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Abstract

:

Coastal urban megacities across Asia face significant risks from climate change, including coastal flooding, high temperatures, urban heat island impacts and air pollution. These hazards are associated with negative impacts on infrastructure, communities and the environment. To identify the current intensity of climate change impacts in coastal urban megacities, an integrated evaluation method is needed. Firstly, the present study assesses the climate change impacts of Guangzhou, a Chinese coastal urban megacity, for both physical and social aspects. This study includes 60 years of time-series data for 1960–2020 to examine temperatures, precipitation, humidity and air pollution in Guangzhou city. At the same time, a survey was conducted between April and July 2022 in this megacity and collected the views of 336 people on climate change and its associated environmental impacts. Secondly, the Ganzhou city results are compared with existing data from similar nearby cities to evaluate the diverse climate change trends. Results show that during 1961-1990, the city received the most rainfall in May, reaching 283.6 mm. From 1990 to 2020, June recorded the highest rainfall of 356.6 mm and shows an increase of 73 mm during that period. The very severe monsoon season brought an increased risk of flooding. Results also revealed that the warmest month is July, and the coldest month is January, and both months showed increased temperatures of 0.60 ℃. Comparison results revealed that Guangzhou is not the only city which scored increased highest temperatures; other nearby cities including Heyuan, Shantou and Shaoguan also scored increased highest temperatures. The survey reveals that the majority of respondents (75%) perceived the increased frequency of extreme weather, including typhoons, heavy rainfall and multiple days of hot weather, such as higher temperatures and an increased number of hot days. In the responses to the questions related to the heat island effect, more than 80% of residents are aware of the existence of the heat island and its impacts. People believe that the primary causes of the urban heat island problem are industrial production and anthropogenic heat generated by the city. These results will be helpful to local and national policy and decision makers to revise and/or develop new strategies to improve the environment and quality of life in coastal megacities, particularly Ganzhou.
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1. Introduction


As cities are facing the impacts of climate change and urbanisation [1], the expansion and densification of built-up areas and human activities have increased the emission of GHG. Cities consume around 67–76% of energy worldwide and generate 71–76% of global CO2 emissions [2,3]. The increase of urban population continuing in the coming decades poses challenges to the habitability and sustainability of cities, especially megacities across the world in all climate zones. More frequent extreme climate events caused by the compounded effects of climate change and urban development could lead to severe consequences to regional ecological, socio-economic and infrastructure systems [4,5]. Global sea-level rise is predicted to accelerate during the 21st century and could rise 65 ± 12 cm by 2100 compared with 2005 [6,7]. The coastal regions are extremely vulnerable to climate change [8], especially for low-lying coastal plains and deltas, as they are most likely to be affected due to further human-induced sediment starvation and land sinking [9,10]. About 23% of the world’s population (around 1.2 billion people) live within 100 km of the coast, and this figure is estimated to reach 50% in 2030 [11]. Many regional key cities are located in river delta regions due to historical, trading and institutional reasons. The increased coastal flooding contributed by rising sea levels poses serious threats and challenges to regional and national sustainability and stability.



Climate change will also exacerbate the urban heat island effect (UHI). UHI can be defined as zones with increased temperature compared with surrounding parts inside cities [12]. It usually happens in the built-up areas as both air and surface temperatures will be higher when compared with green space, due to changes of heat-absorbing surfaces, anthropogenic heat production, development of specific air circulation patterns (e.g., street canyons) and other factors [13,14]. The exact phenomena vary for each city and depend on its size and geographic location; however, for those located in warm climate zones with a large population, its manifestation is relatively higher [13,15]. The damage of extreme heatwaves brought by UHI are related to increased human discomfort and their effects (including higher mortality and morbidity of inhabitants), more energy consumption during hot seasons and impaired air and water quality and other adverse impacts [16,17]. The most vulnerable groups of citizens include children, women, people with special needs, elderly persons, people with low incomes, those with social and physical impairments and those with no accessibility to mitigation measures such as air-conditioning, whom are most likely to be more exposed to the danger of heatwaves [18].



The current study investigates the impact of climate change on one Chinese coastal megacity, Guangzhou, for both physical and social aspects. To analyse physical aspects, the current study used satellite-derived/remote-sensing datasets. This study then assessed climate change’s physical factors such as temperatures and precipitation by using geo-spatial tools. For social aspects, an online survey was carried out to ascertain public perceptions on the impacts of climate change in Guangzhou city. Then, these results were compared with five similar cities to better understand the severity of climate change in different sites in context with the current study area. Furthermore, the research also compared both physical and social science survey results to better understand the trends of physical data analysis and public opinion. These results will be helpful to the regional, sub-regional and national policy and decision makers to revise existing or establish new strategies to improve the environment and quality of life in coastal megacities, particularly Ganzhou. The results will also be helpful for comparing with other similar cities across China and the Global South.




