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ABSTRACT 33 

Understanding the recent variations in temperature extremes is crucial to anticipate the forthcoming 34 

incidences of extreme phenomena. However, Knowledge on temperature extremes' spatial and 35 

temporal patterns, as well as their links to atmospheric oscillation and topography, is scarce in 36 

Bangladesh. To this end, this research intends to analyze the spatial and temporal trends in recent 37 

extreme temperatures and their relationships with oscillation indices and the topography of 38 

Bangladesh. Daily temperature data obtained from 20 meteorological stations for 1980-2017 were 39 

employed for this purpose. Results revealed that the rises in summer days (SU25), tropical nights 40 

(TR20), warm days (TX90p), warmest days (TXx) and warm nights (TN90p), while declinations in 41 

coldest days (TNn), cold days (TX10p) and cold nights (TN10p) in Bangladesh. Spatial distribution of 42 

trends revealed an increase in SU25 and TN90p by 1.9-2.38, 2.33-2.90 days/decade, and a decrease in 43 

TX10p and TN10p by 1.7–3.3 days/decade in most regions. Besides, TR20 showed an increase of 44 

3.22-4.17 days/decade in all sub-regions. The temperature extremes of Bangladesh showed a 45 

significant connection with multivariate ENSO index (MEI) and Sea Surface Temperature (SST). 46 

Besides, the extremes in most regions of the country showed a significant connection with Southern 47 

Oscillation Index (SOI) and Indian Ocean Dipole (IOD). The influence of atmospheric oscillation 48 

indices was more evident on cold days/nights than on warm days/nights. TN10p and SU25 also 49 

showed a significant correlation with elevation, suggesting an increase in cold night and summer day 50 

temperature with the increase in elevation in Bangladesh. Large-scale climate mode reanalysis 51 

revealed that a strong (weak) wind speed, enhancing  (decreasing) geopotential height, and fast 52 

warming (cooling)  over the northwestern (southeast) region have attributed to the variations in 53 

extreme temperature in Bangladesh to several extents. Climate change adaptation and disaster 54 

mitigation in Bangladesh will benefit from these findings. 55 

Keywords: Extreme temperature indices, ENSO teleconnction, Elevations, SST, Atmospheric 56 

circulation, Bangladesh57 

58 
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1. Introduction59 

The global mean surface temperature increased by 0.74°C during the previous century and is 60 

predicted to climb by 1.84°C by the end of this one (IPCC 2014). Only a slight shift in the 61 

mean temperature results from significant variations in the frequency of temperature 62 

extremes (Hansen et al., 1988; Khan et al.  2020). As a result of global warming, temperature 63 

extremes are already increasing over the world. Therefore, the scientific community is more 64 

concerned about increasing climate extremes because of higher societal vulnerability to 65 

climatic extremes than the accumulated mean climate (Katz and Brown, 1992). Numerous 66 

studies reported variations in intensity, frequency, regional extent, length, and timing of 67 

temperature extremes and their implications for agricultural practices and human mortality 68 

(Piao et al. 2010; Dey et al. 2021). Widespread increases in temperature extremes are 69 

anticipated to remain owing to global warming, making them a key policy concern for 70 

governments, the general people, and the climate research scientists (Almazroui et al., 2014; 71 

Durre et al., 2000; Sun et al., 2014; Viola et al., 2014; Khan et al. 2019; Das 2021). 72 

Bangladesh is one of the top ten nations most susceptible to climatic change in the world 73 

(Rahman and Islam 2019; Eckstein et al. 2017; Das and Islam 2021). Increased daily 74 

temperatures and temperature-related extreme phenomena are the most substantial effect of 75 

climate change in the country, as they are elsewhere in the world (Shahid et al., 2016). 76 

Temperature extremes have severe consequences for agriculture (Sikder et al. 2014), 77 

ecosystem (Islam et al., 2021a), and other sectors in the country (Shahid et al., 2016). 78 

Temperature variability is most likely to reduce agricultural yields in Bangladesh (Islam et 79 

al., 2011). Plant development, pollination, and reproductive processes are all affected by 80 

higher temperatures (Sacks and Kucharik, 2011; Klein Tank et al., 2006). Even short term 81 

extreme high and low temperatures can decline the growth and productivity of crops (Mearns 82 

et al., 1984). Due to extreme temperature variability, total rice production in Bangladesh may 83 
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decrease by 7.4% per year in the future (Sarker et al., 2012). Therefore, it is vital to estimate 84 

changes in the mean temperature sequence and the frequency, magnitude, and extent of 85 

extreme temperature occurrences (Alexander et al., 2006; Easterling et al., 2000; Moberg and 86 

Jones, 2005). However, the features of the extreme climate-related phenomenon at the 87 

regional level in Bangladesh are little understood. So, it is essential to monitor changes in 88 

temperature extremes in Bangladesh frequently. 89 

In recent time, Bangladesh has experienced a colder winter with a significant increase in the 90 

low temperature and a hotter summer (Nishat and Mukherjee, 2013). The monthly mean 91 

temperature increased at more than a few agro-ecological zones both on a seasonal and 92 

annual scale (Mia, 2003). The monthly maximum temperature showed an increasing trend, 93 

while the monthly minimum temperature fluctuated between rising and falling (Islam et al., 94 

2020a). Earlier research solely looked at monthly and annual minimum and maximum trends 95 

to assess extreme changes. The Expert Team on Climate Change Detection and Indices 96 

(ETCCDI) has been extensively employed in climate change studies all around the globe to 97 

identify extreme temperature indices that better represent temperature extremes (Zhang et al., 98 

2011). However, these indices are used by very few scholars for studying on Bangladesh 99 

context to date. Previous studies also mainly focused on either the shift in mean value or the 100 

changes in pattern (Kamruzzaman et al. 2019a; Nowreen et al. 2012; SMRC 2009; Shahid 101 

