

  climate-08-00115




climate-08-00115







Climate 2020, 8(10), 115; doi:10.3390/cli8100115




Article



Characteristics of Climate Change in the Lancang-Mekong Sub-Region



Han Li 1,2[image: Orcid] and Wei Song 1,*[image: Orcid]





1



Key Laboratory of Land Surface Pattern and Simulation, Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China






2



College of Resources and Environment, University of Chinese Academy of Sciences, Beijing 100049, China









*



Correspondence: songw@igsnrr.ac.cn; Tel.: +86-64889450-803







Received: 19 September 2020 / Accepted: 7 October 2020 / Published: 10 October 2020



Abstract

:

The Lancang-Mekong River is an important international river in Southeastern Asia. In recent years, due to climate change, natural disasters, such as drought and flooding, have frequently occurred in the region, which has a negative effect on the sustainable development of the social economy. Due to the lack of meteorological monitoring data in the six countries across the region, the study of the characteristics of climate change in this area is still scarce. In this paper, we analyze the characteristics of climate change in the Lancang-Mekong sub-region (LMSR) during 2020–2100 based on the climatic data of CMIP5, using the linear trend rate method, cumulative anomaly method, the Mann–Kendall test, and Morlet wavelet analysis. The results showed that the annual mean temperature and annual precipitation in the LMSR increased significantly. The annual average temperature in this area increased at a rate of 0.219 °C/10a (p < 0.05) and 0.578 °C/10a (p < 0.05) in the RCP4.5 and RCP8.5 scenarios, respectively; the annual precipitation in the area was 29.474 mm/10a (p < 0.05) and 50.733 mm/10a (p < 0.05), respectively. The annual average temperature in the region changed abruptly from low to high temperatures in 2059 for the RCP4.5 scenario and 2063 for RCP8.5. The annual precipitation in the area changed from less to more in 2051 for the RCP4.5 scenario and 2057 for RCP8.5. The results of wavelet analysis showed that the annual mean temperature in the LMSR had no significant change period at the 95% confidence level under the scenario of RCP4.5 and RCP8.5. Under the scenario of RCP4.5 and RCP8.5, the annual precipitation had a significant 3.5-year and 2.5-year periodicity, respectively. Extreme climate events tended to increase against the background of global warming, especially in high emission scenarios.
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1. Background


In this paper, a special transboundary basin, the Lancang-Mekong sub-region (LMSR), is studied. At present, there are about 263 international watersheds in the region, accounting for 60% of the global freshwater flow [1]. China and five Southeast Asian countries (Kingdom of Cambodia, Thailand, Laos, Myanmar, Vietnam) organize the political, economic, and social life along the Mekong River. Where boundaries are crossed, the use of international rivers and basins will directly or indirectly affect use by other countries [2]. Therefore, the international watershed has become one of the root causes of cooperation and disputes among international politics [3,4]. Since 2000, China has worked with five other countries in Southeast Asia in various ways [5,6]. In November of 2015, the ministers of foreign affairs of six countries crossed by the Mekong River announced the start of the Lancang-Mekong Mekong cooperation in Yunnan and identified five areas of priority, including interconnection, productivity cooperation, cross-border economic cooperation, water resource cooperation, agriculture, and poverty reduction cooperation [7,8]. The LMSR is China’s land bridge connecting Southeast and South Asia. It is an important node in the “One Belt and One Road” initiative, and its geographical location is very important. International cooperation in the LMSR has reached a new height.



The impact of climate change on the LMSR is long-term and complex. The LMSR is located in the monsoon active area. Every year, it experiences typhoons and rainstorms of various intensities, causing floods, droughts, landslides, mudslides, and other disasters. Social and economic development and people’s lives and property are under great threat. These challenges often have a potential social and political impact, causing social unrest. For example, increasing poverty caused by disasters, frequent occurrence of diseases, and increasing social pressure caused by competition for resources will have a potential impact on national relations and regional security and stability. In 2010, climate abnormal change caused severe drought in southwest China and the Mekong River basin. The water level of the Mekong River fell to its lowest level in the past 50 years, exacerbating tensions between China and downstream countries. In the same year, China began to build the Lancang River Dam. Some downstream countries have linked the drought with China’s dam construction, and a strong public opinion offensive broke out. It can be said that the current and potential climate problems and risks pose a serious challenge to the sustainable development of the LMSR. There is a consensus in the LMSR to strengthen cooperation on climate change and build a comprehensive risk prevention mechanism. This paper analyzes the characteristics of future climate change in the LMSR to provide support for the assessment of natural disasters in the region.