2. Literature Review


2.1. Climate Change in China


The reported rise during this century in the mean temperature of the planet’s surface is referred to as climate change or global warming [19,20,21]. There is no doubt that climate change is becoming more severe across the globe. There are limited studies which offer critical insights into the direct links of climate change to the built environment, coastal regions and cities. According to the Intergovernmental Panel on Climate Change (IPCC), the pace of climate change is accelerated due to human activities, and it is reported with 95% confidence that people are the main reason for global warming and Earth’s climate changing [22,23]. China is subjected to some of the world’s most devastating natural disasters on a regular basis. For instance, in China, droughts, earthquakes, typhoons, floods and landslides/mudslides have frequently occurred [24,25,26]. Moreover, it is predicted that by 2030, the mean air temperature in China will rise by 2.2 °C and by 2050 that the average surface temperature increase difference will reach 2.8 °C [27]. The consequences of climate change will be harsh for all regions in China, from North to South. China contributes to climate change mitigation by setting appropriate environmental goals, not only to avoid these consequences that will affect its region but also to contribute to the global effort to combat climate change [28,29,30].




2.2. Urban Heat Island Impact in China


An urban heat island (UHI) is a metropolitan area that is significantly warmer than the rural areas surrounding it. It is therefore considerably affected by urbanisation [31,32]. This phenomenon has an impact on earth systems and accordingly on microclimatology, water and air quality, vegetation growth, human wellbeing and energy consumption [33,34,35]. These impacts impose additional challenges on policy makers and other multi-stakeholders contributing to the sustainable built and urban environment. Therefore, different studies have been required to investigate the effect of UHI on metropolitan cities; for example, Tian and co-authors [36] stated that China has and is still experiencing the most rapid urbanisation and is accordingly a great example for studying UHI effects. Zhou and co-researchers [37] examined UHI’s effect on 32 major Chinese cities using moderate resolution imaging spectroradiometer land surface temperature products in conjunction with cloud-free Landsat Thematic Mapper and Enhanced Thematic Mapper Plus images between 2003 and 2012. The study showed that the UHI effect diminished exponentially toward rural areas for most of the studied cities that belonged to different climatic zones. Yue along with co-researchers [38] expanded the research to 36 Chinese cities to examine diurnal and seasonal UHI intensities and their relation to urban configuration. The study showed that urban configuration was found to be significantly correlated to UHI intensities during summer; however, significance was not detected in winter. Another study also found that UHI intensities are also influenced by other factors including the land cover features, cloud coverage and air velocity [39,40]. The authors recommended renewable energy as an effective solution to mitigate UHI in urbanised areas.



The relationship between UHI and energy consumption has also been studied in various other aspects. According to Wong and team [41], building energy demands have accounted for 24.1% and 27.5% in 1996 and 2001, respectively. Zhou and co-researchers [42] added that building energy consumption is significantly affected by UHI, as it was found to be increasing the average cooling energy consumption by 19.0% at the regional and global levels [42]. Studies showed that the UHI effect was found to be increasing the air-conditioning demands in urban areas including Beijing [43] and Hong Kong [44]. Although many studies have investigated the effect of UHI in Chinese cities, more studies are required to guide relevant evidence-based public policies for UHI effect mitigation.




2.3. China: Physical and Social Geography


China is the second-largest economy in the world [45] with widely varying geographic and climate features. During the past 40 years, since the adoption of its socio-economic opening-up policy, China’s urbanisation rate has augmented from 17.92% to 59.58% with an average annual urbanisation growth rate of 1.04%. This is much higher than the global average during the same period [46]. Its urban population increased from 172.45 million to 831.37 million, and the number of cities increased from 193 to 657 [46]. This rapid and vast urbanisation process has been the major engine promoting China’s economic growth. It contributed to the construction of public infrastructure, the upgrading of the service industry and the expansion of consumer markets. Thus, the continuity of urbanisation is among the key economic strategies adopted by the central government. Urban agglomerations are planned at the national/regional/local level to guide the future growth. Among the five national agglomerations, three (Yangtze River Delta, Zhujiang River Delta and Beijing–Tianjin–Hebei) are located along the coastline and are exposed to rising sea level caused by climate changes.



