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Abstract: This study focuses on the main urban area of Yangzhou City and conducts a quantitative
comparative analysis of traffic accessibility during normal weather and extreme precipitation condi-
tions (typhoon) based on GPS trajectories of buses. From both temporal and spatial dimensions, it
comprehensively examines the impact of extreme precipitation on bus travel speed, travel time, and
the commuting range of residents in the main urban area of Yangzhou City. (1) Through the mining
and analysis of multi-source heterogeneous big data (bus GPS trajectory data, bus network data,
rainfall remote sensing data, and road network data), it is found that the rainstorm weather greatly
affects the average speed and travel time of buses. In addition, when the intensity of heavy rainfall in-
creases (decreases), the average bus speed and travel time exhibit varying degrees of spatio-temporal
change. During the morning and evening rush hour commuting period of rainstorm weather, there
are obvious differences in the accessibility change in each typical traffic community in the main
urban area of Yangzhou city. In total, 90% of the overall accessibility change value is concentrated
around —5 min~5 min, and the change range is concentrated around —25~10%. (2) To extract the
four primary traffic districts (Lotus Pond, Slender West Lake, Jinghua City, and Wanda Plaza), we
collected Points of Interest (POI) data from Amap and Baidu heat map, and a combination analysis of
the employment-residence ratio model and proximity methods was employed. The result show that
the rainstorm weather superimposed on the morning peak hour has different degrees of impact on
the average speed of the above-mentioned traffic zones, with the most obvious impact on the Lotus
Pond and the smallest impact on Wanda Plaza. Under the rainstorm weather, the traffic commute in
the main urban area of Yangzhou in the morning and evening peak hour is basically normal. The
results of this paper can help to quantify the impact of typhoon-rainstorm weather events on traffic
commuting in order to provide a scientific basis for the traffic management department to effectively
prevent traffic jams, ensure the reliability of the road network, and allow the traffic management
department to more effectively manage urban traffic.

Keywords: accessibility; feature of spatio-temporal evolution; extreme weather events; typhoon
“In-Fa”; main urban area of Yangzhou City

1. Introduction

The Fifth Assessment Report of the United Nations Intergovernmental Panel on Cli-
mate Change (IPCC) pointed out that the global climate system has experienced substantial
transformations over the past century, marked by a notable rise in global temperatures, and
it is expected that the frequency of adverse weather events on a global scale will escalate
rapidly and the range of their impacts will tend to widen in the 21st century [1,2]. Adverse
weather events can lead to traffic congestion on urban roads, extended commuting time
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for residents, increased travel costs, etc. Moreover, superimposition of typhoon-rainstorm
weather events and urban morning and night commuting peak hours will further aggravate
the impact on the commuting accessibility for residents. How to quantitatively assess the
impact of extreme weather events on the accessibility of residents’ transportation commut-
ing, and implement effective spatial and temporal response measures to further improve
the ability of disaster prevention and resilience, enhance the security of the transportation
network system, and strengthen the resilience of the transportation network is a key issue
that needs to be solved urgently [3-6]. Transit is an important part of the urban transporta-
tion system, and it is the main way for residents to commute and travel. According to the
annual report of Yangzhou transportation, it is known that the proportion of commuting
trips by public transportation in the main city of Yangzhou reached 30% in 2020. Therefore,
mining the spatial and temporal characteristics of impacts of adverse weather events on
urban public transportation commute travel, and quantitatively assessing the impact of
adverse weather events on the accessibility of urban residents’ commute travel can pro-
vide scientific decision support for the transportation management department to develop
prompt contingency strategies and implement effective emergency management measures.

At present, domestic and foreign scholars have carried out extensive studies on the
impact of adverse weather events on urban commuting, and found that the commuting
impact of adverse weather events varies with different areas and road hierarchy. However,
due to the limited data, researchers have only analyzed the limited area or a specific section,
and there is a lack of research on large-scale urban transportation networks and the spatio-
temporal heterogeneity of extreme weather events regarding urban transportation. In terms
of research indicators, the majority of prior studies have analyzed the impacts of different
typhoon-rainstorm events and their intensity on traffic flow [7-9], vehicle speed [10-13],
travel time [14,15], and traffic accidents [16-18], etc., while fewer studies have been con-
ducted on the indexes of commuting accessibility. In terms of research methodology, except
for employing the questionnaire survey to study the impact of adverse weather events
on residents’ travel mode, travel time, and travel distance, with the popularization of the
Internet and the continuous improvement of computer data processing capabilities, multi-
source heterogeneous big data mining technology [19-22] provides an accurate and reliable
data source and analysis method for studying the impact of adverse weather events on the
accessibility of commute travel. However, most of the current research has only involved
data mining technology to conduct quantitative studies on the impact of typhoon-rainstorm
weather events on commuting on the daily scale [23-26]. Residents” commuting trips are
affected by many features of typhoon-rainstorm weather events such as the start time,
duration, impact range, and intensity. To summarize, the current relevant studies have not
been able to deeply reveal and characterize the spatio-temporal heterogeneity of the impact
of dynamic changes in the intensity of adverse weather events on the commuting travel
of urban residents, and it is difficult to apply this to the decision making of emergency
protection of transportation travel in critical time and spatial areas.

