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Abstract

:

Myanmar is located in a tropical region where temperature rises very fast and hence is highly vulnerable to climate change. The high variability of the air temperature poses potential risks to the local community. Thus, the current study uses 42 synoptic meteorological stations to assess the spatiotemporal changes in air temperature over Myanmar during 1971–2013. The nonparametric sequential Mann-Kendall (SqMK), linear regression, empirical orthogonal function (EOF), Principal Component Analysis (PCA), and composite analysis were used to assess the long-term trends in maximum (Tmax) and minimum (Tmin) temperature series and their possible mechanism over the study region. The results indicate that the trend of Tmax has significantly increased at the rates of 90% in summer season, while the Tmin revealed a substantial positive trend in winter season time series with the magnitude of 30%, respectively. Moreover, during a rapid change of climate (1995–2013) we observed an air temperature increase of 0.7 °C. The spatial distributions of EOF revealed relatively warmer temperatures over the whole region except the south in the summer; however, a similar pattern can be seen for the rainy season and winter, implying warming in the central part and cooling in the northern and southern parts. Furthermore, the Indian Ocean Dipole (IOD) influence on air temperature over Myanmar is more prevalent than that of the El Niño Southern Oscillation (ENSO). The result implies that the positive phase of the IOD and negative phase of the Southern Oscillation Index (SOI; El Niño) events led to the higher temperature, resulting in intense climatic extremes (i.e., droughts and heatwaves) over the target region. Therefore, this study’s findings can help policymakers and decision-makers improve economic growth, agricultural production, ecology, water resource management, and preserving the natural habitat in the target region.
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1. Introduction


In a tropical country like Myanmar, air temperature is the most significant weather and climate element and is very useful for living, society, human activities, culture, and traditions [1,2]. Agriculture is a mainstay of Myanmar’s economy, contributing 25–30% of national GDP, and about 70% of the rural population relies on it for their livelihood and income [3,4]. The temperature affects crops’ yields, the patterns of natural vegetation, the rates of biochemical reactions within organisms, and the energy consumed for heating and cooling buildings [5,6]. The relative humidity and dew point temperature have been widely used to assess the air’s moisture amount indicators [7]. Weather phenomena are the consequence of temperature variations, resulting from variations in the energy balance components. Surface warming is abundant over land due to the less efficient evaporative cooling and lower heat capacity associated with the ocean [8].



The variability of maximum and minimum temperature (hereafter Tmax and Tmin) has more effects on the natural and built environment than mean temperature (Tmean) [3]. It has also been reported that the spatiotemporal variability of Tmax and Tmin have substantially affected the frequency, intensity, duration, and spatial extent of temperature extremes around the globe [9]. Extreme temperatures will lead to more extreme weather events (e.g., droughts, heatwaves, cyclones, and sea-level rise) that could negatively impact the socioeconomic situation (e.g., agriculture, health, water resources, aquaculture, livestock, and the forestry sector) in the region [1,6]. The spatiotemporal variability of seasonal Tmax and Tmin coupling with precipitation can also affect the variability of water for drinking, irrigation, and other domestic purposes [10]. Therefore, the assessment of long-term changes in Tmax and Tmin is vital for understanding the influences of climate change, particularly in agriculture dependent country like Myanmar. A less developing country like Myanmar needs improved knowledge and insightful understanding regarding temperature variations and their effect on agriculture, water scarcity, food security, and temperature extremes [3,11,12,13]. This information could play a pivotal role in long-term planning for climate change adaptation and disaster risk management at the regional and local levels [14].



