and afternoon mixing layer height and
wind speed were calculated and summarized for seven
locations in several climatic regions of the contiguous
United States by HOLZWORTH [10]. In his study, the
mean afternoon (12:00-16:00) mixing layer height
differed by less than 300 m in most months, and mean
morning (2:00—-6:00) mixing layer height differed by less
than 200 m in all months. Comparatively, in this work,
the mean mixing layer heights during daytime
(8:00—19:00) and nighttime (20:00—7:00) were relatively
less than the values in afternoon and morning by
HOLZWORTH. In addition, afternoon wind speeds by
HOLZWORTH’s study ranged from about 4.5 m/s to
8 m/s and morning speeds varied from 3 m/s to 6.5 m/s.
This indicated that the wind speed was greater in the
afternoon than that in morning. Compared with his
results, nighttime wind speeds in this work ranged from
about 1.2 m/s to 1.8 m/s and daytime wind speeds

changed from 2 m/s to 3.5 m/s, which interpreted that the
wind speed was greater during daytime than nighttime in
Changsha. Furthermore, the wind speeds in this work
tended to be relatively smaller than the values by other
studies probably because the wind speed was selected at
the height of 10 m above the ground, which was
relatively lower than the heights used in other studies.
The data of mixing layer height and meteorological
parameters from January to October in 2010 were
adopted using the multi-linear regression model to
predict the ventilation coefficient and to test and validate
the precision and applicability. Based on Egs. (2) and (3),
the predicted ventilation coefficients were highly close to
the observed values. The R* values of daily observed
ventilation coefficient with predicted values were as high
as 0.82 (Fig. 5). The high correlation coefficients
indicated a relatively good validation of the regression
model.  Therefore, this model wusing available
meteorological parameters may, to a large extent,
accurately predict the real time ventilation coefficient.

5 Conclusions

1) The variation coefficient was significantly
variable and high during daytime, while it was relatively
invariable and low during nighttime, which indicated that
it was reasonable to emit the heavy air pollution during
daytime particularly at noon due to the highest
ventilation coefficient and capacity for dispersion and
dilution of air pollution.

2) The diurnal ventilation coefficient was distinctly
negatively correlated with PM;, concentration at the
railway station in 2008 in Changsha. The extreme low
ventilation coefficient resulted in increasing PM;,
pollution during nighttime, which indicated that the
ventilation coefficient might play an important role in the
variation of PM,, concentration.
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3) The multi-linear regression model for ventilation
coefficient using some simple meteorological parameters
between daytime and nighttime from 2005 to 2009 could
be used to accurately calculate and predict the ventilation

coefficient of Changsha from January to October in 2010.

This model may provide a simple and effective method
to forecast the urban ventilation coefficient and thus
evaluate the basic variation trend of aerosol pollution.
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