Given the shortcomings of the above studies in terms of temporal granularity [27,28],
indicator selection and spatial analysis [29], this paper will study the impact of typhoon-
rainstorm events on commuting in Yangzhou City. Based on the public transportation
GPS (Global Positioning System) trajectory data, remote sensing of rainfall data, Points
of Interest (POI) data, Baidu heat map, related road networks and other data, the paper
has employed multi-source heterogeneous big data mining and analysis techniques to
first build a public transportation commuting circle of typical residential districts. Then,
in-depth excavation of the temporal and spatial variation laws of average bus speed, travel
time and commuting distance under different rainstorm intensities has been conducted to
quantitatively assess the impact of typhoon-rainstorm events on commuting. The study is
conducive to provide a scientific basis for traffic management departments to effectively
prevent traffic congestion, ensure the reliability of the road network, and promote traffic
management departments to manage urban traffic in a more refined way.
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2. Study Area, Data and Methods
2.1. Study Area

Yangzhou is located in the middle of Jiangsu Province, at the intersection of the Yangtze
River and the Beijing-Hangzhou Grand Canal, and is an important part of Jiangsu’s Yangtze
River Economic Belt. In addition, it is a city in the close circle of the Nanjing Metropolitan
Circle and a city in the Yangtze River Delta city cluster, and one of the twenty-seven cities
in the central area of the Yangtze River Delta, with a relatively well-developed urban road
network. According to the 2020 census data of Yangzhou city, the population distribution
is mainly concentrated in Guangling and Hanjiang districts, which are selected as the study
area in this paper. The main urban area of Yangzhou City covers an area of 906.36 km?,
with a total population of 1.2692 million people. Among them, the number of employees in
primary industry is 95,500, the number of employees in secondary industry is 409,200, and
the number of employees in tertiary industry is 474,800. It can be seen that the residential
population in the main urban area of Yangzhou City is highly matched with the number of
job positions available, indicating a relative balance between jobs and housing in the region,
which further indicates that the main city of Yangzhou is mainly characterized by internal
commuting. In addition, the public transportation system in the main city of Yangzhou is
relatively complete, and transit is the main commuting mode of transportation. Therefore,
this paper selects 51 bus routes within the main urban area of Yangzhou, including No. 1,
No. 29, No. 37, No. 108, etc. (Figure 1).

10

Figure 1. Bus route map in the central urban areas of Yangzhou.

2.2. Data and Preprocessing
2.2.1. Bus GPS Trajectory Data

In this paper, the GPS point data for 15-30 July and 12-18 December 2021 were ex-
tracted based on the GPS data of bus vehicles provided by Yangzhou City Bus Company,
of which 24-30 July was typhoon-rainstorm weather (typhoon-rainstorm), and the 12-18
December was sunny weather. A total of 89,077,360 GPS data related to the selected 51 bus
routes were extracted from the data, with a total size of 41.2 G. Through Python program-
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ming, we screen the data of Yangzhou city’s main urban area bus travel for 24-30 July
(typhoon-rainstorm) and 12-18 December (normal weather conditions) during morning
and evening peak hours (07:00-09:00, 17:00-19:00) and eliminate invalid or abnormal data
simultaneously. The trip time of bus operation is extracted by the trip time extraction
algorithm. The travel time can be calculated by Equation (1):

Tiiv1) = Ait1 — Di (1)

where A; 1 is the moment corresponding to the GPS record of the bus driving into the next
stop; D; is the moment corresponding to the GPS record of its driving out of the previous
stop;and T(;;; 1) is the travel time between the two stops to be extracted.

After preprocessing, about 300,000 valid route data per day are obtained, and the
track data represent the state of public transportation operation, which includes location
information such as latitude and longitude, vehicle speed, and time information of the
public transportation at each data point at the current time.

2.2.2. Job-Housing Space Identification

The internet open-source data selected in this paper are POI data and thermal diagram
data (https://map.baidu.com, accessed on 15 April 2022). Based on the POI data, the work-
ing and residential space was identified in the main urban area of Yangzhou city [30,31],
and the population thermal map data were used for spatio-temporal displacement analysis
of residents’ occupation and residential areas, improving the accuracy of job and residential
space identification.

The Baidu thermal map is based on the geographical location information of smart-
phones and is updated every 15 min. Through location clustering, it can reflect the flow of
urban populations and spatial aggregation, thus describing the spatio-temporal changes
in residents between their place of residence and place of work. This paper selects the
thermal maps on 1 May (rest days) and 9 May (working days) in 2022 and divides them into
seven thermal grades, among which Grade 1 is non-thermal, 2-3 is medium-thermal, 4-5 is
sub-thermal, and 6-7 is high (Figure 2). Then, it calculates the thermal values of different
properties, and analyzes the changes in thermal values from 7 a.m. to 11 p.m., so as to
obtain the population agglomeration in different periods, and study the spatial-temporal
displacement of the residents in service.

