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ABSTRACT: 9 

Khulna is a coastal district in southwestern Bangladesh, confronts a dual hydroclimatic challenge. That is 10 

waterlogging during the monsoon and acute water scarcity in the dry and pre-monsoon seasons. Climate 11 

change is likely to intensify these threats, amplifying the frequency and severity of compound extremes. 12 

This study explores how temperatures, rainfall patterns, extreme indices and seasonal variability might shift 13 

in Khulna over the near (2021-2060) and late (2061-2100) centuries. Drawing on observations from 1951-14 

1990, we evaluate projections from three high-performing Coupled Model Intercomparison Project Phase 15 

6 (CMIP6) models - MPI-ESM1-2-LR, EC-Earth3 and BCC-CSM2-MR - under both the moderate Shared 16 

Socioeconomic Pathways (SSP)2-4.5 and the high-emission SSP5-8.5 pathways. Our findings indicate 17 

robust warming, especially in the late century and under SSP5-8.5, driving more frequent warm days, warm 18 

nights and prolonged heatwaves, while cold extremes wane. Rainfall is projected to become more erratic. 19 

The monsoon intensifies with wetter spells yet the dry and pre-monsoon are plagued by extended dry spells. 20 

Through copula-based joint probability we uncover a persistent negative link between temperature and 21 

rainfall anomalies. Which significantly raises the odds of warm-dry events, worsening water scarcity. 22 

Meanwhile, fiercer monsoon downpours increase waterlogging hazards. These projections reveal a future 23 

caught between drought and flood stresses, offering actionable scientific insights to inform climate-resilient 24 

water management and adaptation strategies for this vulnerable coastal population.   25 

Keywords: CMIP6, Khulna, climate change, trend analysis, compound hydroclimatic extremes, copula 26 

based joint probability 27 

 28 
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Introduction: 30 

Climate change has become one of the defining challenges of the twenty-first century, inducing discernible 31 

alterations in temperature, precipitation patterns and the frequency of weather extremes to nearly every 32 

corner of the globe (IPCC 2021, 2023). As global warming accelerates, heat extremes are becoming more 33 

intense, rainfall patterns are changing and the balance of the water cycle is being disrupted in many regions 34 

(Trenberth et al., 2014; Tabari, 2020). However, these climatic changes do not unfold uniformly. From a 35 

practical and socioeconomic standpoint, what matters most to vulnerable communities is how climate 36 

change manifests locally. Consequently, region-specific assessments are imperative for designing effective 37 

localized planning and adaptation strategies. (Giorgi and Gutowski, 2015). 38 

In recent years, researchers have begun paying closer attention not only to single extremes like heatwaves 39 

or heavy rainfall, but also to compound extremes, where two or more hazards occur together or in quick 40 

succession and produce impacts that are greater than the sum of their parts (Z Schenscher et al., 2018; Z 41 

Schenscher et al., 2020). For example, a period of high temperatures combined with very little rain can turn 42 

water scarcity into a serious drought, while intense rainfall on top of already hot conditions can cover 43 

drainage systems and worsen flooding (Hao et al., 2018; Brunner et al., 2021). Studies have shown that 44 

these compound events often cause more severe damage to infrastructure, livelihoods and ecosystems than 45 

isolated extremes, making them especially important to understand as the climate continues to warm (Kopp 46 

et al., 2017; Raymond et al., 2020).  47 

Bangladesh is among the countries most at risk from climate change due to its low-lying geography, high 48 

population density and heavy reliance on agriculture and water resources that are directly sensitive to 49 

weather and climate (Shahid et al., 2016). Bangladesh’s coastal regions face a particularly complex set of 50 

hazards, including rising temperatures, uncertain rainfall, cyclones, storm surges and the slow but steady 51 

intrusion of saltwater into freshwater areas (Dasgupta et al., 2015; Nicholls et al., 2021). Recent research 52 

warns that climate change may make these hazards more frequent and more severe, increasing the chances 53 

of compound extremes that threaten water supplies, food production and people's ability to maintain their 54 

livelihoods (Tabari and Willems, 2023). 55 

Khulna, in the south-western coastal belt, is at the sharp end of this vulnerability. People here are already 56 

familiar with the seasonal pattern of hot, dry pre-monsoon months, heavy monsoon rains and the ongoing 57 

challenge of saltwater creeping inland from the Bay of Bengal. When high temperatures and low rainfall 58 

coincide before the monsoon, evaporation increases, freshwater becomes scarce and soils grow saltier—all 59 

at once (Chamberlin et al., 2020). Then, when the monsoon arrives, intense downpours—sometimes driven 60 
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by cyclones—can quickly lead to flooding and waterlogging those damages homes, fields and roads 61 