Myanmar is located in one of the fast temperature rising zones and hence, highly vulnerable to climate change. Numerous studies have reported dynamic variations in Tmax and Tmin over distinct regions of Myanmar [3,4,15]. Htway et al. (2011) [16] described that the annual Tmax and Tmin are continuously increased over the whole region between mid-April and mid-May. They also reported that the Tmean has increased at the rates of by 0.08 °C per decade, with fewer cold days and more persistently hot days; 15 heatwaves happened in 1951–2000, with the most severe occurring in 1998 during the El Niño Southern Oscillation (ENSO) year in the region [3,4,15]. Similarly, increasing trends were detected in Tmax and Tmin over the entire country at the rates of 0.11 and 0.09 °C per decade, respectively [3]. They also found that the average Tmax of Yangon City is increasing, while the average Tmin has significantly decreased over 60 years, which leads to a decline in daily Tmean decade by decade [17,18]. On the other hand, Myanmar recorded new Tmax as high as 40–45 °C and 37–46.5 °C from April to May in 2010 and 2016, respectively [13]. However, the studies mentioned above have reported significant results with respect to dynamic variability of Tmax and Tmin over Myanmar. Though previous studies were limited to a specific region, low stations density, less temporal coverage, and/or different methodology, from the best of our knowledge none of them considered the dynamic drivers over the diversified climatic region. Therefore, the present study is an improvement in term of the Interdecadal variability of temperature with the extended time scale, high stations density, and potential mechanism. Furthermore, previous research did not investigate fully the potential drivers of air temperature over the study region.



The El Niño Southern Oscillation (ENSO) is the primary mode of interannual variability on the tropical Pacific with significant influences on global weather and climate via atmospheric circulations. Given this, efforts have been made to develop different forecasting methods to predict ENSO evolution several seasons in advance [3,4]. It is well documented in the literature that interannual temperature variability over Myanmar is influenced by several dominant large-scale modes of climate variability [19]. Trenberth et al. (1998) [20] described the large-scale difference of the tropopause as an annual cycle and longer-term interannual variability related to the ENSO. However, ENSO substantially affects the global to regional variability of the air temperature [21,22,23]. The variability of the climatic conditions in the Indian Ocean (IO) and Pacific Ocean (PO) is influenced by the IOD and the ENSO, both of which have substantial impacts on the climate of Asia [24]. Joseph et al. (2016) [25] showed that a strong negative IOD was a strong promoter of the weak La Niña of 2016. Thirumalai et al. (2017) [26] observed that Southeast Asia’s surface air temperatures exceeded national records in April 2016. This indicates a correlation between ENSO and Southeast Asian surface air temperatures, in that all April extremes occur during El Niño years.



This study aims to explore the interannual variability of air temperature and its possible mechanism over Myanmar. Indeed, Myanmar faces a significant challenge in anticipating, preventing, and proactively reducing disasters’ impacts and coping with increasing exposure to high-risk scenarios. A better understanding of the interannual variability of temperature and its possible mechanisms is essential for improved disaster risk management and early warning system planning. Thus, it is crucial to study the interannual variability of temperature’s impact of ocean-atmosphere events like IOD and ENSO in the region. The rest of the paper is structured as follows: Section 2 and Section 3 describe the study area and methodology, the results and discussion are given in Section 4, and conclusions are presented in Section 5.




2. Study Area


Myanmar is located in the Southeast Asia region, with geographical coordinates of 9°32′ to 28°31′ N latitude and 92°10′ to 101°11′ E longitude (Figure 1). The region is situated between the Indian Ocean and the Bay of Bengal in the west, the Philippine Sea, the South China Sea, and the Pacific Ocean in the east [19]. Myanmar’s climate is mostly influenced by the Indian summer monsoon [27,28,29]. The country has a tropical to subtropical monsoon climate, with three seasons: warm and cool intermonsoonal (mid-February to mid-May); rainy southwest monsoon (mid-May to late October); and cool and warm northeast monsoon (late October to mid-February) (NAPA 2012). Moreover, the region is located in the Indian Monsoon regions, where weather/climate disasters lead to frequent damage in the summer monsoon season (May–October). For example, in 2019 and 2020, extreme floods and landslides occurred in Myanmar due to the strong monsoon precipitation and resulted in considerable loss of life and property. Long-lasting extremely warm periods and a very low amount of total monsoon precipitation (May–October) lead to water scarcity and threaten the economic livelihood and food security in the country [1,30]. Water scarcity occurs in the central warm and deltaic regions during the summer (March–April) [6,31].