The Guangdong province hosts the Zhujiang River Delta and has shown the highest rate of urbanisation [47]. Since the opening-up policy was adopted in 1978, which aimed to encourage foreign investment, five special economic zones (SEZ) have been set up. Three out of all five of these SEZs were located in Guangdong province, which includes Shenzhen, Zhuhai and Shantou. Ever since then, Guangdong has witnessed consistent urban expansion and economic gain, although some of them were gained at the cost of environmental damages. Today, it is still one of the most important economic and industrial powerhouses in China and has a vital impact on regional and national political stability. As mentioned before, the fast increase of GDP and urban built areas are mainly driven by industrial and sustainable infrastructure-oriented investment. This has led to several problems such as inefficient land use, unequitable spatial distributions and environmental impacts, leading to worsening climate changes. In light of this, the central government has set out a new strategy for urban development which prioritises the balance between tackling climate changes and economic growth. The comfort, happiness and health of urban residents are the main elements to be considered in the decision making of policies. The newly planned urban built areas should provide more equal consideration of improved living conditions to people and the creation of more sustainable environments for industries and businesses. Both short-term hazards such as UHI, which can affect residents’ lives and work, and the long-term impact on the climate, which leads to the deterioration of coastal flooding, are acute problems calling for urgent solutions. Adopting a regional case study, we use Guangzhou city as the example to study how UHI has impacted the local climate and what it has contributed to the increase of coastal flooding. Moreover, we will discuss how the findings can support effective strategies for urban planning and policy making to mitigate climate change impacts.




2.4. Guangzhou City as Regional Case Study


Guangzhou is the third-largest city in China and the main city in the Pearl River Delta (PRD) area (Figure 1). The total area of Guangzhou city is 7434.40 km2, including 11 districts, and the central urban area is 3843 km2. In 1987, Guangzhou was nominated as the “experimental field” [48] under the open-door policy, which led the city to become the first region in China to experience marketisation. Due to the market-oriented urbanisation, the spatial structure has been changed. Due to urbanisation and shrinkage of surface water, the previous canals and streams in the old towns have been replaced by modern transport-related infrastructures; urban developments have been built upon flood buffers which were previously used as floodplains and waterfronts. According to Zhou and Cai [49], the average tidal level is at +2.02 m MSL (mean sea level), while most of the urban segments in Guangzhou are situated less than +2.0 m MSL, which means those areas can be flooded by the diurnal tidal effects and suffer from flooding. Meanwhile, the Pearl River was sharply narrowed by continuous land reclamation and usual sedimentation towards the south [50]. Due to the high occurrence of typhoons, large populations are exposed to flooding on a regular basis in this area [51].





3. Methodology


Historical climate change data between 1960 and 2021 were accessed through open-source data providers including World Weather Online and Meteostat. The data file was acquired via REST API and saved as JSON files. The contents of the data cover records for temperature, precipitation, humidity and wind speed, which are key parameters for assessing climate change; however, the Guangzhou study focused its evaluation on precipitation and temperatures. For the comparison study, evaluated temperatures, perception and humidity were considered. More recent hourly weather data were accessed through the open-source data provider Kaggle. The hourly weather data include humidity, precipitation, cumulated precipitation, average temperature and PM2.5 concentration from 2010 to 2015. In particular, PM2.5 readings are often included in air-quality reports from environmental authorities and companies. PM2.5 refers to atmospheric particulate matter (PM) that has a diameter less than 2.5 µm and used as a measure of pollution.



Guangzhou is then compared to five other cities located in the same province with similar climate characteristics but different built area size and population density. The cities selected are Heyuan, Shantou, Shaoguan, Shenzhen and Yangjiang. Moreover, the comparison was undertaken for a period of 30 years, from 1992 to 2021. The weather variables that have been compared between the six different cities are the average temperature, the maximum temperature, the precipitation and the wind speed. In addition, the graphs were created with Python programming language, using Jupyter notebook, Anaconda and the comparison maps with QGIS Desktop 3.22.4 software. Finally, the analysis was carried out initially for the 30-year period, and then for the 5 recent years and lastly for the year 2021, which is the latest for which data are available. Finally, an online survey was conducted in Guangzhou to understand how climate change and the urban heat island affect local residents’ lives and work. The survey collected the participants’ demographic data, their knowledge on climate related crises and their opinions on how to tackle these challenges within the local industrial and cultural contexts.




