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A B S T R A C T   

Cycling tourism has grown in popularity worldwide, motivating its inclusion in the development strategies of 
tourism organizations. This paper builds an analysis model based on spatial analysis and Empirical Mode 
Decomposition, providing a data-driven way to utilize GPS cycling trajectory data to analyze the spatiotemporal 
behavior of Chinese cycling tourists using a case study example of the Tibet Autonomous Region. The results 
show that: (1) The fluctuation of the number of cycling trajectories in Tibet presents multi-modal characteristics, 
corresponding to fluctuations in China’s tourism industry and economy; (2) Cycling tourists in Tibet prefer to use 
national roads (arguably due to the safety of the road infrastructure and the availability of supporting tourism 
infrastructure); (3) Cycling tourism is highly concentrated in and around the popular attractions of Tibet. The 
presented data and methods help to understand the spatiotemporal behavior of cycling tourists, which is of great 
significance for tourism management.   

1. Introduction 

Cycling tourism is an emerging trend and, in tandem with techno
logical enhancements such as electronic bicycles, its appeal is expected 
to continue growing (Han, Lho, Al-Ansi, & Yu, 2020). Cycling tourism is 
therefore of great interest with respect to tourism management as it also 
contributes to: 1) regional development via derived tourism expendi
ture, which is a source of additional local income (Weed et al., 2014) and 
2) the transformation of the tourism industry towards increased sus
tainability (Lőrincz, Baná). However, as pointed out by (Ritchie & Hall, 
1999) already two decades ago: “although bicycle tourists may prove 
useful in assisting with revitalisation and diversification in rural and 
regional areas, the planning and provision of infrastructure and infor
mation are key considerations in maximizing the economic development 
benefits of this form of tourism for regional areas.” Traditionally, re
searchers and tourism planning officials have had to rely on official 
statistics and survey data to support these key management efforts in 
developing cycling tourism. Recently, new data sources (such as GPS 
trajectory data) have emerged that could potentially contribute to the 
analysis and management of cycling tourism. However, these data and 

methods for analyzing it have, thus far, remained underutilized and 
underdevelopment in the contemporary tourism management literature. 
This research and methodological gap is explored in this paper. 

As a means of low-carbon and fashionable traveling, cycling is an 
important form of sustainable tourism (Hjalager, 2015; Lamont, 2009) 
that is becoming increasingly popular among tourists. In contrast to 
many other forms of tourism, cycling tourism is not only green and 
healthy (Han, Meng, & Kim, 2017), but also contributes to the flexibility 
and autonomy of travel. For attracting cycling tourists the journey itself 
is thus as important as the destination (Lumsdon, 2000; Speakman, 
2005). With the increasingly prominent impact of cycling on urban and 
regional development (Deenihan & Caulfield, 2015), national govern
ments have gradually increased their investments in developing cycling 
tourism (Kaplan, Manca, Nielsen, & Prato, 2015). The increased prom
inence of cycling tourism has therefore highlighted a profound need to 
understand the diverse spatiotemporal behavior characteristics of 
cycling tourists for improved local tourism route planning, related fa
cilities placement, and tourism product development. 

With the development of web-based technologies, many travel 
sharing platforms have recently emerged. With the help of these 
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platforms, tourists can record, upload and share their travel diaries, 
geotagged photos, GPS trajectories and other information voluntarily 
(Mou & Zheng et al., 2020b). Girardin, Calabrese, Fiore, Ratti, and Blat 
(2008) called this kind of data “digital footprints,” and pointed out that 
as electronic traces, digital footprints not only provide new ideas for the 
collection of tourist’s behavior information, but also provide new per
spectives for tourism research. Further, as a (generally) reliable data 
source, GPS trajectory data not only contains the geographical co
ordinates of the tourist’s location, but also accurately records the tour
ist’s speed, timestamp and other related information in real time, from 
which the characteristics of the tourist’s spatiotemporal behavior can be 
effectively obtained (Xiao-Ting H, 2012; Zheng, Huang, & Li, 2017). 

Our case study example, the Tibet Autonomous Region, is located in 
the southwest of China. With the recent construction of and improve
ments made in Tibet’s road infrastructure, the accessibility of the road 
network in the region has greatly improved, significantly contributing to 
the promotion and development of local tourism (Su & Wall, 2009). 
Consequently, increasing numbers of tourists and cycling enthusiasts are 
traveling to Tibet, and “Cycling in Tibet” has become an important 
component of Tibetan tourism marketing. 

Given the importance of cycling tourism, it has received surprisingly 
little scholarly attention (Deenihan & Caulfield, 2015). Moreover, 
scholars have focused more on the travel experiences of cycling tourists 
(see Hu, Li, & Luo, 2015 and Cui, Xu, & Yang, 2014 for recent case 
studies on Tibet), while generally ignoring their spatiotemporal 
behavior characteristics. In view of this, and based on the perspective of 
digital footprints, this paper focuses on the spatiotemporal behavior of 
cycling tourists in Tibet by using GPS trajectory data to address this 
obvious gap within the tourism management literature. The introduced 
data and methods for analyzing it offer implications for tourism man
agement in Tibet, but are naturally applicable, in principle, to other 
regions (with similar data sources) interested in developing cycling 
tourism. 

