
Introduction

With the vigorous development of the world’s 
economy in recent years, development of urbanization 
has also achieved unprecedented development [1, 2]. 
Large-scale popularity of high-rise buildings and extra 
high-rise buildings caused people’s space not only 
limited to the ground, but also increased from the 

ground to a height of 100 m from the ground, even taller 
[3, 4]. However, pollution of atmospheric particulate 
matters was more seriously now [5]. It would cause the 
visibility of the atmosphere of decline, and seriously 
affects people’s normal travel and transport, but also it 
also caused different degrees of harm to the human body 
[6], even death [7-9]. However, people spend as much as 
80-90% of their time indoors [10]. The dirty outdoor air 
would enter the room through the doors and windows of 
the building and the fresh air system, and it would cause 
different degrees of indoor pollution. Therefore, good 
indoor environmental hygiene is particularly important. 
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Abstract

With speeding up urbanization in China, it is important to understand the vertical distribution 
characteristics of outdoor particulate matter concentrations of high-rise buildings. A high-rise building 
at different heights (1st, 7th, 11th, 17th, 23th, and 27th floors) in a university in Xi’an was tested and analyzed 
in this paper. Test time was 8:00, 12:00, 15:00, 15:00 and 22:00, respectively. The results showed that  
the concentration of each particulate matter changed the same trend roughly with the increase of  
vertical height at 8:00 and 22:00, as well as at 15:00 and 18:00. While the mass concentration of each 
particle showed a trend of first increased, then decreased and next then increased with the height 
increased when the time was 12:00. It caused by the inverse temperature. The particles between 0 
and 1.0 μm accounted for more than 99.4% during the testing. There were mainly small particles in 
the atmosphere. PM1.0/PM10 and PM2.5/PM10 all showed a trend of first decreased and then increased at 
different vertical height. The highest points of PM2.5/PM10 and PM1.0/PM10 increased by 9.63% and 8.2% 
respectively from the lowest points, and the ratio was the highest at 15:00. At the same time, outdoor 
meteorological conditions would also affect the concentration distribution of particulate matters. This 
paper provides a reference for the development of high-rise buildings and the effective control of 
particulate matter concentration in high-rise buildings.
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The vertical concentration distribution characteristics 
of high-altitude air pollutants have a more important 
significance for people living on different height floors 
[11, 12].

Many researchers from different countries had 
conducted many studies on monitoring atmospheric 
particulates concentration now [13-17]. Like distribution 
of particulate matters [13, 14], the correlation with 
other pollutants [15, 16], the comparison of the 
distribution before and after in heating time in 
winter [17], and vertical distribution of near-surface 
particulates [18]. Some of the results had achieved, and 
it based on monitoring urban ground areas. Changes 
in the concentrations of particulate matter in urban 
atmospheric environment with floors of different 
heights could not reflect [19]. It also could not fully 
reflect the close relationship between air pollution and 
people’s living environment [14]. The main reason was 
that the research on air pollution was restricted by 
many conditions. At present, there were relatively few 
professional meteorological monitoring towers in China. 
The current research was still mainly carried out on the 
ground. In addition, sampling analysis was disturbed by 
many factors, such as weather factors, pollution source 
distribution, and human factors. As a result, there 
were relatively few studies of the vertical distribution 

of air pollutants in the atmosphere. People would take 
the relevant causes first such as room lighting and 
ventilation into consideration to select the floors of 
high-rise buildings. Some relevant literature gave 9-11 
floors of high-rise buildings as layered areas. Most 
pollutants would collect among that. There were few 
studies on this [20]. As a result, it would make people 
confused when choosing a floor to buy a house. There 
was also a lack of a certain understanding of the air 
pollution conditions of high-rise buildings at different 
heights at the same time. It was impossible to control 
the atmospheric pollution of floors with different height 
[21]. Therefore, based on the above existing problems, 
researches of vertical distribution of atmospheric 
particles at different heights in high-rise buildings were 
not enough.