2009; Abdullah et al, 2020; Islam et al., 2021b). The temporal distribution of six threshold 102 

temperature indices of Bangladesh and its associated effects on several fields have been 103 

assessed by Shahid et al. (2016). However, the results presented in their study were not 104 

sufficient to understand the variations in regional temperature extremes. It is possible to 105 

describe temperature-related climate extremes in Bangladesh better using the broad range of 106 

extreme temperature indices defined in ETCCDI. 107 
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Large-scale atmospheric circulations directly impact local climate fluctuations at both short-108 

term and long-term climate time scales. An insight into their connections with temperature 109 

extremes can better inform the drivers of temperature extremes (Ghose et al., 2021a, b). A 110 

few studies investigated the relationship of large-scale atmospheric circulations to 111 

temperature and precipitation over the country. According to Wahiduzzaman and Luo (2020), 112 

the El Nino-Southern Oscillation (ENSO) affects the temperature and precipitation in 113 

Bangladesh .The relationship varies depending on the location and season. However, so far, 114 

no research has been conducted on the temporal and spatial trends of the connection of 115 

extreme temperature phenomena to the large-scale climatic indices in Bangladesh. The 116 

current study aims to analyze the changes in Bangladesh's ETCCDI extreme temperature 117 

indices between 1980 and 2017 and the links between the extremes and atmospheric 118 

oscillation indices and the country's geography, taking into account the gaps in prior work. 119 

The novelty of this work is that the trends of extreme temperature indices and thier 120 

connections to large-scale climate indices were analyzed in Bangladesh for the first time on a 121 

regional scale to understand their spatial and temporal variability. This research may be used 122 

for climate change mitigation and adaptation planning, as well as for establishing an early 123 

warning system. 124 

2. Data and Methods 125 

2.1 Study area description 126 

Bangladesh is a low-lying subtropical nation in South Asia, with latitudes ranging from 127 

20° 34 N to 26° 38 N and longitudes varied from 88° 01 E to 92° 41 E. Except for few 128 

hilly regions in the southeastern and eastern portions, the country's entire area is 147,570 129 

km2, with flood plains covering its majority. Seasonal variation in rainfall and 130 

temperature are indistinguishable characteristics of its climate. The country's climate is 131 

characterized by a hot and humid summer with heavy rain and a dry and mildly cold 132 
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winter. The four major seasons in the nation are winter (December to February), pre-133 

monsoon (March to May), monsoon (June to September), and post-monsoon (October to 134 

November) (Kamruzzaman et al., 2019b). Bangladesh has an average daily mean relative 135 

humidity of 80% and evapotranspiration of  3.72 mm per day, respectively (Salam and 136 

Islam, 2020). The coldest January and hottest months in Bangladesh between April and 137 

October. The maximum rainfall occurs in the northeastern Sylhet district (Banglapedia, 138 

2014). The present study divided the whole of Bangladesh into three regions as Northern 139 

(Region 1), Southern (Region 2), and Central (Region 3) according to its geographical 140 

location, hydrological settings, climatic variation, and soil type (Banglapedia 2014). The 141 

northern region consists of the districts of Bogura, Rajshahi, Rangpur, Mymensingh and 142 

Sylhet. The southern part consists of Cox's Bazar, Rangamati, Sandwip, Barishal, Bhola, 143 

Feni, Khulna, Patuakhali, Sitakundu, and Teknaf. The central region covers Jashore, 144 
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Cumilla, Faridpur, Madaripur and Dhaka (Figure 1). 145 

146 

Figure 1 The location of Bangladesh, as well as its elevation spatial distributions and 147 

meteorological station locations. 148 

2.2 Data sources and quality control check 149 

There are 43 meteorological sites in the Bangladesh Meteorological Department (BMD) 150 

distributed homogeneously across the country. However, most of them start operating after 151 



8 

1990 (Jerin et al. 2021). The availability of a longer period dataset, the amount of missing 152 

documents, and the spatial distribution of the stations were used to secure the records from 153 

these 43 stations. Because several stations were built after 1990, long-term data was not 154 

accessible. Furthermore, at certain sites, a missing climate record was discovered at a very 155 

high level. As a result, only 20 locations with data dating back to 1980 and covering the 156 

whole country were used in this study. The daily maximum and minimum temperatures 157 

datasets obtained at those 20 locations from 1980 to 2017 were used to reflect the country's 158 

climate uniformly, with missing values less than 4% and geographical distribution. 159 

Missing data at each site was supplemented by data from neighboring sites. In addition, the 160 

stations that were eliminated owing to a lack of data for a longer period of time were used to 161 

fill in the gaps. Supplementary Tables S1 and S2 provide further details on the filling-in of 162 

missing datasets. The BMD recorded and collected meteorological data in accordance with 163 

the World Meteorological Organization's (WMO) criteria. However, before examining 164 

climate extremes, quality control of the dataset is still necessary since erroneous outliers have 165 

a substantial impact on the extremes (Gao et al., 2015). 166 

First, station observations were checked for quality by systematic means, such as looking for 167 

positive records of climatic variables like Tmin being lower than Tmax and temperatures 168 

being below 45ºC. In addition, the SNHT (Standard Normal Homogeneity Test) at a 169 

significance threshold of p<0.05 was carried out at all sites to show any irregularities in the 170 

datasets (Islam et al., 2020b). The time-series data were found to be homogeneous and 171 

consistent at all locations (Hans, 1986). All data records were authorized by the BMD staff 172 

after a quality check was performed on them. One of the most difficult issues in trend 173 

analysis is serial autocorrelation (Praveen et al., 2020). Only a few instances of serial 174 

autocorrelation in time series were found to have a p value of 0.05 or higher. 175 
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Extreme climate indices were calculated from daily data using Rclimdex, a specially built and 176 

publicly available software. ETCCDMI (Expert Team on Climate Change Detection, Monitoring, and 177 

Indices) produced this software, which can be obtained from the ETCCDI website 178 

(http://etccdi.pacificclimate.org/software.shtml). The ETCCDI has developed a set of 27 core climate 179 

indices, including 16 temperature indices that are mainly related with extreme events. Considering the 180 

climatology of this region eight core temperature indices were examined in this study: warm days 181 

(TX90p), warm night (TN90p), cold days (TX10p), cold nights (TN10p), hottest days (TXx), coldest 182 

days (TNn), summer days (SU25), and tropical night (TR20). Table 1 presents a detailed description 183 

of these eight indices.  184 

Five climatic indices of the atmospheric and oceanic circulation patterns and the elevation of 185 

the respective stations were used to analyze their possible connections with temperature 186 

extremes. These indices include North Atlantic Oscillation (NAO), Multivariate ENSO Index 187 

