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Highlights

Establishment of WRF-CALPUFF Coupling Model.

The large-scale diffusion numerical simulation is carried out completely focus on construction dust.

Analysis of dust diffusion law during all construction of urban construction sites working at the same time.

Some scientific management suggestions are put forward to Xiamen city and the feasibility of the method is verified.

Abstract. With the increasing number of construction sites in cities, construction dust, as one of the essential factors af-
fecting the atmospheric environment, urgently needs more attention. Most existing studies have studied construction dust
and other particle sources comprehensively. There remains a need for research on large-scale diffusion ultimately aiming at
construction dust, especially studies on the diffusion law of dust generated only by construction dust at a large-scale city
level where all construction sites within the city working at the same time. To systematically explore the diffusion distribu-
tion of construction dust in such a situation, this paper takes Xiamen as the research object and puts forward a large-scale
construction dust diffusion research method by integrating emission factors and combining WRF and CALPUFF model.
The spatial distribution of PM,;, emission during the simultaneous construction of all sites in Xiamen in 2019 was simu-
lated. The diffusion law of dust in large-scale construction in Xiamen is obtained. On this basis, the regional contribution
of construction dust PM, in various districts of Xiamen and the best start month of each district are obtained, which pro-
vides valuable suggestions for government construction control. This research method can be effectively applied to cities
similar to Xiamen.

Keywords: construction dust, large-scale diffusion simulation, WRF-CALPUFF combining, emission factor, construction

management.

Introduction

In recent years, China has seen a number of urban con-
struction projects. In Xiamen, for example, according to
the Yearbook of Xiamen Special Economic Zone (2010-
2018), the construction area in Xiamen doubled between
2010 and 2018. Research on the source of atmospheric
particulate matter shows that the dust source caused by
construction is one of the primary sources of urban at-
mospheric particulate matter (Zhang et al., 2019). The
contributions of dust sources in Xiamen, Guangzhou and
Nanjing to PM,, were 21.7% (Song et al., 2019), 20.7%
(Cui et al., 2008) and 48% (Rui et al., 2008). It can be seen

that rapid urban development not only changes the ap-
pearance of the city but also affects the environment and
human health. There remains a lack of studying the dif-
fusion law of dust generated only by large-scale city con-
struction, urgently calling for innovative research.

A large number of construction sites in the city are un-
der construction at the same time. According to the data
provided by the Chinese Ministry of Urban and Rural De-
velopment, there were four cities in China with more than
10,000 construction sites in a single city in 2014: Tianjin,
Beijing, Wuhan and Shanghai. The density of construc-
tion sites in Wuhan even reached 1.3 per square kilom-
eter. When the construction dust generated by such a large
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number of construction sites diffuses simultaneously, most
of the particles with large particle size will directly set-
tle down around the construction site under the action of
gravity and dust control measures. However, particulates
with small particle sizes such as PM,, and PMp,; will be
suspended in the air for a long time and diffuse in the ur-
ban area driven by meteorological factors, resulting in at-
mospheric particulate pollution (Todd & Cavazos-Guerra,
2016). In addition, there are differences in construction
dust emission and dust diffusion conditions at different
locations of the site working at the same time. Even if the
construction dust emission of a single site is lower than
the allowable limit, it may eventually cause harm to the
urban environment and human health. Therefore, to im-
prove the control system of urban construction dust more
effectively, it is necessary to explore the diffusion distribu-
tion of construction dust within the city.

With the continuous development of computer tech-
nology, the numerical simulation method is widely used
by scholars due to its advantages of multiple factors con-
sidering capability, easy control of parameters and low
price. Although the numerical simulation method is wide-
ly used, the existing research focusing only on the particle
diffusion distribution from construction dust in the city
is few. This is because there is considerable uncertainty
in the diffusion source of construction dust, and obtain-
ing and verifying the emission data of construction dust
separately is difficult. At present, most scholars regard the
construction dust source as one of the sources of urban
atmospheric particulate matter and study the diffusion law
of the set of particles, including construction dust in the
whole atmospheric environment in the city. Gehrig and
Buchmann (2003) took a long-term monitoring of PM;,
and PM, 5 in several Swiss cities and summarized seasonal
variations of PM, 5 and PM,, concentrations in different
cities. CALPUFF is a three-dimensional unsteady Lagran-
gian diffusion model system developed by Sigma Research
Corporation. Compared with the traditional diffusion
model system, CALPUFF can better simulate the diffu-
sion of pollutants over 50 km (Wu, 2018). Lee et al. (2014)
used the WRF mesoscale model and the air quality model
CALPUFF to simulate and verify the PM,, concentration
distribution and contribution sources in a Yushan, South
Korea park. According to the collected meteorological
data and particulate emission data (Holnicki et al., 2016),
simulated the diffusion process of atmospheric particulate
matter PM;, and PM, 5 in the Warsaw area by using the
air quality model CALPUFF. Comparing the simulated
concentration results with the data monitored by five air
quality monitoring stations, the accuracy of CALPUFF
model for global urban scale particle diffusion simula-
tion was verified. Séwka et al. (2019) used the air quality
model CALPUFF to simulate the diffusion of atmospheric
particles in a Poland resort and evaluated the population’s
health risk based on the simulation results. Zhao (2020)
established a quantitative model of heavy metal migra-
tion in the dust of 32 parks in Xiamen. Xiao et al. (2022)

studied and determined four pollution factors of PM, 5
in Xiamen Port: industrial source, ship emission, traffic
source and sea salt + construction dust mixed source.
The contribution ratio of urban building dust to the ur-
ban aerosol can vary depending on the location and time
of day. In China, for instance, the human health damages
caused by construction dust pollution account for 27% of
the total impacts of construction projects on the natural
environment (Li et al., 2020; Xing et al.,, 2018). Similar
situations are appreciated in countries like the European
Union (Maciejewska, 2008; Yassin et al., 2005). Xing et al.
(2018) summarized that according to the State of the En-
vironment Report (2009-2012), PM,, concentrations in
more than 74% of the 85 major cities are still higher than
the baseline set by the Ambient Air Quality Standards,
although particulate pollution in China has dropped to a
lower level. For example, in Beijing, the average monthly
contribution of construction dust to the overall PM;,
pollution is about 10%. Dust emissions in some parts of
Shanghai account for 12.4% of air particles. In Guiyang,
it should be an eco-city in southwestern China. Accord-
ing to the fugitive dust measurement, this proportion is
surprisingly 24.89%. In general, It has been concluded that
urban building dust can contribute up to 15-30% of the
total aerosol mass in urban areas, particularly during con-
struction and demolition activities (Zhang et al., 2019). Of
course, because most of the existing research focuses on
a single city, there is hard to reach a unified conclusion.
Although it is challenging to analyze building dust
separately, many scholars have tried and proved the value
of the research on it. Aiming to map out China’s practices
in this area to fill the knowledge gap, Xing et al. (2018)
collected and analyzed some data from 37 major cities
in China for analysis and five categories of governmental
measures were proposed: technological, economic, super-
visory, organizational, and assessment-based. Yan et al.
(2019) selected seven representative construction sites in
Qingyuan city, China, for research on construction dust
diffusion. In their experiment, the up-downwind method
was adopted to monitor and collect TSP (total suspended
particulate), PM,, and PM, 5 concentrations, meteorologi-
cal data and construction activities of each site, proofing
that construction vehicles are one of the main influenc-
ing factors of construction dust. Chen et al. (2019) con-
structed the FRD PM, 5 emissions inventory in a major
inland city in China (Lanzhou) in 2017 at high-resolution
(500x500 m?), investigated the spatiotemporal character-
istics of the FRD emissions in different urban function
zones, and quantified their health impacts. Zhou et al.
(2022) finished a CFD simulation of fugitive dust disper-
sion in a single site under different conditions during the
earthwork transportation of Xiamen Metro Line 3. In-
spired by the verification of studies on the set of particles
that the air quality model CALPUFF and WRF mesoscale
meteorological model are accurate and feasible for simu-
lating the diffusion of particles in a large scale, Fan et al.
(2020) used the air quality model CALPUFF to simulate
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the diffusion of construction dust on a construction site
in Chengdu. The results show that the air quality model
CALPUFF can be applied to simulate the diffusion trend
of construction dust on a certain scale, but it is challeng-
ing to capture the diffusion trend of construction dust on
a small scale.