In order to identify the jobs and residential spaces based on the Baidu thermal map
data, analyze the public transportation attendance time, commuting distance and flow char-
acteristics of urban residents in the main urban area of Yangzhou, we compare and analyze
the urban planning data and POI data of the main urban area of Yangzhou City, combined
with the classification standards of the National Economic Industry Classification and Code
(GB/T4754-2017) [32]. This article divides the selected POI data into 11 categories [33]. We
selected wholesale and retail trade services, accommodation and catering services, banking
and financial services, education services, community life services, medical services and
entertainment services to study.

In this paper, the regular grid division method is used to divide the study area into
500 x 500 grids based on ArcGIS, and the working space is identified by quantitatively
counting the proportion of various POI frequencies to all POI frequencies in the grid. For
each type of POI, functional properties are identified by constructing frequency density
and category ratios with the following formula:

n; .
Fi:ﬁli (i=1,2,3--,11) )

Fi
Ci= o
i=141

x 100% (i =1,2,3---,11) 3)

where i represents the POI type; n represents the number of the ith-type POl in the cell; N;
represents the total number of the ith-type POI; F; represents the frequency density of the
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ith-type POl in the total number of POI of that type: C; represents the proportion of the
frequency density of the ith-type POl in the frequency density of all types of POl in the cell.

(i) 11 p.m.

Figure 2. Heat maps of the central urban areas of Yangzhou on 9 May 2021. Record time is from 7 a.m.
to 11 p.m.
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We calculate the frequency density and type ratio of 11 POIs according to the formula
and selected the type proportion value of 50% as the standard to judge the functional nature
of the unit. When the proportion of POIs of a certain type in a grid cell is 50% or more, the
grid unit is determined to be a single functional area of a POI nature. When the ratio of all
types of poi within a grid cell does not reach 50%, then the cell is a mixed functional area.
The mixture type depends on the two main POI types in the grid cell. When the POl is not
included within the grid cell, this type of grid cell is called a valueless zone.

According to the calculation results of the above formulas and the change in heat
value of the Baidu heat map, in this paper, Lotus Pond, Jinghua City, Slender West Lake
and Wanda Plaza were selected as typical residential areas to carry out the research.

2.2.3. Multi-Satellite Combined Inversion of Precipitation Data

The IMERG precipitation product class used in this study is Final-Run, which includes
monthly scale rainfall information observed from ground stations, and Final-Run offers the
best quality of IMERG precipitation products and is the most suitable for research fields
such as climate and hydrological simulation. The time resolution of the original IMERG
productis 0.5 h, while the time resolution of precipitation observation information at ground
stations is 1 h, so the IMERG precipitation product within the same hour is integrated to
one-hour resolution for subsequent rainfall intensity analysis. In this paper, we used the
hourly precipitation product of the IMERG Final-Run from 25 to 28 July 2021, with a spatial
resolution of 0.1, and trimmed it to the scope of the study area (IMERG precipitation data
can be accessed on the PMM site, https://pmm.nasa.gov/data-access/Downloads/gpm,
accessed on 2 April 2022). Figure 3 shows the route diagram of typhoon “In-fa” in transit,
and the rainfall data of Yangzhou city in July 2021 were obtained through the Yangzhou
Meteorological Observation Station (Figure 4).
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— L z L —

40°0'0"N
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© Typhoon
O  Strong Typhoon
O  Severe Tropical Storm
© Tropical Depression
3090'0"N @ Tropical Storm
=== National Boundaries
D Interprovincial Boundaries

0 200 400 800

[ m

20°0'0"N
120°0'0"E 130°0'0"E

Figure 3. Typhoon In-fa transit route map.
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Figure 4. The spatio-temporal evolution of rainfall data in Yangzhou on 25-28 July 2021: (a) rainfall
data on 25 July 2021; (b) rainfall data on 26 July 2021; (c) rainfall data on 27 July 2021; (d) rainfall data
on 28 July 2021.

2.3. Methods
2.3.1. Technology Roadmap

This paper focuses on the impact of typhoon-rainstorm weather events on the com-
muting accessibility of urban residents from two aspects: vehicle speed and travel time,
based on GPS trajectories of buses in the main urban area of Yangzhou City and partial
weather data in July and December 2021. Using the population thermal data provided by
the Baidu map, analysis of jobs and residential space is conducted to determine typical
residential areas. Then, the paper constructs public transportation commuting circles under
different weather conditions and the method of spatial statistical analysis is applied to
calculate the area of the commuting circle under different weather conditions. Finally, with
comparison of the travel circle areas in different weather conditions, the results of commut-
ing characteristics of typical communities in typhoon-rainstorm weather are obtained. The
research process of this paper is shown in Figure 5.
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Figure 5. Flowchart of processing commuting accessibility under the typhoon-rainstorm.