Therefore, to solve this problem, concentrations of 
outdoor atmospheric particulate matters at different 
heights in a high-rise building in Xi’an were tested 
and analyzed in this paper. Variation characteristics 
of the vertical distribution of particulate matter at 
different heights were discussed at the same time. It 
would provide reference significance of controlling the 
atmospheric particulate matters at the different floors of 
high-rise buildings.

Methods

A high-rise building in a university in Xi’an was 
selected for testing. The latitude and longitude of the test 
site were 108. 966933N, 34. 237085E, and the building 
was 3.3m high, with 29 floors in total. Fig. 1. showed 
the plan position of the test building, which was about 
60m away from the main road in the city. The school 
basketball court, volleyball court and a campus road 
were directly in front of the building. The arrangement 
of test points was according to the references to the 
influence of traffic sources [22]. Testing points included 
six different floors. There were 1st, 7th, 11th, 17th, 23th, 
and 27th floors at different heights of the high-rise 
building. The different heights were 1.5 m, 23.1 m, 
36.3 m, 56.1 m, 75.9m and 89.1m from the ground. 
The test time was 8:00, 12:00, 15:00, 18:00 and 22:00, 
respectively. Each test point was tested for 10 minutes. 
Data were averaged over 10 minutes. The test time was 
July 2020 19th to 20th. 

Fig. 1. The plane location map of test construction.

Table 1. Concentration limits of each pollutant.

Pollutants Average time
Concentration limits 

Unit
First standard Secondary standard

PM10

Annual average 40 70

μg/m3
24 h average 50 150

PM2.5

Annual average 15 35

24 h average 35 75
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GRIMM1.109 portable aerosol particle size 
spectrometer was used to measure the concentration 
of particles in the atmosphere. Measuring range was 
0.1~100.000 μg/m3. Counting range was 2000000 P/L, 
and 31 particle size channels were divided between 
0.25~32 μm. Repeatability was 5%. TSI7525 indoor 
air quality meter measuring instrument was used to 
measure the temperature and humidity. Measuring 
range was 0~60ºC. Measurement accuracy was ±0.6ºC, 
and resolution was 0.1ºC. Relative humidity measuring 
range was 5~95% RH. Measurement accuracy was  
±3% RH, and resolution was 0.1%RH. HD37AB1347 
indoor air quality monitor was used to measure the 
velocity. Measuring range was 0~50 m/s.The measuring 
accuracy range is ±3%. Table 1 gave a comprehensive 
reference of the concentration limits of each pollutant 
according to the standard [23].

Results and Discussion

Variation of the Mass Concentration 
of Particulate Matter

Variation of Particle Concentrations 
with Different floors

When the time was 8:00, with the increase of 
building height, the mass concentration of PM10 
first increased and then decreased. While the mass 
concentration of PM2.5 and PM1.0 showed a trend of 
first gradually decreased and then increased. When the 
time was 12:00, with the increase of building height, 
the mass concentration of PM10, PM2.5 and PM1.0 all 
showed a trend of first increased, and then decreased 
and next then increased. When the time was 15:00, with 

Fig. 2. Variation of particle concentration at different vertical heights.
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the increase of building height, the mass concentration 
of PM10 showed a trend of first decreased, and then 
increased and next then decreased. While the mass 
concentration of PM2.5 and PM1.0 showed a trend of 
first decreased and then gradually increased. When the 
time was 18:00, with the increase of building height, 
the mass concentration of PM10 showed a trend of first 
decreased, and then increased and next then decreased. 
While the mass concentration of PM2.5 showed a trend 
of first gradually decreased, and the mass concentration 
of PM1.0 was relatively stable and changed not much. 
When the time was 22:00, with the increase of building 
height, the mass concentration of PM10 showed a trend 
of first increased, and then decreased and next then 
increased. While the mass concentration of PM2.5 
showed a trend of first decreased and then increased, 
and the mass concentration of PM1.0 was gradually 
increased. It could be seen that the mass concentrations 
of each particulate matter at 8:00 and 22:00 were 
roughly the same changing trend with different height. 
The main reasons were the temperature was low in 
the morning and evening, and there was an inversion 
layer [24]. Particulate matters were not conducive to the 
diffusion of the atmosphere. 