4. Results


4.1. Climate Change Pattern of Guangzhou-Precipitation


To study the changes of climate, we firstly compared precipitation data of two periods, each covering 30 years. The monthly average precipitation data between 1961 to 1990 and 1991 to 2020 are shown in Figure 2 and Figure 3. During the period 1961–1990, the city received most rainfall in May, reaching 283.6 mm. During the period 1991–2020, the city received the highest rainfall in June, which was recorded at 356.6 mm and shows an increase of 73 mm. The severe monsoon season brought more risks of flooding, particularly coastal flooding, to the city.



Examining the data at a more detailed temporal resolution, the hourly precipitation between 2010 and 2015 is illustrated in Figure 4. The precipitation changed not only throughout the months but also throughout the years. More specifically, the years 2012 and 2013 are notable in that they are characterized as comparably drier years.




4.2. Temperatures


The monthly temperature information between 1961 to 1990 and 1991 to 2020 is shown in Figure 5 and Figure 6. Comparing these two periods, the average temperature for the warmest month, July, increased by 0.6 °C, reaching 29.6 °C. The coldest month of January also increased by 0.6 °C, reaching 14.6 °C.



More recently, during the last decade, the city suffered extremely high temperatures in summer. The number of days with an average temperature over 30 °C is slowly increasing. Figure 7 shows the average hourly temperature between the years 2010 and 2015. As can be seen, the maximum temperature of 38 °C fluctuates by around 2 °C, and 38 °C is the maximum of the 6 years; it can be seen that the max summer period temperature increases year by year. More recently, during the last decade, the city suffered extremely high temperatures in summer.




4.3. Comparison of Guangzhou with Nearby Cities


As mentioned previously, the current study compared Guangzhou with five nearby cities (Table 1) in terms of temperatures, precipitation and wind speed. All the cities studied vary in population and urban density.



Firstly, the graphs regarding the comparison of the last 30 years, 5 years and 1 year are presented, and then maps of the average and peak values are illustrated, with some tables of the values. Maximum temperature (Figure 8) shows a recurring pattern and similar temperatures in all six cities. For precipitation for the period of 30 years, Guangzhou is more similar to Heyuan. Wind speeds indicate an increase in all cities, especially for the case-study city. Hence, with respect to wind speed, the cities follow the same pattern.



As Figure 8 shows, the maximum temperature is shown for all six cities for the last five years (2016–2021), and as it has been observed that the maximum temperature follows the same pattern for all of the cities. Moreover, in the last 5 years, precipitation was observed as a recurring pattern in the summer and winter periods where precipitation is higher in these two periods. Nevertheless, in this picture (Figure 8), it can be seen that Guangzhou has high precipitation, similar to Shenzhen. After these two cities, Shantou follows with relatively high precipitation. Finally, Figure 9 shows the wind speed, with Guangzhou having the same pattern as Shenzhen again. It can be seen that the last year of Heyuan and Shantou had higher temperatures recorded than Guangzhou, which is very interesting.



In Figure 9, it can be seen that Guangzhou is ranked in third place regarding the highest average temperature for the last 30 years in relation to the five nearby cities. However, in Figure 9, it can be seen that it is the city with the highest average maximum temperature for these 30 years. Regarding precipitation, there were no data for Shenzhen city, but the other cities have been compared. Guangzhou is among the top three of the cities with the highest average precipitation. Guangzhou is the city with the fourth highest wind speed. As regards to the precipitation analysis, Shaoguan and Yangjiang have higher peak values than Guangzhou; the same occurs for wind speed.



The study then visualised the data using QGIS to produce maps as a convenient way to compare Guangzhou’s climate to the other cities.




4.4. Trend Analysis for Mean Temperatures: 1992–2021


The trend for temperature for the mean average for 1992–2021 showed an increasing trend (Figure 10) reaching a peak between 2016 and 2021. The period from 1992 to 2009 showed a continuous upsurge trend; however, it dropped slightly in 2010–2015 and then once again showed an increased trend. This analysis indicates that there were significant fluctuations in temperature trends for the period of 1992–2021 with overall growth in this period.