2. Introduction


Climate change has become a major issue affecting the sustainable development of human society. The fifth assessment report of the Intergovernmental Panel on Climate Change (IPCC) highlighted how from 1880 to 2012, the average temperature of the Earth’s surface has increased by 0.85 °C, and the heating rate has accelerated [9]. Climate change has had many negative effects on human health and safety. Climate change generally affects the development of the social economy through the two characteristics of mean fluctuation and extreme climate. The analysis of these two characteristics requires more detailed monitoring data. However, for some areas where meteorological monitoring data are rather scarce, it is difficult to analyze the characteristics of climate change. The emergence of climate models provides reliable surrogate data for the analysis of regional climate change characteristics where meteorological monitoring station data are lacking, especially regarding future climate change research [10]. The fifth phase of the Coupled Model Intercomparison Project (CMIP5) provides important basic data for the fifth assessment report of the IPCC [11]. In the fifth assessment report of the IPCC, researchers used the CMIP5 climate model and the new emission scenarios (namely the typical concentration path RCP, including RCP2.6, RCP 4.5, RCP 6.0, and RCP 8.5 scenarios) to predict future climate system changes and achieved good results [12].



The most important manifestation of climate change is in changes in temperature and precipitation. At present, a great deal of research has been carried out in the analysis of the characteristics of temperature and precipitation. These studies have discussed the trend and periodicity of temperature and precipitation in different regions. Existing research methods include linear trend regression and a five-year moving average [13,14]. In addition, researchers have used the Mann–Kendall test to detect abrupt changes in temperature and precipitation in time series [15,16,17,18,19,20]. To analyze the periodic variations of temperature and precipitation, Zhang et al. [21] and Xu et al. [22] used wavelet analysis to quantitatively describe the periodicity of temperature and precipitation in China and the Tianshan Mountains. Based on the existing time-series data, the Hurst index is often used to predict future climate change [23]. In the study of temperature and precipitation changes, researchers often combine the above methods to study the characteristics of climate change. In terms of precipitation change, Sharm et al. [24] used the Mann–Kendall and the Theil Sen slope method to study the long-term spatial and temporal variations of annual and seasonal runoff during 1901–2013 over Damodar River basin. Using the Mann–Kendall and the modified Mann–Kendall method, the temporal and spatial patterns of annual precipitation and seasonal precipitation in Pakistan during 1961–2010 were analyzed [25]. Using a linear fitting model, the Mann–Kendall and Shannon entropy method, the temporal and spatial pattern of precipitation trend in the Yellow River basin during 1960–2006 has been studied [26].



Researchers have also combined the study of precipitation with air temperature to investigate the climate change characteristics of a region. For example, based on the historical precipitation and temperature data of West Anatolia in Turkey, Partal et al. [27] used the Mann–Kendal and Pettitt methods to analyze the data variation trend. Meng et al. [28] used linear regression, five-year moving average, the Mann–Kendall test, cumulative variance analysis, and Pettitt to test changes in temperature and precipitation in the Hexi Corridor, Northwest China’s Gansu province. Using various statistical methods, temporal and spatial characteristics, trends, and abrupt points, the annual variation periods of temperature and precipitation in the Yangtze River basin of China have been analyzed [29]. In addition, based on available data, researchers can analyze future trends of temperature and precipitation. For example, based on the observation data of 118 meteorological stations in the Yellow River basin in China during 1957–2015, Ma et al. [30] analyzed the spatial and temporal variations of temperature and precipitation using the Mann–Kendall test, Pettitt test, and Hurst index. Using the Mann–Kendall and inverse distance weighted (IDW) interpolation, the temporal and spatial trends of climate change in Xinjiang, China, can be revealed. And by calculating the Hurst index, future climate change in Xinjiang, China can be predicted [31].



At present, the study of the Lancang-Mekong sub-region (LMSR) mainly focuses on water resources, ecology, and so on [32,33,34,35]. Due to the lack of meteorological monitoring stations, fewer studies on climate change have been carried out. Fragmentary research on regional climate change has mostly been carried out by the six countries in the LMSR individually, and rarely involves the whole LMSR. In terms of climate change research, Shi and Chen [36] analyzed the temporal trend and spatial distribution of temperature and precipitation between 1961 and 2011 in the Yunnan province of China based on the observation data from 22 meteorological stations and discussed their relationship with land cover change. Nguyen et al. [37] analyzed the rainfall and temperature changes in Vietnam during 1971–2010. The average temperature in Vietnam was found to have increased by 0.26 °C every ten years since the 1970s, which is about two times the rate of global warming in the same period. Currently, most studies of extreme climate research have focused on extreme precipitation and extreme high temperature. For example, based on the daily observations of 28 meteorological stations between 1958 and 2013, Xu [38] analyzed the temporal and spatial characteristics of extreme precipitation and extreme air temperature in Yunnan. At the same time, the Mann–Kendall method was used to study the trend of extreme precipitation and air temperature. In addition, Sein [39] used RCLIMDEX 1.1 software to study the extreme temperature and precipitation patterns in Myanmar during 1981–2015, and Sharma [40] analyzed the trend of extreme daily temperature and rainfall during 1961–2002 in Western Thailand using linear regression to estimate the trend of change. Thoeun and Chan [41] analyzed the future climate change of Cambodia and described the trend of maximum and minimum temperature and rainfall during 2008–2099 by linking global and regional climate change.