Admittedly, the above scholars have made an out-
standing contribution to the study of the diffusion of con-
struction dust. However, the existing studies only discuss
the diffusion of dust generated by a single construction
site in the city, and the scope of the study is small. There
is no analysis and research focus on dust diffusion only
from construction when large-scale construction sites are
working at the same time in cities. There are multiple con-
struction sites in the city working at the same time, so
the research scope of construction dust diffusion at the
city scale is generally more than 50 km. Considering the
urgency of the research on construction dust diffusion at
the city scale, this paper attempts to study the diffusion
distribution of construction dust at a large scale (>50 km)
based on previous valuable research. Since diffusion re-
search based entirely on measured data is easily affected
by other meteorological factors in the atmospheric envi-
ronment, it is ideal for exploring the diffusion distribution
law of construction dust by numerical simulation method.
Referring to the existing dust diffusion research, this pa-
per innovatively uses WRF-CALPUFF combined numeri-
cal simulation method to study the diffusion law of dust
generated only by construction in a situation where all
construction sites within the city working at the same time

1. Materials and methods

1.1. List establishing of emission materials

Construction dust is an open and unorganized emission
source. TSP, PM,, and PM, ; are usually used as the analy-
sis and monitoring indicators of construction dust diffu-
sion.

There are many factors affecting the emission of con-
struction dust. To quantify the emission of construction
dust, the emission factor of construction dust is usually
used to measure the emission of construction dust. The
specific calculation formula is as follows (Song et al,,
2019):

W
ST’
where E is the construction dust emission factor; W is
the total emission of construction dust; S is the construc-
tion area; T is the construction time.

There are two methods to determine the emission fac-
tor. The first method is to determine the total dust emis-
sion by field measurement and then calculate the emission
factor indirectly by formulae, such as the exposure height
profile method (Venkatram, 2004; Veranth et al., 2003) and
four-dimensional flux method (Huang et al.,, 2011; Song
et al,, 2019). Another approach is to determine according

(1)

to empirical formulas or recommended values, such as the
recommended value of the Air pollutant emission inven-
tory compilation (AP-42) document issued by the United
States Environmental Protection Agency (1995) and the
recommended values of the Technical Guidelines for the
Compilation of Dust Source Particle Emission Inventory
(Trial) document in China (Ministry of Ecology and Envi-
ronment the People’s Republic of China, 2014). This study
aims to investigate the diffusion patterns of dust generated
solely from building construction sites that are simultane-
ously active in large cities, considering the vast number
and wide distribution of construction dust sources. As
such, assigning weights to each individual basis of con-
struction dust may result in an enormous computational
workload and difficulty obtaining accurate data and pa-
rameters, potentially affecting the feasibility and accuracy
of the study. In addition, in the existing urban-scale dif-
fusion simulation studies in China, scholars mostly use
the first overall estimation method (Fan et al., 2022; Yang
et al,, 2022; Yang, 2014; Zhang et al,, 2019). Among them
(Yang et al., 2022), pointed out that the contribution rate
of construction dust to urban atmospheric PM,, can be
close to 20%, and its environmental impact has an increas-
ing trend year by year. The contributions of dust sources
in Xiamen, Guangzhou and Nanjing to PM,, were 21.7%,
20.7%, and 48% (Song et al., 2019). Therefore, the method
of overall estimation is adopted in this study, referring to
the primary calculation parameter of existing research
conclusions on the composition of construction dust in
Xiamen.

Technical Guidelines for the Compilation of Dust Source
Particle Emission Inventory (Trial) issued by the Ministry
of Environment provides a series of emission factors ap-
plicable to the Chinese environment based on domestic
monitoring and experimental data after being field vali-
dated and evaluated. The US Environmental Protection
Agency (EPA) AP42 database is a set of emission factors
mainly developed by the US EPA based on monitoring
and experimental data mainly from the US and Canada
regions. However, the differences between the Chinese
recommended values and the US EPA AP42 data may be
related to different monitoring and experimental meth-
ods. In China, the compilation of particulate matter
emission inventories is usually carried out by provincial
environmental protection agencies, which adopt stand-
ardized monitoring and practical strategies according to
national standards and guidelines. Different monitoring
and experimental methods may be adopted in the US and
Canada, resulting in differences in data. Furthermore, this
guideline was issued several years after the publication of
the US EPA AP42, which is an internationally recognized
foundation standard and one of the reference standards
for this guideline. The Ministry of Ecology and Environ-
ment has openly explained that this guideline fully con-
solidates and summarizes the research results of major
research institutions, which can be used to guide environ-
mental protection departments at all levels to carry out the
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PM,, emission inventory preparation work scientifically
and normatively, obtain PM;, emission inventory results
based on uniform methodology and data sources, and
provide scientific and effective support for the formulation
of particulate matter pollution control strategies. Since our
case study is based on a Chinese urban scenario, adopting
the recommended values from the Chinese 2014 Techni-
cal Guidelines for Preparation of Dust Source Particulate
Matter Emission Inventory (Trial) is more appropriate and
consistent with the actual situation in China. Therefore,
considering the previous methods for determining the
construction dust emission factors, this paper adopted
the construction dust emission factors recommended by
the Technical Guidelines for the Compilation of Dust Source
Particle Emission Inventory (Trial) issued by the Ministry
of Environment in 2014 and used them to construct the
construction dust emission list of Xiamen in 2019. The
formula is as follows:

E, =2.69x1074 x(1-n), ()

where E, is the emission factor of construction dust TSP
(Total suspended particles in the air) under the overall
estimation; 1 represents the dust removal efficiency as
shown in Table 1.

Table 1. Value of n under different dust suppression measures
(Ministry of Ecology and Environment the People’s Republic of
China, 2014)

n (%)
Dust suppression measures

TSP | PM,, | PM, 5

Pavement

paving Paving concrete,

and Water | sprinkling strength 96 80 67
spraying

Nylon plastic mesh
diameter 0.5 mm, mesh 24 20 17

distance 3 mm
Dust screen

Nylon plastic mesh
diameter 1 mm, mesh 12 10 8
distance 5 mm

High strength fiber
fabric closed cover

32 27 22
Cover

dustproof | Nylon plastic mesh
cloth diameter 1 mm, mesh 20 17 14
distance 5 mm

Chemical dust suppressor 89 84 71
2.4 m hard enclosure 18 15 13

Enclosure
1.8 m hard enclosure 12 10 8

According to the data provided by Xiamen Construc-
tion Bureau, the number of all key construction sites in
Xiamen in 2019 was counted (Statistics, 2020) (the types
of construction sites including municipal road projects,
building demolition projects and general construction
projects) and smaller construction sites was eliminated.
Then the geographical location information (latitude and

longitude) of each site, the construction area of the site,
the number of active months in the year, and the dust sup-
pression measures were investigated to obtain the basic
parameters. Finally, the emission factor method is used to
calculate the construction dust emission (PM,) of all key
construction sites in the list, and the construction dust
emission list of all construction sites in Xiamen in 2019 is
obtained, as shown in Table 2.

