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Facing the western Pacific Ocean and backed by the Eurasian continent, the coastal area of China (hereafter as CAC) is sensitive and vulnerable to climate change due to the compound effects of land-ocean-atmosphere, and thus is prone to suffer huge climate-related disaster losses because of its large population density and fast developed economy in the context of global warming. Here in this study the near- (2040), mid- (2070), and long-future (2100) mean, minimum, and maximum temperature (Tmean, Tmin, and Tmax) projections based on the statistic downscaling climate prediction model (SimCLIM) integrated with 44 General Circulation Models (GCMs) of CMIP5 under three representative concentration pathway (RCP4.5, RCP6.0, and RCP8.5) scenarios are evaluated over CAC and its sub-regions. Multi-model ensemble of the selected GCMs demonstrated that there was a dominating and consistent warming trend of Tmean, Tmin, and Tmax in the Chinese coastal area in the future. Under RCP4.5, RCP6.0, and RCP8.5 scenarios, the annual temperature increase was respectively projected to be in the range of 0.8–1.2°C for 2040, 1.5–2.7°C for 2070, and 1.6–4.4°C for 2100 over the entire CAC. Moreover, a spatial differentiation of temperature changes both on the sub-regional and meteorological station scales was also revealed, generally showing an increment with “high south and low north” for annual average Tmean but “high north and low south” for Tmin and Tmax. An obvious lower increase of Tmean in the hotter months like July and August in the south and a significant sharper increment of Tmin and Tmax in the colder months such as January, February, and December in the north were expected in the future. Results derived from this study are anticipated to provide insights into future temperature changes and also assist in the development of target climate change mitigation and adaptation measures in the coastal area of China.
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1 INTRODUCTION
The earth has experienced significant temperature rises both regionally and globally since 1850 (Li et al., 2015; Ozturk et al., 2018). Greenhouse gas emission, mainly induced by human activities such as burning of fossil fuels, deforestation, and agriculture, is likely to be largely responsible for the increase in the surface temperature of the earth and global warming (IPCC, 2013), which has a profound impact on ecological environment (Isobe, 2013; Gomiero et al., 2018), social economy (Mishra et al., 2010; Lu et al., 2019), and human health (Baccini et al., 2013; Jiang et al., 2015; Luo et al., 2019). What’s notable is that although the nationally determined contributions pledged in the Paris Agreement are completely achieved, the global mean surface temperature is projected to rise by 2.6°C–4.8°C under the high emissions scenarios in 2100 (Onozuka et al., 2019; Feng and Chao, 2020), which is expected to pose a much more serious threat to the natural environment and human society. Therefore, it is of extreme urgency and great importance to investigate the future projection of temperature for preventing global warming impacts and also is highly beneficial to climate mitigation and adaptation.
As forced by Representative Concentration Pathways (RCPs) greenhouse gas (GHG) emission scenarios, General Circulation Models (GCMs) participated in the Coupled Model Intercomparison Project Phase 5 (CMIP5) in the IPCC Fifth Assessment Report (AR5) have provided great opportunities to evaluate the projections of spatiotemporal performances of climatic change in the 21st century (Zhang et al., 2017; Li et al., 2019), and they have been widely applied to detect the variation and attribution of climate change as well as to formulate response measures against global warming (Azmat et al., 2018; Guo et al., 2020). GCMs, however, exhibiting a coarse resolution, generally have large uncertainties in reliable projections of climatic change owing to the shortage of reflecting particular characteristics of underlying surface (Zhou et al., 2017; Azmat et al., 2020), such as topography, geomorphology, hydrology, soil, vegetation, etc. Therefore, it is a common perception that one single GCM is insufficient in simulating all the atmospheric system processes and detecting every climate condition variability at finer scale with a higher reliability (Ali et al., 2019; Li et al., 2019). Accordingly, for the purpose of reducing the uncertainty and improving estimation accuracy, multi-model ensembles of GCMs are commonly recommended for climate change simulation and projection (Xu and Xu, 2012; Chhin and Yoden, 2018).
To date, plenty of studies have engaged in future temperature assessments based on the multi-model ensembles both at global and regional scales, and a consensus is generally reached that the temperature will rise in the future but the magnitude of the increase varies by region (Wang et al., 2017b; Pattnayak et al., 2017; Salman et al., 2018; Ali et al., 2019; Khan et al., 2020; Ullah et al., 2020; Zhang et al., 2020). The differences in temperature rise among previous studies could be attributed to several factors, including the diversity of climate, geography, and social environment (King et al., 2018; Almazroui et al., 2020), and importantly this includes the uncertainty of the employed GCMs with limited number and imperfect performance (Lewis et al., 2019). Therefore, more studies, especially on the regional scale, are particularly needed to evaluate the regional applicability of GCMs in temperature prediction, which is helpful for providing abundant and specific supplements for the response of regional temperature variation to climate change.