Climate change has become a hot issue of global environmental change research. With the in-depth development of economic globalization, different countries are increasingly infiltrating and interdependent in economy, politics, society, and culture worldwide. For LMSR cooperation, the risk caused by climate change has threatened the sustainable development of the LMSR. Although the countries in the LMSR have independently carried out studies related to climate change, under the new background of international cooperation, it is necessary to discern the overall climate change in the LMSR. Thus, our research can contribute to filling the knowledge gap of the lack of climate change panorama in the region. Furthermore, our research also provides valuable information for the assessment of the impact of climate change and the prevention and response of climate change risks. The research method of climate change characteristics has been widely used in global and regional climate change analyses, such as linear trend analysis and cumulative anomaly method. With the development of science and technology, new research methods, such as Mann–Kendall mutation detection and wavelet analysis, have been gradually applied in climate change analysis. Differently from the previous studies which focus on historical climate change analysis, this paper emphasizes the future characteristics’ analysis of climate change in the LMSR using CMIP5 climate model data. In specific, this paper aims to analyze: (1) the trend of temperature and precipitation in the LMSR; (2) abrupt change and cycle change in temperature and precipitation in the LMSR; (3) the extreme climate change characteristics in the LMSR. The remainder of this paper is arranged as follows. In Section 3, a brief description of the study area, dataset, and methods are provided, respectively. Section 4 presents the results of climate change in the LMSR. The discussion and conclusions are given in Discussion (Section 5) and Conclusions (Section 6), respectively.




3. Materials and Methods


3.1. Study Area


The study area in this paper consists of the six countries through which the Lancang-Mekong River flows (Figure 1); Kingdom of Cambodia, Vietnam, Laos, Myanmar, Thailand, and Yunnan, China. The geographical location of the region is roughly northern latitude 5°36′ to 29°14′, and east longitude 92°10′ to 114°22′. The south and north span is nearly 24°, and the east and west span is nearly 22°. In 2018, the total area of this region was 2,568,600 km2, with a total population of about 320 million and a GDP of 11,163 billion dollars. The Lancang-Mekong River is an important international river. It originates in Tanggula Mountain, Qinghai, China, and flows into the South China Sea near Hu Zhiming, Vietnam. Along the way, the river flows through Tibet, China, and then comes out of the southern Xishuangbanna of Yunnan to Myanmar, Laos, Thailand, Kingdom of Cambodia, and Vietnam. In China, the Lancang-Mekong River is called the Lancang River, while outside of China, it is called the Mekong River. The total length of the Lancang-Mekong River is 4880 km; it is 2130 km long in China, 777 km in Laos, and 502 km in Kingdom of Cambodia. It covers many climatic areas, such as the cold temperate zone, temperate zone, subtropical zone, and tropical zone. Moreover, the region has many geographical features, such as glaciers, alpine mountains, highland meadows, deep mountain canyons, hilly hills, alluvial plains, and estuarine deltas, with great economic potential and development value.




3.2. Data Sources


CMIP5 provides important basic data for the fifth assessment report of the IPCC. The spatial resolution of most climate models is low, and different climate models have different simulation accuracy for future climate. In this study, the CMCC-cm model of CMIP5 was selected, which is an atmosphere–ocean atmosphere circulation model developed by the Euro-Mediterranean Centre for Climate Change. The data were downloaded from the CMIP5 official website [42]. This model data has been used in many applications and has the outstanding advantage of high spatial resolution. Zhi et al. [43] discussed the super ensemble hindcast of the surface air temperature over East Asia and its surroundings based on the CMIP5 runs of 15 climate system models. The results show that the CMCC-cm model has the best return effect on the main modes of temperature change. To assess the reliability of future climate change research, the accuracy of CMCC-CM model data was analyzed. Due to the lack of observational data, monthly mean temperature and precipitation data were obtained from the latest version of CRU-TS 4.0 [44] from 1980 to 2015 as validation data. The dataset has been widely used to evaluate global climate models [45]. Furthermore, Wen et al. [46] evaluated the CRU data in China, which showed that the CRU data could be used with high confidence. The spatial resolution of the data is 0.5° × 0.5°. The data of CMCC-cm and CRU from 1980 to 2015 were statistically calculated and analyzed. Under RCP4.5 and RCP8.5 emission scenarios, the annual average accuracy of the annual mean temperature was 97.11% and 96.94%, and the annual precipitation accuracy was 71.14% and 69.38%, respectively. The accuracy is reflected by 1- relative error. The above shows that the CMCC-CM model data can reflect reality within the acceptable error range. The accuracy of temperature was better than that of precipitation. Based on this, we selected the data on daily and monthly precipitation and temperature during 2020–2100 under RCP4.5 and RCP8.5 emission scenarios. This was used to analyze climate change and extreme climate change in the LMSR.