2.3.2. Calculation of the Average Bus Line Speed Based on the GPS Trajectory Data

Under the typhoon-rainstorm weather events, the reduction in bus travel speed di-
rectly leads to the delay in commuting. According to the collected bus GPS trajectory data,
the average travel speed of the whole bus line is calculated after excluding the invalid or
abnormal data. The paper calculates the average travel speed V; between adjacent GPS
points with Equation (4):

(x; — xip1)* + (Wi — Yip1)®
- L @
(i,i+l)

where x; and y; are the position coordinates of the ith GPS point; x;;1 and ;4 are the
position coordinates of the i + 1 GPS point; the distance between two points can be found
according to the position coordinates of the two points; T(; ;1) is the time from the ith point
to the i + 1 point.

We can calculate the average speed of bus line V; by using Formula (5):

V. = ?:1 ‘/l

i ,i:1,2,3...,]':1,2,3... (5)

2.3.3. Construction of Bus Commuting Circle Based on Improved Gravity Model

We define commuting accessibility as the ease with which a traveler can move from
their original location to a specific destination using a particular transportation system. The
commuting range of urban residents forms a commuting cycle. The size of the commuting
circle is related to the commuting time and the mode of travel. This paper selects public
transport as the way of travel of residents. On the basis of the improved gravity model of
Joseph and others [34], this paper improves the bus travel mode, travel time threshold [35]
and the attraction index of the work space, so as to make the accessibility calculation more
practical, as shown in Equations (6) and (7).

S:x Ni x Tj;; !
A=y L1 ]c — (6)
JET;<to(c) ]
_\m -1 _
Ci=Y,_, Ptii " k=1,2,3,4 7)

where A; is the end point space accessibility of the residential area i; a higher A; value
means better accessibility of the workspace at the starting point i; S; is the road capacity
of commuter point j (determine the road capacity according to the road grade); N; is the
attraction index of the workspace j, using the thermal level shown in the thermal map
of Figure 2 above (the higher the level, the greater the attraction of the area); Tj; is the
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travel time required for the bus from the start i to the end j; C; indicates the competition
of residential residents in the working area after meeting the time threshold ¢;; under the
influence of typhoon-rainstorm weather; P is the population of a residential area at k
(Lotus pond is represented by 1, Slender West Lake by 2, Jinghua City by 3, and Wanda
Plaza by 4); m is the number of vocational and residential areas that meet the conditions.

We import the calculated accessibility index (A;) into ArcGIS based on the results of
the job-housing spatial analysis in Section 2.2.2 to obtain the radii of the bus commuting
circle in different residential areas for a given time threshold.

2.3.4. Detection of Outliers

For the time series of the speed and travel time, the speed and travel time are the
random fluctuations caused by other factors, and these fluctuations are mainly the com-
prehensive results caused by traffic accidents or typhoon-rainstorm events. The selected
bus GPS trajectory data contain the driving data under normal weather conditions. In
order to better distinguish the driving data under different weather conditions, we need
to detect outliers among these data. Since the local weighted regression seasonal trend
decomposition can reflect the periodicity of changes in vehicle speed and travel time, the
local weighted regression seasonal trend decomposition method was chosen to decom-
pose vehicle speed and travel time, decomposing long-term trends, seasonal changes, and
residual parts [36,37]. At the same time, in order to determine the observations of vehicle
speed and travel time in the travel time data set under typhoon-rainstorm weather, the
article conducts a generalized extremum dispersion test on the residual portion of the road
network dataset obtained by the local weighted regression seasonal trend decomposition
method mentioned above, which is conducive to identify vehicle speed and travel time
observations that deviate significantly from normal traffic conditions. The extreme weather
data set was collected, and the start and ending time of the speed and travel time that were
significantly different from the above observation values were analyzed to form a new
data set.

Local weighted regression seasonal trend decomposition involves the segmentation
of time series into long-term trends, seasonal changes, and residual parts. This can be
expressed by Equation (5).

ys = St + Ssg+ Sr (8)

Specifically, ys, ST, Sg, Sgr are the observed time series, long-term trends, seasonal
variation, and residual parts, respectively.

The generalized extremal dispersion test [38] was employed to detect outliers in
univariate normal data sets. The test formula applied to each observation within a sample
of size N is shown in Equation (6), where 7; is the ith observation in the sample; 7 is the
representative of the mean, and s represents the standard deviation of the sample.

max;|n; — 1|

Z = -

©)

Subsequently, the observations n; corresponding to the maximized test statistic Z;
were removed from the sample, and the test statistic for the remaining observations was
recalculated. This procedure was iterated until the u observations (potential outliers) were
eliminated. Next, corresponding to the calculated y-test statistic, the p-test critical value
was calculated using Equation (7).

(m B i)tp,m—i—l

\/<m—i—1+tirmi1)(m—i—1)

'L'i:

(10)
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where t, ,, ;1 correspond to the 100p percentage value and (m — i — 1) degrees of freedom.
The formula for calculating the value of p is shown in Equation (8):

6

P i) )

where 6 is the confidence level. The count of outliers within the sample is determined by
the maximum i, such as Z; > 7;. In this study, we set u to 20% of the total observations
of travel times in a bus line, and 6 was set to 0.05. Choosing a relatively high value for u
prevents the absence of identifying any outliers in the selected confidence level.