2. Literature review 

2.1. GPS data in tourism research 

With the rise of GPS technology, the location data generated by 
people during traveling, if effectively used, can directly show people’s 
travel trajectories and also often reveal other specific behavior patterns 
and spatiotemporal information (Li et al., 2020). As such, compared 
with traditional survey methods, GPS data offers an objective descrip
tion of the travel behavior of the study subject. In addition, collecting 
GPS data for research purposes does not require additional time and 
resources from the participants (Edwards & Griffin, 2013) while 
providing obvious advantages in quantity and quality (Korpilo, Virta
nen, & Lehvävirta, 2017). Therefore, GPS data has gradually been 
gaining popularity as a data source for applied analysis of tourism 
behavior (Bauder & Freytag, 2015; East, Osborne, Kemp, & Woodfine, 
2017), route selection (Broach, Dill, & Gliebe, 2012), and movement 
patterns (Xing, Wang, & Lu, 2020). 

In order to test the feasibility and practicability of GPS trajectory 
data, tourism scholars have carried out research to verify the utility of 
GPS data in tracking tourists (Hallo et al., 2011; Van der Spek, Van 
Schaick, De Bois, & De Haan, 2009). The feasibility of utilizing GPS 
trajectory data has been confirmed in a number of studies analyzing, for 
example, the activity and movement patterns of tourists in theme parks 
(Birenboim, Anton-Clavé, Russo, & Shoval; Orellana, Bregt, Ligtenberg, 
& Wachowicz, 2012) and urban environments (Edwards & Griffin, 
2013) as well as the spatiotemporal behavior of first-time versus repeat 
tourists (McKercher, Shoval, Ng, & Birenboim, 2012). GPS data has even 
been used to predict subsequent future travel behavior of tourists (Zheng 
et al., 2017). As an additional means of achieving a deeper under
standing of tourists’ behavior, GPS trajectory and survey data can be 
combined (East et al., 2017; Grinberger, Shoval, & McKercher, 2014; 

Shoval, McKercher, Birenboim, & Ng, 2015). 
In summary, while the research on tourist behavior using GPS data 

has been quite extensive (Li, Xu, Tang, Wang, & Li, 2018) demonstrating 
its feasibility in tourist behavior research, relatively few studies have 
taken advantage of this rich data source within the literature on cycling 
tourism (as discussed in greater detail in Section 2.3). 

2.2. Research on tourist behavior patterns 

Tourist behavior pattern research analyzes the characteristics and 
logic of tourists’ movement, including their spatial and temporal 
behavior patterns. Tourist spatial behavior is defined as the process of 
regional movement of tourists. The mapping of tourists’ movements in 
geographical space is expressed as tourism routes. Based on the theo
retical discussion on the spatial behavior pattern of tourists (see e.g., 
Lew & McKercher, 2002), Lue, Crompton, and Fesenmaier (1993; 1996) 
have carried out a systematic analysis of tourism routes, putting forward 
five distinct leisure travel modes: 1) single destination; 2) en route 
(visiting destinations on the way to and/or from a primary destination); 
3) base camp (staying at one primary destination but from it also visiting 
other destinations in the region); 4) regional tour (visiting a number of 
destinations in the region but not en route to/from it) and; 5) 
trip-chaining (visiting multiple destinations in different regions, rather 
than having only one single destination). Their work has laid the foun
dation for research on tourists’ spatial behavior, and many other 
scholars have since carried out empirical research based on their influ
ential model (e.g. Stewart & Vogt, 1997; Oppermann, 1995). 

Tourists’ temporal behavior reflects the differences in activities 
exhibited by tourists at different time periods. For example, willingness 
to travel varies over time depending on many factors, such as season, 
time budget, and personal preferences (Yang, Wu, Liu, & Kang, 2017). 
Therefore, understanding the behavior patterns of tourists over time and 
formulating corresponding development strategies can improve their 
travel experience and satisfaction. Influential examples of research on 
tourists’ temporal behavior include: Kemperman et al. (2004) who 
compared the activity patterns in theme parks between first-time visitors 
and repeat visitors, using length of stay to describe and analyze the 
differences in tourism activities between these groups; Thornton, Shaw, 
and Williams (1997) who studied the time allocation of tourist groups in 
various activities and places to analyze the behavior of tourists traveling 
with children; and more recently Zheng, Mou, Zhang, Makkonen, and 
Yang (2021) who analyzed the monthly distribution of Chinese tourists 
in Northern Europe to determine the temporal variation in their travel 
behavior. 

However, the vast majority of previous studies have focused on 
tourists in general and paid relatively little attention to specific types of 
tourists, such as cycling tourists. Although the number of cycling tourists 
in China has gradually increased, there are still relatively few studies on 
their travel behavior. In order to understand the spatiotemporal 
behavior of this group of tourists, in-depth exploration of their move
ment patterns in time and geographical space (such as route preference, 
time fluctuation characteristics) has become necessary to guide the work 
of tourism planning officials in attracting cycling tourist to visit the 
country and specific regions. 

2.3. Research on cycling tourism 

As a healthy and environmentally friendly means of tourism 
mobility, cycling tourism has been gradually growing in popularity. The 
potential of cycling tourism has been reported on decades ago (Lums
don, 1996; Ritchie, 1998) and subsequent studies have furthered our 
understanding of its nature and impact. 