5. Social Factor Analysis: Survey Results


5.1. Public Views on Heat Island Effect and Coastal Flooding in Guangzhou


The online survey initially contacted 500 participants in Guangzhou, and 400 participants agreed to participate, but only 350 participants offered their views. Of those 350, 14 participants’ opinions were not included in the analysis because of incomplete answers to all questions. Finally, the remaining 336 participants’ opinions were considered for analysis. Results identified that there was a balance of participants with 52.51% male and 47.49% female. All participants are currently living in Guangzhou or have lived there for a long period of time, which allows them to have detailed knowledge and experiences regarding the city’s climate, particularly the extreme heat environment. In terms of age distribution, 4% are older than 50 years and more than half of the participants are between 26 and 40 years old. The majority of participants are undergraduate and master’s students from the University of Guangzhou. The question papers were shared via a QR code and online links on social media. Most of the participants join the survey on their mobile phones, which was a convenient and efficient method for participants. The questionnaire has 16 questions including topics about climate change, the urban heat island and heatwaves in Guangzhou. The participants could share their opinions about the urban environment, particularly in order to answer “why” and “how” to deal with UHI and what they can do to deal with the impact.




5.2. Public Perception on Climate Change and Urban Heat Island Impact


Participants’ perceptions of the effects of climate change were generally similar, and these views could be categorised into two groups: climate issues and urban problems caused by the changing climate. Most of the responses (75%) perceived the increased frequency of extreme weather (Figure 11), including typhoons, heavy rainfall and multiple days of hot weather with higher temperatures and an increased number of hot days. These participants also stated that extreme weather can cause damage to infrastructure and crops around Guangzhou, which further affects crop cultivation, increases the urban heat island effect and dramatically enhances the risk of heat-related diseases such as pyrexia. In addition, 65% of participants identified that climate change would bring inevitable problems such as the inundation of cities due to sea level rise, global temperature increase and ecological changes in water bodies due to algae growth. It is worth mentioning that 35% of participants suggested that, in the future, Guangzhou needs to build a new area inland for residents in order to avoid climate change impact. However, only 1% of participants think that climate change has no impact and are not concerned about it.



In Guangzhou, the press and social media are the principal communication methods, and more than 73% of the residents have learned about climate change through these media; others have learned about climate change through universities and educational institutions. In total, 75% of the participants agree that Guangzhou has already suffered from the effects of climate change (Figure 12), and participants perceive that there is moderate-to-high correlation between natural disasters and climate change in Guangzhou. More than 45% of residents agreed that climate change and natural disasters affecting Guangzhou are highly correlated. In terms of the question of what impacts climate change might have, more than 70% of the residents believe that the issues of increased load on the city’s pipeline network, land loss and infrastructure are very related to climate change. Drought, hydroelectricity and urban water resources are considered by residents to be relatively less related to climate change. Overall, more than half of the population agrees that climate change has led to a number of municipal and infrastructure problems.



There is a divergence in perceived priorities for the implementation of future measures to address these issues. In terms of measures to mitigate urban problems, the questionnaire is divided into those that have been implemented, those that are planned and those that are needed, according to a limited number of categories. For the questions regarding coastal protection, awareness raising or campaigns and improved forecasting and monitoring information, more than 65% of the participants believe that Guangzhou is already implementing strategies to improve the quality of life of the city’s people. With respect to questions on new or revised legislation and increased supply of water, only about 35% of the residents believe that the government has already started to implement interventions. In addition, some of the participants (25%) expressed positive attitudes toward the government’s current approach toward addressing the threat of climate change. In general, participants’ feelings about the future of the city as a measure of governance are rather heterogeneous, differing from the more concentrated distribution of responses in the previous sections.




5.3. Public Views on Urban Heat Island Impacts


In the responses to questions related to the heat island effect, more than 80% of residents’ areas were within the heat island (Figure 13). People perceive that the primary causes of the urban heat island problem are due to industrial production and anthropogenic heat generated by the city. Around 30% of the responses stated that the greenhouse effect was caused by industrial heat and gas emissions, as well as carbon emissions. In addition, the environmental aspects of the city are corelated to building density, the reflection of building façade materials and heat and exhaust emissions from cars and other vehicles. Many participants also referred to environmental issues in the city and the effect of the surface of paved areas on surface temperature. According to Lima [52], buildings’ energy consumption is growing rapidly, with the energy used by buildings in the urban area accounting for over one-third of the total energy demand. Mardookhy [53] stated that 61% of residential buildings’ energy consumption is related to space heating or cooling. Climate conditions affect building energy demands, indoor thermal conditions and comfort levels [54].