(MEI), Indian Ocean Dipole (IOD), Southern Oscillation Index (SOI), and Sea Surface 188 

Temperature (SST). Monthly values of SST, IOD, NAO, MEI, and SOI were derived from 189 

the National Oceanic and Atmospheric Association (NOAA) Climate Prediction Center 190 

(CPC) (www.cpc.ncep.noaa.gov) during the period 1980-2017.  191 

Table 1: Selected temperature extrmes indices for this study 192 

No. Indicator Definition Unit

1 SU25 (Summer days) Annual count when TX (daily maximum) >25 °C  Days

2 TR20 (Tropical nights) Annual count when TN (daily minimum) >20 °C  Days

3 TXx (Warmest days) Monthly maximum value of daily maximum 
temperature  

°C 

4 TNn (Coldest days) Monthly minimum value of daily minimum 
temperature  

°C 

5 TN10p (Cold nights) Percentage of days when TN <10th percentile  Days

6 TX10p (Cold days) Percentage of days when TX <10th percentile Days

7 TN90p (Warm nights) Percentage of days when TN >90th percentile  Days

8 TX90p (Warm days) Percentage of days when TX >90th percentile  Days

193 

194 
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2.3 Mann–Kendall test 195 

Temperature extremes follow a nonlinear behaviour (Shahid et al., 2016; Praveen et al., 2020; 196 

Islam et al., 2021; Kamruzzaman et al. 2019b). Thus, a nonparametric test named the Mann-197 

Kendall (MK) test has adopted to explore the trend of the temperature extremes (Kendall 198 

1975; Mann 1945; Ullah et al. 2018; Islam et al. 2020a, Kamruzzaman et al. 2019b). It is 199 

widely utilized because to its robust characteristics and minimal sensitivity to rapid changes. 200 

(Li et al., 2018). The Mann-Kendall statistic (S) is calculated as follows:   201 𝑆 = ∑ ∑ sign(𝑥𝑗−𝑥𝑘)𝑛𝑗=𝑘+1𝑛−1𝑘=1  ………………………… (1) 202 𝑊ℎ𝑒𝑟𝑒203 

sign(𝑥𝑗−𝑥𝑘) = { 1 𝑖𝑓(𝑥𝑗−𝑥𝑘) > 0

0 𝑖𝑓(𝑥𝑗−𝑥𝑘) = 0−1 𝑖𝑓(𝑥𝑗−𝑥𝑘)  < 0

…………………. (2) 204 

The probability related to S for sample size, n, is calculated to measure the significance of the 205 

trend statistically. Normalized test statistic Z is computed as follows: 206 

𝑍 = ⎩⎪⎨
⎪⎧ 𝑆−1√𝑉𝐴𝑅(𝑆)

𝑖𝑓 𝑆 > 0

0                𝑖𝑓 𝑆 = 0𝑆−1√𝑉𝐴𝑆(𝑆)
𝑖𝑓 𝑆 < 0

………………………………….. (3) 207 

208 

If |Z| is higher than or equal to 2.575, 1.96, or 1.645, the null hypothesis of no trend is 209 

rejected at the 99%, 95% and 90% significance levels, respectively. To get the sequential 210 

form of the MK test, the number 𝑛𝑖 of lower elements 𝑥𝑗(𝑥𝑗<𝑥𝑖) preceding it (𝑗 < 𝑖) for each 211 

element 𝑥𝑖(𝑖 = 1 … … . .𝑛) of the series is calculated. 212 

The test statistics t is given by 213 𝑡 = ∑ 𝑛𝑖𝑖 …………………………………………………… (4) 214 

In the lack of any trend (null hypothesis), t is asymptotically normal data distribution 215 𝑢(𝑡) =  [𝑡 − 𝐸(𝑡)] 𝑣𝑎𝑟2(𝑡)⁄ ……………………………….. (5) 216 
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It has a normally distributed, with an expected value E(t) and variance var2 (t) stated by, 217 𝐸(𝑡) = 𝑛(𝑛 − 1) 4⁄ ……………………………………….. (6) 218 

and 219 𝑣𝑎𝑟2(𝑡) = 𝑛(𝑛 − 1)(2𝑛 + 5) 72⁄ ………………………… (7) 220 

The null hypothesis can, thus, be rejected for elevated values of |u (t)| 221 

There is a possibility that serial autocorrelation influences trend patterns, with positive 222 

autocorrelation pointing to an increased number of false-positive MMK test results (Ullah et 223 

al., 2018). This is why the serial autocorrelation was eliminated prior to implementing the 224 

MMK test (Islam et al., 2020b).  To reduce autocorrelation, the TFPW (trend free pre-225 

whitening) technique was used in this study (Li et al., 2018). Besides, the sequential form of 226 

the MK test comprises of the test, commencing from the first term and finishing in the i-th 227 

term, then in those beginning in the i-th term and terminating in the last term (regressive 228 

analysis). The graphic depiction of the direct (ui) and the backward (u'i) series derived from 229 

this method yields curves, that can overlap one another in the absence of any trend. In the 230 

event of a significant trend (the 95% confidence level), |ui |  1.96, the intersection of the 231 

curves makes the time of change roughly possible to discern (Shahid, 2011). 232 

2.4 Sen's slope estimators 233 

To evaluate the changes in temperature extreme indices, a common non-parametric test called 234 

Sen slope (Sen, 1968) was used. Sen's Slope approach estimated the magnitude of the trend 235 

(Sen 1968). A time series dataset is necessary for this procedure. The technique is calculated 236 

by computing the path as a unit time change (Shahid, 2011), 237 𝑄΄ = 𝑥𝑡΄−𝑥𝑡𝑡΄−𝑡 ……………………………………………… (8) 238 

Where, 239 

Q΄= slope between data points xt΄ and xt240 

xt΄ = data measurement at time t΄241 
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xt = data measurement at time t242 

The median slope simply gives Sen's estimator of the slope, 243 𝑄 = 𝑄΄[(𝑁+1) 2⁄ ] If N is odd 244 