The primary consideration for any cycling journey is the selection 
and planning of the cycling route. A well-chosen cycling route can 
enhance the cycling experience and also help ensure personal safety. 
Downward (2001) identified and evaluated the factors that cycling 
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tourists (based on a survey) consider important when using recreational 
bicycle routes, and found that cycling tourists prefer safe, quiet, 
low-traffic routes that are signed. Additional factors affecting the se
lection of the cycling route are, for example, good scenery, availability 
of tourism infrastructure, and slope gradient (Majumdar & Mitra, 2018; 
Sener, Eluru, & Bhat, 2009). As such, there are many factors that affect 
tourists’ choices of cycling routes, including roads and tourism facilities, 
but also the preferences of the cycling tourists themselves. 

Every cycling tourist has their own motivation for cycling a specific 
route. For example, Kruger, Myburgh, and Saayman (2015) (using sur
vey data) divided cycling tourists into distinct groups: 1) Regulars, 2) 
Devotees, and 3) Beginners. The more experienced cycling tourists are 
naturally more likely to choose more demanding routes than beginners, 
whose motivation to cycle might be more social (see also Snelgrove & 
Wood, 2010). Nevertheless, whether the cycling tourist is a beginner, a 
regular or a devotee, a good cycling experience can be rewarding for 
tourists both physically and mentally. From this perspective, Lee (2014) 
has underlined (supported by survey material) the importance of 
signage and route safety (as in the case of route selection) as the most 
significant factors contributing to the overall satisfaction of cycling 
tourists, while, as evidenced by Ritchie (1998) (based on survey data), 
supply gaps in the existing tourism infrastructure may lead to dissatis
faction, and particularly, loss of (potential) tourism income from cycling 
tourism. 

In summary, while there are some studies on cycling tourism, most of 
the existing studies on the topic have been 1) carried out by utilizing 
traditional data sources (i.e. surveys), 2) mainly focused on the 
perspective of the emotional characteristics of cycling tourists and, most 
importantly, 3) neglected the spatiotemporal aspects of cycling tourist 
behavior. Therefore, this paper focuses on the spatiotemporal behavior 
of cycling tourists by utilizing GPS trajectory data and by applying the 
Empirical Mode Decomposition (EMD) model, Pearson correlation co
efficients and cluster analysis to improve our understanding of cycling 
tourism for the benefit of tourism management. 

3. Methodology 

3.1. Case study: Tibet, China 

Tibet, located on the southwestern border of the People’s Republic of 
China, is one of the five ethnic minority autonomous regions in China. 
With an average altitude of more than 4000 m, it is known as the “roof of 
the world.” Although Tibet covers an area of 1.2284 million square ki
lometers, which accounts for about 1/8 of China’s total area, it is 
sparsely populated, with only 3.51 million people, accounting for 0.25 
% of China’s total population. Due to the influence of Tibetan Buddhism, 
Tibet is considered a sacred place and many of its tourist attractions 
have a strong religious aspect. The Tibetan ethnic group and other 
ethnic groups living in Tibet have formed a unique Tibetan culture, 
which is now, with the gradual improvement of the transportation 
network (now crossed by two main national roads: G317 and G318) 
attracting more and more tourists (according to Tibet statistical year
book data, the number of tourist arrivals in Tibet has increased rapidly 
from 686,116 in 2001 to 40,121,522 in 2019, with an average annual 
growth rate of 24.7 %) including cycling tourists. Due to the derived 
tourism income, tourism is generally viewed favorably by both the 
regional population and the administration of Tibet as a means to 
develop the local economy.1 

3.2. Data collection 

The main data sources utilized in this paper are: 
1) OpenStreetMap (OSM): a free, open source and editable map 

service that provides users with fairly accurate spatial data (Haklay, 
2010). OSM was used to gather the road network data needed for 
analyzing the road infrastructure related preference characteristics of 
cycling tourists visiting Tibet (Section 4.3). 

2) 2bulu Outdoor Travel website (https://www.2bulu.com/): an 
interactive outdoor resource sharing and community platform (i.e. 
travel sharing platform) mainly used in China. The website collects and 
shares the outdoor sports trajectories of Chinese tourists (notably, the 
cycling trajectories may also include Tibetan tourists: local tourism 
cannot be separated from the data) who have voluntarily recorded them 
with the 2bulu Outdoor Assistant app. Each of these travel trajectories is 
composed of GPS data points that can also be linked to any photos 
uploaded on the 2bulu Outdoor travel website by the tourists. 

From the 2bulu Outdoor Travel website we obtained 3826 GPS tra
jectories, voluntarily shared by tourists cycling in Tibet, from January 
2009 to December 2019 as our initial data (including 18,635,903 GPS 
trajectory points). The data mainly contains attribute information such 
as TrackId (individual journey), UserId (individual user), Time, Latitude 
and Longitude, Speed and Elevation (Table 1). 