3. Materials and Methods


3.1. In-Situ Observation


We used the monthly maximum (Tmax), minimum (Tmin), and mean (Tmean) temperature datasets of 42 meteorological stations from 1971 to 2013. The data were obtained from the Department of Meteorology and Hydrology (Myanmar). The details of each meteorological station are presented in Figure 1 and Table S1. The stations’ selection was done based on their long-term temporal coverage, data homogeneity, and the data record’s completeness. Recent studies have reported that the use of gauge-based gridded data is a good choice for detailed study of distinct climatic factors in the study region [1,30]; however, application of the gridded datasets for similar purposes is subjected to validation to document their strengths and uncertainties [19]. This study considered temperature variations according to the country’s seasons based on the summer (March–April), rainy season (May–October), and winter (November–February). Moreover, we also used NCEP/NCAR reanalysis datasets on monthly means of meridional and zonal winds with spatial resolution of 0.1° × 0.1° [32,33]. The NOAA/OAR/ESRL PSL (Boulder, CO, USA) provided daily relative humidity data from NCEP Global Analyses. Extended Reconstructed SST (ERSST v5) was acquired from the National Oceanic and Atmospheric Administration (NOAA), with grid size resolution of 0.1° at monthly time scale [32]. The Southern Oscillation Index (SOI), East, and west Dipole Mode Index (DMI) monthly datasets were also collected from the NOAA [3,15].




3.2. Methods


This study uses different statistical approaches including Mann-Kendall (MK), sequential Mann-Kendall (SqMK), linear regression, empirical orthogonal function (EOF), Principal Component Analysis (PCA), and composite analysis to assess the spatiotemporal changes in temperature over Myanmar and the influence of ENSO and IOD. The nonparametric MK test was applied to determine the significant trend in temperature, whereas the linear regression was employed to calculate the magnitude of the trend in the selected time scale [1,2,11]. The nonparametric SqMK test was used to detect the abrupt changes or shifts in the temporal trend of temperature over Myanmar. The brief details for MK and SqMK techniques are described in Appendix A. Moreover, EOF analysis was applied to investigate the dominant modes of variability of different seasons (summer, rainy, and winter) air temperature in the target region. EOF is a widely used statistical method to minimize the multidimensionality of complex climate data and identify the most complex physical modes while ensuring that minimal information is lost [34]. Detailed information about EOF analysis is shown in Appendix B. The modes that account for the largest percentage of the original variability are considered significant [35]. These modes can be represented by orthogonal spatial patterns (Eigenvectors) and corresponding time series (PCA).



Furthermore, the composite analysis is carried out to understand the interannual variability of air temperature over the study region. The correlation analysis, which reveals superficial relationships between pairs of variables, is used in this study. The correlation coefficient (r) is bounded by −1 and 1; when the value of r is +1 or −1, it indicates a perfect positive or negative correlation between a given pair of variables, respectively [36]. Anomalies are estimated based on the climatology of air temperature for 43 years. Anomaly  Z  was computed as expressed in Equation (1):


  Z =     X −  X ¯     S d    ,  



(1)




where  X  is the observed air temperature;   X ¯   is the long term Tmean, and    S d    is the air temperature’s standard deviation. The value of  Z  presents immediate information about the significance of a particular deviation from the mean [37].





4. Results and Discussion


4.1. Characteristics of Air Temperature over Myanmar


Generally, Myanmar has three seasons: summer (March–April), the rainy season (May–October), and winter (November–February). Figure 2 shows the spatial spreading of annual average air temperature over Myanmar from 1971 to 2013. The results indicate mixed behavior over the study region, such as Tmax ranges from 34.3 °C to 24 °C (Figure 2a), Tmin ranges from 23.3 °C to 14.4 °C (Figure 2b), and temperature (mean) ranges from 27.9 °C to 19.6 °C (Figure 2c), respectively. The results further support the findings of [3,4], who reported an abrupt Tmean increase of 0.2 °C in 1993–2010. Myanmar experienced possible further increases in temperature in the warm season, exacerbating drought periods [30]. The high temperatures were seen in the central warm zone (Mandalay, lower Sagaing and Magway regions), west (Rakhine State), and south (Yangon, Bago, Ayeyarwady and Tanintharyi regions, Mon and Kayin States), with cold temperature in the north (Kachin State), northwest (Chin State), and east (Shan state) (Figure 2).