Urban overheating has become a serious issue for many cities in the world. Many people are worried that there is an urban overheating problem in their living areas in Guangzhou. All participants agreed that extreme heat happens at least twice a year on average, and 43% of participants thought that there are more than six heatwaves every year. The extreme heat is caused by both temperature and humidity [55,56], as it is a coastal city located close to the South China Sea, and the average humidity of Guangzhou is between 63% and 82%, which is high all throughout the year, and the high humidity aggravates the extreme heat [56]. Therefore, it was suggested by 73% of the respondents that the extremely high temperature has a non-negligible influence on their daily life, and the average score for the impact of extreme heat is 68 out of 100. However, it is worth mentioning that the respondents thought the urban heat island phenomenon has a 60/100 effect on human health, and 21% of participants considered the impact as mild. High air temperatures can cause thermal discomfort; however, the impacts of this are mitigated by the presence of air conditioning in most of the public transport, commercial buildings and residential buildings in Guangzhou. Urban overheating mainly affects the outdoor thermal environment and the people who are living in that area. To escape from the adverse effects of heat, people are willing to pay for electricity, which is relatively low price to use air conditioning indoors. The development of cooling systems provides a healthy and comfortable environment for people working and living, which abates the negative effect of urban overheating on human thermal comfort. However, the use of AC increases the CO2 emissions and further increases the ambient air temperature, which causes higher demand for indoor space cooling. Although the extreme heat and urban overheating have become problems for local people, the desire to move out of Guangzhou is not strong. The results indicate that climate change is not a key reason for people to decide if the city is liveable. There are many other factors such as economy, culture, family, education and opportunity, which also affect their decisions on liveability.



According to the responses, people are aware of the importance of mitigating the urban heat island effect, and some of the participants mentioned that vegetation coverage should be increased by planting more trees. People also expect the government to establish relevant policies and apply appropriate measures to encourage and enable low-carbon lifestyles. Participants also stated that that the development process should slow and also reduce carbon dioxide emissions. In general, Guangzhou inhabitants are aware of the effects of climate change and the current state of the city and that many issues are already being resolved locally. Regarding the future, about 32% of inhabitants believes the government should take the lead in limiting anthropogenic CO2 emissions and forest destruction through legislation and rules, while 41% agrees that everyone needs to become involved in climate action. Unquestionably, the problem of climate change is already having an effect on the community, and some action on response work is already in progress. According to a number of respondents, combating climate change will require a coordinated effort by the government and the people in terms of urban planning. Residents have grown more aware of, and active in, the betterment of the city, even though there is still debate regarding financial measures, rules and regulations.





6. Discussion


Regarding the overall climate analysis of Guangzhou city, it has been observed that over the time period studied, the frequency of the extreme weather events has been increasing. For instance, it has been seen that the average monthly temperature for the period 1991–2020 was higher than the temperature for the period from 1961 to 1990, especially for the winter months. Regarding precipitation, the findings have shown that an increased hazard of floods has impacted the city partly as a result of the more severe monsoon season. However, these results are aligned to measurements elsewhere as regards the effects of global climate change. In more detail, in the past 30 years, the worldwide average temperature has grown by around 0.2 °C each decade, which is comparable to the warming rate anticipated in the 1980s by early simulations of the Earth’s climate change model with transient greenhouse gas increases [57]. A recent U.S. study in 2021 has shown that the annual temperature from 1901 to 2020 has dramatically increased, which means that global warming impacts the climate globally [58]. Table 2 documents the exact numerical values that have been obtained from the analysis regarding average and peak (maximum) values for the comparison of the six cities.



As a consequence of climate change and the increased temperatures, greater precipitation threatens both the mainland and coastal regions. The impacts of coastal flooding are various and extend from the natural and built environment to everyday human health and wellbeing. Concerning the natural environment, one of the impacts of coastal flooding is the intrusion of saltwater into drinking water [59]. From the comparison of Guangzhou city with the other five cities, regarding climate change through the 30 years of the study period, Guangzhou has the highest fluctuations in precipitation. This means that the city is highly affected by climate change. According to the comparison maps, and particularly to the average maximum temperature that has been observed over the last 30 years, it is evident that Guangzhou ranks first, with the highest average temperature record.



UHI is one of the principal concerns for Guangzhou city, where the trend for temperatures is increasing. Air pollution, urban growth and high heat cumulatively impact the UHI effects [60]. Figure 14 illustrates the air pollution measured with PM2.5; the majority of the observations range between 13.2 and 22.5.



The survey results showed that even though communities are aware of the climate change and UHI impacts, they do not want to migrate to other areas because of emotional bonding with that place. These study results show clearly that the majority of the public is aware of anthropogenic climatic changes, severe weather events and associated hazards.