As a result, concentrating particles of the upper 
air was smaller, while concentrating particles of the 
ground was more increasing. When the time was 
12:00, with the increase of building height, the mass 
concentration of PM10, PM2.5 and PM1.0 all showed a 
trend of first increased, and then decreased and next 
then increased. The main reasons were that with the 
increase in solar radiation, the inversion layer near the 
ground was destroyed, and the influences of human 
flow increased. As a result, concentrating particles in 
the upper air increased [25]. The mass concentrations of 
each particulate matter at 15:00 and 18:00 were roughly 
the same changing trend with different height. The 
main reason was that with the solar radiation weakens. 
The temperature inversion phenomenon gradually 
decreased, and the concentrations of high-altitude 
particulate matter would slowly settle down. Therefore, 
large particles would fluctuate to a certain extent, while 
small particles were relatively stable. As a result, there 
was a smaller concentration of particles in the sky and 
an increase in the concentration of ground particles.

Variation of Average Concentration of Particulates 
with Different floors

With the increase of building height, the mass 
concentration of PM10 first increased and then decreased. 
While the mass concentration of PM2.5 and PM1.0 showed 
a trend of first increased, and then decreased and next 
then increased. The concentration range of PM10 was 
26.3 to 51.8 μg/m3, the concentration range of PM2.5 
was 14.8 to 26.8 μg/m3, and the concentration range of 
PM1.0 was 9.92 to 21.4 μg/m3. The concentration range 
values showed PM10>PM2.5>PM1.0. On the whole, the 
mass concentrations of particulate matters during the 

test did not exceed the national secondary standard 
limit. The mass concentrations of particulate matters 
in summer were generally low. The data on the 19th 
were less lower than the value on the 20th. The main 
reason was that it rained in Xi’an the previous day, 
which showed that rainwater had a good washing 
effect on particles. The concentration of PM10 in the 
27th floor was relatively small, which was 1.67 μg/m3 
lower than the average mass concentration of PM10 at 
1.5m. The main reason was that large particles were 

Fig. 3. Variation trend of average particle concentration at 
different vertical height. a) Variation of PM10 with vertical height 
b) Variation of PM2.5 with vertical height, c) Variation of PM1.0 
with vertical height.

a)

b)

c)
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relatively heavy and they would settle down due to 
their own gravity. It would cause the concentrations of 
particulate matters near the ground increased. However, 
PM2.5 and PM1.0 showed an increased trend on the 27th 

floor, compared with the average mass concentration  
of PM2.5 and PM1.0 at 1.5 m, which increased by 
1.29 μg/m3 and 1.32 μg/m3, respectively. This was 
because the small particles were lighter and they were 
more easily to diffuse in the air with the flow of air. As 
a result, concentrations of small particles in the upper 
air increased. 

However, from the figure, the concentrations 
of different particulate matters changed greatly at 
the 27th floor, which was 89.1m from the ground. 
It was mainly because the floor of 27th was high 
from the ground and the surroundings were open.  
The wind speed was greater than the ground then.  
The average concentrations of PM10, PM2.5, and PM1.0 
were 35.6 μg/m3, 21.3 μg/m3, 16.2 μg/m3, respectively. 
Some related literature showed the concentration 
distribution of outdoor particulate matters in high-rise 
buildings had a great relationship with the outdoor 
wind field [26, 27], and there were obvious vortices at 
different heights. Table 2 showed the relevant values of 
outdoor meteorological parameters during the test.