The annual cycle for temperature that includes Tmax, Tmin, and Tmean results is shown in Figure S3. The results analysis revealed that the annual cycle of Tmax has its peak in the summer months (March–April), while the lowest point is in the winter (November–February), as seen in Figure S3. The present study results concurred with the previous studies’ findings for the target region [38,39]. Horton et al. (2017) observed an average temperature increase of 0.25 °C during 1981–2010; the warming was quicker inland than in coastal areas. The increase in daily Tmaxs has been more than the daily average constructed on analyses of 19 observed weather stations. The Tmin exhibits a peak in the summer and rainy season months (April–October) and a low point in the winter (December–February) (see Figure S1). The results of the present study agree with previous studies’ similar findings over Myanmar [38]. However, the Tmean reveals the peak in summer and pre-monsoon periods (April–May) and the lowest point in winter months (December–February), which coincides with the monsoon season (Figure S3).



Figure 3 elucidates the seasonal Tmax, Tmin, and Tmean for the summer (March-April), rainy season (May–October), and winter (November–February) across Myanmar in 1971–2013. The results include the seasonal average Tmax during 1971–2013 for the summer (35 °C), rainy season (31.1 °C), and winter (29.6 °C) (Figure 3a). Moreover, the Tmin is shown for the summer (20.5 °C), rainy season (23.3 °C), and winter (15.8 °C). Moreover, the Tmean is obvious over the study region for the summer (27.3 °C), rainy season (27 °C), and winter (22.7 °C) (see Figure 3b). The country experienced an increase in temperature variability, and precipitation patterns varied [3,40]. Monthly air temperature (Tmax and Tmin) results for 1971–2013 concerning the normal (Tmax and Tmin) air temperature during 1981–2010 are presented in Figure S2. The results indicated that the Tmax (1971–2013) significantly increased in the summer (March) (Figure S2a). Following the observed diurnal irregularity in the global warming trend, the Tmin increased more quickly than the daytime temperatures [41]. The Tmaxs were continuously high in the whole region during mid-April and mid-May, as reported by [16]. On the other hand, the Tmin (1971–2013) significantly increased each year over study area (Figure S2b), implying that the region was prone to more severe extreme weather events. Furthermore, the Tmax and Tmin (%), based on the average air temperature (1981–2010), further clarifies the results, as shown in Figure S9.



From the results, it can be inferred that the Tmax is expected to significantly increase (90%) in March, decrease (10%) in July, August, October, and November, decrease (20%) in December, January, and April, and decrease (30%) in February over the study region. Several studies based on observational and reanalysis data have reported severe heatwave, drought, and flood events in the target region in recent decades [5,42,43,44], highlighting the degree of vulnerability to climate change and climate extremes. Interestingly, the Tmax results for Myanmar increased significantly (90%) in the summer, especially in March. After that, Tmin increased (30%) in November and December, increased (20%) in March–April, September–October, and increased (10%) in January and May–August. The Tmin increased over the whole year in the region, with a particularly significant increase in the winter months (November and December). Surface warming is abundant over land due to the less efficient evaporative cooling and lower heat capacity associated with the ocean [8]. Table S2 shows the difference between the Tmax and Tmin (1971–2013) based on the average air temperature (1981–2010). It can be concluded from the results that the monthly Tmin increased more than the Tmax in the whole year over the target regions. Our results confirm the warming rate reported by [3,4], who employed a high-resolution downscaled model over the target region.