According to the above rainfall data, combined with the detection results of speed
and travel time, space-time superposition analysis, and the actual disaster report text
information mining verified that the rainstorm weather will lead to an increase in typhoon-
rainstorm speed frequency and prolong the travel time.

3. Analysis of the Impact of Typhoon-Rainstorm Events on Commuting Accessibility
3.1. Temporal Patterns of Different Weather Conditions regarding Vehicle Speed

As shown in Figure 6, without rainfall (e.g., 14:00-19:00 on 24 July), the average bus
speed is affected by the evening peak hours, and the speed decreased slightly, but the
average speed of the bus was maintained above 20 km/h. When the rainfall is within
0~40 mm, the bus speed shows a fluctuation change, and the speed fluctuates more
under the influence of the morning and evening rush hours. When the rainfall reaches
more than 40 mm, and is superimposed on the morning and evening rush hours, the
superposition effect is obvious (like 17:00-19:00 on 26 July), but it is not true that the
greater the precipitation, the lower the average bus speed. The average bus speed is the
lowest (18 km/h) when the precipitation is 80mm, while the speed rises to 24 km/h with
a precipitation value of 103 mm. This is because the evening peak hour is over, and it
is not obvious that the bus commuter speed is only affected by the intensity of rainfall.
And when the rainfall decreases or stops, the average bus speed slowly recovers. The
purple part in Figure 6 shows the change in the rainfall and average bus speed of Yangzhou
over time when typhoon “In-fa” affected Yangzhou (for example, 6:00-17:00 on 27 July).
Under the influence of the typhoon, the precipitation reached its maximum (118 mm), and
when the morning peak effect was superimposed, its impact on the average speed of the
bus was obvious. At this moment, the average speed of the bus was only 17 km/h, but
with the decrease in precipitation, the average speed of the bus slowly recovered after the
morning peak hour. To sum up, rainfall has a certain impact on the average speed of public
buses, and the impact of superimposed morning and evening peak precipitation is more
obvious. Moreover, with the decrease in precipitation, the average speed of public buses
will continue to rise.

140 25 140 25
~ 120 \-——/\/k—’\-/\/\f\/“/v\/\/\’\/\/ ~ 120 \_/\/\/—\_A_/\ /-\__\/\/_’\’\/
= = L
g @ . £ @
£ 100 < £ 100 =
= 80 15 g s 80 15 E
5 60 = T 60 -
.i IU?j _;1 lﬂg
240 =40
9 5 & b4 5 &
= = [0l |
0 0 o el utliL il 11l 0
P e e T S5 s ss idEzecse e
B e A N e Ry SERE e R S L oYY S l\c»;j,-mm.\l\c»':—nﬁmmnxt\fgﬂmn“.%-\l\v“:—mm-\
Dec. 12 Dec.13 Dec. 14 Dec. 15 July 24 July 25 July 26 July 27

B Precipitation(mm) — Speed(km/h)
@) (b)

Figure 6. The temporal feature of average speed under different weather conditions: (a) normal
weather; (b) typhoon-rainstorm.
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3.2. Spatial Pattern Analysis of the Influence of Different Weather Conditions on Vehicle Speed

In order to analyze the spatial influence of morning and evening peak hours on bus
speed under different weather conditions, this paper analyzed the road network speed
in the main urban area of Yangzhou, and obtained the average speed distribution map of
the bus network under different weather conditions, as shown in Figure 7 (in the picture,
the Lotus Pond is represented by 1, 2 for Slender West Lake, 3 for Jinghua City, and 4 for
Wanda Plaza).

10 20 30 40 50 m/s
(a) (b)

Figure 7. Spatial distribution of average speed under different weather conditions: (a) normal weather
conditions; (b) typhoon-rainstorm weather conditions.

During the morning and evening peak hours under normal weather conditions, the
average speed of approximately 36 out of 51 bus routes has been affected. Among them,
the average speed of the corresponding bus lines in Core Pacific City, Wanda Plaza, Slender
West Lake and Lotus Pond decreased, with an average speed of 20.6 km/h, down by 10%.
During the morning and evening peak hours under typhoon-rainstorm conditions, the
average speed of about 42 out of 51 bus routes was significantly affected, among which the
average speed of the corresponding bus lines in Core Pacific City, Wanda Plaza, Slender
West Lake and Lotus Pond decreased significantly under the above normal conditions, with
an average speed of 18.9 km/h and amplitude reduction of 25%.

Through the above comparative analysis of the average speed distribution map of the
road network under normal weather conditions and rainstorm weather conditions, it can be
shown that different weather conditions have a certain impact on the average spatial speed
of the public transportation network during morning and evening peak hours. Moreover,
under the conditions of a typhoon-rainstorm, the superposition effect of the morning and
evening peak is obvious. Among them, Jinghua City, Wanda Plaza, Slender West Lake and
Lotus Pond, as areas with large traffic flow in the morning and evening peak hours, report
a more significant delay, with a 25% increase. The average results of the four residential
areas in the morning and evening peak hours during normal weather and heavy weather
conditions are shown in Table 1.
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Table 1. Bus commuting speed in four residential areas during morning and evening peak hours

under different weather conditions.