As a transitional zone between the continent and ocean, the coastal area of China (CAC) is highly sensitive and vulnerable to climate change, and thus is extremely susceptible to frequent climate disasters (Jiao et al., 2015). Due to the complex underlying surface conditions and the influence of East Asia monsoons, climate simulation and prediction have great uncertainty over CAC where there is characterization with large population density and rapid economic development, which poses a huge challenge to climate-related risk management and adaptation under the background of global warming. Therefore, it is important to predict the future trends and characteristics of temperature in the Chinese coastal regions. In the early stage, some meaningful results in temperature projection by GCMs have been recorded in several studies involved with CAC. For example, You et al. (2014) used one GCM named MPI-ESM-LR participated in the CMIP5 to examine the projected characteristics of mean, maximum, and minimum temperature in China during 2006–2100, and found that the temperature in the Chinese coastal regions showed consistent increases with RCP2.6, RCP4.5, and RCP8.5 in the future. Based on 8 CMIP5 global model datasets, Yao et al. (2012) demonstrated that the multi-model ensemble of maximum and minimum temperature would generally increase 3.0°C–4.0°C in eastern coastal China by the middle and late 21st century. Recently, Shi et al. (2018) assessed the changes in temperature and its extremes over China at 1.5°C and 2.0°C global warming levels based on 27 CMIP5 GCMs models with RCP2.6, RCP4.5, and RCP8.5 and indicated that the mean temperature rise in eastern China was about 1.5°C under both global warming targets.
The studies mentioned above have provided useful insights into the variation of future temperature in the region associated with CAC; however, the study available to date that focuses on the temperature projection over CAC as a whole is absent. Furthermore, the GCMs employed in the previous studies are insufficient, and the response characteristics of future temperature are mainly presented by the average value of GCMs, generally being short of considering global model datasets downscaling. Therefore, in this study, an ensemble of 44 GCMs which are integrated by the climate projection application software named SimCLIM is used to project the spatiotemporal changes of mean, minimum, and maximum temperatures (Tmean, Tmin, and Tmax) in the near- (2040), mid- (2070), and long-term (2100) under three representative concentration pathways (RCP4.5, RCP6.0, and RCP8.5) scenarios over CAC. What’s more, the pattern scaling technique that focuses more on “climate change signals” represented by the differences of GCMs between future and base periods is employed to downscale GCMs datasets. Pattern scaling method aims to produce the regional climate change pattern, which is conducive to exhibit high credibility in fine features of regional response in temperature (Santer et al., 1990). It is expected that climate change projections of temperature in this study can be used to identify and quantify changes in temperature over the coming period in the Chinese coastal regions, which is essential and provides great scientific references to climate change risk management as well as climate mitigation and adaptation in the coastal area of China.
The outline of this article is as follows. Section 2 describes the study area, dataset, model, and employed methods for temperature projection. Then in Section 3 the model evaluation and the spatiotemporal characteristics of future temperature are analyzed. Finally, discussion and conclusion are given in Section 4 and Section 5, respectively.
2 DATA SOURCES AND METHODS
2.1 Study Area
The provinces, autonomous district and municipalities located on the eastern coast of China are designated as the study area (Beijing is included to ensure the spatial integrity of the study area, while Taiwan and the South China Sea islands are excluded due to data absence), as shown in Figure 1. For highlighting the regional differences in temperature response to global warming, the coastal area of China is divided into six sub-regions according to the China Meteorological and Geographical Regionalization, and the sub-regions are respectively renamed as coastal area of Dongbei (Region I), Huabei (Region II), Huanghuai (Region III), Jianghuai (Region IV), Jiangnan (Region V), and Huanan (Region VI) from north to south (Wang et al., 2017a).
[image: Figure 1]FIGURE 1 | Location map of the coastal area of China and the meteorological stations.
The coastal area is an important economic-industrial belt in China, with the land area, population, and GDP generally accounting for 14, 46, and 56% of the country’s total, respectively. The most famous economic circles such as Jing-Jin-Ji, Yangtze River Delta, and Pearl River Delta which possess larger population density, better developed economy, as well as denser concentrated wealth are all placed in the coastal region. Meanwhile, extreme weather and climate events such as heat waves, heavy precipitation, and typhoon, as well as slow-onset disaster like sea level rise, coastal erosion, and wetland degradation are witnessed more and more over CAC recently, making the coastal region a more sensitive and vulnerable zone of climate change.
2.2 Historical Meteorological Data
The observed daily Tmean, Tmin, and Tmax data during 1996–2018 (base period) of 162 meteorological stations located in the coastal area of China are used to validate the performance of climate projection application software SimCLIM. The observation-based temperature records are provided by the National Meteorological Information Center, China Meteorological Administration (http://data.cma.cn/). The quality control of meteorological data is carried out through the steps of missing data processing and abnormal data screening by RClimDex software.