Table 2. Site information and construction dust emission list in
Xiamen in 2019

Number of | Construc- Dust emissions(t)
District | construction tion area
sites (Hectare) |PM,5|PM;,| TSP
Siming 26 91.75
Huli 49 137.03
Xiangan 72 239.41
- 1938 | 8600 |15 316
Haicang 24 91.35
Jimei 34 141.32
Tong’an 32 165.67

As can be seen from Table 2, PM,, emissions are about
4.5 times higher than PM, ; The TSP includes PM,, and
PM, 5. Existing research also shows that dust emissions
PM,, is more enormous than PM, 5. Most of those stud-
ies use PM as the primary monitoring indicator for dust
research (Qin et al., 2020; Yang et al.,, 2022). Zhu (2020)
pointed out that meteorological conditions have a more
significant impact on urban PM, 5 concentration, and less
effect on PM,,. Because this paper focuses on simulating
the large-scale diffusion of construction dust in the met-
ropolitan area of Xiamen in the case of all construction
sites working at the same time, the influence of meteoro-
logical conditions should be avoided as much as possible.
Moreover, it is more matchable and appropriate to select
a specific dust factor with a more significant proportion
of dust emission rather than a factor representing the total
suspended particles in the air for simulation on the larger
scale of the simulation. Besides, research has proved that
over 85% of 74 major cities still have a PM,, concentra-
tion higher than the baseline specified in the Ambient Air
Quality Standard (Xing et al., 2018). Therefore, PM,, is of
good typicality and used as the focused index of construc-
tion dust in this paper for the above reasons.

1.2. Simulation methods

As shown in Figure 1, Xiamen is located on the southeast
coast of Fujian Province, China, with a latitude of 24.418-
24.903 in the north and 117.866-118.415 in the east. The
administrative division of Xiamen can be divided into
Siming District, Huli District, Xiangan District, Haicang
District, Jimei District, and Tongan District. The land area
is 1699.39 square kilometers, and the sea area is more than
300 square kilometers. The overall terrain of Xiamen is
high in the northwest and low in the southeast. The high-
est altitude of the city is 1175.2 meters. From northwest
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Figure 1. Overall situation of Xiamen City and four discrete receptor sites

to east, the topography and terrain are distributed in high
mountains, low hills, terraces, plains and beaches.

According to the 2018 National Economic and Social
Development Statistics Bulletin issued by the Xiamen
Municipal Bureau of Statistics, the annual gross regional
product (GDP) is 479,141 million yuan, an increase of
7.7%. The data show that in recent years, the value added
of all construction industries in Xiamen has shown an
upward trend. The research on it can not only provide a
theoretical basis for the construction management and
control of Xiamen, but also provide a reference for cities
similar to Xiamen, thus providing a research basis for the
future study of large-scale urban dust.

In order to evaluate the accuracy and reliability of the
numerical simulation results, the method of comparing
and verifying the monitoring values and simulation values
was adopted in this study. The monitoring data were col-
lected from four national air quality monitoring stations
in Xiamen City (Gulangyu, Huli middle school, Hongwen,
and Xidong). Therefore, four discrete receptor points were
set up in this study, and the coordinates of the four dis-
crete receptor points were consistent with those of the four
national air quality monitoring stations in Xiamen City.
The specific locations and coordinates are shown by the
orange triangle in Figure 1.

1.2.1. CALPUFF and WRF

Currently, the mainstream environmental quality regula-
tory models include the AERMOD and CALPUFF mod-
els recommended by the U.S. Environmental Protection
Agency (EPA). These two models are also recommended
models in the “Technical Guidelines for Environmental
Impact Assessment - Atmospheric Environment” (HJ 2.2-
2018) published by the Ministry of Ecology and Environ-
ment of China (2018). Studies have shown that the CAL-
PUFF model, a Lagrangian-Gaussian plume model, has

higher computational accuracy and is more suitable for
large-scale spatial pollution impact analysis and predic-
tion (greater than 50 km). In comparison, AERMOD is
a steady-state plume model that is more suitable for pol-
lution impact analysis and forecast in medium to small
spatial ranges (less than 50 km) (Li et al., 2020; Xu et al.,
2022; Zhang et al., 2022; Zhao & Li, 2018). Additionally,
the CALPUFF model considers various factors, such as
complex terrain and meteorological parameters, which
results in more reasonable simulation results for sudden
changes in wind direction and improved handling of calm
wind conditions compared to the AERMOD model. In
addition, the CALPUFF model integrates various aspects,
such as complex terrain, meteorological parameters, etc.,
and produces simulation results that are more reasonable
than those of the AERMOD model, particularly in simu-
lating wind direction changes and handling calm wind
conditions (Li et al., 2020). Moreover, based on a study
of a coastal oil refinery in the United States (Fisher et al.,
2003), found that traditional Gaussian plume dispersion
models struggle to accurately simulate the dispersion of
pollution from coastal sources. However, with sufficient
meteorological data, the use of the non-steady-state La-
grangian particle model CALPUFF provided simulation
results for pollutant concentrations that were closest to
actual measurements. In the study of flue gas diffusion
simulation in coastal power plants (Zhao et al., 2015), also
recommended the application of Calpuff model in the
simulation of coastal diffusion. Xiamen is a coastal city
in southeastern China, with a complex terrain of moun-
tains, hills, and plains. The city has a subtropical monsoon
climate, with significant seasonal and daily temperature
variations and abundant rainfall. The sea-land breeze
circulation, mountain-valley breeze circulation, and the
passage of typhoons influence the local wind patterns.
All these factors can somewhat affect the dispersion and
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CALPUFF model

transportation of dust in the city. Therefore, CALPUFE,
which shows a more reasonable result for the above fac-
tors, is chosen in this paper.

The data that CALPUFF model system needs to input
include meteorological data(Ground meteorological data
and High altitude meteorological data), topographic eleva-
tion data, land use data and pollutant emission inventory
data. Compared with the ground meteorological data, the
detailed and accurate high altitude meteorological data are
challenging to obtain. Therefore, this paper attempts to
integrate WRF and CALPUFF model. The combination
of ground observation meteorological data and advanced
meteorological simulation data from WRF mesoscale me-
teorological model was realized and finally was used by
CALPUFF model to simulate the diffusion distribution of
long-distance pollutants over 50 km of construction dust
PM,, monitoring index. The farmwork of the combination
model is illustrated in Figure 2.

The combining of CALPUFF and WRF is mainly
achieved through the integration of CALMET and WRF
to provide high-altitude meteorological data, which im-
proves the simulation accuracy of CALPUFE. CALMET is
the meteorological preprocessing program for CALPUFE,
which provides the high-altitude meteorological data re-
quired by CALPUFE. WRF can provide meteorological
data in both horizontal and vertical directions, playing an
essential role in delivering high-resolution meteorologi-
cal forecast data to more accurately reflect atmospheric
motion and radiation transmission processes (Guo et al.,
2020).