    = (𝑄΄[𝑁 2⁄ ] + 𝑄΄[(𝑁+2) 2⁄ ]) 2⁄   if N is even 245 

Where, 246 

N is the number of computed slopes. 247 

2.5 Correlation matrix 248 

The Pearson correlation was used to discover the link between temperature and atmospheric 249 

oscillation indices. Pearson's correlation measures the direct relationship between two 250 

variables, where positive correlation denotes by the value 1; if the value of r is 0 it means no 251 

correlation; and negative correlation indicates by the value -1.  X and Y are considering two 252 

variables, each having n values X1, X2, . …, Xn and Y1, Y2, . . . , Yn respectively. Let the 253 

mean of X be �̅� and the mean of Y be�̅�. Pearson's r is calculated following Tomar et al. 254 

(2016): 255 𝑟 =
∑(𝑋𝑖−�̅�)(𝑌𝑖−�̅�)√∑(𝑋𝑖−�̅�)

2 ∑(𝑌𝑖−�̅�)
2…………………………….…… (9) 256 

The Pearson correlation coefficients have been utilized in the present study to explore the 257 

spatial (Northern, Southern and Central) and temporal (1980–1998, 1999–2017 and 1980–258 

2017) correlation of eight extreme temperature indices with five large-scale oceanic indices. 259 

The relationship of the temperature indices with the elevation was explored by performing 260 

the least-squares method (Casella and Berger, 2002; Moore and McCabe, 2003).  261 

3. Results  262 

3.1 Trends of the extreme temperature indices 263 

Table 2 presents the results of the MK trend test of 8 temperature indices in each region and 264 

the whole country for 1980-2017. The results showed an increasing trend in TN10p and 265 
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TX10p at (p<0.1) in all three areas and the entire country (except TN10p). The TNn exhibited 266 

an insignificant rising trend in the Central region and whole Bangladesh. The results also 267 

showed an increase in TN90p (p<0.01 and whole Bangladesh p<0.05), SU25 (p<0.05 and the 268 

Northern region p<0.1), and TR20 (p<0.01) during 1980-2017. The TX90p (p<0.05) and TXx 269 

(p<0.1) were increasing only in the Northern region. The rest of the indices showed an 270 

insignificant increasing trend in all regions and the whole country.  271 

Figs. 2 and 3 demonstrate the rate of the change of extreme temperature indices found by 272 

Sen's slope of the estimator. The blue circles indicate increasing trends, and the red circle 273 

represents decreasing trends. TN10p showed an increase in Dhaka at the rate of 2.19 274 

days/decade. The changes in TN10p in Rangpur, Rajshahi, Bogura, Mymensingh, Madaripur, 275 

and Cumilla stations were in the range of 0-1 day/decade. The rest of the stations showed a 276 

decreasing trend inTN10p at the rate of -1 to -2 days/decade (Figure 2a). TN90p showed an 277 

increase at all stations from 0.62 to 9.91 days/decade, except at Patuakhali (-1.15 278 

days/decade) (Figure 2b). TX10p showed a decreasing trend in Bangladesh from -0.04 to -279 

2.31 days/decade (Figure 2c), except at Rangpur (3.34 days/decade), Patuakhali (0.56 280 

day/decade), Sandwip (1.57 days/decade) and Rangamati (1.54 days/decade). The TX90p 281 

(Figure 2d) and TR20 (Figure 3d) revealed a similar trend pattern. The TX90p and TR20 282 

were decreasing at Rangamati and Sandwip from -0.13 to -1.25 days/decade. The other 283 

stations exhibited an increasing trend inTX90p (0.21 to 4.83 days/decade) and TR20 (1.25 to 284 

10 days/decade). On average, the decreasing trend in TNn was dominant in Bangladesh at a 285 

rate of -0.09 to -0.26 ºC/decade (Figure 3a). All stations in the Southern region showed an 286 

increasing trend in TXx from 0.11 to 0.76 ºC /decade (Figure 3b). The SU25 presented a 287 

variation from -1.5 to 6.67 days/decade at different locations. Overall, the results showed an 288 

increasing trend in warm temperature and a decreasing trend in cold temperature indices, 289 
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indicating hot days and nights are increasing and cold days and nights are decreasing in 290 

Bangladesh. 291 

Table 2: The MK test statistics of eight temperature indices during study period  292 

Temperature 

indices 

Z-value 

Northern Southern Central Bangladesh

TN10p -2.50** -1.76* -2.12** -1.45 

TN90p 2.60*** 2.90*** 2.75*** 2.33** 

TX10p -3.30*** -2.43** -1.70* -2.27** 

TX90p 2.13** 0.88 0.68 0.75 

TNn 0.63 0.14 -0.47 -0.37 

TXx 1.77* 0.41 1.59 1.22 

SU25 1.90* 2.38** 1.98** 2.02** 

TR20 4.17*** 3.22*** 3.70*** 3.58*** 

Note: *** significant at the 0.01 level; ** significant at the 0.05 level and * significant at 0.1 level 293 

3.2 Temporal variability in extreme temperature indices 294 

The temporal change in the annual mean temperature extremes in Bangladesh during 1980-295 

2017 is illustrated in Figure 4. The results showed that the warm indices, TN90p (Fig. 4c), 296 

TX90p (Fig. 4d), TR20 (Fig. 4g), and SU25 (Fig. 4h) were increasing significantly with 297 

R2=0.25 (p<0.01), R2=0.66 (p<0.01), R2=0.24 (p<0.01) and R2=0.05 (p>0.05), respectively 298 

during 1980-2017. The average decadal values of TN90p, TX90p TR20, and SU25 displayed 299 

a considerable increase after the 2000s. However, TXx (Fig. 4e) exhibited non-significance 300 

increasing tendency with R2=0.01 (p>0.05). By contrast, the cold indices, TN10p (Fig. 4a), 301 

TX10p (Fig. 4b), and TNn (Fig. 4f) showed significant declination with R2=0.22 (p<0.01), 302 

R2=0.17 (p<0.01), and R2=0.06 (p<0.05), respectively, during the same period. 303 

It indicates an elevation in the frequency of extreme hot indices and declination in extreme 304 

cold indices significantly in Bangladesh. It suggests that extreme temperatures in Bangladesh 305 
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increased significantly, which may be due to global warming. Overall, the warm extremes 306 

showed a significant rising, and the cold extreme showed a significant falling trend after the 307 