With the delay of time, the mass concentration 
of PM10 first increased, and then decreased, and next 
then increased and then decreased. While the mass 
concentration of PM2.5 and PM1.0 showed a trend of 
first increased, and then gradually decreased. The 
mass concentration of each particulate matter reached 
the highest value was at 12:00, which was related to 
the human activities, living habits, weather and other 

conditions of the test location. This was because in the 
morning under the influence of cold and high pressure, 
there was often a reverse increase in temperature, and 
the outdoor temperature was not too high, which was 
not conducive to the diffusion of fine particles. With 
the delay of time, there was enough sunshine at 12:00 
at noon. With the increase of solar radiation, the ground 
temperature increased faster, the inversion layer near 
the ground was destroyed, and atmospheric convection 
caused the stability of the atmospheric layer to be 
destroyed [28]. As a result, concentrating of particles 
in the upper air increased. In addition, the influence 
of human flow also increased concentrating particles. 
Because of the increase in the number of students at 
noon and the increase in cars [29], resuspension of 
particulate matters intensified. Particulate matters near 
the ground would gradually diffuse into the upper 
air with acting wind force [25]. At the time of 15:00, 
with the temperature inversion phenomenon gradually 
decreased, and the concentration of particles in the 
upper air would slowly settle down. When the time was 
at 18:00, with the peak of off-duty, and the flow of motor 
vehicles increased sharply. The particulate matters 
were picked up by the vehicle, and the resuspension 
effect intensified. Coupled with the effect of catering 
oil fume, the particulate matter gradually spread into 
the high air. When the time reached at 22:00 in the 
night, the ground radiation cool speeded up, and the 
atmosphere close to the ground quickly cooled down. 
The greater the influence of the ground, the more the 
temperature drops, and the inversion gradually formed 
from the ground. The inversion gradually intensifies, 
the particles could not gradually diffuse into the upper 
air. Particles near the ground gradually increased. Some 
of the large particles in the upper air would gradually 
settle down by acting gravity. Vertical distribution of 
particles with different concentrations at different times 
was mainly affected by the inversion. This conclusion 
was consistent with the analysis in [30] and it verified 
the correctness of this article. 

Variation of the Counting Concentration 
of Particulate Matter

Distribution of Atmospheric Particle Sizes

Fig. 5. showed distributing among atmospheric 
particles was given during the test period. With a 
particle size of 0 to 0.54μm accounted for 98.1%. With 

Fig. 4. Variation of particle concentration at different time.

Table 2. The values of various meteorological factors.

Date Weather
Temperature /(ºC) Humidity /(%) Wind speed /(m/s)

Max Min Average Max Min Average Max Min Average
2020-7-19  Cloud 37.8 24.7 30.1 63.7 37.3 50.6 0.71 0.09 0.3
2020-7-20 Sun 40.2 26.1 32.3 59.6 34.2 45.8 0.76 0.13 0.39

Variation of particle concentrations with different time
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a particle size of 0.54 to 1.0 μm accounted for 1.27%. 
With a particle size of 1.0 to 2.5 μm accounted for 
0.434%. Particles above 2.5 μm accounted for 0.151%. 
Particle sizes of 0-2.5 μm accounted for most of the 
atmosphere during the testing, accounting for 99.8%. 
Particle sizes of 0-1.0 μm accounted for more than 
99.4%. Particles of Xi’an in atmospheric were mainly 
fine particles. This conclusion was consistent with the 
literature [31]. Which were easy to enter the human 
respiratory tract and lungs. They were seriously harmful 
to human health [32]. 

Variation of Particle Concentrations 
with Different Floors

The percentage of counting concentration of different 
particle matters to the total counting concentration 
during the test period was sorted as follows, as shown 
in Table 3.

With the increase of building height, particles 
smaller than 1μm showed a trend of first decreased 
and then gradually increased. While the particles of  
1.0-2.5 μm and above 2.5 μm all showed a trend of 
first increased and then gradually decreased. The main 
reason was that large particles were relatively heavier 
and they would settle down due to their own gravity, 

while small particles were lighter and they were more 
susceptible to external influences. Table 4 showed the 
particles in different particle sizes ranges during the 
test. 