GPS positioning is inevitably affected by confounding factors that 
cause some data errors. Therefore, it is also necessary to process the GPS 
trajectory data according to the needs of the study. We divided the Tibet 
Autonomous Region into 45*90 grids, according to the range of longi
tude and latitude, and used the following rules to clean the data (see 
Table 2): (1) We removed all trajectory points with missing attribute 
information from the data. (2) We identified duplicate data where all the 
field attributes (including timestamp) are the same under the same 
trajectory (i.e. caused by an error in the app’s data collection mecha
nisms) as well as repeated data collection due to signal instability from 
confounding factors, such as weather, terrain, etc. All duplicate data 
were removed. (3) We removed abnormal data based on the recorded 
speed. Considering the particularity of the studied geographical loca
tion, including steep slopes, the maximum cycling speed of tourists in 
Tibet’s countryside, especially on downhill segments of the road, may be 
much higher than in urban areas. Therefore, we set the speed threshold 
quite high at 30 m/s. Data with a speed greater than 30 m/s or a negative 
speed thus indicate either obvious errors in the app’s data collection 
mechanisms or tourists recording motorized travel as cycling by mistake 
and were excluded from the dataset. After these multiple cleaning pro
cedures, we obtained 3486 GPS trajectories (a total of 17,540,950 GPS 
data points) as our final data. The GPS data point density distribution of 
all the cycling trajectories in our dataset are shown in Fig. 1. 

3.3. Methods 

Three methods – EMD, Pearson correlation coefficient, and cluster 
analysis – were selected to explore: 1) the temporal patterns (fluctuation 
patterns), 2) the connection between road infrastructure and journey 
preferences, and 3) the spatial patterns (places of interest and attrac
tions) of cycling tourism in Tibet.  

(1) Temporal patterns: Empirical Mode Decomposition (EMD) 

For exploring the fluctuation characteristics of the number of tourist 
cycling trajectories (i.e. the temporal patterns of cycling tourism in 
Tibet) we used the EMD model. EMD is a method for decomposing 
nonlinear and non-stationary data into a multiple Intrinsic Mode Func
tion (IMF) and a residual. IMF is an adaptive method of time-frequency 
analysis developed by Huang et al. (1998). The IMF component reflects 
the fluctuation characteristics of the original time series in different time 
scales, whereas the residual component reflects the long-term trend of 
the original data. The EMD algorithm is able to process and analyze 
nonlinear and non-stationary data, which enables us to explore latent 
time series relationships in our data on cycling trajectories. The specific 
steps of the algorithm are as follows: 

Step 1: For the original time series data x0(t), upper and lower 1 https://www.doc88.com/p-1496981565899.html. 
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envelopes u0(t) and l0(t) are determined according to their upper and 
lower extreme points. 

Step 2: The average envelope m0(t) is determined on the basis of the 
average values of the upper and lower envelopes. The first IMF c0(t) and 
residual r0(t) components are obtained by calculating the difference 
between the original data x0(t) and the average envelope m0(t). 

m0(t)=
u0(t) + l0(t)

2
(1)  

c0(t)= x0(t) − m0(t) (2)  

r0(t) =m0(t) (3) 

Step 3: The residual r0(t) is used as the original data for the next 
iteration round to derive a series of IMF and residual components rn(t). 
The decomposition results are expressed as follows: 

x(t)=
∑n− 1

i=0
ci(t) + rn(t) (4)    

(2) Road infrastructure: Pearson correlation coefficient 

Pearson correlation coefficient is a well-known and widely used 
method reflecting the relationship between characteristics and response, 
which measures the linear correlation between variables. It is utilized 
here to investigate the tourists’ cycling trajectories vis-à-vis the road 
infrastructure in Tibet. National, provincial, county, and township roads 
and GPS trajectory lines converted from GPS track points are analyzed 

with kernel density estimations to extract their raster density values and 
further analyzed with the Pearson correlation coefficient to determine 
the route preference degrees of cycling tourism in Tibet.  

(3) Spatial patterns: Cluster analysis 

Tourists may be attracted to certain areas along their cycling route 
and take photos to record them. These areas may be specific scenic spots 
or road sections with unique scenery. In order to trace these AOIs (Areas 
of Interest) that attract cycling tourists to Tibet, we apply the HDBSCAN 
algorithm to cluster the locational information associated with the 
photos voluntarily uploaded by cycling tourists to 2bulu. The HDBSCAN 
clustering algorithm – that combines hierarchical and density clustering 
– is an efficient and convenient clustering algorithm (Mou & Yuan et al., 
2020a). The algorithm uses variable mutual reach distance to separate 
clustering results of different densities from sparse noise points to 
facilitate the identification and extraction of clusters of different den
sities. The mutual reach distance dmreach-k(a,b) is defined as: 

dmreach− k(a, b)=max{corek(a), corek(b), d(a, b)} (5)  

where corek(a) represents the cluster radius in the HDBSCAN algorithm 
under the conditions of the minimum clustering parameter k, and d(a,b) 
indicates the Euclidean distance between a and b. The algorithm steps 
are as follows: 

Step 1: Change the space according to density/sparseness. 
Step 2: Construct the minimum spanning tree of the distance 

weighted graph. 
Step 3: Build the cluster hierarchy. 
Step 4: Compress the cluster hierarchy according to the minimum 

cluster size. 
Step 5: Extract stable clusters from the compressed tree. 

4. Results 

4.1. Descriptive overview 

Fig. 2a shows the annual change in the number of tourist cycling 
trajectories in Tibet. Based on the increasing number of cycling 

Table 1 
GPS trajectory example data.  

TrackId UserId Time Lng Lat Speed (m/s) Elevation(m) 

bmzIgTDAFbU%253D 801,097 2016/05/17 07:57:23 93.13 31.93 15.25 4450.00 
UD375sjAhLI%253D 1,482,814 2017/06/07 17:33:19 97.00 28.49 6.65 1706.53 
3aj00vSUKQ0%253D 14,131,746 2018/11/10 05:57:38 97.44 30.08 1.98 4724.72  

Table 2 
GPS initial data preprocessing.  