The Weather Research and Forecasting (WRF) is the
latest-generation mesoscale numerical weather predic-
tion model and was developed by the National Center for

Atmospheric Research (NCAR), the Pacific Northwest Na-
tional Laboratory (PNNL) and the National Oceanic and
Atmospheric Administration (NOAA) (Peckham, 2012).
The WRF mesoscale meteorological model is usually used
in the field of atmospheric science to predict meteorologi-
cal conditions on a large scale, and it can also be used as a
pollutant-driving field in the field of air quality model and
computational fluid dynamics (Akhmetshina et al., 2015).
WREF has two versions: ARW (Advanced Research WRF),
developed from the MM5 model and NMM (Nonhydro-
static Mesoscale Model) developed from the Eta model.
The former is mainly used for research and application,
while the latter is for business use. ARW is used for mete-
orological forecasts in this paper.

WRF model consists of three main components: the
preprocessing module (WPS), the main program module
(WRFV3), and the post-processing module (Skamarock
et al., 2008). The workflow of the model is illustrated in
step 1 in Figure 2.

The WPS includes three subprogram modules, Ge-
ogrid, Ungrib, and Metgrid. Geogrid defines the simula-
tion area, determines the number of grid nesting levels,
grid size, and the number of vertical layers, and inter-
polates terrain elevation data and land use data into the
simulation area grid. Ungrib extracts meteorological field
data saved in Grib format. Metgrid interpolates the ex-
tracted meteorological field data into the simulation area
grid. The main program module (WRFV3) consists of two
parts, the real program and the WRF program. The real
program processes the output files from the WPS mod-
ule. The WRF sector uses the Advanced Research WRF
(ARW) to solve the fully compressible non-hydrostatic
balance equations with the balance option. The post-pro-
cessing module extracts the results of WRF output. To ac-
curately describe the physical processes at the grid scale,
NCL (NCAR Command Language) and VAPOR (Visu-
alization and Analysis Platform for Ocean, Atmosphere,
and Solar Researchers) are used to visualize the physical
processes and assist in determining the feasibility of pro-
cessing data. MIFF is used to extract the parameters of the
CALPUFF dispersion module output by the WRF forecast
meteorological model and the direct input format (Choi
et al.,, 2018; Lim et al., 2021).

The CALPUFF model system comprises four sub-mod-
ules: the preprocessing module, meteorological diagnostic
module, dispersion module, and post-processing module.
The core of the preprocessing module is the CALMET pro-
gram, which links WRF and CALPUFE, as shown in step 2
in Figure 2. This module converts observed meteorologi-
cal data and high-altitude meteorological data simulated
by the WRF mesoscale meteorological model after MIFF
transforming into a format that the CALMET meteorolog-
ical diagnostic module can recognize. It extracts ground
characteristic parameters, such as roughness, albedo, and
Bowen ratio, required by the CALMET module and gener-
ates files in a format recognizable by the CALPUFF dis-
persion module. Subsequently, a three-dimensional me-
teorological field is provided for the CALPUFF diftfusion
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module to generate the meteorological element data that
can be identified by the CALPUFF diffusion module (Lei
et al., 2021; Lim et al., 2021).

The CALPUFF diffusion module, as shown in step 3
in Figure 2, reads the three-dimensional meteorological
field file output by the CALMET meteorological diagnos-
tic module and uses it as the driving condition, combined
with emission inventory information of point sources, line
sources, area sources, volume sources, and other informa-
tion, to simulate the transportation and transformation
processes. CALUPFF module has two sets of concentra-
tion equations, the basic concentration equation and the
Slug equation. The Slug equation is applicable to local-
scale pollution problems.

The fundamental concentration equation is as follows
(Li & Guo, 2006):

-z
C=—d  gxet xe?; (3)
2ncx0y
-(H,+2nh)?
2 & e
Dde =, (4)

g =
Gz \/2? n=-00

where C is the mass concentration of ground pollutants
at any grid point; Q is the source strength; o, is the dif-
fusion coefficient of X direction; o, is the diffusion coef-
ficient of Y direction; o, is the diftusion coefficient of Z
direction; d, is the downwind distance; d, is transverse
distance; H, is the effective height; h is the height of the
mixing layer; g is the vertical term of the Gauss equation.
Slug equation is as follows (Bo et al., 2009):

—dczuz
c=—LXQ g2 (5)
N2mu' o,
1 d -d
F=—{erf| =2= |-erf| =2 |1, (6)
2 20, IZGyl

where Q is the source strength; u is the average wind
vector; u'is the average wind speed (scalar); F is the
causal function; erf is the error function.

Finally, the CALPOST post-processing module is used
to extract the meteorological element data of the mete-
orological module and the concentration data and dry
and wet deposition data in the diffusion module, and the
extracted data are presented in the form of graphic visu-
alization (Xu et al., 2019).

1.2.2. Meteorological simulation

The initial meteorological data should be input before us-
ing CALPUFF model to simulate the dust diffusion in ur-
ban construction, and then CALMET module was used to
output the hourly background meteorological field as the
driving condition of dust diffusion in construction. The
initial meteorological data include ground meteorological

monitoring data and high-altitude meteorological data.
In this paper, the high-altitude simulated meteorological
data were obtained through the WRF mesoscale meteoro-
logical model simulation. The initial field and boundary
conditions were based on the global reanalysis data of
1°x1° FNL format provided by NCEP (National Center
for Atmospheric Research, USA). The topographic eleva-
tion data were based on the SRTM90 data of USGS. The
land use data were based on MODIS satellite data. Ground
meteorological data was from hourly monitoring data of
ground monitoring meteorological station Xiamen station.
The number of Xiamen station site was 59134, 118.07 E,
24.48 N, site elevation 140.6 m.

The WRF mesoscale meteorological model, CALMET
module and CALPUFF module are all involved in the
simulation range setting and grid division, and the re-
lationship between the three is inclusive. The mesoscale
double-layer grid nested WRF meteorological model was
adopted. The grid center was located in the center of Xia-
men Island. The coordinates of the center were 118.281 E
and 24.407 N. The simulation range of outer layer d01
was 1350x1350 km, and the grid resolution was 13.5 km.
The simulation range of inner layer d02 was 450x450 km,
and the grid resolution was 4.5 km. The innermost layer
d03 was the simulation range of CALMET module and
CALPUFF module, which included the whole city of Xia-
men. The coordinates of the center point were 118.14E
and 24.33N. The grid resolution was 500 m, totaling
100x100 grids. In the vertical direction, the WRF mes-
oscale meteorological model was set to 38 layers, and the
top-level pressure of the model was set to 50 hPa. From
bottom to top, the model was linearly stratified according
to the pressure. CALMET module and CALPUFF module
had 8 layers in the vertical direction, which were 20 m,
50 m, 200 m, 500 m, 1500 m, 2200 m, 3300 m and 4000 m
respectively. The WRE, CALPUFF, CALEMET Horizontal
Simulation Grid Range was shown in Figure 3a.

The simulation time ranges of WRF mesoscale model,
CALMET module and CALPUFF module were set from
00:00 on January 01, 2019 to 00:00 on January 01, 2020,
with a total of 8760 hours. The remaining parameters used
the default recommended values from U.S. Environmental
Protection Agency (EPA) (Bo et al,, 2009).