The particles were divided into four particle sizes, 
which were less than 0.3μm, 0.3-1.0 μm, 1.0-2.5 μm, 
and greater than 2.5 μm for statistical analysis. With 
the delay of time, particles smaller than 0.3μm showed 
a trend of first decreased, and then increased, and next 
then decreased. The particles of 0.3-1.0 μm showed a 
trend of first increased, and then decreased, and next 
then increased. The particles of 1.0-2.5 μm and larger 
than 2.5 μm all showed a trend of first decreased, and 

Fig. 5. Distribution of atmospheric particles.

Table 3. Percentage of each particle sizes concentration.

19th (%) 20th(%)

Floor <1.0μm 1.0-2.5μm >2.5μm 0-2.5μm <1.0μm 1.0-2.5μm >2.5μm 0-2.5μm

1st 99.14 0.660 0.202 99.80 99.58 0.303 0.120 99.88

7th 99.06 0.728 0.217 99.78 99.56 0.314 0.122 99.88 

11th 99.09 0.699 0.214 99.79 99.52 0.337 0.144 99.86 

17th 99.11 0.696 0.194 99.81 99.56 0.313 0.129 99.87 

23th 99.17 0.656 0.176 99.82 99.57 0.305 0.121 99.88 

27th 99.23 0.615 0.157 99.84 99.62 0.283 0.100 99.90 

a)

b)

Fig. 6. Variation of particle concentration at different time: a) 
Particles smaller than 1 μm, b) Particles greater than 1 μm.
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Table 4. Particle numbers concentration in different size.

Date Particle sizes (μm) Max  (cm-3) Min  (cm-3) Average (cm-3) Percentage of total (%)

2020-7-19

<0.3 81803 17240 41625 69.4

0.3-1.0 28681 259 3970 29.8

1.0-2.5 431 66 202 0.674

2.5-3.3 138 24 68 0.113

3.3-5.0 56 16 33 0.054

>5.0 30 1 3 0.025

2020-7-20

<0.3 202328 33066 84273 66.8

0.3-1.0 124949 163 9207 32.8

1.0-2.5 742 70 195 0.308

2.5-3.3 173 23 79 0.063

3.3-5.0 100 15 50 0.039

>5.0 48 1 5 0.020

Variation of particle concentrations with different time

Fig. 7. Variation of PM2.5/PM10, PM1.0/PM10 at different vertical height.

b)

d)

e)

a)

c)
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then increased, and next then decreased. The main 
reason was that they were affected by temperature, and 
the counting concentration of particles smaller than 
1μm was higher, it was mainly small particles in the 
atmospheric.

Variation of the Relative Concentration 
of Particulate Matter

Variation of Particle Concentrations 
with Different floors

When the time was 8:00 and 12:00, with the increase 
of building height, both PM2.5/PM10 and PM1.0/PM10 all 
showed a trend of first decreased and then increased. 
When the time was 15:00 and 18:00, with the increase 
of building height, both PM2.5/PM10 and PM1.0/PM10 all 
showed a trend of first increased, and then decreased 
and next then increased. When the time was 22:00, 
with the increase of building height, both PM2.5/PM10 
and PM1.0/PM10 all showed a trend of first decreased, 
and then increased and next then decreased. The ratio 
of PM2.5/PM10 and PM1.0/PM10 was the highest at 15:00. 
The main reason was that there was sufficient sunshine 
at this time. With the increase of solar radiation, the 
ground temperature increased faster, the inversion 
layer near the ground was destroyed, and atmospheric 
convection caused the stability of the atmospheric layer 
to be destroyed [28]. As a result, the concentration of 
particles in the upper air increased. 