Num Variable Description of cleaning rules 

1 Attribute Eliminate points that lack an attribute, such as lat, lng, speed, 
userId, trackId, etc. 

2 Data 
Point 

If P1[attr] = P2[attr] = Pi[attr] & [P1, P2, Pi] ∈ same trajectory, 
remove duplicate data [P2, Pi], retain P1. 

3 Speed If Vi<0 m/s or Vi>30 m/s, remove Pi  

Fig. 1. The distribution of GPS trajectory points for cycling tourists in Tibet.  
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trajectories, it seems that cycling tourism (and the use of 2bulu) has 
rapidly increased in popularity in recent years. According to the GPS 
trajectory data (Fig. 2b), we can see that the cycling trajectories of 
tourists in Tibet are mainly concentrated around the summer period 
from May to October (87 % of all cycling trajectories). Thus, cycling 
tourism in Tibet is greatly affected by seasonal factors. From Fig. 3, it can 
be seen that most cycling tourists’ GPS start points are in Tibet (85.96 
%), followed by Sichuan (8.84 %), Yunnan (2.99 %), Xinjiang (1.04 %), 
Qinghai (0.91 %), and Chongqing (0.26 %). Our results are in line with 
what has been stated by Lumsdon, Downward, & Cope (2004): tourists 
commonly take other vehicles (bus, train, etc.) to reach the starting 
point of their cycling journey. 

As shown in Fig. 4a, cycling tourists most commonly spend from one 
to two days cycling in Tibet (70.56 %) and the distance travelled does 
not normally exceed 200 km (61.46 %), as shown in Fig. 4b. Most 
cycling tourists in Tibet engage in medium or short distance cycling, 
while a small proportion pursue more physically and mentally 
demanding long-distance cycling. 

4.2. Temporal patterns of cycling tourism in Tibet 

Since the number of recorded cycling trajectories in Tibet is very 
small from 2009 to 2011, we chose to focus on data from January 2012 
up to December 2019 (96 months) in order to improve the accuracy of 
the results of our EMD decomposition, and finally obtained four IMF and 
residual (Res) components. The initial non-EMD processed data of 
monthly cycling trajectories is denoted as “signal” in Fig. 5. The calcu
lated average periods and variance contribution rates (VCR) of each IMF 
component are shown in Table 3. From Fig. 5 and Table 3, we can see 
that the number of cycling trajectories in Tibet shows a fluctuating 

growth trend:  

(1) The residual component is the most significant scale component: 
its variance contribution rate is the largest, reaching 30.12 %. 
Therefore, it plays a leading role in the temporal fluctuation 
process of cycling tourism in Tibet. Furthermore, the clear rising 
trend of the residual component indicates that the number of 
cycling trajectories in Tibet is increasing.  

(2) The IMF1 and IMF2 components denote fluctuation patterns of 
3–4 and 10–11-month cycles, respectively. According to the 
original signal data, the peaks in the number of cycling trajec
tories in Tibet in different years are concentrated in June, July 
and September. As such, the IMF1 and IMF2 components show 
the seasonal fluctuations of the cycling trajectories in Tibet. The 
IMF2 component, indicating the quasi-one-year periodic fluctu
ation (Fig. 5), has undergone eight obvious fluctuations between 
2012 and 2019. However, we can see that 2014 (months 25–36) 
showed a significant abnormal state. Two major traffic accidents 
in Tibet on August 9 and 18 – resulting in 47 deaths, 11 injured, 
and 13 missing – is a possible reason for this decrease in the 
number of cycling trajectories in Tibet in 2014. The VCR of IMF1 
and IMF2 are 27.90 % and 29.35 %, respectively, underlining the 
importance of the seasonal characteristics of Tibet cycling tra
jectories. This result was further verified by the decomposition of 
daily cycling trajectories (results of this analysis can be obtained 
from the authors upon request).  

(3) The IMF3 and IMF4 components, respectively, denote the cyclical 
fluctuation patterns of 24-month and 64-month cycles. The VCR 
of IMF3 and IMF4 indicate that their influence is relatively weak 
compared to the IMF2, IMF3 and residual components. The 24- 

Fig. 2. Time characteristics of trajectories of cycling tourists from 2009 to 2019.  

Fig. 3. Distribution of tourist cycling start locations.  
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month fluctuation cycle of cycling trajectories in Tibet is consis
tent with the cycle length, 24–32 months, of China’s tourism 
industry (Chen, Liu, Wang, & Xu, 2005). Therefore, the IMF3 
component is likely to show results that are affected by the 
overall development cycle of China’s tourism industry. Similarly, 

the 64-month fluctuation cycle indicated by IMF4 is consistent 
with findings indicating the existence of long-term economic 
cycles, 60–72 months, in China (Liu, Zhang, & Zhang, 2005). As 
such, it seems that the fluctuations in the popularity of cycling 
tourism in Tibet are basically in line with China’s overall tourism 
and macroeconomic development. However, from the IMF4 
component, we can also see that there are two obvious fluctua
tions during our observation period. Firstly, the release (in 
October 2011) of the film “Zhuanshan” about cycling in Tibet 
likely promoted cycling tourism in Tibet as (potentially) indi
cated by the upward trend in cycling trajectories in 2012 and 
2013. Secondly, the above-mentioned traffic accidents are a 
likely reason for the sharp drop in the number of cycling trajec
tories from 2013 up until the first half of 2015. The year 2015 was 
the 50th anniversary of the founding of the Tibet Autonomous 
Region, which resulted in extensive visibility and news coverage 
in the media: a likely reason for the subsequent upward trend in 
the number of cycling trajectories in Tibet as shown by IMF4 in 
Fig. 5. 