4.2. Interannual Variability of Air Temperature in Myanmar


Figure 4 demonstrates the annual Tmean anomalies and its linear trend over the study area. The interannual variability of the air temperature anomalies trend over Myanmar in 1971–2013 is shown in Figure 4a and is particularly obvious after 2000. Figure 4b indicates the detrended annual mean anomalies of air temperature over the study region, which shows the predominant interannual variability with warm and cold years. During seasonal variability (i.e., summer, rainy season, and winter), warm and cold years are estimated based on the detrended time series of seasonal air temperature over Myanmar (see Table S3). Oo et al. (2019) [39] studied the seasonal temperature changes analysis for all stations in the Upper Ayeyarwady river basin. They reported that the future temperature is predicted to increase steadily, with higher rates during the summer than in the other two seasons. It can also be determined that the monthly Tmin increase is more than the Tmax rise in all seasons. Warm and cold years are evident in all seasons over the target region; however, a warming trend is more prominent in the target region (Table S3). Here, it is interesting that the year 1998 was drier in all three seasons (summer, rainy season, and winter). The results coincide with the severe heatwaves that occurred in 1998 [42,45]. Moreover, cold years in winters such as 1989 and 2011 were in healthy La Niña years, except for 1992. The years in which air temperature is above (below) one standard deviation appeared as warm (cold) years. These patterns further clarify the analysis of particular composite years to observe further trends (i.e., wind speed, relative humidity, and sea surface temperature).




4.3. Detection of Abrupt Climate Change in Air Temperature over Myanmar


The MK test results indicate a decrease in the Tmean in 1971–1993 (see Figure 5). After that, the air temperature significantly increased, with an abrupt change during 1994. After the change, there was a remarkable increasing trend, which continued until the end of the study period (2013). The results agreed with previous studies from the study area [3,15]. They reported warming periods starting in Myanmar in 1994. Moreover, the analysis of air temperature before and after the observed abrupt change in climate showed that the Tmean after the abrupt change of climate (1995–2013) increased by 0.7 °C, balanced with the time before (1971–1993) the observed change in 1994 (see Table S4). Additionally, long-term trends in the air temperature variation affect climate change in the region [9].




4.4. Dominant Modes in Air Temperature over Myanmar and Possible Causes


The first two dominant modes (EOF-1 and EOF-2) of air temperature are considered for each season (summer, rainy season, and winter) over the study area. Figure 6a shows the EOF-1 spatial pattern of air temperature during the summer, which exhibits a dipole mode with 59% of the total variance, indicating a warming trend in central, eastern, western, and northern parts. In contrast, a cooling pattern was observed in the southern region. The region experienced extreme temperature events in 2010; the warmest year are recorded according to 20 observation stations in 2010 and 56 observation stations in 2016 [1,3,11,19]. Similarly, EOF2 shows a complex pattern (Figure 6b) with a rate of 25% total variance, especially in the central, eastern, and deltaic regions. Principal component (PC) analysis, which is compatible with EOF-1 and EOF-2, is shown in Figure 6c. Warm and cold years are relatively obvious in the PC-1 compared to the PC-2 pattern in the study area.



Figure 7 elucidates the summer (March–April) wind anomaly at 850 hPa for warm and cold years from the composite analysis results over Myanmar (Table S3). The warm years’ wind anomaly at 850 hPa indicates a positive anomaly in deltaic, southern, and eastern regions and a prevailing increasing air pattern in the study area, while the northerly winds in the central and northern regions contributed to the northeast winds in the eastern and southern parts (Figure 7a). Our results concurred with previous studies’ findings in the target region and neighbouring countries like China and India [1,3,4,11]. They reported that the wind anomaly is higher over the coastal region. During cold years, the wind at 850 hPa shows a positive anomaly in the deltaic, southern, and eastern regions, implying strong wind patterns that favour southerly winds in the central and northern parts of the study area (Figure 7b). Due to soaring day temperatures across the country, cumulonimbus clouds will form, and occasional strong winds happen in the afternoon and evening in the target region. In addition, due to strong annual winds, some areas of Myanmar have already seen strong winds. The increase/decrease in these months and overall variability agree with the regional studies [13,19]. We have recently seen regional impacts, e.g., Mandalay city had strong wind events in April 2013 during which two children died, and at least 12 people were injured because of strong winds in Shan State.