2000s. 308 

309 

310 

Figure 2: Spatial distribution pttern of trend in TN10p, TN90p, TX10p, and TX90p 311 
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312 

Figure 3: Spatial distribution pattern of trend in TNn, TXx, SU25 and TR20 313 

314 
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315 

316 

317 

318 

Figure 4 The annual mean of temperature extreme indices for this study 319 

320 

321 
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3.3 Correlation between extreme temperature indices and ENSO indices 322 

The associations of the extreme temperature indices with the ENSO circulation indices in two 323 

different periods, 1980–1998 and 1999–2017 and the entire study period, 1980-2017, are 324 

shown in Table 3. The results showed a negative correlation of all warm temperature 325 

extremes, TX90p (except SST), TN90p (except MEI and SST), TXx (except MEI and SST), 326 

SU25, and TR20 with SOI, MEI, IOD, NAO, and SST. The cold temperature extremes, 327 

TN10p, TNn (except SOI and NAO) and TX10p showed a positive correlation with SOI, 328 

IOD, MEI, NAO and SST during the study period of 19802017.  329 

330 

Table 3: Pearson correlation coefficient values between temperature indices and climate 331 

modes of climatic variability in Bangladesh during 1980-2017 332 

Period Climate indices 
Climate modes of climatic variability 

SOI MEI IOD NAO SST 

TNn .097 -.301 .115 .097 -.260 

TXx -.205 -.005 -.080 -.205 .021 

TN10p .295 .324 .144 .295 .329 

TN90p -.363 -.115 -.275 -.363 -.207 

1980-1998 TX10p .318 .724** .311 .318 .636**

TX90p -.343 -.080 -.092 -.343 -.068 

SU25 -.362 -.541** -.064 -.362 -.419 

TR20 -.517** -.363 -.298 -.517** -.386 

TNn -.177 .371 -.107 -.177 .373 

TXx -.305 .189 -.369 -.305 .150 

TN10p .108 -.365 .561** .108 -.280 

TN90p -.179 .419 -.522** -.179 .335 

1999-2017 TX10p .300 -.328 .496* .300 -.304 

TX90p .169 .358 -.448 .169 .321 

SU25 .072 .258 -.456 .072 .177 

TR20 -.365 .171 -.404 -.365 .109 

TNn -.038 .031 .004 -.038 .048 
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TXx -.267 .050 -.189 -.267 .068 

TN10p .282 .227 .186 .282 .167 

TN90p -.316 .020 -.321 -.316 .013 

1980-2017 TX10p .354* .396* .323 .354* .287 

TX90p -.186 -.070 -.141 -.186 .029 

SU25 -.165 -.273 -.195 -.165 -.207 

TR20 -.466* -.178 -.284 -.466* -.152 

** Correlation is significant at the 0.01 level; *Correlation is significant at the 0.05 level. 333 

334 

Additionally, the TR20 showed a negative correlation with SOI (p<0.05) and TR20 showed a 335 

negative correlation with NAO (p<0.05). The TXx, TN90p, and TX90p were negatively 336 

associated (insignificant) with SOI, IOD, MEI and NAO, and TN10 and TX10p were 337 

positively correlated with all the ENSO indices (Table 3). Among the five atmospheric and 338 

oceanic circulation patterns, MEI, SST, and IOD showed a comparatively higher positive 339 

correlation with temperature indices than SOI and NAO.  340 

The correlations of temperature extremes with circulation indices were inconsistent for the 341 

two periods (Table 3). None of the extreme temperature indices, except TX10p and TR20, 342 

were significantly correlated with circulation indices during 1980–1998. TR20 was 343 

negatively correlated with SOI and NAO (p<0.01). On the other hand, TX10p was positively 344 

correlated with MEI and SST (p<0.01), and the SU25 also negatively correlated with MEI 345 

(p<0.01) during 1980–1998. 346 

The warm temperature extremes, TR20, SU25 (except SOI and NAO), TN90p, and TXx were 347 

negatively correlated with SOI, IOD, and NAO during 1999-2017 (Table 3).  In contrast, the 348 

cold temperature extremes (TN10p and TX10p) were positively correlated with SOI, IOD, 349 

and NAO. Furthermore, TX90p was positively correlated with all circulation indices except 350 

IOD, while TNn was negatively correlated with all the ENSO indices except the MEI and 351 
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SST. Additionally, TN10p was positively associated with IOD (p<0.01), whereas TX10p was 352 

negatively associated with IOD (p<0.05) during 19992017. 353 

At different periods within the study time, the association of temperature indices 354 

demonstrated various relationships with varying circulation indices at various regions (Table 355 

4). Figures 5 represents the association of temperature indices with IOD circulation indices 356 

during 1980-2017. Similarly, the association of temperature indices with IOD circulation 357 

indices were also displayed in Supplementary Figs. S1-4  A significant positive relationship 358 

of cold extremes with circulation patterns was observed in this study. In contrast, warm 359 

extremes and circulation patterns showed a statistically significant negative association in the 360 

study area during the study period. The stations showing negative correlation were more than 361 

the stations showing positive correlation. TXx, TNn, SU, TR, TN90p, and TX90p were 362 

negatively correlated with SOI, MEI and NAO in the north, south, central and whole 363 

Bangladesh, and a negative correlation in the northern region.  Among them, TN10p, TN90p 364 

and TR exhibited a significant negative correlation. In the northern area, all of the warm 365 

extremes except TX90p exhibited a negative correlation with SST. However, the correlation 366 

was significant only for TR. All the warm and cold extremes except SU showed an 367 

insignificant positive association with SST in the southern region. All cold extremes and two 368 

warm extremes (TXx and TX90p) positively correlated with SST in the central area. 369 

However, the positive correlation was significant only for TN10p. Two temperature 370 

extremes, TR and SU showed a negative association with SST for the whole country.  371 