3.3. Research Methods


In this paper, the annual and interdecadal variations of temperature and precipitation in the LMSR were analyzed. Trend analysis and cumulative anomaly analysis were used to analyze the trend of time series. At the same time, we used the Mann–Kendall test to detect abrupt changes in climatic elements. We used the Morlet wavelet analysis to extract the cycle of climatic elements. Finally, we calculated the extreme high temperature and extreme precipitation index, and then analyzed the extreme climate events in the LMSR.



3.3.1. Unary Linear Trend Analysis


The change trend of climatic elements is generally described by one linear regression model. It is used to quantitatively analyze the linear trend of climatic element change. In the formula, we use yi to represent a climatic variable with a sample size of N, and use xi to express the time corresponding to yi, and finally establish a linear regression between xi and yi [47,48]:


     y i  = a + b  x i   (  1 ≤ i ≤ n  )   



(1)







The regression coefficient b indicates the trend tendency of climate variable y; the trend change rate b is obtained by the least square method; 10b is the climate tendency rate, and the unit is h/10a. At the same time, we calculated the correlation coefficient R and carried out the significance test.




3.3.2. Cumulative Anomaly Method


The variation of the cumulative anomaly curve can be used as a method of climate trend analysis. It can be used to describe the average variation of interdecadal variability quantitatively. For sequence x, the cumulative anomaly of t at a certain time is expressed as [29]:


   x i  =   ∑   i = 1  t   (   x i  −  1 n    ∑   i = 1  n   x i   )   (  1 ≤ t ≤ n  )   



(2)







This study used a cumulative distance curve to judge the stage of the change. When the curve showed an upward trend, it indicated that the meteorological elements were in the high stage. Alternately, when the curve showed a downward trend, it indicated that the meteorological elements were in the low stage. In the cumulative anomaly curve, the increase indicated that the cumulative anomaly value increased. The slight variation of the curve can indicate the change in the precipitation anomaly, while the long-term curve reflects the long-term trend of precipitation.




3.3.3. Mann–Kendall Mutation Detection


We use the Mann–Kendall nonparametric test to analyze the abrupt change of temperature and precipitation. The advantage of this method is that it does not require samples to follow a certain distribution, and it is not disturbed by a few abnormal values [49]. Therefore, this method is the most effective method to test the abrupt change of time series, and it can identify the starting time of mutation [50]. The basic principle of the Mann–Kendall test is that the climate sequence is x (x1, x2,…, xn); mi denotes the cumulative number of number i samples xi greater than xj (1 ≤ j ≤ i), which is used to define a statistic:


   d k  =   ∑   i = 1  k   m i   (  2 ≤ k ≤ N  )   



(3)







Under the assumption of random independence of the original sequence, the mean and variance of dk are:


  E  (   d k   )  =   k  (  k − 1  )   4   



(4)






  var  (   d k   )  =   k  (  k − 1  )   (  2 k + 5  )    72    



(5)







Standardize dk.


    UF  K  =    (   d k  − E  (   d k   )   )      var (  d k    )    



(6)




UFk is a standard distribution, and its probability a1 = prob (|U| > |UFk|) can be obtained through computation or look-up table. Under the condition of giving a significant level a (a = 0.05, u0.05 = 1.96), if it is |UF| > u0, it shows that the climate sequence presents a significant trend of change.



According to the inverse sequence of x (xn, xn−1, …, x1), repeating the above process, and making |UBk| = −UFk, k = n, n − 1, …, UB1 = 0, if the UF value is greater than 0, this indicates that the sequence is on the rise. If less than 0, it shows a downward trend. When it exceeds the confidence level, it shows that the trend of the rise (decrease) is significant. If the two curves of UF and UB appear at an intersection point, and the intersection point is in the confidence interval, the corresponding point of intersection is the time of mutation initiation.




3.3.4. Wavelet Analysis


Wavelet analysis is a breakthrough in Fourier analysis. In the analysis of meteorological sequence, Fourier transform can show the relative contribution of meteorological time series at different time scales, and wavelet transform can not only show the scale of meteorological change, but also show the time and location of change [51,52,53]. In this paper, the periodic variation of annual mean temperature and annual precipitation in the LMSR is studied using complex Morlet wavelet analysis.



For the time series function f(t), the wavelet transform is defined as:


   W f   (  a , b  )  =  1   a      ∫   − ∞  ∞  f  ( t )   ψ *   (    t − b  a   )  d t  



(7)




In the formula, Wf (a, b) is the wavelet coefficient, a is the expansion factor, determining the width of the wavelet; b is the translation factor, a parameter reflecting the movement of the wavelet; ψ is the conjugate function of ψ*.