Four kinds of pollution source data can be input into
CALPUFF module, including point source, line source,
surface source and bulk source. The parameters required
for different pollution sources are different. The accura-
cy of CALPUFF module simulation results depends on
the value of relevant parameters of pollution sources (Li,
2014). According to the actual situation, the pollution
sources were divided according to the construction site
type. This paper divided municipal road engineering into
line sources, and general construction engineering, demo-
lition engineering, and other site types were divided into
non-point sources. Without considering the point source
and body source, 182 non-point sources and 55 line sourc-
es were finally determined, as shown in Figure 3b.
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Figure 3. Horizontal Simulation Grid Range and Construction dust emission source setting

2. Results and discussion
2.1. Overall and credibility analysis

To evaluate the numerical simulation results’ accuracy
and reliability, the monitoring and simulation values were
compared and verified in this paper. The monitoring data
were from the daily average PM,, concentration data of
the whole year in 2019 collected by Xiamen National
Air Quality Monitoring Station (Gulangyu, Huli Middle
School, Hongwen and Xidong). Although Calpuft allows
assessing hourly values, by referring to the research of oth-
er scholars, we finally did not choose to simulate hourly
data for dust diffusion in large-scale urban models for its
inaccuracy in hourly simulation. For instance (Holnicki
et al., 2016), used the CALPUFF model to simulate con-
centrations of PM,, PM, 5, CO, and benzene (C6H6) in
the Warsaw metropolitan area. The results indicated that
the model performed well in predicting annual average
values but had poor time-consistency accuracy in short-
term (1-hour average) concentrations, particularly under
low wind meteorological conditions. These findings sup-
port the limitations of the CARPUFF model for short-
term forecasting in complex near-field environments, as
proposed by (Cui et al., 2011). Guo et al. (2020), Tarta-
kovsky et al. (2016) also supported these conclusions in
their papers. Therefore, we believe that considering hourly
emission data may not necessarily improve the accuracy of
dust diffusion simulation in large-scale urban models, and
further research is needed to explore this issue.

It should be noted that the contribution sources of
PM,,, concentration monitored by air quality monitoring
stations include vehicle sources, industrial sources and
other sources in addition to construction dust sources.
Research showed that the proportion of dust sources in
Xiamen is about 21.7% (Song et al., 2019). Objectively,
because the data monitored by the air pollutant moni-
toring station are the data of PM,, in the whole atmos-
phere, it is pretty hard or nearly impossible to obtain the
PM,, generated only by the construction dust diffusion
separately, which undoubtedly brings some challenges

to the comparison of the results. Therefore, the obser-
vation results are adopted to match this problem in this
paper. Based on the assumption that the constant 21.7%
contribution of construction to measured concentrations
everywhere in the town, it is necessary to preprocess the
original monitoring data before comparative verification,
which should be multiplied by 21.7%.

The calculation of 5 statistical analysis indexes of 4
discrete receptor points was based on Equations (7)-(11)
(Liu, 2015; Yang et al., 2019; Zhang et al., 2006; Zhang
et al,, 2013a, 2013b).

_ 1 Y
CSim :_ZCSimv ; (7)
N i=1 1
_ 1 X
COhs = EZCObsi ; (8)
i=1

. ZZI(CSimi - 5Sim )(CObsi - 6Obs ) ; )

\/ZZI(CSim,- - 6Sim )? \/Zil(CObsi - 6Obs )?

ZZI(CSim,- _CObsi ) (10)
ZZICObSi

ZZI‘CSim,- - COhsi

Z Zlcobsi

where Cj;,, and COij are the ith simulation value and ith

NMB =

NME =

; (11)

monitoring value respectively, N = 365. The correlation
coeflicient r reflects the correlation between the monitor-
ing value and the simulation value. The closer ris to 1, the
higher the correlation between the monitoring value and
the simulation value is, and the better the simulation ef-
fect is. NMB and NME belong to dimensionless statistics.
NME reflects the average deviation between monitoring
value and simulation value, and NMB reflects the average
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absolute error between monitoring value and simulation
value. The smaller the error is, the better the simulation
effect is (Wu, 2018).

The calculation results are shown in Table 3. The cor-
relation coeflicients r of the four discrete receptor points
were above 0.8, indicating that the correlation between
the simulation results and the real monitoring values was
strong, and the simulation results were good. The NMB
of four national control sites were negative (-18.5% ~
-26.4%), indicating that the simulation value was gener-
ally less than the monitoring value, but the deviation was
in a reasonable range. The sources of analysis errors were
as follows: 1) There were certain errors in the statistics
of the emission inventory itself so that the emission may
be underestimated; 2) The PM,, concentration extracted
from the discrete receptor point was the average value in
a grid while the concentration data monitored by the na-
tional control point were the concentrations at a specific
point; 3) To eliminate the influence of other pollution
sources on the PM;, monitoring data of the air monitor-
ing station, this paper used a proportional coeflicient to
reduce the monitoring value, which was a reference value
obtained through the source analysis experiment.

To further compare the error relationship between the
simulation value and the monitoring value, the daily con-
centration time series change diagram and the monthly

Concentration (ug/m?)

Table 3. PM,, Statistical analysis results of monitoring and
simulation values

AQMS Csim: Covs: r NMB | NME
ug/m3 ug/m?

GLY 6.69 8.19 0.84 | -18.5% | 49.2%

HLMS 6.46 9.75 091 | -33.8% | 39.1%

HW 6.35 8.06 091 | -212% | 34.0%

XD 6.08 7.91 091 |-26.4% | 32.4%

concentration time series change diagram of the simula-
tion value and the monitoring value of the four discrete
receptor points were drawn, as shown in Figure 4 and
Figure 5.

Opverall, the monthly concentration variation trends of
the simulated and monitored values of the four discrete
receptor points were not significantly different. In addition
to Gulangyu, the daily concentration variation trends of
the monitored values and simulated values of the three
discrete receptor points were also basically consistent.
Reasons: Gulangyu is a small island surrounded by the
ocean. The grid resolution set in the CALPUFF module
was 500 m. Affected by the terrain resolution, this block’s
short-term concentration simulation value may be dis-
torted. The best simulation time was the second half of

Obs
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Figure 4. Time series diagram of daily concentration of discrete receptor monitoring values and simulated values
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Figure 5. Monthly concentration time series of monitored and
simulated values at discrete receptor points

the year. The monthly concentration and daily concentra-
tion errors of simulated values were mainly from the first
three months.

To eliminate the interference of other sources on the
monitoring value of PM;, concentration, the method
used in this paper was to reduce the monitoring value
through a unified proportional coefficient. Therefore,
the error here may be from the reduced monitoring
value. However, because CALPUFF is suitable for sim-
ulating long-term concentration, this paper chooses to
simulate one-year construction dust diffusion. In the
long run, the error between the simulation results and
the observed results is within an acceptable range, and
the model’s simulation results meet the requirements to
a certain extent.

2.2. Spatial distribution of construction dust
emission

According to the emission list, the construction dust emis-
sions were counted. The statistical results are shown in
Table 4. Results show that there were 237 large and small
construction sites in Xiamen in 2019. Among the six dis-
tricts of Xiamen City, Xiang’an District had the most sig-
nificant number of construction sites, the largest construc-
tion area, and the largest PM;, emission. Haicang District
had the least number of construction sites and the small-
est construction area. Siming District had the minimum
PM;, emissions.