Figure S3 elucidates the difference between warm and cold years in terms of the summer SST anomaly, which tends to be drier in the eastern and central Pacific due to the El Niño pattern related to Myanmar’s summer. The difference between warm and cold years in terms of the summer relative humidity (RH) indicates a negative anomaly in the whole region. It is clear that temperature significantly decreases more than RH over the country (Figure 8). Figure 9a shows the dominant modes of variability of the rainy season (May–October) air temperature over Myanmar. The first EOF-1 exhibits 62% of the total variance, a dipole mode pattern of variability with warming in the central warm zone and coldness in the southern and northern regions (Figure 12a). The second EOF-2 spatial pattern explains 25% of the total variance, a dipole mode variability, with warm conditions along the coast and in the northwestern (China State) and eastern (Shan State) regions, whereas increasingly cold weather could be seen in northern, central, and northern Shan State (Figure 9b and Figure S5). It is also anticipated that the spatiotemporal variability of temperature and related extremes will intensify in the near future [39,42]. To some extent, these challenges were associated with large-scale anomalous atmospheric circulation patterns, and the resultant flux resulted in local and remote damage on a vast scale [3,13]. Figure 9a indicates that a rainy season wind anomaly at 850 hPa for cold years leads to westerlies and south westerlies in the region. During cold years, easterlies and northeast winds are dominant in the core regions of the country (Figure 9b). Both warm/cold years appeared to have a positive wind anomaly in southern and northeast regions, with strong westerly winds in warm years; however, a strong easterly wind anomaly was observed during cold years.



The difference between warm and cold years in terms of the rainy season SST anomaly in the study area is shown in Figure S4. The difference between warm and cold years in the rainy season SST anomaly shows warmer SST in the western Indian Ocean relative to the eastern positive Indian Ocean Dipole (IOD) (see Figure S4). The results indicate that the Tmin significantly increased over the region, particularly in the rainy season (Figure S4). Trenberth et al. (1990) described the large-scale difference of the tropopause as an annual cycle and longer-term interannual variability related to the ENSO. They found a significant increase in the target region. Moreover, the relative humidity (RH) anomaly difference for the rainy season in warm and cold years is presented in Figure S6. The results indicate that the difference between warm and cold years in the rainy season of RH anomaly shows a relatively positive anomaly in the southern and eastern parts (see Figure S5), while a negative anomaly was recorded in the western, northwestern, and northern parts of the region (see Figure S6).



The EOF analyses (i.e., EOF-1, EOF-2) for the winter (November–February) compared to the corresponding air temperature of principal components (PC1 and PC2), are presented in Figure 10. Figure 10a elucidates the EOF-1 spatial distribution of air temperature; the results show that the winter explains 57% of the coldness in the region except in the central warm zone and eastern parts. EOF2 of air temperature over Myanmar (Figure 10b) explains 19% of the total variance, with warm weather in the north, west, south of the region, and cool weather in the eastern parts. Both EOF-1 and EOF-2 describe the dipole mode of variability over the target region (Figure 10a,b). Principal components (PC) corresponding to EOF-1 and EOF-2 are shown in Figure 10c. The PC-1 results significantly increase after 2000, implying more temperature intensity in the region.



Figure 11a indicates the winter wind anomaly at 850 hPa for warm years, which is mainly influenced by easterly and northeast winds in the region. The winter wind anomaly at 850 hPa for cold years encourages northeast winds in the central and northern parts; however, southwest winds in the southern parts show anticyclonic circulation over the east central Bay of Bengal (see Figure 11b). Our results support the findings of [3,11,12,13], who reported a significant negative anomaly over the region. A negative wind anomaly could be seen for the Mon and Kayin States of the region (see Figure 11). Thirumalai et al. (2017) observed that Southeast Asia’s surface air temperatures exceeded national records in April 2016, indicating a correlation between ENSO and Southeast Asian surface air temperatures. Figure S7 shows the difference between warm and cold years in the winter over the study region. The SST anomaly reveals that the cool weather in the eastern and central Pacific Ocean, as in the La Niña pattern, may be associated with Myanmar’s winter. The difference between warm and cold years in the winter was due to the relative humidity (RH) anomaly, which was largely negative in the central, southern, and eastern parts, while a positive anomaly was recorded over the northwest of the country (see Figure S8).