2.3 Model Description
SimCLIM is an integrated software modelling system that users can flexibly customize for their own purposes to carry out assessments of climate change and its impacts and adaptation at local to global scales (Warrick et al., 2005; Mcleod et al., 2010). There is a wide range of applications by SimCLIM in studying the impacts of present climate variability and future change on various fields, for example, water resources management (Warrick, 2009), agriculture systems (Harrison et al., 2016), crop yield (Bao et al., 2015; Amin et al., 2018a; Trisurat et al., 2018), sea level rise (Wang et al., 2016; Ramachandran et al., 2017), ecosystem (Meyer et al., 2018), and so on. For climate change projections, outputs from a large range of complex General Circulation Models (GCMs) and the IPCC AR5 GHG emissions scenarios Representative Concentration Pathways (RCPs) are incorporated in SimCLIM. What’s more, SimCLIM employs the commonly used statistic method “pattern scaling” for generating scenarios of future climates to fulfill climate projection on regional and local levels (Wang et al., 2016; Amin et al., 2018b). SimCLIM version 4.0 is employed in this study and more detailed information about SimCLIM is provided (http://www.climsystems.com/resources/publications/).
Since that application of single GCM will limit the scope of climate projections, accordingly, more GCMs (ensemble) are recommended to be applied in erecting the future climate change scenarios. In this study, 44 GCMs available in SimCLIM combined by pattern scaling method are employed to build a multi-model ensemble for the purpose of baseline comparison and future temperature projection with GHG representative concentration pathways scenarios in the coastal area of China. Specifically, three most commonly used emissions scenarios including two stabilization scenarios (RCP4.5 and RCP6.0) and one extreme emission scenario (RCP8.5) (Vuuren et al., 2011) are considered in this study. The two intermediate scenarios RCP4.5 and RCP6.0 respectively represent the low- and mid-climate projection sensitivity with a middle range future global change scenario, which separately refer to the emissions peak around 2040 and 2080 and then decline. And the last scenario RCP8.5 with high-climate sensitivity, commonly being considered as an emissions scenario of high population and high energy demand in absence of climate change mitigation policies over this century, relates to the emissions which continue to rise throughout the 21st century (Riahi et al., 2011; Abaurrea et al., 2018; Nasim et al., 2018).
2.4 Performance Evaluation
Considering the feedback mechanisms of GCMs to the complex climate system are still not clear enough, some limitations and errors in the climate simulation by GCMs could exist (Masson and Knutti, 2011). Therefore, it is absolutely essential to evaluate the simulation and projection ability of GCMs. Regarding the performance of the global climate model, a widespread cognition is that the higher the ability of a model to predict the present-day climate with observations accurately, the higher will be the credibility of the future climate projections (Guo et al., 2020). Generally, when evaluating the performance of GCMs, it is necessary to assess the ability to predict the spatial-temporal characteristics of climate change (Khan et al., 2020). And plenty of performance metrics such as statistical indices like Bias, Root Mean Square Error (RMSE), and Correlation Coefficient, as well as other performance indices, for example, Taylor skill score, hierarchical and clustering approach, and so on, have been employed for GCMs selection (Guo et al., 2018; Ozturk et al., 2018). In this study, both the temporal and spatial variabilities are considered to evaluate the performance of SimCLIM. In specific, the metrics such as Bias and RMSE are used to assess the ability to predict the temporal variability of temperature by SimCLIM over CAC. And the spatial Correlation Coefficient between the observations and the projections of temperature during the baseline period is employed to evaluate the similarity of spatial distribution features.
3 RESULTS
3.1 Model Evaluation
3.1.1 Temporal Variability in Temperature
The Bias and RMSE between the SimCLIM projected and historical observed multi-year average temperature in the coastal area of China from 1996 to 2018 are presented in Table 1. Except that the projected Tmean is 0.3°C higher than the observed value in Region VI, all of the deviations between the projected and observed Tmean, Tmin, and Tmax are between −0.1°C to −1.1°C both at sub- and full-region scales, indicating a slightly lower value of projection temperature when compared to the observations. Additionally, the RMSE between the estimated and observed Tmean, Tmin, and Tmax ranges from 0.4°C to 1.1°C, revealing that the dispersion degree is generally low between the projected and observed temperature over CAC.
TABLE 1 | The Bias and RMSE between the projected and observed multi-year average Tmean, Tmin, and Tmax over CAC during 1996–2018 (Unit: °C).
[image: Table 1]Comparisons for the monthly average Tmean, Tmin, and Tmax of observed versus projected over CAC during 1996–2018 are shown in Figure 2. The result implies that the monthly projections and observations in temperature are generally consistent over CAC and its sub-regions, demonstrating a reliable performance of SimCLIM for the annual cycle of monthly temperature in the Chinese coast regions.
[image: Figure 2]FIGURE 2 | Annual cycle of monthly average Tmean, Tmin, and Tmax evaluation between the observations and projections over CAC during 1996–2018.
3.1.2 Spatial Distribution in Temperature
Figure 3 depicts the spatial distribution of multi-year average Tmean, Tmin, and Tmax of observed (Figures 3A–C) versus projected (Figures 3D–F) over CAC during 1996–2018. A high similar spatial feature that the multi-year average Tmean, Tmin, and Tmax increase from north to south in the Chinese coastal area for both observed data and projected results is identified, with the strong spatial correlation coefficients of 0.997, 0.997, and 0.995 for Tmean, Tmin, and Tmax between the observations and projections, respectively, revealing that the multi-model outputs by SimCLIM have good agreement with temperature observations in spatial distribution feature over CAC.