In the south, central, and whole Bangladesh, all warm extremes exhibited a negative 372 

association with IOD, whereas all cold extremes showed a positive correlation with IOD.  In 373 

the northern region, all cold and warm extremes except TX10p showed a negative 374 

correlation. TN90p exhibited a significant correlation with IOD in all regions. Only TR 375 

exhibited a significant negative connection with MEI in the northern area, and all warm 376 
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extremes except TXx showed a negative link with MEI. TX90p, TXx, and SU showed a 377 

negative association with MEI. However, the correlation was significant only for SU in the 378 

southern region. Four indices, TN10p, TX10p, TX90p, and TXx showed a positive 379 

correlation, and the others showed a negative correlation with MEI in the central region. All 380 

of the warm extremes except for TN90p demonostrated a negative association, TX10p 381 

exhibited a significant positive, and SU showed a significant negative association with MEI 382 

for the whole country. 383 

384 
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Table 4 shows that negative correlation was observed more in the different sub-regions with 385 

ENSO indices than the positive correlation. In this table extreme temperature indices 386 

exhibited more negative association than positive association with the ENSO indices. The 387 

significant positive or negative association were mainly limited to the Cold (TN10p and 388 

TX10p) and hot (TN90p and TR20) extreme temperature indices with the MEI, NAO and 389 

SOI (Table 4). In the northern region, TR20 indices displayed significant negative correlation 390 

with the MEI (r= -0.411, P<0.05) and NAO (r= -0.454, P<0.01) indices and significant 391 

positive for SOI (r= -0.411, P<0.05). The cold extreme, TN10p showed also significant 392 

positive association with NAO (r= 0.447, P<0.01). In the southern region, NAO exhibited 393 

significant negative correlation with TR20 (r= -0.363, P<0.05) and significant positive with 394 

cold extreme like TX10p (r= 0.376, P<0.05). However, in the central region cold extreme 395 

(TN10p) indices displayed a significant negative and positive correlation with SOI (r= -0.465, 396 

P<0.01) and MEI (r= 0.466, P<0.01), respectively. Moreover, warm extreme indices like 397 

TN90p showed a significant negative correlation with NAO (r= -0.399, P<0.05). At last, over 398 

the whole TR20 exhibited a significant negative correlation with NAO (r= -0.450, P<0.01). 399 

The results exposed that almost all of the positive correlation with ENSO indices was 400 

displayed by cold extreme indices (TX10p and TN10p) and most negative correlation was 401 

displayed by hot extreme indices (TN90p and TR20) in almost all over the different sub-402 

regions and the whole country.  403 

Table 4: Pearson correlation coefficient values between extreme temperature indices and 404 

climate mode for various periods in different sub-regions and the whole country 405 

SOI MEI IOD NAO SST 

North 

TN10p -0.289 0.315 -0.053 0.447** 0.190 

TN90p 0.286 -0.241 -0.094 -0.275 -0.095 

TX10p -0.208 0.224 0.318 0.182 0.198 

TX90p 0.256 -0.196 -0.069 0.015 -0.011 

TNn -0.099 0.051 0.027 -0.099 0.090 

TXx 0.001 -0.043 -0.256 -0.055 -0.100 

SU25 0.171 -0.183 -0.145 -0.078 -0.157 

TR20 0.368* -0.411* -0.129 -0.454** -0.252 

South 

TN10p -0.096 0.080 0.140 0.096 0.009 

TN90p 0.023 0.053 -0.186 -0.286 0.112 

TX10p -0.211 0.280 0.093 0.376* 0.132 
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TX90p 0.193 -0.176 0.022 -0.227 0.046 

TNn -0.139 0.121 -0.040 -0.015 0.047 

TXx -0.125 0.056 0.030 -0.267 0.187 

SU25 0.195 -0.289 -0.059 -0.221 -0.176 

TR20 0.044 -0.006 -0.154 -0.363* 0.040 

Central 

TN10p -0.465** 0.466** 0.023 0.290 0.298 

TN90p 0.250 -0.174 -0.093 -0.323* -0.047 

TX10p -0.060 0.160 0.175 0.150 0.136 

TX90p 0.157 -0.079 0.015 -0.121 0.109 

TNn -0.118 0.053 0.018 -0.063 0.051 

TXx -0.092 0.067 -0.212 -0.196 0.025 

SU25 0.137 -0.188 -0.131 -0.079 -0.164 

TR20 0.273 -0.270 -0.108 -0.399* -0.173 

Whole 

TN10p -0.291 0.288 0.076 0.285 0.159 

TN90p 0.154 -0.082 -0.142 -0.318 0.025 

TX10p -0.244 0.318 0.189 0.297 0.215 

TX90p 0.222 -0.183 -0.002 -0.154 0.033 

TNn -0.107 0.064 -0.021 -0.049 0.037 

TXx -0.109 0.044 -0.122 -0.241 0.088 

SU25 0.188 -0.250 -0.102 -0.138 -0.179 

TR20 0.248 -0.239 -0.157 -.450** -0.141 

* and ** represent significant at the p < 0.05 and p < 0.01 level, respectively  406 

407 
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408 

Figure 5: Mapping of the association of extreme temperature indices with IOD 409 

3.4 Elevation dependency of extreme temperature trends 410 

Figure 6 shows the relationship between the trend magnitude’s in temperature extremes and 411 

elevation. The results indicated an inconsistent association between the trends in temperature 412 
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extremes and altitude. Except for tropical nights (TR20) and warm nights (TN90p), a 413 

significant positive relationship of elevation with warm temperature indices was observed in 414 

this study. On the other hand, the cold temperature indices exhibited a significant negative 415 

association with elevation except for cold nights (TN10p). The warm days (TX90p), warmest 416 

days (TXx), summer days (SU25), and cold nights (TN10p) exhibited a significant positive 417 

relationship (Figure 6). The trends of warm nights (TN90p), tropical nights (TR20), coldest 418 

days (TNn), showed a substantial decrease with the decrease of elevation (p<0.05).  419 

420 

421 

422 
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423 

Figure 6 Elevation dependency of the trends in eight temperature extremes during 424 

19802017 425 

3.5 Large-scale atmospheric circulation dependent temperature extreme 426 

The temperature indices had been significantly and abruptly changed found by the sequential 427 

MK test. However, the abrupt change point was varied for various temperature indices. After 428 

the abrupt change point, the temperature indices trends were either noteworthy upward or 429 

downward, and the climatic indices considerably affected the temperature extremes. In 430 

general, an abrupt change point of annual average temperatures in Bangladesh for 1980-2017 431 

was in 1995 (Figure 7). Therefore, the change in atmospheric circulation was estimated by 432 

subtracting the ERA-interim and ECMWF reanalysis dataset before and after the breaking 433 

point, 1980 to 1995, from 1996 to 2017. The difference in air temperature, wind speed 434 