The cone of influence (COI) represents the wavelet spectrum region and the corresponding edge effect. At the edge of COI, the wavelet value will decrease by e−2 [52]. The background power spectrum is tested by red noise, and the first-order autoregressive equation is used for the red noise test process. The background red noise power spectrum is:


   P k  =   1 −  α 2       |  1 − α  e  − 2 i π k    |   2     



(8)




In the formula, α is the correlation coefficient of the autoregressive equation in the red noise power spectrum; k is the Fourier frequency coefficient.



Wavelet variance [51]:


   W p   ( a )  =   ∫   − ∞   + ∞   |  W f     (  a , b  )   2  | d b  



(9)




At a certain time-scale, the variance of wavelet represents the strength of periodic fluctuations in the time series. The variance process of wavelet variance can reflect the characteristics of time scales (periodicity) and their intensity (energy size) in time series, and the corresponding scale at the peak is the main time scale of the sequence, that is, the main cycle.




3.3.5. Extreme Climate Index


In meteorology, the number of days with a maximum daily temperature above 35 °C is usually referred to as the number of days of high temperature. This temperature will have adverse effects on human life and the ecological environment. Therefore, this paper took the number of days with a maximum daily temperature of more than or equal to 35 °C as the characteristic index of high temperature. A daily precipitation of more than 50 mm was selected as the extreme precipitation index [15].






4. Results


4.1. Interannual Variability of Temperature and Precipitation


Under the RCP4.5 scenario (Figure 2), the annual mean temperature change in the LMSR during 2020–2100 was between 22.95 °C and 25.69 °C. The minimum value appeared in 2022, and the maximum value appeared in 2091. During this period, the regional average annual air temperature gradually increased in the fluctuation, and the climate tendency rate was 0.219 °C/10a (p < 0.05). Under the RCP8.5 scenario (Figure 2), the regional average annual temperature change was between 22.55 °C and 27.94 °C, with the minimum value appearing in 2022, and the maximum value in 2091. The annual mean temperature of the area increased gradually during the fluctuation, and the climate tendency rate was 0.578 °C/10a (p < 0.05). Under the scenario of RCP4.5 or RCP8.5, the annual average temperature in the LMSR will gradually increase in the future, which is consistent with the global warming phenomenon. Compared with the two temperature changes, we found that the climate tendency rate of the annual mean temperature in the LMSR under the RCP8.5 scenario was 0.359 °C/10a higher than that of RCP4.5. Therefore, under the RCP8.5 scenario, the annual temperature rise in the LMSR will change more rapidly.



Under the RCP4.5 scenario (Figure 3), the precipitation change in the LMSR during 2020–2100 was between 1071.22 and 1680.57 mm; the minimum value appeared in 2050, and the maximum value appeared in 2085. During this period, the annual precipitation in the area showed an upward trend, and the climate tendency rate was 29.474 mm/10a (p < 0.05). Under the RCP8.5 scenario (Figure 3), the annual precipitation change in the area was between 1041.56 and 1748.49 mm, with the minimum value appearing in 2073. The maximum value appeared in 2096. In general, the annual precipitation in the region was significantly increased, and the climate tendency rate was 50.733 mm/10a (p < 0.05). Under the two climate scenarios, the precipitation in the area will show an obvious upward trend in the future. Within this, the climate tendency rate under the RCP8.5 scenario was larger than that of RCP4.5, so under the RCP8.5 scenario, the change of annual precipitation in the LMSR will be quicker. According to the analysis of annual mean temperature change, we can see that under the RCP8.5 scenario, the change of temperature and precipitation in the LMSR was more significant than that in RCP4.5.




4.2. Abrupt Test of Mean Temperature and Annual Precipitation


We used the Mann–Kendall method to analyze the annual mean temperature of the LMSR (Figure 4). According to the M-K (Mann–Kendall) curve, the value of UF was basically greater than 0 under the RCP4.5 and RCP8.5 scenarios. It shows that the average mean temperature of the LMSR has an increasing trend from 2020. Under the RCP4.5 scenario, the UF curve was higher than the 0.05 significance level line after 2045, indicating that the temperature will increase more significantly after this year. Under the RCP8.5 scenario, the UF curve exceeded the significance line after 2032, indicating that the annual mean temperature increase is significant. There was no intersection between the UF curve and the UB curve in the confidence interval. It is uncertain when the abrupt change of temperature begins, but it can be seen that the annual mean temperature will increase significantly in the future. The cumulative average of the annual mean temperature under the two climate scenarios presented a “V” character trend, which first decreased and then increased (Figure 5) under the RCP4.5 scenario. The precipitation in the LMSR during 2020–2059 showed a downward trend, and 2059–2100 showed an upward trend. Under the RCP8.5 scenario, the precipitation during 2020–2063 in the LMSR showed a downward trend, while during 2063–2100, it showed an upward trend, and the annual average temperature experienced a downward trend. Combining the above two analyses, we found that although there was no intersection point between the UF curve and the UB curve between 2020 and 2100, the mutation time could not be obtained in the mutation test analysis. However, from the results of the cumulative anomaly analysis, we can infer that in the RCP4.5 scenario, the LMSR experienced a mutation from a low to a high temperature around 2059, and under the RCP8.5 scenario, the mutation occurred from a low temperature to a high temperature around 2063.