4.3. Road infrastructure and preference characteristics of cycling tourists 
in Tibet 

Fig. 6 shows the overall spatial density distribution patterns of 
tourist cycling trajectories converted from GPS points (A), national 
roads (B), provincial roads (C), and county and township roads (D) in 
Tibet. As can be seen from the figure, the density distribution of cycling 
tourists is relatively high in central and eastern parts, while it is rela
tively low in the western parts of Tibet, indicating that the central and 
eastern parts of Tibet are the most attractive areas for tourists to cycle. 

In order to further explore the specific preferences of cycling tourists 
in Tibet, we respectively extracted the density raster matrix of tourists’ 
cycling trajectories and various types of roads (national roads, provin
cial roads, county and township roads) and calculated the correlation 
between the tourist cycling trajectory density raster matrix and the other 
matrices (Table 4). 

From Table 4, we can observe that there is a high and statistically 
significant (p-value < 0.01) correlation between cycling trajectory and 
national road matrixes (0.704), while the correlation with provincial 
and county and township roads is significantly lower. From Fig. 7, where 
we have fitted the cycling trajectory density values and the national 
highway density value from 2012 to 2019, we can see that the degree of 
fit between the two shows an overall upward trend (Fig. 7), indicating 
that over time, more and more tourists have chosen to cycle on national 
roads. As shown in Fig. 6, the Sichuan-Tibet Southern Line G318 
(marked in blue in the figure) is the most popular route among cycling 
tourists in Tibet, arguably because of safe road conditions, relatively 

Fig. 4. Time-distance distribution of cycling tourists in Tibet.  

Fig. 5. Decomposition of monthly cycling trajectories.  

Table 3 
The cycle and variance contribution rate (VCR) of each component of monthly 
cycling trajectory.  

IMF component IMF1 IMF2 IMF3 IMF4 Res 

cycle/month 3.76 10.10 24.00 64.00 – 
VCR/% 27.90 29.35 6.49 6.14 30.12  
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complete service facilities (i.e. tourism infrastructure), and diverse 
scenery along the route. 

4.4. Spatial patterns of cycling tourism in Tibet 

Fig. 8 shows the spatial flow of cycling tourists from origin to 
destination in Tibet (thus excluding areas outside Tibet). Based on the 
number of inbound cycling tourists (Fig. 9), Chengguan District, with 
the largest “inflow,” is the most popular AOI among the cycling tourists 
in Tibet. Situated in Lhasa, the capital of Tibet, it is the location of many 
famous scenic spots and popular tourist attractions. Through spatial 
clustering analysis of the photos taken and shared by the cycling tour
ists, we found that the most popular specific AOIs are (as expected) 
Potala Palace, Jokhang Temple, Tibet Intangible Cultural Heritage 
Museum and Norbulingka Scenic Area (Fig. 10a). Additionally, the 
counties east of Lhasa (Gongbogyamda County, Bayi District, Bowo 
County, Baxoi County and Zogang County) also have a large inflow of 
cycling tourists as they need to be passed to cycle along the most popular 
G318 National Road (see Section 4.3). 

From Fig. 9, we can see that Baxoi County has the second largest 
inflow of cycling tourists in Tibet. Ranwu Lake, known as the “West Tian 
Yao Lake” in this county, is a major AOI for cycling tourists. Moreover, 
there is another special AOI in Baxoi County (marked with a box in 
Fig. 10b) called the “72 Turns on the Nujiang River,” where a steep slope 
is crisscrossed via a section of winding road. The highest point of the 

road section is at 4700 m above sea level, making it an extremely 
demanding route but also indicating that challenges are an important 
attraction for cycling tourists. Finally, the inflow of cycling tourists to 
Damxung County, due to the Qinghai-Tibet Line G109 crossing the 
county, is relatively large (particularly from adjacent counties). The 
main AOIs are concentrated in Nam Co (one of the three holy lakes in 
Tibet) Scenic Area and Nyainqentanglha Mountain (Fig. 10c). 

5. Discussion 

Regarding the spatial characteristics of cycling trajectories in Tibet, 
the study found that cycling tourism is mostly concentrated on the 
central and eastern parts of the region. Tourists show a clear preference 
for cycling on national roads (this preference has become stronger over 
time), while provincial and county and township roads are relatively less 
attractive to cycling tourists. The reasons may be as follows: (1) Lower 
risk: level of risk is an important factor influencing tourists’ cycling 
route preferences; (2) More complete logistical support and tourism 
services; and (3) Good road trafficability; allowing tourists to cycle 
smoothly and enhance their cycling experience. Compared with pro
vincial, county and township roads, Tibet’s national roads are safer. 
Good tourism infrastructure is also an important condition for attracting 
tourists to cycle (Winters, Teschke, Grant, Setton, & Brauer, 2010). 
Studies have underlined the importance of improved cycling infra
structure for attracting new and inexperienced cycling tourists to a given 
region (Poorfakhraei, 2015). As the national roads are essential trans
portation routes, the tourism infrastructure along the way is more 
mature and developed than along the smaller and less frequently trav
elled provincial, county and township roads of Tibet. In many areas of 
Tibet, especially in remote areas, the road conditions of provincial and 
county and township roads are poor, including many road sections that 
cannot be navigated smoothly with a bicycle. For the above reasons, it 
can be inferred that the preference of cycling tourists in Tibet for na
tional roads will not change in the short term, because improving the 
road conditions of provincial, county and township roads and tourism 
infrastructure is a gradual, expensive and long-term process. 