Figure 12 shows the interannual variability of the summer monsoon between the Southern Oscillation Index (SOI), the Dipole Mode Index for the west (DMI-West), and the Dipole Mode Index for the east (DMI-East) and the average standardized temperature anomaly in the summer, rainy season, and winter over Myanmar. During the summer, the strong positive correlation of DMI-west (DMI-east) and air temperature over Myanmar was 0.5 (0.4) and the weak positive correlation with SOI and air temperature over Myanmar was 0.1 (see Figure 12a). During the rainy season, the strong positive correlation of DMI-west (DMI-east) and air temperature over Myanmar was 0.6 (0.4) and the weak positive correlation with SOI and air temperature was about 0.1 (see Figure 12b). Moreover, the strong positive correlation of DMI-west (DMI-east) and air temperature over Myanmar was 0.6 (0.4) and a weak positive correlation with SOI and air temperature of around 0.2 was observed in the winter (see Figure 12c). This result implies that the country experiences high temperatures during the positive Indian Ocean Dipole (IOD) and low temperatures during the negative IOD—with low temperatures during positive SOI and high temperatures during negative SOI. During a positive SOI (La Niña year), the air temperature was low over the country; however, a high temperature was reported during negative SOI (El Niño year). Table S5 shows the correlation of seasonal air temperature with the Dipole Mode Index (DMI) and the Southern Oscillation Index (SOI).





5. Conclusions


This study attempted to explore the spatiotemporal trend and variability of seasonal (i.e., summer, rainy, and winter) air temperature during 1971–2013 over Myanmar by using statistical techniques and composite analysis. The study found significant variation in air temperature at interannual and seasonal scale. The summer season observed an increase in mean air temperature magnitude and vice versa for rainy season and winter season. The interannual and seasonal air temperature inferred a westward and northward shift of air temperature maxima from humid to the arid region. At seasonal scale, the interannual air temperature appeared to be subjected to deviation in terms of spread and turning points in trends. It can be remarked that the monthly Tmin has significantly increased compared to the Tmax in the whole study area. Moreover, the assessments of air temperature variability before and after the observed abrupt change revealed that the Tmean after the abrupt change point (1995–2013) increased by 0.7 °C, as compared with before the change in 1994. In the summer, the leading mode (EOF-1) spatial patterns displayed a dipole mode of about 59% of the total variance, indicating warming in the central, eastern, and northern parts. In contrast, a cooling pattern can be seen in the southern region. The large-scale atmospheric circulation result implies that positive IOD and negative SOI (El Niño) events tend to increase compared to the average air temperature, suggesting extreme events (i.e., droughts and heatwaves) in the region.



Moreover, negative IOD and positive SOI (La Niña) events result in lower than average air temperatures in the region. Therefore, it can be concluded that the ENSO and IOD warming/cooling are leading factors that are responsible for the interannual air temperature variability over Myanmar. Even though the station data is subjected to deviation and uncertainties, the current study has reported diverse variability of the air temperature. Thus, a follow-up study is recommended to model the influence of such indices on temperature variability over Myanmar.
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Appendix A


Empirical Orthogonal Function


Empirical orthogonal function (EOF) analysis was used to investigate the dominant modes of variability of different seasons (summer, rainy, and winter) air temperature over Myanmar. A similar method has been used in India [9]. The data were normalized to prevent areas of maximum variance from dominating the eigenvectors [35]. EOF is a widely used statistical method to minimize the multidimensionality of complex climate data and identify the most complex physical modes while ensuring that minimal information is lost [34]. It is a commonly used method to draw attention to the physical mechanisms that can potentially contribute to climate variability [46,47]. This technique, also called Principal Component Analysis (PCA), was developed for the analysis of atmospheric data following [48], known as the empirical orthogonal function (EOF) technique [36]. The technique explains the variance and covariance of the data through a few modes of variability. The modes that account for the largest percentage of the original variability are considered significant. These modes can be represented by orthogonal spatial patterns (Eigenvectors) and corresponding time series (principal components). The orthogonal function of EOF is defined in Equation (A1):


  z   x , y , t   =  ∑  k = 1  N  P C  t  × EOF   x , y   ,  



(A1)




where   z   x , y , t     denotes the function of space     x , y    , and time    t   ; therefore, EOF     x , y     represents the spatial structure of the temporal variation of Z.