Normal Weather Speed (km/h) Typhoon-Rainstorm Weather Speed (km/h)
(12-18 December) (24-30 July)
Area Morning Peak  Evening Peak  Average Speed Morning Peak  Evening Peak  Average Speed
Lotus Pond 21.8 20.8 213 18.0 18.7 18.4
Slender West Lake 20.2 194 19.8 18.7 19.1 18.9
Jinghua City 19.9 19.9 19.9 18.2 17.0 17.6
Wanda Plaza 223 20.5 214 21.1 20.5 20.8
Total 20.6 Total 18.9

3.3. Influence of Different Weather Conditions on Travel Time

In order to analyze the influence of different weather conditions on the bus travel time

during the morning and evening peak hours, we also selected 07:00-09:00 and 17:00-19:00
on 24-30 July 2021 (typhoon-rainstorm weather) and 12-18 December 2021 (normal weather
conditions). Using the average speed sample data calculated based on bus GPS trajectory
data as the research object, this study investigates the impact of different weather conditions
on bus travel time. Under normal weather conditions, the statistics of bus commuting hours
in the main urban areas during the morning and evening rush hours and off-peak hours are
shown in Table 2. Figure 8 shows the comparison of morning and evening peak commuting
hours under different weather conditions. This paper analyzes the bus travel time of 51 bus
lines in the morning and evening peak hours, and the results show the following;:

@)

@

Under normal weather conditions, the average time consumption of 38% bus routes
of 51 bus lines during the morning peak hour (07:00-09:00) is comparable to the
average time consumption during the non-morning peak hours under normal weather
conditions. In terms of changes in travel time, 56% increased, 6% decreased, and the
change value of 50.6% was concentrated around —7.5~12 min. During the evening
peak hour (17:00-19:00), 30% of the 51 bus lines were equivalent to the average time
consumption of non-evening peak hours under normal weather conditions. In total,
65% of the average commuting time of public transportation increased, 5% of the
average commuting time decreased, and the changes in the average commuting time
of 55.8% of public transportation were concentrated in the range of —10~10 min. The
above analysis results show that morning and evening peak hours have a significant
impact on bus travel time under normal weather conditions, but the impact of morning
and evening peak hours on bus travel time is basically the same. The average time
of public traffic service during morning and evening peak hours is 56 min, with an
overall increase of —15~24%.

Under typhoon-rainstorm weather conditions, the average time consumption of 20%
of the 51 bus lines during the morning peak hour (07:00-09:00) was comparable to
the average time consumption of the morning peak hours under normal weather
conditions, while 74% of the average hours increased, 6% of the average hours de-
creased, and 86.8% of the average time consumption change in public traffic was
concentrated around —10 min~5 min. During the evening peak hour (17:00-19:00),
the average time consumption of 16% of the 51 bus lines was equivalent to that during
normal weather conditions. The average time consumption of 80% of the public traffic
increased, 4% decreased, and the average commuting time variation of 80% of public
transportation was concentrated around —9~9 min. The analysis results show that
the superposition effect of rainstorm weather conditions and morning and evening
peaks is obvious, and compared to the average commuting time during morning and
evening rush hours under normal conditions, the average time consumption has an
obvious rising trend. In addition, the average commuting time during the morning
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peak hours is 60.47 min, and the average commuting time during the evening peak
hours is 58.7 min, which indicates that the influence during the morning and evening
peak hours on the average bus speed has an obvious difference.

Table 2. Average travel time of buses under normal weather.

. . Bus Lines
Time (min) Off-Peak Hours Morning Peak Hour Evening Peak Hour
40-42.5 2,3,10, 34, 58, 61, 82 - -
42.5-45 36 2,10 2
45-47.5 1,38, 68,70,71, 89 11, 56 10
47.5-50 6,13,23,27,31, 35, 45, 56, 62,102 45 11, 34, 56, 58, 61, 82
50-52.5 20 1,3,6,8,13,23,27,31, 34, 35, 38, 3,6,8,13,20,23,27,31, 35, 36, 38,
68,70,71,102 45,68,70,71,89
52.5-55 8,32,37 32,36,37,61,62 1,32,102
55-57.5 5,9, 108 5,34, 58, 89 50, 37
57.5-60 11,17,19, 21, 29, 39 9,17,108 5,9,62,108
60-62.5 40, 50, 65, 86 19, 20, 21, 29, 39, 40, 50, 65, 86 17,19, 21, 29, 39, 40, 65, 86
62.5-65 12, 18, 25, 26, 30, 66, 72, 88,101, 107 12,18, 25, 26, 30, 66, 72, 88, 101, 107 12, 18, 25, 26, 30, 66, 72, 88, 101, 107
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Figure 8. Public commuting time under different weather conditions: (a) different weather conditions
superimposed on morning peak hour commuting time; (b) different weather conditions superimposed
on evening peak hour commuting.