However, the question of how to improve the appeal of provincial, 
county and township roads in the future for cycling tourists is a problem 
that must be solved to promote the sustainable and sound development 
of cycling tourism in Tibet. Therefore, from the perspective of tourism 
management, it is nonetheless necessary to start strengthening the basic 
services (tourism infrastructure) and road infrastructure along the other 
cycling routes, besides the by far most popular G318, to meet the cy
clists’ needs. This would provide tourists with safer and better cycling 
experiences and, further, promote the development of Tibet’s cycling 
tourism industry. Having a higher number of good quality routes to 
choose from could increase the length of stay of the cycling tourists 
(according to the cycling trajectories, cycling tourists commonly spend 
only 1–2 days in Tibet), which would in turn likely increase their 
tourism spending during their journey (see e.g. Adongo, Badu-Baiden, & 
Boakye, 2017) and attract repeat tourists. Therefore, it would further 
increase the impact that cycling tourism has on the local economy of 
Tibet and, moreover, spread the economic benefits arising from cycling 
tourism more evenly across the region. Finally, in the very extreme case, 
potential congestions along G318 would lead to decreased tourism 
satisfaction (see Dickinson, 2010). 

The cycling time of tourists is generally concentrated in the summer, 
late spring and early autumn. This is closely related to Tibet’s unique 
geographical location and climate conditions. Therefore, cycling is 
largely affected by seasonal climate and weather conditions (Gebhart & 
Noland, 2014; Wadud, 2014). The roads in Tibet from winter to early 
spring are covered with snow and ice, and the temperatures are low, 
which naturally has a major negative impact on cycling tourism. 
Therefore, there are obvious seasonal fluctuations in the number of 
tourist cycling trajectories. However, offering safe guided winter cycling 
tours and accompanied tourism products (e.g. rental of fat bikes with 

Fig. 6. Line trajectory of tourists’ cycling and the spatial density distribution of 
various roads. 

Table 4 
Correlation between cycling trajectory and different roads.   

National 
road 

Provincial 
road 

County and township 
road 

Correlation 
coefficient 

0.704 0.229 0.344  
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Fig. 7. Fitting curve of cycling trajectory and national highway density values from 2012 to 2019.  

Fig. 8. Inflow characteristics of cycling tourists in Tibet’s counties.  
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studded tires) in Tibet might be an exotic adventure for more experi
enced cyclists seeking challenges (see e.g. Meitz & Ringhofer, 2017). 

During the research period (2012–2019), the number of cycling 
trajectories generally showed a rapid upward trend. Despite some 
abrupt decreases in the growth trend (likely caused by traffic accidents), 
the temporal fluctuation of cycling tourists in Tibet was mainly consis
tent with the cyclical fluctuations of China’s tourism industry (2–3 year 
cycles) and economy (5–6 year cycles). Therefore, it is recommended 
that the local governments and relevant tourism organizations devise 
reasonable cyclical strategies (discounts, guided tours, marketing cam
paigns, etc.), based on the evidenced fluctuation in the number of 
cycling trajectories, to minimize the harmful effects of tourism “slumps” 
on the tourism industry and the local economy of Tibet. 

The inflow characteristics of cycling tourism in Tibet show that the 
areas along the G318 road of the Southern Sichuan-Tibet Line (Lhasa 
Chengguan District, Gongbogyamda County, Bayi District, Bowo 
County, Baxoi County, etc.) have formed a connected cycling chain, 
which is visited by many cycling tourists. The most popular cycling AOIs 
are religious-cultural sites (such as Potala Palace, Jokhang Temple and 
Nam Co Lake) or pertain to physical challenges (the 72 Turns on the 
Nujiang River). From this perspective, it would seem advisable that the 
local governments and relevant tourism organizations should market 
similar scenic spots, religious-cultural sites and challenging physical 
elements that might appeal to cycling tourists. This could, again, in
crease length of stay or appeal to repeat tourists. For example, the less 
popular G317 (than G318) has higher altitudes and lower temperatures 
requiring higher physical adaptability of cycling tourists and could thus 
be marketed at the more experienced segment of cycling tourists spe
cifically looking for physical challenges. 

It is worth noting that, except for the areas within China which are 
closer to Tibet, as shown in Fig. 3 in Section 4.1, also Kathmandu (in 
Nepal) is a popular starting point for foreign non-Chinese cycling tour
ists (one can, for example, find several firms offering guided tours be
tween Lhasa and Katmandu). Therefore, there seem to be differences 
between the preferences of foreign tourists and Chinese tourists in 
various aspects, such as attraction preferences and cultural preferences, 
which may lead to some differences in their route choices compared to 
Chinese tourists. However, as our research focuses on Chinese cycling 
tourists (i.e. 2bulu users), our data does not cover foreign cycling 
tourists. Naturally, understanding the spatiotemporal behavior of 
foreign cycling tourists in Tibet and formulating corresponding tourism 
strategies based on the potential differences between them and Chinese 
cycling tourists is an issue worthy of further in-depth analysis. 