[image: Figure 3]FIGURE 3 | Spatial distribution of multi-year average for observed Tmean (A), Tmin (B), Tmax (C) and projected Tmean (D), Tmin (E), Tmax (F) by SimCLIM over CAC during 1996-2018.
3.2 Future Projections in Temperature
3.2.1 Mean Temperature
The changes of projected annual average Tmean relative to the base period and the annual average Tmean projections for 2040, 2070, and 2100 under RCP4.5, RCP6.0, and RCP8.5 scenarios over CAC are shown in Table 2. The results clarified that there was a complete increase of annual average Tmean over CAC in the future. In Regions I–VI, the increments of annual average Tmean with RCP4.5, RCP6.0, and RCP8.5 relative to 1996–2018 were between 0.8 and 1.8°C, 0.7–1.7°C, and 1.1–2.1°C for 2040, 1.4–2.3°C, 1.4–2.3°C, and 2.7–3.4°C for 2070, and 1.5–2.4°C, 2.3–3.1°C, and 4.4–5.3°C for 2100, respectively. For the whole of CAC, the annual average Tmean with three RCPs was projected to increase by 0.9°C, 0.8°C, and 1.2°C for 2040, 1.5°C, 1.5°C, and 2.6°C for 2070, and 1.6°C, 2.3°C, and 4.4°C for 2100, respectively. In 2040, the increment of annual average Tmean with RCP6.0 was lower than that with RCP4.5, while the increase of annual average Tmean with the two RCPs was almost the same in 2070. Note that the increase of annual average Tmean with RCP8.5 was forecasted to be the highest for all the three target years in the Chinese coastal regions.
TABLE 2 | The changes of annual average Tmean relative to the base period 1996–2018 and the projected annual average Tmean for 2040, 2070, and 2100 with different RCPs over CAC (Unit: °C).
[image: Table 2]The annual average Tmean in the six sub-regions was projected to be in the range of 9.7–23.8°C, 9.6–23.7°C, and 10.1–24.1°C for 2040, 10.4–24.3°C, 10.4–24.4°C, and 11.7–25.3°C for 2070, and 10.5–24.4°C, 11.4–25.0°C, and 13.7–26.7°C for 2100 under RCP4.5, RCP6.0, and RCP8.5 scenarios, respectively. And with respect to the entire CAC, the annual average Tmean was forecast to rise to 17.0°C, 16.9°C, and 17.4°C for 2040, 17.6°C, 17.6°C, and 18.8°C for 2070, and 17.7°C, 18.5°C, and 20.5°C for 2100 with three RCPs, respectively (Table 2).
Figure 4 illustrates the changes in monthly average Tmean separately for 2040, 2070, and 2100 with three RCPs relative to the base period over CAC. It implied that the increases of monthly average Tmean from March to November for 2040, 2070, and 2100 were generally lower than those in January, February, and December over CAC, which was much more obviously in the southern sub-regions, especially in Regions V and VI, where the increases of monthly average Tmean in July and August were lower than those in other months at about 2.0°C. What’s more, the changes of monthly average Tmean further disclosed the annual average Tmean increase characteristics for 2040 and 2070 under RCP4.5 and RCP6.0 scenarios, and it also revealed that the increment monthly Tmean with RCP8.5 was the highest over CAC.
[image: Figure 4]FIGURE 4 | Changes in monthly average Tmean for 2040, 2070, and 2100 with different RCPs relative to the base period 1996–2018 over CAC.
The projected monthly average Tmean for 2040, 2070, and 2100 with three RCPs over CAC and its sub-regions are shown in Figure 5. The monthly average Tmean in January, February, and December of 2070 and 2100 in Region III exceeded 0°C with different RCPs, which was obviously higher than the minus Tmean of the same months during the base period 1996–2018. What’s more, in the southern three sub-regions, namely, Regions IV, V, and VI, the monthly average Tmean in July and August for 2070 and 2100 was projected to be significantly more than 30°C with RCP8.5, generally indicating a high temperature in summer at the southern coastal regions of China in the late 21st century under the high GHG emissions scenario.
[image: Figure 5]FIGURE 5 | Projected monthly average Tmean for 2040, 2070, and 2100 with different RCPs over CAC.
The spatial distribution of changes in annual average Tmean for 2040, 2070, and 2100 with RCP4.5, RCP6.0, and RCP8.5 relative to the base period at 162 meteorological stations over CAC is presented in Figure 6.
[image: Figure 6]FIGURE 6 | Spatial distribution of changes in annual average Tmean for 2040 with RCP4.5 (A), RCP6.0 (B), RCP8.5 (C), 2070 with RCP4.5 (D), RCP6.0 (E), RCP8.5 (F) and 2100 with RCP4.5 (G), RCP6.0 (H), RCP8.5 (I) relative to the base period 1996 -2018 at 162 meteorological stations over CAC.