Through the above comparative analysis of the average time consumption under
normal weather conditions and rainstorm weather conditions, it can be shown that different
weather conditions have a certain impact on the average time of transit commuting during
morning and evening peak hours. Moreover, in the condition of a typhoon-rainstorm,
the superposition effect of morning and evening peak is obvious, with a 15% increase in
average time consumption.

4. Analysis of the Impact of Different Adverse Weather Events on Commuting Travel in
Typical Residential Areas

4.1. Analysis of the Effects of Typhoon-Rainstorm Weather on Commuting Speed in Typical
Residential Areas

As is shown in Figure 9, under the conditions without rainfall (such as 12:00-18:00
on 24 July), the average bus speed of Lotus Pond, Jinghua City, Slender West Lake and
Wanda Plaza was affected by the evening peak hours, and the speed in four areas showed
fluctuations, among which Jinghua City and Slender West Lake were greatly affected, while
Wanda Plaza was less affected.
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Figure 9. The temporal patterns of average speed under the typhoon-rainstorm in four typical
residential communities: (a) Lotus Pond; (b) Jinghua City; (c) Slender West Lake; (d) Wanda Plaza.

When the rainfall lasts for a long time and the rainfall intensity gradually increases in
the morning peak hour (such as 6:00-9:00 on 26-27 July), the average speed of bus decreases
with the increase in the intensity of precipitation. As the precipitation intensity further
increases, the average speed shows an upward trend, which is because the morning peak
hour has passed, and the bus commuting speed is not obviously affected only by the rainfall
intensity. As the precipitation intensity gradually decreases, the average bus commuting
speed in Lotus Pond, Jinghua City, Slender West Lake and Wanda Plaza increases. When
rainfall decreases or stops, the average speed of public transportation slowly recovers.

In order to further analyze the influence of different levels of rainfall conditions on
the typical residential area commuting speed, we calculate the commuting speed of the
above four typical residential areas under different levels of rainfall intensity (16 July
moderate rain, 17 July light rain, 28 July rainstorm); found that the commuting of Lotus
Pond and Slender West Lake residents is significantly affected by different levels of rainfall
and morning peak hours, and the greater the rainfall intensity, the greater the impact on
commuting speed (as shown in Figure 10). In Slender West Lake, Jinghua City and Wanda
Plaza, the effect of different levels of rainfall and evening peak on bus commuting is more
significant. Additionally, the superimposed effects of evening peak hours and precipitation
of moderate rain and rainstorm are more obvious, and the impact of moderate rain on
commuting speed is greater than that of rainstorms, while the impact of different rainfall
levels in Wanda Plaza on its morning peak travel is not obvious.

To sum up, the influence of precipitation on the average commuting speed of each
typical residential area shows a spatial difference, and the phenomenon is mainly caused
by the spatial heterogeneity of precipitation intensity and the difference in the traffic flow
of each typical residential area.
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Figure 10. The temporal patterns of average speed under different levels of rainfall intensity
in four typical residential communities: (a) Lotus Pond; (b) Jinghua city; (c) Slender West Lake;
(d) Wanda Plaza.

4.2. Analysis of the Impact of Different Levels of Intensity Rainfall on Commuting Accessibility in
Typical Residential Areas

In order to analyze the influence of typhoon-rainstorm weather conditions on com-
muting accessibility in typical residential areas, the spatial statistical analysis method was
applied to calculate the radii of the bus commuting circle under different weather con-
ditions and the study compared the changes in commuting accessibility under different
weather conditions. The radii of the bus commuting circle under different weather condi-
tions composed of four residential areas (Lotus Pond, Slender West Lake, Jinghua City and
Wanda Plaza) were analyzed.

The analysis found that, in these four typical residential areas, the radii of the bus
commuting circle were reduced. The radii of 20 min of the bus commuting circle of Lotus
Pond were the most significant. The overall radii were reduced by 9-10.31%. The overall
radii of the bus commuting circle of Slender Lake were reduced by no more than 6.63%.
The overall radii of the bus commuting circle in Jinghua City decreased significantly, with
an average reduction of 7.08%. The overall radii of Wanda Plaza’s bus commuting circle
decreased by no more than 5.5%. Among them, the radii of the 10-min bus commuting
circle only reduced by 0.46%. Radii statistics for the different weather conditions, including
the bus commuting circle drawn around the four residential areas, are shown in Table 3.
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Table 3. Radii statistics and change in bus commuting circle under different weather conditions.