Figure 6 shows the spatial distribution map of PM,,
emission in construction sites considering dust suppres-
sion measures. It can be seen that the construction sites
outside the center island were mainly distributed in the
south of Xiang’an District, the junction of Tongan Dis-
trict and Xiang’an District, the middle of Jimei District
and the northwest of Haicang District. There were large
dust emission sites in the four areas outside the center is-
land. Large dust emission sites in Xiang’an District were
gathered in the south; the distribution of large dust emis-
sion sites in Tongan District; large dust emission sites in
Jimei District were primarily concentrated in the middle;
large dust emission sites in Haicang District were gathered
in the northwest.

0742301 - 9. 796153 ¢
9. 796154 - 21.686172 ¢
268617 - 37.107151 ¢
7107152 - 58. 643904 ¢

O00o o

R —
Figure 6. Spatial emission distribution of construction
dust PM,,

2.3. Analysis of simulated diffusion results of
annual average concentration

Figure 7 shows the average annual concentration diffusion
cloud map of PM,, in Xiamen 2019 construction dust. It
can be seen that in 2019, the overall diffusion range of
construction dust PM,, in Xiamen City was from north-
east to southwest, and the diffusion range was more than
1402 km?, accounting for 56.1% of the simulation range.
The average annual concentration range of PM,, in con-
struction dust was 0-132.5 ug/m?. Areas whose diffusion
range (>70 ug/m?) exceeded the concentration limit of
the second class were mainly concentrated in the south-
ern junction of Tong’an District, Xiang’an District, the
middle of Tongan District, the west and east of the center
island, the northwest of Haicang District and the south of

Table 4. Statistics of dust emission from key construction sites in Xiamen in 2019

District Siming Huli Xiangan Tongan Jimei Haicang
Number of construction sites 26 49 72 32 34 24
construction area (million square) 91.75 137.03 239.41 165.67 141.32 91.35
PM,, discharge amount (t) 646.9 1443.3 2910.7 1734.4 1175.0 689.6
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Figure 7. Map of annual concentration diffusion of
construction dust PM,

Xiangan District. Among them, the average annual con-
centration of construction dust PM;, in Tongan District
and the southern border of Xiangan District was the high-
est in Xiamen City.

To further study the formation mechanism of annual
concentration diffusion results in Xiamen, the PM,, diffu-
sion of construction dust under separate construction in
Xiamen was simulated. Figure 8 shows the concentration
diffusion map and annual wind field map of construction
dust PM10 under separate construction in each district.

The results show that PM,, diffused around the high-
concentration area as the core, offering a spot-like diffu-
sion trend as a whole. PM,, generated from the construc-
tion site in Siming District is concentrated in the east, west
and south of Siming District. Construction dust PM, is
focused on the east and west of Siming District, with the
highest annual concentration of 132 ug/m?>. Because the
dominant wind direction is north wind and northwest

1325

1000

7

wind, construction dust PM;, mainly diffuses south and
southwest, and the general diffusion area is 60.25 km?.

The diffusion range of PM,, produced by the Huli Dis-
trict construction site covers the entire Huli District, the
northern part of Siming District and the western sea area
of Xiamen Island. The maximum annual concentration of
dust PM,, during construction is 101.5 ug/m?>. The an-
nual dominant wind direction in Huli District is north
wind so that the construction dust PM,, mainly spreads
southward. Due to the obstruction of Wanshi Mountain in
the middle of Siming District, the construction dust PM,,
can only be transported to the northern and southwestern
sea areas of Siming District. The overall diffusion range of
construction dust PM,, is 126.5 km?.

The diffusion range of PM,, produced by the construc-
tion site in Xiangan District is a zonal distribution from
northeast to southwest. The diffusion range covers most
areas in the southwest of Xiangan District, southwest sea
area, east of Huli District, and east of Siming District.
The number of construction sites in Xiang’an District
is the largest, and the distribution is relatively dense,
mainly concentrated in the south-central and northwest
of Xiang’an District, and the high concentration area is
also primarily concentrated in these two areas. However,
the highest annual concentration is less than 100 ug/m>
which is the lowest in the six districts of Xiamen. Com-
bined with the analysis of reasons in Figure 1, the building
density in Xiang’an District is low. There is no tall building
block. The terrain is flat and the wind is relatively strong.
The diffusion conditions of construction dust PM,, are the
best. The annual dominant wind directions in Xiangan
District are northeast wind and north wind. Therefore, the
construction dust PM,, spreads to the southwest under
the action of the prevailing wind direction. The diffusion
range (330.25 km?) is the largest in the six districts of Xia-
men.

The diffusion range of PM,, produced by the con-
struction site in Tongan District shows a strip distribu-
tion from north to south, covering the eastern half of

Figure 8. Annual concentration diffusion map and annual wind field map of construction dust PM, in each district of Xiamen
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Tong’an District, the western part of Xiang’an District
and the southern sea area of Tong’an District. The high
concentration area of construction dust PM,, is concen-
trated in the southeast and central of Tongan District. The
PM,, emission of construction dust in Tong’an District
is the second in the city, but due to the low wind speed
in Tongan District, the average annual concentration of
PM,, in construction dust in Tong’ an District is the high-
est at 132.5 ug/m>.

The diffusion range of PM,, generated by the start of
construction in Jimei District is zonally distributed from
northeast to southwest, covering the southeast of Jimei
District and the north of Haicang District. The high con-
centration area of construction dust PM, is concentrated
in the central part of Jimei District, and the highest annual
average concentration is 120.0 ug/m?. The annual domi-
nant wind direction in Jimei District is northwest wind. It
is blocked by dense buildings in the south of Jimei District
in the process of diffusion and transfer of construction
dust PM,,. The lateral diffusion is apparent. The construc-
tion dust PM,, spreads to the southwest and northeast,
and the overall diffusion range is 74.25 km?.

PM,, produced by Haicang construction site is con-
centrated in the northwest and south of Haicang. The high
concentration area of construction dust PM,, is focused
on the northwest of Maluan Bay in Haicang District, with
the highest average annual concentration of 129.6 ug/m?,
after Tong’an District. Combined with Figure 1, with
a large number of construction sites in this region, the
blocking of Caijianwei Mountain in the south and a ro-
tational wind here, the construction dust PM,, converges
here. It cannot be diffused and transferred to a farther
place. Finally, the construction dust PM;, concentration

in this region is high, and the overall diffusion range
which is only 30.5 km? of Xiamen is the smallest in the
six districts.

2.4. Analysis of simulated results of concentration
of representative month

For the subtropical climate in Xiamen, autumn and winter
last for a short time, usually only one month. Therefore,
to study the diffusion law of PM,, of construction dust
in Xiamen city in different seasons, this paper used the
representative months to represent different seasons. The
representative months of winter, spring, summer and au-
tumn were January, April, July and November. Figure 9
shows the diffuse and wind field of PM, of construction
dust mean mouth in Xiamen in 2019.

It can be seen that there are differences in monthly
dominant wind direction and wind speed in different
regions, which eventually lead to seasonal differences in
monthly average concentration distribution. Among them,
the overall diffusion range of construction dust PM; in
Xiamen City in January 2019 moved from north to south-
west, showing a zonal distribution; in April, the compre-
hensive diffusion range of construction dust PM;, moved
from northeast to west in a zonal distribution; the overall
diffusion range of construction dust PM;, in November
showed a trend of continuous diffusion and aggregation to
the southwest. Monthly average concentrations were low-
est in July and highest in April.