For 2040 (Figures 6A–C), the changes in annual average Tmean with RCP4.5, RCP6.0, and RCP8.5 relative to 1996–2018 were respectively between −0.8–4.5°C, −0.9–4.4°C, and −0.4–4.7°C on station scale. There were approximately 4.9, 11.7, and 1.9% of the meteorological stations mainly distributed in the northern coastal regions presenting a downward trend in annual average Tmean with three RCPs, respectively. And most of the other stations almost throughout CAC were expected to experience an upward trend of Tmean, with an increment between 0 and 2.0°C in general. For 2070 (Figures 6D–F), the station-scale changes in annual average Tmean with three RCPs relative to 1996–2018 were between the range of −0.1–5.0°C, −0.1–5.0°C, and 1.3–6.1°C, respectively. Only one station situated in Region I exhibited a decrease in Tmean with both RCP4.5 and RCP6.0, and most of the other stations demonstrated an increase with three RCPs, commonly showing a range of 0–2.0°C under RCP4.5 and RCP6.0 and 2.0–4.0°C under RCP8.5. For 2100, the changes in Tmean on the scale of meteorological station ranged from 0 to 5.1°C, 0.9–5.7°C, and 2.7–7.6°C under the scenarios of RCP4.5, RCP6.0, and RCP8.5, with most of the stations presenting an increment between 0 and 2.0°C, 2.0–4.0°C, and 4.0–6.0°C, respectively (Figures 6G–I).
3.2.2 Minimum Temperature
Table 3 displays the changes of projected annual average Tmin relative to the base period and the annual average Tmin for 2040, 2070, and 2100 with RCP4.5, RCP6.0, and RCP8.5 over CAC. A general increase of annual average Tmin was projected for the target 3 years. Relative to 1996–2018, the increases of annual average Tmin with three RCPs in the sub-regions were between 0.8 and 1.0°C, 0.7–0.9°C, and 1.0–1.3°C for 2040, 1.3–1.7°C, 1.3–1.7°C, and 2.3–3.0°C for 2070, and 1.4–1.8°C, 2.0–2.7°C, and 3.8–5.0°C for 2100, respectively. For entire CAC, the annual average Tmin was forecasted to have the exactly same increase as the annual average Tmean in the future. Moreover, it also detected that the increment of annual average Tmin with RCP4.5 and RCP6.0 for 2040 and 2070 presented a feature just like that of Tmean, and the increase of Tmin with RCP8.5 was also expected to be the highest in future over CAC.
TABLE 3 | The changes of annual average Tmin relative to the base period 1996–2018 and the projected annual average Tmin for 2040, 2070, and 2100 with different RCPs over CAC (Unit: °C).
[image: Table 3]In the sub-regions, the projected annual average Tmin was between 4.4 and 18.9°C, 4.3–18.8°C, and 4.8–19.2°C for 2040, 5.1–19.4°C, 5.1–19.4°C, and 6.5–20.4°C for 2070, and 5.2–19.5°C, 6.1–20.2°C, and 8.5–22.0°C for 2100 under RCP4.5, RCP6.0, and RCP8.5, respectively. Considering the whole of CAC, the annual average Tmin was projected to be 12.6°C, 12.5°C, and 12.9°C for 2040, 13.1°C, 13.2°C, and 14.3°C for 2070, and 13.3°C, 14.0°C, and 16.1°C for 2100 with three RCPs, respectively.
The changes in monthly average Tmin for 2040, 2070, and 2100 with three RCPs relative to 1996–2018 over CAC are presented in Figure 7. In the northern coastal sub-regions, especially in Region I and II, the increments of Tmin in January, February, and December were generally higher than those in other months. But in the southern sub-regions and the entire CAC, there was little difference in the changes of Tmin from month to month. In addition, the increase of monthly average Tmin with RCP4.5 was higher than (nearly the same as) that with RCP6.0 for 2040 (2070), and the increase amplitude of monthly average Tmin with RCP8.5 was apparently the highest.
[image: Figure 7]FIGURE 7 | Changes in monthly average Tmin for 2040, 2070, and 2100 with different RCPs relative to the base period 1996–2018 over CAC.
Figure 8 shows the projected monthly average Tmin for 2040, 2070, and 2100 with three RCPs over CAC. The monthly average Tmin in November in Region II and in January in Region IV for 2070 and 2100 were both predicted to be greater than 0°C, which generally revealed a warmer winter from 2070. The Tmin in July and August over the southern sub-regions was projected to exceed 28°C for 2100 under RCP8.5, further suggesting a high temperature challenge facing the south coastal regions of China in the summer night with the highest radiative forcing at the end of the century.
[image: Figure 8]FIGURE 8 | Projected monthly average Tmin for 2040, 2070, and 2100 with different RCPs over CAC.
The spatial distribution of changes in annual average Tmin for 2040, 2070, and 2100 with RCP4.5, RCP6.0, and RCP8.5 relative to 1996–2018 at meteorological stations over CAC is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Spatial distribution of changes in annual average Tmin for 2040 with RCP4.5 (A), RCP6.0 (B), RCP8.5 (C), 2070 with RCP4.5 (D), RCP6.0 (E), RCP8.5 (F) and 2100 with RCP4.5 (G), RCP6.0 (H), RCP8.5 (I) relative to the base period 1996 -2018 at 162 meteorological stations over CAC.