(vectors) and geopotential height (shaded) at 850 hPa between 1980-1995 and 1996-2017 are 435 

illustrated in Figure 7. Figure 7a revealed an evident rising in air temperature in the 436 

northwestern region, whereas the southern and southeastern areas were subjected to a decline 437 

in air temperature. 438 

Similarly, Figure 7b represents a decrease in wind speed in the northwest of Bangladesh and 439 

an increase in the southeast. Again, the highest geopotential height differences (around 20 440 

gpm) were observed in the northern and northwestern regions. In contrast, the least 441 
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geopotential height dissimilarities (about 0 gpm) were noticed in the southeastern and 442 

southern regions. 443 

444 

Figure 7 a) Difference of air temperature (oC) , b) wind speed and geopotential heights (gpm) 445 

at 850 hPa between 1980–1998 and 1999–2017 446 

 4. Discussion 447 

The current study has evaluated the spatial and temporal trends of the eight temperature 448 

indices in Bangladesh from 1980 to 2017.  The results revealed that the warm temperature 449 

indices(TXx, TX90p, TN90p, TR20, and SU25) were increasing and a decreasing trend 450 

(meaning lower temperature was gradually decreasing more than past) in cold temperature 451 

indices (TNn, TX10p, and TN10p). The rate of change in different temperature indices was 452 

different from each other. Khan et al. (2019) have also shown that the low-temperature trend 453 

has been dropping and that maximum temperature trends have been rising in Bangladesh. 454 

Abdullah et al. (2020) observed significant warming in Bangladesh's coastal and inland 455 

locations, which indicated the increasing trends in high-temperature indices. Khan et al. 456 

(2020) found similar results to those found in this study. Daytime warming was shown to be 457 

larger than nighttime warming, with high-temperature extremes rising faster than low-458 

temperature extremes, contradicting the findings of the result of Khan et al. (2019). The 459 

datasets and technique utilized in the current analysis differ significantly from those used by 460 
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Khan et al. (2019). The major explanation for the larger rise in hot extremes is owing to a 461 

smaller magnitude of warming in summer compared to winter (Abdullah et al., 2020), as well 462 

as substantial warming due to greenhouse gas (GHG) radiative effects in summer  (Aguilar et 463 

al., 2009). The observed warming trend is consistent with findings from studies conducted at 464 

both global (Easterling et al., 2000; Alexander et al., 2006) and regional (Sheikh et al., 2015; 465 

Klein Tank et al., 2006; Shrestha et al., 2017; Shi et al., 2018; Tong et al., 2019) scales. 466 

Temperature indices in the northwest and western areas have been significantly higher 467 

recently, but changes in the northeast and southwest have been small. This might be linked to 468 

the Sundarban forest's (the world's biggest mangrove forest) ability to store carbon and 469 

mitigate the effects of climate change in the southern region of the country (Rahman and 470 

Islam et al., 2019). The climate in the northwest and western areas has been heavily impacted 471 

by unfavorable land use/land cover changes, urbanization, groundwater depletion, and 472 

irrigation modifications (Shahid, 2011). 473 

Atmospheric and ocean oscillations are critical drivers of extreme climate and climate 474 

change. Several studies have revealed that the ENSO phenomenon is intimately linked to the 475 

interannual monsoon shift in East Asia (Wang and He, 2012; Wahiduzzaman et al., 2020; 476 

Ghose et al., 2021a). Large-scale atmospheric oscillation has been a probable reason for the 477 

interdecadal fluctuation of cold winter temperature in China (Han et al., 2014). The alteration 478 

of the climate mode over the North Atlantic region, regional temperature variations over 479 

Northern Eurasia is the results of ENSO, which disturbs the air temperature in winter in 480 

Northern China (Wang et al., 2017). The meridional Hadley circulation (MHC) in the western 481 

Pacific deteriorated dramatically from the late 1970s. Thus, the response of Asia's 482 

atmospheric oscillation to ENSO declining, resulting in a decrease in the responsiveness of 483 

China's winter cold temperature to ENSO (Han et al., 2014; Shi et al., 2018). 484 
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This study showed a positive correlation of SST with all eight extreme temperature indices in 485 

Bangladesh, followed by MEI. In contrast, the extreme temperature indices showed an 486 

overall negative correlation with SOI, IOD, and NAO. There was a strong correlation 487 

between two temperature indices (TX10p and SU25) and MEI during 1980-1998. The 488 

correlation between three temperature indices (TN10p, TN90p, and TX10p) and IOD was 489 

significant during 1999-2017. This indicates a greater impact of ENSO on the faster decrease 490 

in temperature during cool days and cool nights than the increasing temperature of warm days 491 

and nights. Han et al. (2018) reported that the association between the NAO and cool days 492 

(nights) in Northeast China varies over time. The variance could be ascribed to NAO-related 493 

climate anomalies in different interdecadal backdrops, according to the researchers. 494 

Elevation-dependent temperature extreme (EDTE) has become a hot topic of research for 495 

insights into the climate change evidence. A significant number of studies reported that 496 

temperature extreme at high altitude is more evident than at low elevation (Sun et al., 2017; 497 

Guo et al., 2016; Li et al., 2017; You et al., 2017). By contrast, several studies also revealed 498 

no evidence of EDTE (You et al., 2008). The uncertainty in the EDTE may be attributed to 499 

diverse meteorological station density, remote areas, and inadequate datasets (Ren et al. 500 

2017; Pellicciotti et al. 2012). Selected temperature indices revealed significant geographic 501 

heterogeneity between the higher southeastern and low-lying regions in the current study. 502 

Cold night and summer days were the solely minimum and maximum temperature-based 503 

indices that showed a significant positive connection with elevation (P<0.01). The related 504 

studies also showed similar findings (Adams et al., 2020; Olmo et al., 2020; Jhajharia et al. 505 

2014; 2021). However, the findings contradict those of Sun et al. (2017) and You et al. 506 