(Borrego et al., 2017). Despite the real and present nature of these risks, there has been relatively little 62 

systematic analysis of how compound temperature and rainfall extremes might evolve in Khulna over the 63 

coming decades. 64 

Most climate studies for Bangladesh have looked at temperature or rainfall extremes separately, or have 65 

worked at the national scale where local details can be missed (Kamaruzzaman et al., 2021). While these 66 

studies provide important context, they often do not capture how different climate variables interact at the 67 

local level, or what happens when extremes combine. CMIP6 generation offers better physics, finer 68 

resolution and more realistic socio-economic scenarios (Eyring et al., 2016; IPCC 2021). Using CMIP6-69 

based regional projections therefore allows for a sharper, more credible picture of what future climate 70 

extremes might look like in vulnerable places like Khulna. 71 

This study investigates future compound climate extremes over the Khulna region using high-resolution, 72 

bias-corrected climate projections from the CMIP6 models. We evaluate the changing dynamics of 73 

individual temperature and rainfall extremes using standardized climate, detect historical and future trends 74 

through statistical techniques and model the joint probability of concurrent hazards using copula-based 75 

approach. By analyzing these hydro-climatic variables in combination rather than in isolation, the study 76 

aims to provide a nuanced understanding of future compound risks under different future scenarios, 77 

ultimately offering valuable insights to guide resilient water management and adaptation planning in this 78 

highly vulnerable coastal region.  79 

2. Materials and Methods 80 

2.1 Study Area 81 

Khulna district is located in the south-western coastal part of Bangladesh (22°12′ N to 23°01′ N latitude 82 

and 89°06′ E to 89°48′ E longitude) in the deltaic region of the Ganges, Brahmaputra and Meghna rivers 83 

with an area of ~4,389 km². It is surrounded by Jessore and Narail to the north, Satkhira to the west, 84 

Bagerhat to the east and the Bay of Bengal and the Sundarbans mangrove forest to the south (Morshed et 85 

al. 2026). The economic and administrative hub of the region is Khulna city. The district is flat and low 86 

lying (<10 m above mean sea level) (Rahman and Rahman 2015). The northern part consists of deltaic silt, 87 

while the central and southern parts are tidal plains that are likely to be flooded. The Sundarbans, the world's 88 

largest contiguous mangrove forest is located on the southern edge. 89 
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According to (Mazhar et al. 2024), the climate of Khulna is a tropical monsoon type where the temperature 90 

ranges from 14°C to 35°C. Long term annual maximum and minimum temperatures have increased at rates 91 

of 0.022°C/year and 0.034°C/year, respectively. The mean annual rainfall range is 1600-1900 mm, where 92 

more than 70% of rain falls in monsoon (June to October) and pre-monsoon (March to May) and winter 93 

(December to February) seasons are comparatively dry (Huq H. et al., 2013).  94 

Dry season freshwater scarcity exacerbates the salinity intrusion in the soil and groundwater, which in turn 95 

has a significant effect on agriculture. On the other hand, during the heavy rains of the monsoon season, 96 

poor drainage results in prolonged waterlogging. High population density, coupled with heavy dependence 97 

on climate sensitive livelihoods (agriculture, fishing, shrimp farming), renders Khulna highly vulnerable to 98 

climate change (Murshed et al. 2022). The study area is shown in Fig. 1. 99 

Fig. 1 | (a) Khulna region's location map (b) Khulna City's waterlogging during the monsoon (Source: 100 

https://www.thedailystar.net/environment/news/khulna-city-waterlogging-issues) (c) Khulna's water crisis 101 

during the post-monsoon season  (Source: 102 

https://www.dhakatribune.com/bangladesh/environment/climate-change-impact-khulna-water-crisis) 103 

 104 

 105 
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2.2 Data 106 

2.2.1 Climate Model Data 107 

High-resolution regional climate prediction and impact assessment require advanced climate models and 108 

data analysis techniques. Shared Socio-economic Pathways (SSPs) are used in the Sixth Phase of the 109 

Coupled Model Intercomparison Project (CMIP6) to provide a broad foundation for climate impact and 110 

adaptation analyses, linking radiative forcing with varying socio-economic scenarios (O'Neill et al., 2016). 111 

Although there are a few studies based on the output of the CMIP6 models for Bangladesh (Kamaruzzaman 112 

et al., 2023), no comprehensive study has yet focused specifically on the Khulna region.  113 

GCMs are available at coarse resolutions and do not necessarily resolve important local phenomena such 114 

as orographic rainfall and temperature differences between land and sea, which are important for deltaic 115 

and coastal areas such as Khulna (Giorgi et al., 2009). To address this, downscaled and bias corrected 116 

regional projections are needed. In a recent study, (Mishra et al., 2020) demonstrated that high-resolution, 117 

bias-corrected CMIP6 model projections could successfully capture the regional climate characteristics and 118 

trends across South Asia. Following the similar framework, in this study we utilized the daily maximum 119 

temperature (Tmax), minimum temperature (Tmin) and precipitation datasets from (Mishra et al., 2020). It 120 

provides finely downscaled and bias-corrected CMIP6 projections at a 0.25˚ × 0.25˚ (approximately 25 km 121 