For 2040 (Figures 9A–C), the future annual average Tmin changes with RCP4.5, RCP6.0, and RCP8.5 were respectively in the range of −2.0–3.0°C, −2.1–3.2°C, and −1.6–3.6°C on the scale of station. Nearly 55.5, 49.3, and 72.2% meteorological stations mainly situated in Regions V and VI were projected to exhibit an upward tendency of annual average Tmin with RCP4.5, RCP6.0, and RCP8.5, respectively, and the other stations mostly located in Regions I to IV presented a downward trend in 2040 with three RCPs. For 2070 (Figures 9D–F), the projected magnitude of annual average Tmin changes at station scale were between the range of −1.3–3.9°C under the scenarios of RCP 4.5 and RCP6.0 as well as 0.1–4.9°C under RCP8.5 scenario. There were about 87.7% stations which were projected to experience an increase of annual average Tmin with RCP4.5 and RCP6.0, and all of the 162 stations over CAC were expected to have an increase in annual average Tmin with RCP8.5, generally posing an increment range between 0 and 2.0°C. For 2100 (Figures 9G–I), the station-scale changes in annual average Tmin with RCP4.5, RCP6.0, and RCP8.5 were respectively between −1.2–4.0°C, −0.3–4.6°C, and 2.0–6.5°C. The annual average Tmin at almost 90.1 and 98.8% of meteorological stations was predicted to increase under the scenarios of RCP4.5 and RCP6.0, with a prevalent increment magnitude in the range of 0–2.0°C. With RCP8.5, all stations in the Chinese coast region were forecasted to present an upward tendency in annual average Tmin, and the magnitude of increase was commonly in the range of 2.0–4.0°C.
3.2.3 Maximum Temperature
The future changes of annual average Tmax relative to 1996–2018 and the projected annual average Tmax for 2040, 2070, and 2100 with RCP4.5, RCP6.0, and RCP8.5 over CAC are presented in Table 4. An overall increase of annual average Tmax in the future over CAC was projected by SimCLIM. With respect to the sub-regions, the changes in annual average Tmax with RCP4.5, RCP6.0, and RCP8.5 relative to the baseline period were in the range of 0.7–0.9°C, 0.6–0.8°C, and 1.0–1.3°C for 2040, 1.3–1.6°C, 1.3–1.6°C, and 2.4–2.9°C for 2070, and 1.4–1.7°C, 2.1–2.6°C, and 3.9–4.8°C for 2100, respectively. For the total CAC, the increase magnitude of annual average Tmax with different RCPs was predicted to be almost the same as that of annual average Tmean and Tmin for the years of concern in this study. It is noted that the annual average Tmax changes with RCP6.0 were also projected to be lower than that with RCP4.5 in 2040, and to be the same as that in 2070. Additionally, the projected increment of annual average Tmax with RCP8.5 was obviously the highest for 2040, 2070, and 2100 over CAC.
TABLE 4 | The changes of annual average Tmax relative to the base period 1996–2018 and the projected annual average Tmax for 2040, 2070, and 2100 with different RCPs over CAC (Unit: °C).
[image: Table 4]At sub-region scale, the annual average Tmax was projected to be in the range of 15.0–26.6°C, 14.9–26.5°C, and 15.4–26.9°C for 2040, 15.7–27.2°C, 15.7–27.2°C, and 17.0–28.2°C for 2070, and 15.8–27.3°C, 16.7–28.0°C, and 18.9–29.8°C for 2100 with RCP4.5, RCP6.0, and RCP8.5, respectively. For the whole of CAC, the annual average Tmax was expected to increase to 21.6°C, 21.4°C, and 21.9°C for 2040, 22.1°C, 22.2°C, and 23.3°C for 2070, and 22.3°C, 23.0°C, and 25.1°C for 2100 with three RCPs, respectively.
Figure 10 depicts the changes in monthly average Tmax for the years of 2040, 2070, and 2100 with RCP4.5, RCP6.0, and RCP8.5 relative to 1996–2018 over CAC. It revealed that the increases of monthly average Tmax in December, January, and February were projected to be higher than those in other months for 2040, 2070, and 2100 in the northern coastal area, and the increments of monthly average Tmax were predicted to vary slightly from month to month with each RCP in the southern coastal area and the whole of CAC. The variation of changes in monthly average Tmax with RCP4.5 and RCP6.0 for 2040 and 2070 was consistent with that of annual average Tmax, and the highest increase of monthly average Tmax was also forecasted by SimCLIM under the scenario of RCP8.5 in future over CAC.
[image: Figure 10]FIGURE 10 | Changes in monthly average Tmax for 2040, 2070, and 2100 with different RCPs relative to the base period 1996–2018 over CAC.