Appendix B


Mann-Kendall Test


The Mann-Kendall test is used to detect trends and abrupt climate change over Myanmar. Mann-Kendall test statistics [49,50] are employed for time series xi to detect an event or change points in a long-term time series. The sequential Mann-Kendall test is computed with ranked values,    y i   , of the original values in      x 1  ,  x 2  ,  x 3  ,  x n     . The magnitudes of    y i   ,     i = 1 , 2 , 3 , … n     are compared with    y j  ,       j = 1 , 2 , 3 , … j − 1    . For each comparison, the cases where    y i  >  y j    are counted and denoted by    n i   . The statistic    t i    can, therefore, be defined in Equation (A2):


   t i  =   ∑  j = 1  i    n i    ,  



(A2)







The distribution of test statistic    t 1    has a mean expressed by Equation (A3):


  E    t i    =   i   i − 1    4  ,  



(A3)




and variance as in Equation (A4):


  V a r    t i    =   i   i − 1     2 i + 5     72   ,  



(A4)







The sequential values of a reduced or standardized variable, called statistic   u  t i    are calculated for each of the test statistic variables    t i    as follows:


  U  F  =        t i  − E    t i            V a r    t i        ,  



(A5)







While the sequential forward statistic,   U  F   , is estimated using the original time series      x 1  ,  x 2  ,  x 3  , …  x n     , values of the backward sequential statistic,   U  B    is estimated in the same manner but starting from the end of the series. In determining    U  B   , the time series changes so that the last value of the original time series comes first       x 1  ,  x 2  ,  x 3  , …  x n     . The later version of the Mann-Kendall test statistic allows for detection of the approximate beginning of a developing trend. When the U(F) and U(B) curves were plotted, the intersections of the   U  F    and   U  B    curves locate approximate potential trend turning points. If the intersection of   U  F    and   U  B    occurs beyond ±1.96 (5% level) of the standardized statistic, a detectable change at that point in the time series can be incidental. The method has been successfully used globally in trend analysis [4,11,51].
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Figure 1. Elevation of the study area map with 42 meteorological stations across Myanmar. 
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Figure 2. Annual average air temperature in the study area (1971–2013). (a) Maximum, (b) minimum, (c) mean. 
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Figure 3. Seasonal temperature (maximum, minimum, and mean) for summer (March–April), rainy season (May–October), and winter (November–February) during the period 1971–2013 (in °C). 
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Figure 4. (a) Time series of annual mean air temperature anomalies and its linear trend (solid red line); (b) detrended time series of annual mean air temperature anomalies. 
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Figure 5. Mann-Kendall analysis for annual mean air temperature over Myanmar in 1971–2013. The forward sequential statistic U(F) is denoted by a solid black line and the backward sequential statistic U(B) is denoted by a solid red line. The dotted black lines above and below represent significance at the 95% confidence level, and the solid black line marks 0. 
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Figure 6. Summer season (March-April) air temperature (a), the first mode of EOF (b), and the second mode of EOF (c) indicates the corresponding air temperature principal components of PC1 and PC2. 
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Figure 7. Summer (March–April) wind anomaly at 850 hPa for (a) warm years and (b) cold years over Myanmar. 
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Figure 8. Rainy season (May–October) air temperatures (a), the first mode of EOF (b), and the second mode of EOF (c) with respect to corresponding air temperature of principle components (PC1 and PC2). 
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Figure 9. Rainy season (May–October) wind anomaly at 850 hPa for (a) warm years and (b) cold years over Myanmar. 
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Figure 10. Winter (November–February) air temperatures (a), the first mode of EOF (b), and the second mode of EOF (c) with respect to the corresponding air temperature of principal components PC1 and PC2. 
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Figure 11. Winter (November–February) wind anomaly at 850 hPa for (a) warm years and (b) cold years in the study region. 
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Figure 12. Interannual variability for (a) summer between Southern Oscillation Index (SOI), Dipole Mode Index (DMI)-West, and DMI-East and average standardized temperature anomaly; (b) rainy season between SOI, DMI-West, DMI-East and average standardized temperature anomaly; and (c) winter between SOI, DMI-West, DMI-East and average standardized temperature anomaly (1971–2013) over Myanmar. 
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