In the scenario of RCP4.5, we conducted the Mann–Kendall test on annual precipitation (Figure 6). The value of UF was basically greater than 0 under the RCP4.5 and RCP8.5 scenarios. It shows that the average precipitation has an increasing trend. We found three intersections between the UF line and the UB line, with one intersection in the confidence interval (during 2050–2051). The UF curve exceeded the significance line after 2050, indicating that the annual precipitation increase is more significant after this year. Under the RCP8.5 scenario, the UF line had no intersection point with the UB line in the confidence interval. The UF curve exceeded the significance line after 2048. The cumulative anomaly analysis showed (Figure 7) that, during 2020–2100, the precipitation in the LMSR has undergone a distinct process of rising and falling. Under the RCP4.5 scenario, the annual rainfall in the LMSR decreased significantly during 2020–2039, the rainfall during 2040–2043 slowly increased, the rainfall during 2044–2053 decreased significantly, the precipitation in 2053 dropped to the lowest level, the rainfall during 2054–2060 continued to rise, and the rainfall in 2061–2065 gradually decreased. During 2066–2100, the precipitation of the LMSR showed an upward trend. It is concluded that in 2039, 2053, and 2060, the annual precipitation of the LMSR is likely to be abrupt. Under the RCP8.5 scenario, the rainfall during 2020–2057 in the LMSR showed a significant downward trend, dropping to a minimum in 2057, and during 2058–2100, rainfall continued to rise. It can be induced that the LMSR experienced an abrupt change of precipitation in 2057. Combined with the analysis results of the two methods, we found that the precipitation in the LMSR changed from less to more in 2051. Under the RCP8.5 scenario, although the mutation time cannot be obtained in the Mann–Kendall test results, it can be deduced from the results of the cumulative anomaly analysis that the precipitation in the LMSR changed from less to more in 2057.




4.3. Analysis of Annual Variation of Mean Temperature and Annual Precipitation


The Morlet wavelet can reveal the periodicity of annual mean temperature and precipitation, used to analyze the phase change and the periodic intensity on different time scales. We obtained the wavelet variance spectrum and continuous power wavelet spectrum of annual precipitation and annual mean temperature in the LMSR from 2020 to 2100 (Figure 8 and Figure 9). For the wavelet variance spectrum, the standard spectrum of red noise with α = 0.05 was used as the background spectrum to test the significance. When the test line is lower than the wavelet variance curve, it indicates that the corresponding period passes the significance level test with confidence of 95%. In the continuous wavelet power spectrum, yellow and blue, respectively, represent the peak and valley values of energy density. The shade of color indicates the relative change in energy density. The black thin solid line is the Cone of Influence boundary. The energy spectrum outside the curve is not considered because of the boundary effect. The black solid line is the boundary of a 95% confidence interval and indicates that it passes the red noise test.



The wavelet variance analysis of annual mean temperature and annual precipitation was obtained and is shown in Figure 8. Under the scenario of RCP4.5, the wavelet variance for annual mean temperature in the LMSR showed the main periods of 10-year, 15-year, and 28-year, which did not pass the wavelet red-noise test at a confidence level of 95%. Under the scenario of RCP8.5, the wavelet variance for annual mean temperature presented the main periods of 22-year and 28-year, which also did not pass the wavelet red-noise test. Under the scenario of RCP4.5, the wavelet variance for annual precipitation had a significant 3.5-year periodicity based on the wavelet red-noise at a confidence level of 95%. Besides, the main periods of 15-year were also shown, which did not pass the confidence level of 95%. According to the continuous wavelet power spectrum at a confidence level of 95%, the most significant periodic fluctuation had a 3.5-year period and occurred during 2080–2095 (Figure 9b). Under the scenario of RCP8.5, the wavelet variance for annual precipitation presented the main periods of 2.5-year, 7-year, 15-year, and 26-year. Only the 2.5-year period passed the wavelet red-noise at a confidence level of 95%. According to the continuous wavelet power spectrum, the most significant periodic fluctuation had a 2.5-year period and occurred during 2068–2075 (Figure 9b). Based on the above analysis, it can be inferred that the annual mean temperature in the LMSR has no significant change period at the 95% confidence level under the scenario of RCP4.5 and RCP8.5. Under the scenario of RCP4.5 and RCP8.5, the annual precipitation has a significant 3.5-year and 2.5-year periodicity, respectively.