Figure 10 shows the diffusion range of PM,;, concen-
tration gradient of construction dust in different repre-
sentative months. It can be seen that the diffusion range
of construction dust PM;, in Xiamen City in April 2019
was the largest, reaching 1657 km?2. The diffusion range of

e

d) 11 November

Figure 9. Monthly average PM,, concentration diffusion cloud map and wind field map of different representative month
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Figure 10. Diffusion range of monthly average concentration
gradient of construction dust PM,, under different
representative months

construction dust PM,, in the other three representative
months had little change, maintaining at about 1200 km?.
The diftfusion range of PM,, monthly average concentra-
tion above 32 ug/m? had little change, maintaining at
about 15 km?.
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Figure 11. Time series variation chart of daily average
concentration gradient diffusion range of construction dust
10

2.5. Analysis of simulation diffusion results of daily
average concentration

To explore the influence of construction dust on the daily
average concentration of PM,, the simulated diffusion con-
centration results of construction dust PM; from January 15
to January 26 were extracted. Figure 11 shows the diffusion
range of the daily average concentration gradient of construc-
tion dust PM, . Figure 12 shows the diffusion map of daily
average concentration and daily wind field map.
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Figure 12. The daily average concentration diffusion map and daily

average wind field map of construction dust PM, (1.15~1-26)
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The above figures show that the diffusion area with PM,,
daily average concentration of less than 31.6 ug/m? fluctu-
ated during this period. The first trough appeared on Janu-
ary 16. The reasons for the analysis are as follows. On Janu-
ary 16, the dominant wind directions in Xiamen were east
wind and southeast wind, with a single wind direction. In
addition, the wind speed was much higher than that of the
previous day, and the construction dust PM,, rapidly dis-
sipated in the same direction under the action of the wind.
Then the first peak appeared on January 19. On that day, the
wind direction of Xiamen City was radial as a whole. The
daily dominant wind directions of each region were quite
different, and the diffusion directions of dust in each region
were inconsistent, which eventually led to the peak of the
PM,, diffusion range of construction dust. Subsequently,
due to the change in wind direction, the daily dominant
wind direction in all districts of Xiamen City turned to the
east wind, which was blocked by buildings and terrain in
one direction. The dissipation and settlement of PM in
construction dust accelerated and fell to the lowest value on
January 21. After that, the wind direction inside the center
island turned southward, the dominant wind direction in
Haicang District and Jimei District turned southwestward,
and the dominant wind direction in Tongan District and
Xiangan District was northeastward. Multiple wind direc-
tions in opposite directions converge, enhancing the atmos-
phere’s turbulence intensity and intensifying the turbulence
movement. As a result, the construction dust PM,, cannot
quickly settle down, eventually leading to the increase in the
daily average concentration of construction dust PM,, and
the expansion of the diffusion range.

It can be seen that wind direction and wind speed both
were the main factors affecting the diffusion range and
daily concentration gradient distribution of construction
dust PM;,. When the dominant wind direction of the
city was consistent, the greater the wind speed, blocked
by one direction of terrain and buildings, the faster the
construction dust PM,, dissipated and settled in the same
direction. The smaller the diffusion range of construction
dust PM,, was, the lower the daily average concentration
of construction dust PM,, would be. When the dominant
wind direction of the city was inconsistent, the diffusion
of PM,, in construction dust would be intensified in two
cases. The first was that the wind direction of the city was
radial, which directly caused the radial diffusion of PM;,
in construction dust. The second was that the wind direc-
tion in all regions of the city was convergent, resulting
in an increase in atmospheric turbulence intensity, which
made the construction dust PM,, unable to settle and dis-
sipate, thereby indirectly causing an increase in the con-
centration and diffusion range of construction dust PM,,.

2.6. Analysis of the accuracy and credibility
simulation diffusion results through hourly
simulation on a certain day

Based on the results and analysis, it is known that the
highest daily average concentration of PM,, in Xiamen

occurred on January 20, 2019. The WRF model was main-
ly used to provide high-altitude meteorological simulation
data for the CALMET module. To further verify the cred-
ibility of the results, this study investigated the diffusion
pattern of construction dust within the urban area on that
day. The period from 15:00 to 21:00 Beijing time on Janu-
ary 20, 2019 was selected as the study period, with the first
three hours (15:00 to 18:00) as the continuous construc-
tion period and the last three hours (18:00 to 21:00) as the
stop-work period. Meteorological data below 1 km from
the ground level were analyzed, with a total of 38 layers
in the vertical direction and a model maximum pressure
of 50 hPa.

To test the accuracy and credibility of the WRF mete-
orological model simulation results at the mesoscale level,
this study used the method of comparing simulated val-
ues with monitoring values. The monitoring values were
hourly wind speed (10 m height) and wind direction an-
gle (10 m height) data provided by the Xiamen ground
meteorological station (station number 59134, longitude
118.07 degrees, latitude 24.48 degrees) from the China
Meteorological Administration (CMA). The simulated val-
ues were hourly wind direction and speed data at the same
location as the ground meteorological station in the WRF
grid, covering 31 hours from January 20, 2019 02:00 to
January 21, 2019 08:00 Beijing time. To evaluate the credi-
bility of meteorological data, three indicators, bias (BIAS),
mean absolute error (MAE), and root mean square error
(RMSE), are generally used for quantitative evaluation. All
three indicators are statistical quantities with dimensions,
and the smaller the indicator value, the better the simu-
lation effect. The specific calculation formulas are shown
below (Lee et al., 2014; Li, 2017; Liu, 2012).

Bias = | Mgpyuparepi — Omonirorepils (12)
LN
E= WZ |M SIMULATEDi ~ OMONITOREDI |§ (13)

i=1

2
SIMULATIEDi — OMONITOREDi )
N

> M

RMSE =

(14)

Table 5. WRF simulation value and monitoring value
comparison results

Statistical index Wind speed, m/s Wind direction,®
Bias,;, 0.087162 1.51
Bias 2.888432 333.18
E 1.236826 38.989
RMSE 1.513467 72.89

Figure 13 and Table 5 show that the root mean
square error (RMSE) of wind speed is 1.236826 m/s,
with a maximum deviation of 2.884329 m/s and a
minimum deviation of 0.08893 m/s. The wind speed
simulated by the WRF model during the early morning
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Figure 13. WRF simulation value and monitoring value time series comparison chart

to morning period (from 02:00 to 09:00 on January 20
and from 00:00 to 08:00 on January 21) shows a signifi-
cant deviation from the monitoring values. The trend
of wind speed variation simulated by WRF during the
remaining time period is similar to the monitoring val-
ues, but the overall wind speed is still higher than the
monitoring values. The results are in line with the rea-
sonable error range given by previous scholars (Chang
& Hanna, 2004; Lee et al., 2014; Yang et al., 2023). The
discrepancy may be attributed to the fact that the moni-
toring values represent instantaneous values recorded
once per hour at the meteorological station, while the
simulated values represent hourly average values. Addi-
tionally, the simulation of wind speed during the transi-
tion period between day and night is affected by solar
radiation. For the wind direction angle, the RMSE is
72.89 degrees, with a maximum deviation of 333.18 de-
grees and a minimum deviation of 1.51 degrees. The
error in wind direction simulation by WRF mainly aris-
es from the first eight hours of simulation. The trend
and magnitude of wind direction angle simulated by
WRF and monitored values are consistent during the
23 hours after 10:00 on January 20, 2019. The deviation
in the first eight hours of simulation may be due to the
resolution of the grid and terrain, as well as local tur-
bulence fluctuations causing wind field abrupt changes.
The results are in line with the previous scholars (Liu,
2012; Shi et al., 2022).