In addition, although the development of cycling tourism can help to 
accelerate the growth of the local economy, over-tourism may at the 
same time have a negative impact on the local cultural heritage. For 
example, because of the fragility of its plateau ecosystem, the com
mercial development of tourism in Lhasa has greatly affected the local 
ecological environment. Furthermore, due to the commercial nature of 
the tourism industry, Lhasa has also experienced some of other the 
negative aspects of tourism development: destruction of cultural cus
toms and living habits of local residents (Xiao & Chen, 2020). Therefore, 
in order to maximize the positive effect of cultural heritage as a tourism 
resource, relevant departments of Tibet should promote the coordinated 
development of cultural heritage protection and tourism industry, so as 
to achieve a win-win solution for both environmental, social and cul
tural protection and economic development. 

Fig. 9. Inflow of cycling tourists in Tibet’s counties (excluding counties with zero inflow).  
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Fig. 10. Tourist cycling AOIs (Chengguan District, Baxoi County, Damxung County).  
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6. Conclusion and directions for further research 

Understanding the spatiotemporal behavior of cycling tourists pro
vides pivotal information for local governments and relevant tourism 
organizations interested in planning cycling routes and developing 
cycling tourism. Traditionally, such efforts have had to rely on official 
statistics or survey data, but technological developments have allowed 
researchers to experiment with novel data sources allowing real-time 
data availability. GPS trajectory data is an example of these novel data 
sources, as it has unique advantages: 1) it records the location of cycling 
tourists continuously in real-time and 2) it can be visualized (as shown in 
this paper) into easily interpretable “infographics” to guide tourism 
management. Such data can be accessed through social media sites, 
where the users voluntarily share their cycling journey trajectories and 
combined with other data sources such as road infrastructure data. As 
such, the data provides rich information at a low cost. In this paper, GPS 
trajectory data and methods to analyze it were introduced by utilizing 
the Tibet Autonomous Region as a case study example. The paper 
explored the spatiotemporal behavior of Chinese cycling tourists in Tibet 
by applying EMD, Pearson correlation coefficient and cluster analysis. 
The empirical findings of the study can be summarized as follows:  

• Based on the number of cycling trajectories the popularity of cycling 
tourism in Tibet has increased rapidly in recent years.  

• Affected by the climate, the number of cycling trajectories has 
obvious seasonal fluctuation characteristics accompanied with 
longer cycles coinciding with China’s tourism industry and economic 
cycles.  

• The most popular “hotspots” for cycling tourists are concentrated in 
the central and eastern parts of Tibet. These hot spots consist of 
popular religious-cultural sites, scenic spots and road sections of
fering physical challenges. 

• Cycling tourists commonly prefer national roads (rather than pro
vincial, county and township roads), G318 being the most popular 
route, arguably due to the high quality of road (safety) and tourism 
infrastructure (availability of tourism services). 

From an academic perspective, the methodology applied in this 
study proved to be a fitting tool for investigating research questions 
related to tourist behavior patterns in recreational trips with multiple 
destinations (e.g. regional tours) vis-à-vis tourism (road) infrastructure 
and distance between destinations (cf. Lue et al., 1993; 1996). The re
sults also bring forth a number of potential development paths that the 
local government and relevant tourism organizations might follow to 
increase the appeal of cycling tourism in Tibet for the benefit of the 
economy of the region (see Section 5). While the results presented here 
pertain to one specific region, the main goal of the paper was to intro
duce ways to apply GPS trajectory data for the benefit of tourism 
management. If an appropriate social media data source exists, the vi
sualizations and methods presented in this paper can be applied in other 
regions with relative ease and low cost. 

Finally, it has to be noted that there are still some shortcomings in 
the chosen data and approach that lead to our subsequent suggestions 
for further research:  

(1) The data represents only a small sample of all cycling tourists in 
Tibet and inevitably entails some bias, since not all cycling 
tourists use the 2bulu sharing platform. In addition, since our 
research focuses on Chinese tourists, the available data lacks the 
cycling trajectories of foreign tourists in Tibet. Since the inclusion 
of foreign cycling tourists might change the results to a certain 
extent, finding good alternative data sources to include foreign 
cycling tourists into the analysis would be a valuable line of 
further research.  

(2) Tourists who cycle in groups follow their team, which limits their 
choices of individual cycling routes. Additionally, the data lacks 

sociodemographic information (such as age, gender, economic 
income, etc.). Therefore, we were unable to evaluate the char
acteristics of different tourist segments. In the future, attempts to 
combine online cycling data with survey data could significantly 
improve the precision of the analysis (Li, Yang, Shen, & Wu, 
2019).  

(3) The current study focuses on the overall analysis of cycling 
tourists. Segregating cycling data into day trips vs. multi day trips 
is an interesting direction that could reflect the behavioral dif
ferences between one-day cycling trippers and tourists on long- 
distance cycling holidays. An evident direction for further 
studies would, therefore, be to segregate the GPS trajectory data 
into day trips vs. multi day trips (potentially supplemented with 
alternative data sources, such as surveys) for a more detailed 
analysis. 
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