Area BCC Weather Normal Weather Rainstorm Weather Change
10 min 357 355 002 —046%
20 min 7.13 6.77 036  —5.08%
30 min 10.70 10.11 059 —5.49%
Wanda Plaza 40 min 1427 13.50 077  —538%
50 min 17.83 16.71 113 —6.32%
60 min 21.40 20.50 090  —4.20%
10 min 2.94 2.69 024  —831%
20 min 5.88 5.34 —054  —9.14%
Jinghua City 30 min 8.82 8.15 067 —7.59%
40 min 11.75 11.39 036 —3.05%
50 min 14.69 13.44 125  —852%
60 min 17.63 16.59 ~104  —591%
10 min 3.30 3.16 014 —4.36%
20 min 6.61 6.48 012 —1.89%
30 min 9.91 9.40 —051  —5.10%
Slender Lake 40 min 1321 12.34 088  —6.63%
50 min 16.52 15.45 107 —6.46%
60 min 19.82 1871 111 —5.60%
10 min 3.07 2.75 032 —10.31%
20 min 6.13 5.58 —055  —9.01%
30 min 9.20 8.57 063 —681%
Lotus Pond 40 min 12.26 11.69 057  —4.61%
50 min 15.33 1453 080  —521%
60 min 18.39 17.86 _053  —2.88%

Note: The size of the commuting circle is indicated by radii in km.

Under the rainstorm conditions, the circle area in the Jinghua City radii changed the
most significantly, while the circle radii in Wanda Plaza changed the least. This is because
Jinghua City is the commercial center in the west of Yangzhou, with many residents
commuting and a high entertainment travel flow. Under rainstorm weather conditions,
the bus travel here is not only affected by rainfall, but also affected by traffic flow and
road capacity. The intersection of Wanda Plaza is equipped with special bus turn signal
lights, which is near the Chengnan Expressway, and bus travel is only affected by rainfall
compared to other typical communities. According to the analysis results of the commuting
accessibility of typical communities in typhoon-rainstorm weather conditions, it can be
seen that rainstorms can reduce the radii of the bus commuting circle within the same time
by affecting the travel speed of public transportation, which influences the accessibility of
residents’ commuting travel, thus reducing the comfort of residents’ travel, increasing the
travel time of residents, and causing a reduction in the demand for flexible travel (such as
leisure, culture, sports, etc.).

5. Conclusions

The wide application of big data provides a new means to study the impact of adverse
weather events on urban traffic. Based on the bus GPS trajectory data, rainfall remote
sensing data, POIs, Baidu thermal map and related road network data, this paper analyzes
the change in commuter travel accessibility of residents in the main urban area of Yangzhou
City under superimposed effects of typhoon-rainstorm weather conditions and the morning
and evening peak hours from two dimensions of time and space. We deeply analyze the
temporal and spatial changes in the average bus speed, travel time and commuting distance
under different rainstorm intensities, and construct a bus commuting travel circle in a
typical residential area. The main conclusions are summarized as follows:

(1) By analyzing and mining multi-source heterogeneous big data (bus GPS trajectory
data, bus network data, rainfall remote sensing data, and road network data), we
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found that with the increase (decrease) in rainstorm intensity, the average bus speed
decreases (increases) and the travel time increases (decreases). Compared with non-
morning and evening peak commuting hours, during morning and evening peak
hours under normal weather conditions, the average speed of approximately 34
out of 51 bus routes was affected. The average bus speed was 20.6 km/h, with an
overall reduction of 10%. The average time was 56 min, with an overall increase
of —15~24%. During morning and evening peak hours under typhoon-rainstorm
weather conditions, the average speed of approximately 42 out of 51 bus routes was
significantly affected by rainfall. Among them, the average speed of the corresponding
bus lines in Jinghua City, Wanda Plaza, Slender West Lake and Lotus Pond decreased
significantly compared with the above normal conditions. The average bus speed was
only 18.9 km/h, and the reduction amplitude was 25%. The average commute during
the morning peak hour was 60.47 min. The average commute during the evening
peak hour was 58.7 min, with an overall increase of 15%.

(2) Based on Amap POI data and Baidu thermal map data, the study extracts the four
main residential areas (Lotus Pond, Slender West Lake, Jinghua City and Wanda
Plaza), and uses the improved gravity model to quantitatively calculate the commut-
ing accessibility of the several residential areas. It is found that the superposition
of rainstorm weather and morning peak hours has different degrees of impact on
the average speed of the above residential areas, with the most obvious impact on
Jinghua City and the smallest impact on Wanda Plaza. Under the rainstorm weather
conditions, the traffic commute in the main urban area of Yangzhou is basically nor-
mal, mainly due to the improvement of the prediction accuracy of typhoon-rainstorm
weather and the timely traffic prevention measures, which reduces the travel of public
transportation to a certain extent.

Although some meaningful conclusions have been obtained by research and analysis,
this paper still has some limitations. Due to the limited scope of data acquisition and
the immature technical means for data processing, this paper only studies the typhoon-
rainstorm days in adverse weather, and the lack of precipitation data leads to the limited
application scope of this study. In addition, due to the lack of traffic flow data and more
transportation data (such as bicycles, electric bicycles, private cars, etc.) [39], the study
failed to further analyze the changes in travel modes caused by typhoon-rainstorm weather
events, which led to changes in bus commuting speeds and travel times. It failed to analyze
in depth the changes in traffic flow to explain the impact mechanism of typhoon-rainstorm
weather on urban road traffic.
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