4.4. Extreme High Temperature and Extreme Precipitation Change


Under the climate scenarios of RCP4.5 and RCP8.5, we calculated the extreme high temperature index of different countries in the LMSR (Figure 10). We can see that the extreme high temperature index of Thailand and Kingdom of Cambodia was higher than that of other countries. Myanmar, Laos, and Vietnam were second, China was the lowest, and the number of extreme high temperatures was the least. This phenomenon may be related to the topography of the region. Whether it was the RCP4.5 or RCP8.5 climate scenario, the trend of linear regression was higher than 0 (p < 0.05) (Table 1). In the RCP4.5 scenario, the trend of change in China was the largest (0.0222), and Laos was the smallest (0.0137). In the RCP8.5 scenario, the trend of change in Myanmar was the largest (0.0545), and Laos was the smallest (0.0175). In general, extreme high temperature was more obvious in the RCP8.5 scenario than in the RCP4.5 scenario.



Under the climate scenarios of RCP4.5 and RCP8.5, we analyzed the change of extreme precipitation index in different countries in the LMSR (Figure 11). The study found that the extreme precipitation index of Myanmar was obviously higher than that of the other countries. The main reason may be that Myanmar is geographically located in the western Indian Ocean. In summer, a large amount of water vapor is obtained from the Indian Ocean. The overall fluctuation characteristics of the extreme precipitation index in the six countries of the LMSR were relatively consistent and had some instability. As in the extreme high temperature index changes, the extreme precipitation in the six countries rose and fluctuation and the linear regression trend rates were all greater than 0 (p < 0.05) (Table 2). Under the RCP4.5 scenario, the trend of extreme precipitation in Vietnam was the largest (0.4220), while that of China was the smallest (0.0821). Under the RCP8.5 scenario, the trend of extreme precipitation in Kingdom of Cambodia was the largest (1.2722), while the smallest was in China (0.3379). Compared to the RCP4.5 scenario, the regional extreme precipitation index rose rapidly under the RCP8.5 scenario, and under the RCP8.5, the extreme climate risk was even greater.





5. Discussion


5.1. Trends of Mean Annual Temperature and Precipitation in the LMSR


In this study, the temperature and precipitation in the LMSR showed a significant upward trend during 2020–2100. Under the scenarios of RCP4.5 and RCP8.5, the annual mean temperature of the region increased by 0.219 °C/10a (p < 0.05) and 0.578 °C/10a (p < 0.05), respectively, and the annual precipitation increased at the rate of 29.474 mm/10a (p < 0.05) and 50.733 mm/10a (p < 0.05), respectively. This result is similar to the previous studies on the variation trend of temperature and precipitation in historical years, showing a rising trend in China’s Yunnan Province [36], Vietnam [37], Myanmar [39], Thailand [40]. In addition, Thoeun and Chan [41] analyzed the future climate change of Cambodia. It was found that the annual mean temperature and annual precipitation from 2008 to 2099 shows an increasing trend, which is consistent with the results of our research. In the future, the significant increase in temperature and precipitation will aggravate the development trend of warming and humidification in the LMSR. In addition, the rising trend of temperature and precipitation under the RCP8.5 scenario was more significant than under the RCP4.5 scenario because of the differences in scenario design. By 2100, the radiative forcing will rise to 8.5 W/m2, and the CO2 emission concentration will reach 1370 mL/m3 in RCP8.5 scenario. However, the radiative forcing level of RCP4.5 stabilized at 4.5 W/m2 before 2100 and the CO2 emission concentration will reach 850 mL/m3. The changes in radiative forcing comes from the changes in CO2 concentration in the atmosphere. Therefore, the increasing trend of temperature in RCP8.5 scenario was more obvious than that in RCP4.5 scenario.




5.2. The Necessity of LMSR Cooperation


Global climate change, characterized by warming, has greatly threatened the world’s sustainable development and human security. The trend change rate of extreme high temperature and extreme precipitation index in the region was greater than 0 (p < 0.05). It indicates that the risk of extreme climate will increase in the future. The economic development and people’s lives and property will be more challenged due to the increasing risks of climate change. The six countries in the LMSR, i.e., China, Cambodia, Laos, Myanmar, Thailand, and Vietnam, are geographically close to each other and are closely linked by the Lancang-Mekong River. At present, the six countries in the LMSR are facing the challenges of frequent floods and droughts and the uncertainty caused by climate change. The “Sendai framework for disaster risk reduction during 2015–2030” links disaster risk reduction with climate change. The countries in the LMSR are all developing countries, with relatively weak scientific and technological foundations, and limited information sharing for disaster impact and assessment, which limits the improvement of the region’s disaster response capabilities. These situations limit the improvement of the region’s ability for disaster response. The LMSR countries should build a comprehensive disaster risk prevention system through cooperation. It will improve the ability of disaster warning and take timely measures to reduce economic losses and protect people’s safety. In the future, the change trend of extreme high temperature and precipitation index varies greatly among different countries due to regional differences. The extreme high temperature index of Thailand and Kingdom of Cambodia is higher than that of other countries, while the extreme precipitation index of Myanmar is obviously higher than the other countries. The LMSR countries share the development opportunities of the river basin, and they should also share the responsibility for river basin development.