7. Comparison of Physical Analysis Results with Social Science Survey Results


The current study compared climate change and associated factors’ physical analysis results with survey (public opinion) results to identify the trends between physical and social analysis. Table 3 explores these trends.



The results revealed that the majority of people have basic-to-good knowledge on climate change, urban heat impact and associated things. However, despite suffering from climate change impacts, they do not want to change their location. Nonetheless, they want to contribute towards reducing climate change and its impacts.



As mentioned in the study, temperatures and precipitation showed significant fluctuations in the case-study area in China. Similarly, other Asian nations including India, Indonesia and Bangladesh, etc., showed the same trends in the last 60 years. Panda and Sahu explored 37 years of data for Kalahandi, Bolangir and Koraput districts of Odisha, India, and indicated the temperatures and rainfall have shown rising trends for the period of 1980–2017 [61]. Mullick and team analysed 50 years (1966–2015) of data of temperatures and rainfall for Bangladesh and identified that both temperatures and rainfall showed an increased trend in the above-mentioned period [62]. Kantamaneni and co-researchers identified that, due to climate change, temperatures and rainfall trends have shown increasing trends in Indonesia, particularly in the Sabang Island in last decades [63]. All these things cumulatively indicate that precipitation/rainfall and temperatures show an increased trend across Asia, which highlights the severity of climate change.




8. Limitations


There are some limitations to this study. The primary issue is the limited datasets available to undertake the assessment of precipitation and humidity. There are no freely available continuous datasets for coastal flooding; accordingly, the study did not evaluate coastal flooding. In relation to the survey, initially survey participants could not participate due to language barriers; however, the survey questions were subsequently advertised in local languages. This study did not consider exposure, sensitivity and adaptation (ESA) elements for the assessment, as ESA are more common criteria in CVI (coastal vulnerability index) studies. Despite the above limitations, the study has identified significant findings.




9. Conclusions


The study analysed physical factors related to climate change such as temperature and precipitation in Guangzhou, a Chinese urban megacity. A survey of public perceptions concerning these physical factors was also undertaken. A comparison of the results from Guangzhou was made with other similar cities in the same province to better understand their vulnerability to the impacts of climate change. The physical climate change results revealed that there has been a significant increase in precipitation and temperature. The months of May and June received the highest rainfall between 1961 and 2021. The research results revealed that temperatures showed an increasing trend in this period. Furthermore, there was correlation of the study results to existing scientific analysis and benchmarks on climate change impacts. In addition to the analysis of data related to the physical impacts of climate change on temperatures and precipitation, an online survey was conducted with more than 300 participants to understand the public’s views in relation to this. The public are aware of the trends in relation to urban heat island effects, precipitation and increased risk of hazards and expressed that climate change is one of the main contributing factors. However, most of the public expressed a preference not to leave their home cities despite their increased vulnerability to various climatic hazards. The participants revealed powerful emotional bonds with their homes and neighbourhoods and are ready to accept the climate vulnerability despite the impacts of climate change. The results from this study contribute vital knowledge to regional and national policy makers to enable better understanding of current climate change patterns and the public’s opinion about climate change and other environmental problems and subsequently improve the governments’ abilities to deal with these challenges.
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Figure 1. Location of Guangzhou city. 
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Figure 2. Monthly precipitation, 1961–1990. 
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Figure 3. Monthly precipitation, 1991–2020. 
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Figure 4. Hourly precipitation, 2010–2015. 
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Figure 5. Average monthly temperature, 1961–1990. 
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Figure 6. Average monthly temperature, 1991–2020. 
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Figure 7. Hourly temperature, 2010–2015. 
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Figure 8. Trends of temperature, precipitation and windspeed in Guangzhou and the other five cities. 
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Figure 9. Comparison of Guangzhou with five other cities—average and peak values of temperatures, precipitation and windspeed for 1991–2022. 
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Figure 10. Trend analysis: temperatures (1992–2021). 
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Figure 11. Participants’ views on hazards of climate change and coastal/flood vulnerability. 
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Figure 12. Participants’ views on the hazards of climate change and urban vulnerability. 
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Figure 13. Public views on urban heat island impacts. 






Figure 13. Public views on urban heat island impacts.