2.7. Regional contribution analysis of concentration
simulation results of construction dust

To study the contribution relationship of construction dust
PM,, concentration between the six districts of Xiamen
City and quantify the contribution ratio of construction
dust concentration between different districts in different
seasons representative months and throughout the year,
several attention points were selected from each district
of Xiamen City and the monthly average concentration
of PM,, at each attention point of the construction site
in different districts in different representative months
and the annual average concentration of PM,, under the
construction throughout the year were determined by the
zero-return method. Then, the contribution relationship
of construction dust PM,, concentration between different
districts in Xiamen in different seasons and the contribu-
tion relationship of construction dust PM, concentration
in the whole year were indirectly determined.

Based on the population density and ventilation condi-
tions, this paper selected two specific focus points in each
area: one was in the urban building-intensive area, while
another was located in open areas such as park suburbs.
The specific location of the focus is shown in Figure 14.

Figure 15 shows the monthly average concentration
contribution of construction dust PM;, in representative
months of different seasons and the annual average con-
centration contribution of construction dust PM;,
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Figure 14. Positions of focus points and monitoring points
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Figure 15. Statistics of contribution relationship of dust PM,;, concentration in construction on focus points

The monthly average concentration contribution
sources of construction dust PM,, under different rep-
resentative months (except November) of the two focus
points in Siming District were consistent with the annual
average concentration contribution sources of construc-
tion dust PM,,. The main contribution sources were
Xiangan District, Huli District and Siming District from
big to small. The monthly average PM,, concentration
of construction dust in Xiamen University in November
was mainly contributed by Jimei District (11.3%), Hai-
cang District (36.8%) and Tong’an District (37.7%), while
the monthly average PM,, concentration of construction
dust in Xiamen Railway Station in November was mainly
contributed by Tong’an District (7.7%), Xiangan District
(38.6%) and Huli District (48.9%).

The main sources of PM,, annual average concentra-
tion contribution of construction dust in Huli District of
the focus point(the government of Huli District) were
Huli District (72.3%) and Xiang’an District (24.8%). The
main sources of PM;, monthly average concentration un-
der different representative months (except July) were Huli
District (59.3-80.6%) and Xiang’an District (12.3-34.7%).
The monthly average PM,, concentration contribution of
construction dust in July by the local government was
mainly from Huli District (83.9%) and Siming District
(9.0%).

The contribution sources of PM,, average annual con-
centration of construction dust of the two focus points
in Xiang” an District were mainly Xiang’an District and
Huli District. The monthly average PM,, concentrations
of construction dust in January and November of the two
concerns were primarily contributed by the lake area (over
98%). The monthly average concentration contribution of

construction dust PM;, in April and July of the two fo-
cus points mainly came from Huli District and Xiangan
District.

The annual average concentration contribution of con-
struction dust PM,, of the two focus points in Tongan
District mainly came from Tong’an District, Xiang’an Dis-
trict and Huli District. The contribution of PM,, monthly
average concentration of construction dust in January
and November mainly came from Tong’an District (70.2-
85.0%) and Xiang’an District (15.0-29.2%). The monthly
average PM,, concentration contribution of construction
dust in April and July was mainly from Tong’an District
(41.5-58.0%), Huli District (10.5-20.8%), Xiangan Dis-
trict (9.3-22.0%) and Jimei District (7.7-12.9%).

The annual average PM,, concentration of construc-
tion dust of the two focus points in Jimei District was con-
tributed by four areas: Jimei District (70-72%), Tong’an
District (11.5-12.4%), Xiang’an District (7.0-7.5%) and
Haicang District (3.9-4.7%). The contribution of PM,,
monthly average concentration of construction dust in
January and November mainly came from Jimei District
(56.7-82.5%), Tong’an District (13.9-32.0%), and Xiangan
District (3.3-12.2%). The monthly average PM,, concen-
tration contribution of construction dust in April and
July of the two concerns was mainly from Jimei District
(71.3-72.2%), Tongan District (7-7.7%), Xiang’an District
(6.7%), Huli District (6.0-7.0%) and Haicang District
(5.7-6.0%).

The average annual concentration contribution and
monthly concentration contribution sources of construc-
tion dust PM;, of the two focus points (Campus of Xia-
men No. 1 Middle School and Xiamen Changgeng Hos-
pital) in Haicang were quite different. The annual average
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concentration contribution and monthly average concen-
tration contribution of construction dust PM,, in Haicang
Campus of Xiamen No.1 Middle School were mainly from
the local Haicang District, followed by Jimei District. Due
to the special terrain, the dominant wind direction in this
area formed a rotating wind, and the local source cannot
diffuse outward, resulting in a large proportion of local
sources. For Xiamen Changgeng Hospital, the average an-
nual concentration contribution and monthly concentra-
tion contribution of construction dust PM;, were mainly
from Jimei District, Haicang District, Xiangan District,
Tong’an District, and Huli District, and the contribution
proportion showed seasonal changes.

Conclusions

This paper simulated the diffusion of construction dust
in the urban area of Xiamen with the tools of WRF and
CALPUFF in case of all construction sites were working at
the same time. The main conclusions are as follows:

1) If all the construction sites are under construction,
the overall diffusion range of dust PM,, in Xiamen
City in 2019 will be zonally distributed from north-
east to southwest. In the monthly average concen-
tration gradient distribution of construction dust
PM,,, the seasonal difference is mainly reflected in
the area where the monthly average concentration
of construction dust PM10 is below 32 ug/m?.

2) Assuming that the construction sites in the six dis-
tricts of Xiamen are opened separately, the diffusion
conditions in Xiangan District are the best, and the
diffusion range of PM,, is the largest. The construc-
tion dust PM,, is not easy to diffuse, and the diftu-
sion range of construction dust PM, is the smallest
in Haicang District. In the construction dust PM,,
regional concentration contribution, some areas
show prominent seasonal characteristics.

3) The best start time of Siming district and Haicang
District is the end of the year or the beginning
of the year; Summer is the best time to start con-
struction of sites in Huli District; Construction
sites in Xiangan District and Tong’an District
should be arranged between spring and summer;
the optimal starting time for the site in Jimei Dis-
trict is January.

Although the WRF and CALPUFF model were com-
bined to simulate the diffusion distribution of long-dis-
tance pollutants over 50 km of construction dust PM,,
monitoring index in this paper, the research on the diffu-
sion distribution of construction dust at the urban level is
still a huge systematic problem remaining to be focused
on. For example, observation and measurements have
been compared, assuming a constant 27% contribution of
construction to measured concentrations everywhere in
the town. This is not very quantitative. The next research
step can try to create a method to obtain the PM,, gener-
ated only by the construction dust diffusion and simulate
the larger scale diffusion based on it. Furthermore, the

emission disperses in the urban area near ground level,
so buildings and urban obstacles influence the transport
and dispersion. These effects were not taken into account
in the paper. How to consider urban construction to study
the law of construction dust diffusion is a worthwhile and
challenging future research direction.
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