The future projected monthly average Tmax with three RCPs over CAC are presented in Figure 11. The projected results showed that the monthly average Tmax was expected to be higher than 0°C in December in Region I with three RCPs in future. And for the year of 2100, the monthly average Tmax from June to September was predicted to exceed 30°C in the Chinese coastal regions. Moreover, the monthly average Tmax in July and August in the southern coastal sub-regions was projected to be more than 35°C with the RCP8.5 scenario, which generally signified a prevalent high temperature heat wave weather in summer daytime at the end of the century in the south of Chinese coast.
[image: Figure 11]FIGURE 11 | Projected monthly average Tmax for 2040, 2070, and 2100 with different RCPs over CAC.
Figure 12 displays the spatial distribution of changes in annual average Tmax for 2040, 2070, and 2100 with different RCPs relative to the base period at 162 meteorological stations over CAC. For 2040 (Figures 12A–C), the changes of annual average Tmax with RCP4.5, RCP6.0, and RCP8.5 on the station scale were between the range of −2.0–4.6°C, −2.0–4.5°C, and −1.6–4.8°C, respectively. Almost 73.4, 69.1, and 86.4% of meteorological stations were expected to meet with an upward tendency of annual average Tmax under the scenarios of RCP4.5, RCP6.0, and RCP8.5, respectively, with a uniform increment between 0 and 2.0°C in general. And those other stations with downward trend of annual average Tmax in 2040 were mainly located in Regions I, II, and V, commonly presenting a decrease magnitude of −2.0–0°C. For 2070 (Figures 12D–F), the predicted changes of annual average Tmax at meteorological station scale were between −1.4–5.1°C, −1.3–5.1°C, and −0.2–6.2°C with RCP4.5, RCP6.0, and RCP8.5, respectively. And the annual average Tmax was projected to rise at more than 95% stations over CAC, exhibiting a major increment in the range of 0–2.0°C with RCP4.5 and RCP6.0 as well as 0–4.0°C with RCP8.5. For 2100 (Figures 12G–I), the station-scale changes of annual average Tmax were respectively in the range of −1.2–5.2°C, −0.5–5.9°C, and 1.5–7.8°C with RCP4.5, RCP6.0, and RCP8.5. More than 96% of stations were found to present rising tendency of annual average Tmax with RCP4.5 and RCP6.0, with a dominating increase magnitude of 0–2.0°C, and all 162 meteorological stations were projected to have an increase of annual average Tmax with RCP8.5, showing a main increment between 2.0 and 6.0°C in general.
[image: Figure 12]FIGURE 12 | Spatial distribution of changes in annual average Tmax for 2040 with RCP4.5 (A), RCP6.0 (B), RCP8.5 (C), 2070 with RCP4.5 (D), RCP6.0 (E), RCP8.5 (F) and 2100 with RCP4.5 (G), RCP6.0 (H), RCP8.5 (I) relative to the base period 1996 -2018 at 162 meteorological stations over CAC.
4 DISCUSSION
For the years of 2040, 2070, and 2100, a prevalent increase in Tmean, Tmin, and Tmax in the coastal area of China is projected by SimCLIM software integrated with 44 GCMs and IPCC AR5 GHG emissions scenarios, which is highly consistent with the previous studies focused on temperature prediction either at global scale (Wang et al., 2017b) or at regional scale such as research areas in North American (Zhang et al., 2020), European (D’Oria et al., 2017; Coppola et al., 2021), African (Ozturk et al., 2018), Asian (Salman et al., 2018; Almazroui et al., 2020; Ullah et al., 2020), and so on, where all will find an ascending trend in temperature in the future. Moreover, the positive trend in temperature forecasted in this study also furtherly confirms the temperature projection results in the region related to Chinese coast by early studies (Yao et al., 2012; You et al., 2014; Guo et al., 2018; Shi et al., 2018; Li et al., 2019). And the magnitude of change in Tmean discovered in this study is similar to Guo et al. (2018), who finds that the mean temperature is projected to increase by 0.76°C, 1.84°C, and 2.10°C with RCP4.5 during 2017–2036, 2046–2065, and 2080–2099, respectively. However, Yao et al. (2012) documents that the multi-model ensemble of maximum and minimum temperature would generally increase 3.0°C–4.0°C under the scenario of RCP4.5 by the end of the century in the eastern coastal China, showing a larger range of changes in Tmin and Tmax than those in this current study.
Of particular note is that not only a consistent warming trend over CAC has been projected by SimCLIM but also a spatial differentiation of temperature changes both on the scales of sub-regional and meteorological station have been revealed. To be specific, it is found that the future increment of Tmean in the northern coastal region is projected to be a little lower than that in the southern coastal region; on the contrary, the magnitudes of Tmin and Tmax are forecasted higher in the north than those in the south over CAC, especially under the scenario of RCP8.5 in 2100. The spatial difference of future temperature changes in the Chinese coastal area mentioned above is in line with the results of Zhang et al. (2020) who demonstrated that the increase of future mean temperature in summer in the south of North America is projected to be greater than that in the northern portion, and also further confirms the findings of numerous existing works, which reveal a sharper increment of temperature in high latitudes of the northern hemisphere (IPCC, 2014).