[image: Water 15 00712 g013]







[image: Water 15 00712 g014 550] 





Figure 14. Hourly air pollution (PM2.5), 2010–2015. [Note: When displaying numerical data, a histogram divides the data into "bins" of equal width. Each bin is represented graphically by a bar whose height reflects the number of data points it contains. The range of the numbers is symbolized with either round brackets (or parentheses) or square brackets, depending on the meaning of each bin. The round brackets are used for numbers that are not contained in the bin, and the square brackets are used for numbers that are part of a bin. For example, at Figure 14, the second bin, namely (13.2, 22.4], means that the number 13.2 is not contained at its range, but the number 22.4 is part of the specific range]. 
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Table 1. Comparison of Guangzhou with other five cities in terms of population and density.
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	Guangzhou
	Heyuan
	Shantou
	Shaoguan
	Shenzhen
	Yangjiang





	Total population (million)
	18.67
	2.8
	5.5
	2.8
	17.56
	2.6



	Urban

density(/km2)
	4300
	1900
	2400
	360
	8400
	520
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Table 2. Comparison of Guangzhou city with other similar cities for temperatures, precipitation and wind speed average values (1992–2021) for temperature.
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	Comparison of Guangzhou City with Other

Similar Cities (1992–2021)
	Guangzhou
	Heyuan
	Shantou
	Shaoguan
	Shenzhen
	Yangjiang





	Average Temperature (°C)
	34.4
	33.3
	33.9
	32.9
	33.4
	32.3



	Maximum Temperature (°C)
	40
	39
	40
	40.4
	38
	38.3



	Precipitation (mm)
	239
	263.4
	396
	189.2
	
	605.3



	Wind Speed(kt)
	36.1
	24.7
	32.9
	21.5
	36.4
	42.7
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Table 3. Trend of physical and social survey analysis.
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	Physical Analysis
	Social Analysis





	1
	The maximum temperature of 38 °C fluctuates by about 2 °C; 38 °C is the maximum value over 6 years from 2010 to 2015.
	People are aware that urban overheating has become a problem for local residents. More than 60% of people believe that heatwaves have large effects on their daily life and reported that heatwaves occurred more than 5 times.



	2
	During the past decade, the average temperature of the hottest month (July) rose by 0.6 °C to 29.6 °C. The coldest month (January) also rose by 0.6 °C.
	Participants identified that the urban heat island phenomenon has a 60/100 effect on human health, and 21% of them put the impact as mild.



	3
	Guangzhou has the highest average temperature in the past 30 years compared to the neighbouring cities.
	The primary causes of the urban heat island problem are industrial production and anthropogenic heat generated by the city.



	4
	Guangzhou’s population density greatly exceeds that of the other five cities. However, Guangzhou suffers from extremely high temperatures in the summer. The number of days with average temperatures above 30 °C is slowly increasing.
	Although the extreme heat and urban overheating became a problem for local people, the desire to move out of Guangzhou is not strong. Many other factors also affect the decisions on livability.



	5
	The maximum temperature is increasing annually.

Air pollution, urban development and high temperatures affect UHI cumulatively.
	Some participants mentioned that green space should be increased in urban areas. The government is expected to play a leading role in low-carbon lifestyles through legislation and encouragement.



	6
	The average humidity in Guangzhou ranges from 63% to 82%, with high levels of humidity throughout the year exacerbating the heat.
	More than 50 percent of the participants believed that extreme weather would cause damage to infrastructure and crops, which would further exacerbate the urban heat island effect and significantly increase the risk of heat-related illnesses such as heatstroke.



	7
	Guangzhou has experienced the largest fluctuations in precipitation over the past 30 years. This implies that the city is highly influenced by climate change.
	Climate change has been strongly interlinked with disasters such as floods. This includes typhoons, heavy rainfall and several days of hot temperatures.



	8
	Maximum rainfall has been increasing in the past few decades.

The monsoon brings more coastal flooding risk to the city.
	People in Guangzhou believe climate change is strongly interlinked with disasters such as floods and erosion. More than 70% of residents believe that problems such as land loss and infrastructure damage are strongly linked to climate change.



	9
	Most of the urban segments in Guangzhou are situated less than +2.0 m MSL, which means large populations are exposed to flooding.
	In total, 65% of participants believe climate change will bring unavoidable problems such as urban flooding due to rising sea levels and global temperature increases. Moreover, 35% of the participants suggested that Guangzhou needs to build new inland residential areas in the future to avoid the impact of climate change.



	10
	The frequency of extreme weather events is increasing. This is particularly occurring in winter months. In addition, increasing flooding problems have partially affected residents, infrastructure and urban development.
	The majority of residents believe that the government should take immediate measures to address climate change. The issue of climate change already has an impact on society. While there is some debate over financial measures, rules and regulations, residents are increasingly aware of, and actively involved in, the city’s improvements.
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