6. Conclusions


Based on the analysis of climate change characteristics under RCP4.5 and RCP8.5 climate scenarios, we found that temperature and precipitation in the LMSR showed a significant upward trend during 2020–2100. The climate showed a general trend of warming and humidification and responded significantly to global warming. Moreover, the annual mean temperature and annual precipitation in the LMSR increased significantly. Under the scenarios of RCP4.5 and RCP8.5, the annual mean temperature of the region increased by 0.219 °C/10a (p < 0.05) and 0.578 °C/10a (p < 0.05), respectively, and the annual precipitation increased at the rate of 29.474 mm/10a (p < 0.05) and 50.733 mm/10a (p < 0.05), respectively. Under the scenarios of RCP4.5 and RCP8.5, the annual temperature of the region changed abruptly from a low to high temperature in 2059 and 2063, respectively, while the annual precipitation in the region changed from less to more in 2051 and 2057.



The results of the Morlet wavelet analysis showed that the annual mean temperature in the LMSR has no significant change period at the 95% confidence level under the scenario of RCP4.5 and RCP8.5. Under the scenario of RCP4.5 and RCP8.5, the annual precipitation has a significant 3.5-year and 2.5-year periodicity, respectively.



The risk of extreme climate in the LMSR will increase in the future; the trend change rate of extreme high temperature and extreme precipitation index in the region is greater than 0 (p < 0.05). Comparing the two scenarios, we can see that under the RCP8.5 scenario, the extreme climate index in the LMSR is rising rapidly, and the risk of climate change is larger than that in the RCP4.5 scenario.
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Figure 1. Distribution of the Lancang-Mekong sub-region (Notes: CHN: China, LAO: Laos, MMR: Myanmar, THA: Thailand, VNM: Vietnam, KHM: Kingdom of Cambodia). 
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Figure 2. Variation of the annual temperature in the Lancang-Mekong sub-region under the RCP4.5 (a) and the RCP8.5 (b). 
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Figure 3. Variation of the annual precipitation in the Lancang-Mekong sub-region under the RCP4.5 (a) and the RCP8.5 (b). 
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Figure 4. Mann–Kendall test of annual mean temperature in the Lancang-Mekong sub-region under the RCP4.5 (a) and the RCP8.5 (b). 
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Figure 5. Accumulated annual mean temperature anomaly in the Lancang-Mekong sub-region under the RCP4.5 (a) and the RCP8.5 (b). 
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Figure 6. Mann–Kendall test of annual precipitation in the Lancang-Mekong River subregion under the RCP4.5 (a) and the RCP8.5 (b). 
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Figure 7. Accumulated annual precipitation anomaly in the Lancang-Mekong River subregion under the RCP4.5 (a) and the RCP8.5 (b). 
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Figure 8. Wavelet analyses of the annual mean temperature and precipitation under the RCP4.5 and the RCP8.5. 






Figure 8. Wavelet analyses of the annual mean temperature and precipitation under the RCP4.5 and the RCP8.5.



[image: Climate 08 00115 g008]







[image: Climate 08 00115 g009 550] 





Figure 9. Continuous wavelet power spectrum of annual precipitation (a) and annual temperature (b) under the RCP4.5 and the RCP8.5. 
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Figure 10. Variation of the number of days with extreme temperature in the Lancang-Mekong River subregion under the RCP4.5 (a) and the RCP8.5 (b). 
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Figure 11. Variation of the number of days with extreme precipitation in the Lancang-Mekong sub-region under the RCP4.5 (a) and the RCP8.5 (b). 
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Table 1. Trends in the indices for temperature extremes.
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	MMR
	CHN
	VNM
	LAO
	THA
	KHM





	RCP4.5
	0.0197
	0.0222
	0.0172
	0.0137
	0.0125
	0.0207



	RCP8.5
	0.0545
	0.0462
	0.0235
	0.0175
	0.0272
	0.0278







Notes: MMR is Myanma; CHN is China; VNM is Vietnam; LAO is Laos; THA is Thailand; KHM is Kingdom of Cambodia; Values were statistically significant at the p < 0.05 level.
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Table 2. Trends in the precipitation extremes indices.
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	MMR
	CHN
	VNM
	LAO
	THA
	KHM





	RCP4.5
	0.3602
	0.0821
	0.4220
	0.4151
	0.3945
	0.3747



	RCP8.5
	0.9435
	0.3379
	1.1836
	1.1493
	1.2213
	1.2722







Notes: MMR is Myanmar; CHN is China; VNM is Vietnam; LAO is Laos; THA is Thailand; KHM is Kingdom of Cambodia; Values were statistically significant at the p < 0.05 level.
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