What’s more, the difference in future temperature change from month to month has also been discovered over CAC. For example, the projection results denote a significantly lower increase of Tmean in the hotter months like July and August in the southern sub-regions, particularly in Regions V and VI, and an obvious greater increment of Tmin and Tmax in the colder months such as January, February, and December is expected, especially in the northern coastal area. The monthly difference in future temperature change projected by SimCLIM over CAC is in accordance with those of published papers. For example, You et al. (2014) has found a pronounced warming trend for Tmean, Tmax, and Tmin in winter months with RCP8.5 in China during 2061–2090. Salman et al. (2018) and Almazroui et al. (2020) also both reveal larger temperature increases during winter months while smaller in summer months under future emission scenarios over the Arabian Peninsula.
In addition, this study clarifies that the Tmean, Tmin, and Tmax changes with RCP4.5 are respectively expected to be higher than and similar to those with RCP6.0 in 2040 and in 2070 over CAC, which has already evinced by previous studies in other regions. For instance, Abaurrea et al. (2018) demonstrates that the temperature projections over Spain under RCP6.0 are smaller than those under RCP4.5 during 2031–2050 but a similar growth during 2051–2060. And in Iraq, during the near-term (2010–2039) and mid-term (2040–2069) of the century, both the highest and the lowest increase in maximum and minimum temperature are presented a feature that the increment of temperature with RCP4.5 is lower than that with RCP6.0 (Salman et al., 2018). Actually, the two intermediate scenarios RCP4.5 and RCP6.0 are fairly similar, just with differences in timing of the usage of various energy-sources and implementation of climate change mitigation polices (Vuuren et al., 2011; Abaurrea et al., 2018). In short periods, the RCP4.5 GHG emissions and concentrations are slightly higher than the RCP6.0 values, which will thus lead to a little higher temperature in the near-term of the century. After then, the values of RCP6.0 rise faster than those of RCP4.5 over time, which will lead to the future increase of temperature with RCP6.0 being equal to or even higher than that with RCP4.5 from the mid-term of the century.
Although both the multi-model ensemble and downscaling are considered in this study, there is an acknowledgment of the inevitable uncertainty. The sources of uncertainty in temperature projection over CAC are including the unpredictability associated with addressing inter-annual and synoptic space-scales and modelling processes by GCMs (Harrison et al., 2016), initial and boundary conditions referring to the radiative forcing scenarios, observational data quality, as well as downscaling method (Mitchell and Hulmue, 1999). The mentioned above cascade of uncertainty is a huge challenge to be taken seriously facing climate change simulation and prediction, and at the same time, is also the direction of the follow-up research work in the future.
Temperature is a critical parameter for assessing the impacts of climate change over the whole world and any specifically regional areas (Almazroui et al., 2020). Studies have shown that even if the concentrations of GHG emissions could be stabilized at some level, the thermal inertia of the climate system would still result in further increases in temperature (Meehl et al., 2005). The temperature projection results in this study indicate that the sub-zero temperature would generally become rare in some northern sub-regions during winter months under the scenario of GHG emissions, and the average maximum temperature would be commonly more than 35°C during summer months under the non-climate policy scenario RCP8.5 in the southern coastal area of China in 2100. This will undoubtedly have a huge impact on the ecological environment and economic development of coastal regions in China. Therefore, both effective measures and concrete actions to climate mitigation and adaptation are urgently needed over CAC in the future. For example, efforts must be continued to reduce energy consumption and increase the share of renewable energy, to still control the growth rate of GHG emissions and increase the forest coverage and the carbon sink (Ng and Ren, 2018), as well as to replace the energy-intensive industry with the service industry (Yang et al., 2020), etc., and it is expected that these implements will help improve the adverse effects of climate warming in the coastal areas of China.
5 CONCLUSION
Based on historical daily temperature records during 1996–2018, the ability to predicate the temporal and spatial variabilities of temperature by the climate projection application software SimCLIM was evaluated firstly, and then an ensemble of 44 CMIP5 GCMs integrated in SimCLIM was used to project the mean, minimum, and maximum temperatures for the years 2040, 2070, and 2100 under RCP4.5, RCP6.0, and RCP8.5 scenarios in the coastal areas of China. We find that the outputs of multi-model ensembles by SimCLIM have good agreement with observations of temperature both in temporal variability and spatial distribution characteristic in the Chinese coastal region. Tmean, Tmin, and Tmax projection results show a dominating and consistent warming pattern over CAC in the future. Specifically, the annual average Tmean, Tmin, and Tmax would be increased by 0.8–1.2°C for 2040, 1.5–2.7°C for 2070, and 1.6–4.4°C for 2100 with three RCPs scenarios for the whole of CAC. And the future temperature increment may generally present a spatial pattern like “high south and low north” for Tmean but “high north and low south” for Tmin and Tmax. There would be an obvious lower increase of Tmean in the hotter months like July and August in the southern sub-regions, and an evident greater increment of Tmin and Tmax in the colder months such as January, February, and December in the north over CAC. In the future, climate extremes projection using CMIP6 GCMs will be conducted for climate risk management in the Chinese coastal area.
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