(2017), who discovered a definite negative trend in TN10p and FD. The elevation of the 507 

eastern region is comparatively higher than other regions of the country. Although, the effects 508 

of extreme phenomena on water balance and river flow at the higher elevation remain still 509 
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uncertain due to high climatic variability, remoteness, and the composite action between 510 

lithology, climatic and hydrologic processes (Zhou et al., 2020). The present study indicates 511 

EDTE in the study region and Bangladesh; however, this evidence is still unclear, and the 512 

drivers of the EDTE need systematically examined at regional and national levels. 513 

The large-scale atmospheric and oceanic oscillation variables, such as geopotential height, air 514 

temperature, and wind fields influence the local climate. Both spatially and temporally, both 515 

the negative and positive effects of large-scale atmospheric oscillation patterns on surface 516 

variables and vice-versa. We examined the connection of surface temperature with the 517 

changes mentioned above; geopotential height, air temperature, and wind speed are 518 

frequently utilized (Tong et al., 2019; Ullah et al., 2018; Jhajharia and Sing, 2011). This 519 

study implies that increases in air temperature might also impact the regional as well as local 520 

temperature and temperature extremes (Khan et al., 2008; Grotjahn et al., 2016; Ren et al., 521 

2017). Besides, our study reports that the rising geopotential height with reducing in wind 522 

speed may be linked to a rising trend in annual mean temperature and their influence on the 523 

incidence of extreme temperature phenomena in the northwestern region in some extents 524 

(Shahid and Khairulmaini 2009; Xu et al., 2018; Ullah et al., 2018; Shi et al., 2018). The 525 

strong wind speeds move towards the southern coastal region from the Bay of Bengal (BoB), 526 

which might influence the long-range temperature at a regional scale (Pathak et al., 2017; 527 

Sinha et al., 2015). The strong southeast winds transport a considerable amount of water 528 

vapours from the BoB to the southern and southwestern coastal regions, which may 529 

ultimately influence the regional temperature and resulting in a cold trend and vice versa 530 

(Pathak et al., 2017). Long-term forecasting based on ENSO conditions is critical for 531 

planning and management in climate-sensitive industries like the environment, and hence 532 

deserves more investigation. This study also demonstrated a rising trend of warm extremes in 533 

the northwestern regions of Bangladesh, which are in line with the air temperature patterns 534 
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and atmospheric circulation fields. Interestingly, the large-scale atmospheric circulations 535 

exhibited a dipole tendency across the northwestern and southeastern regions of the country. 536 

Although, exploring the causes and mechanism of this dipole tendency is out of scope in the 537 

present study.  It deserves further examinations in the future. 538 

The findings of this study might have ramifications for Bangladesh. First, this research 539 

showed that Bangladesh may become warmer and drier sooner than previously predicted. The 540 

salinity problem in the southwestern area may worsen in the coming days as a result of a 541 

considerable increase of severe heat indices. Warming and drying conditions may cause 542 

drought in northern and western locations at the same time. To adapt to the drying 543 

circumstances, drought-tolerant crop varieties and efficient use of surface water resources 544 

may be needed. Second, increased severe temperature events may have an impact on 545 

vegetation dynamics, leading to an increase in pests and disease. As a result, this area merits 546 

further attention and in-depth research. 547 

There are some shortcomings in this work that must be addressed. First, the transition sites 548 

between climatic extremes were not extensively examined, which might be due to a lack of 549 

metadata support. The addition of information to the homogenization process may result in 550 

improved results. Second, GHG emissions and anthropogenic aerosols were not taken into 551 

account, potentially increasing the probability of climate extremes. Despite these constraints, 552 

our research examines the spatiotemporal variations in temperature extremes and their links 553 

to climate mode in great detail. The findings of this research can aid policymakers in 554 

formulating strategies for developing an early warning system and reducing the effects of 555 

growing temperature extremes in Bangladesh. 556 

5. Conclusion 557 

The current study looked at the spatial and temporal changes in recent temperature extremes 558 

in Bangladesh and their teleconnection to atmospheric oscillation indices durig the study 559 
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period (1980-2017). All temperature indices exhibited a difference in the line of the global 560 

warming trend. The study revealed decreases in cool nights, coldest days, cold days, and the 561 

rises of tropical nights, warmest days, warm nights, warm days, and summer days in nearly 562 

all sub-regions of Bangladesh. The magnitudes of the change in warm days/nights were 563 

higher than those on cold nights/days. Cold temperature indices were highly associated with 564 

large-scale climate indices, while warm temperature indices were weakly associated with 565 

atmospheric oscilation indices during the observation period. Variations in recent extreme 566 

temperatures were also coupled with some climatic patterns. The areal mean warm extremes 567 

of Bangladesh were linked to SST and MEI, and the cold extremes were related to SOI, IOD, 568 

and NAO. The association between temperature extreme indices and climate oscillation 569 

modes was diverse at various periods. Atmospheric oscillation indices influenced the 570 

decreasing temperature of cold days/nights more than the warm days/nights. The alternation 571 

of several temperature extremes was linked to the SST and MEI indices in some regions of 572 

Bangladesh Besides, they were also associated with SOI and MEI in some sub-regions. The 573 

variations of the cold nights and tropical nights were related to NAO and SOI in the north, 574 

south, and central regions of Bangladesh, while the cold days were associated with IOD for 575 

the whole country.. The cold nights and summer days significantly connected with elevation, 576 

suggesting increased cold nights and summer days with increasing elevation in Bangladesh. 577 

The changes in large-scale climate mode originated from ERA reanalysis data demonostrated 578 

a  a strong (weak) wind speed, enhancing  (decreasing) geopotential height, and fast warming 579 

(cooling)  over the northwestern (southeast) region which may attribute to the variations in 580 

temperature extremes in Bangladesh.  581 

The findings may contribute to assess climate change-related disaster management and 582 

infrastructural development planning of the country both for policy and implementation 583 

levels. The outcomes of the research will aid in climate change adaptation and climatological 584 
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disaster mitigaiton. This study will also assist policymakers in developing policies to adapt to 585 

climate change. The findings would contribute to enriching knowledge on temperature 586 

fluctuations with large-scale atmohspheric oscillation indices and elevations over 587 

Bangladesh. This study suggests that the natural and human-induced factors of temperature 588 

extremes and their probable connections with climate mode should deserve further studies. 589 
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