Variation of Average Relative Concentration 
of Particulates with Different floors

With the increase of building height, both  
PM2.5/PM10 and PM1.0/PM10 all showed a trend of first 
decreased and then increased. The variation range of 
PM2.5/PM10 at different height floors was 49.6%~61.1%. 
The variation range of PM1.0/PM10 at different height 
floors was 34.1%~46.0%. The variation range values 
showed PM2.5/PM10> PM1.0/PM10. It could be seen that 
the height of the 11th floor was the dividing point, and 
the ratio of PM2.5/PM10 and PM1.0/PM10 was the lowest 
at this time, while the average ratio of PM2.5/PM10 
and PM1.0/PM10 was 49.9% and 35.7%, respectively. 
The 27th floor had the largest proportion at this time, 
and the average ratio of PM2.5/PM10 and PM1.0/PM10 
was 59.5% and 43.9%, respectively. The highest point 
was 9.63% and 8.2% higher than the lowest point. 
This was because the small particles were lighter and 
they were more easily to diffuse in the air with the 
flow of air. Small particles on the ground would also 
diffuse into the air because of the influence of human 
causes. Concentrations of small particles in the upper 
air increased. While larger particles were heavy, they 
would settle down because of their own gravity. It 
would cause the concentrations of particulate matters 
near the ground increased. However, influences of 
airflow were different at different vertical height. Some 

of these particulate matters would resuspend then. 
Relative concentration of small particles (PM1.0/PM10) 
would increase with vertical height. That was why the 
relative concentration of PM1.0/PM10 in the 27th floor 
would be higher. There were mainly small particulate 
matters in atmospheric. This conclusion was consistent 
with the results of literature [33, 34] and it verified the 
correctness of this article.

Variation of Relative Concentrations 
with Different Time

Fig. 9. showed that the relative content of different 
particulate matters had a fluctuating at different time, 
and the fluctuation of PM1.0/PM10 in different time 
periods was relatively obvious. Because the number of 
small particles was large, and the mass was small, which 
were easy to diffuse in the upper air. The temperature 
would affect the strength of the diffusion by extension 
of time. The different temperature would affect the 
strength of diffusion. The temperature inversion 
phenomenon in morning and everning would increase 
the concentration of small particles in the atmosphere, 
so the concentration of small particles changed greatly. 
The ratio was highest at the time of 15:00, this was 
because the time period was for students to go to school 

Fig. 8. Variation trend of average relative concentration at 
different vertical height: a)Variation of PM2.5/PM10, b)Variation 
of PM1.0/PM10.

b)

a)
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and commute to and from work [29]. The concentration 
of particulate matters would increase at that time, which 
lead to the relative content with a relatively large range 
of variation [19]. The average ratio of PM2.5/PM10 and 
PM1.0/PM10 was 60.6% and 48.0%, respectively. Relative 
changes of small particulate matters were larger.

Conclusion

Vertical distribution characteristics of outdoor 
particulate matters concentrations of a high-rise 
building at different heights in a university in Xi’an was 
tested and analyzed in this paper. Some conclusions 
were obtained as followed:

1. The concentration of each particulate matter 
changed the same trend roughly with the increase of 
vertical height at 8:00 and 22:00, as well as at 15:00 and 
18:00. There were differences in PM10, PM2.5 and PM1.0. 
While the mass concentration of each particle showed 
a trend of first increased, then decreased and next then 
increased with the height increased when the time was 
12:00. It caused by the inverse temperature.

2. Particle sizes of 0-2.5μm accounted for most 
of the atmosphere during the testing, accounting for 
99.8%. Particle sizes of 0-1.0μm accounted for more 
than 99.4%. Particles of Xi’an in atmosphere were 
mainly fine particles.

3. With the increase of building height, both  
PM2.5/PM10 and PM1.0/PM10 all showed a trend of first 
decreased and then increased. The highest point was 
9.63% and 8.2% higher than the lowest point. The 
ratio was the highest at the time of 15:00, and the 
average ratio of PM2.5/PM10 and PM1.0/PM10 was 60.6% 
and 48.0%, respectively. Relative changes of small 
particulate matters were larger.

4. Outdoor meteorological conditions would also 
have a greater impact on the concentration distribution 
of particulate matters. This paper would provide 
reference significance of developing high-rise buildings 
and effectively control of concentrating particulate 
matters in high-rise buildings.
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