× 25 km) spatial resolution. 13 Global Climate Models (GCMs) were considered for historical daily time 122 

series over the period of 1951-2005. Table 1 shows the details of these 13 GCM models.  123 

For this study, two representative scenarios were used for future climate projections: SSP2-4.5, which is a 124 

moderate mitigation pathway (with 4.5 W/m^2 by 2100) and SSP5-8.5, a high-end, fossil-fuel-intensive 125 

emissions pathway (with 8.5 W/m^2 by 2100). The projections were analyzed over 2021-2060 and 2061-126 

2100 periods relative to the 1951-1990 baseline.  Model performance was validated with the statistical 127 

metrics and then well performing models were chosen for the future extreme climate analysis.  128 

2.2.2 Observed Data 129 

The daily rainfall, maximum and minimum temperature data for the Khulna region were collected from the 130 

Bangladesh Meteorological Department (BMD) for the period 1951 to 2005. These long-term 131 

meteorological data from the stations are highly useful in the context of climate analysis as the records are 132 

scarce and unevenly distributed in coastal Bangladesh. Minor data gaps and inconsistencies, especially in 133 

the earlier years, were filled using data from nearby stations by applying standard procedures (Shahid, 134 

2010) without causing significant distortion to the dataset.  135 
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Before analysis, thorough data screening was done to remove unrealistic data such as negative rainfall, 136 

anomalous rainfall during dry-season and irregular wet or dry sequences (Shahid, 2010). Minor 137 

inconsistencies can also affect long-term trend analysis hence basic statistical homogeneity checks were 138 

also performed. We combined the real station records with the Rainfall Estimates on a Gridded Network 139 

(REGEN) 1˚×1˚ daily precipitation dataset to strengthen our model evaluation across land (Bador et al., 140 

2020). This REGEN dataset helps more accurately assess the performance of the chosen models by 141 

incorporating long-term data from the Global Precipitation Climatology Center (GPCC) platform (Index of 142 

/climate environment/GPCC/). 143 

2.3 | Analysis Techniques 144 

2.3.1 Climate Extremes Indices  145 

The Expert Team on Climate Change Detection and Indices (ETCCDI) indices highlight specific features 146 

of extreme climate events, such as their frequency, intensity and duration. For this study, we have selected 147 

10 climate change indicators that are effective in identifying the key aspects of future climate patterns. A 148 

concise description of these selected indices is provided in Table 2. 149 

2.3.2 | Trend Analysis 150 

Trend analysis is a fundamental statistical approach used to evaluate the behavior of time-series data over 151 

a specific period. To detect statistically significant trends within time-series datasets, the Mann-Kendall 152 

(MK) non-parametric test is widely employed. Recognized for its robustness, the MK test has been 153 

extensively utilized by researchers globally to identify existing climate trends (Mann 1945, Econometrica 154 

; Kendall 1975, Rank Correlation Methods, Charles Griffin & Company). Many researchers around the 155 

globe have found the MK test to be a reliable tool for detecting existing statistically significant trends (Ilori 156 

; Ajayi 2020). 157 

For a time, series data Xi (where i = 1, 2, ..., n-1) and Xj (where j = i+1, 2, ..., n), the Kendall test statistic 158 

S is calculated to determine the presence of a trend: 159 𝑆 =  Summation of [ sgn(ܺj −  ܺi) ] 160 

Here, the signum function, sgn (Xj - Xi), is defined as: 161  1  if (ܺj −  ܺi)  >  0 162  0  if (ܺj −  ܺi)  =  0 163  −1 if (ܺj −  ܺi)  <  0 164 

https://opendata.dwd.de/climate_environment/GPCC/
https://opendata.dwd.de/climate_environment/GPCC/
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The statistic S follows an approximately normal distribution when the sample size is sufficiently large. The 165 

mean and variance of S are given by E(S) = 0 and: 166 ܸ(𝑆)  =  [ ݊(݊ −  1)(2݊ +  5)  −  Summation of { ݐ)ݐ − + ݐ2)(1   5) } ] / 18 167 

where 't' represents the number of data points in the tied group. The standardized Mann-Kendall test 168 

statistic, Zmk, is then computed to test the significance of the trend: 169  ܼmk =  (𝑆 −  1) / √ܸ(𝑆)  [if 𝑆 >  0] 170  ܼmk =  0  [if 𝑆 =  0] 171  ܼmk =  (𝑆 +  1) / √ܸ(𝑆)  [if 𝑆 <  0] 172 

The calculated Zmk value follows a standard normal distribution. In a two-sided test with a significance level 173 

of α = 0.05, the null hypothesis (which assumes no trend) is rejected if |Zmk| >= Z(α/2). A positive Zmk 174 

value indicates an upward or increasing trend, whereas a negative value signifies a downward or decreasing 175 

trend. 176 

Once a linear trend is detected, its magnitude or rate of change is quantified using Sen's slope estimator 177 

(Sen, 1968). This non-parametric method estimates the slope Qi between any two data points as: 178 ܳi =  (ܺj −  ܺk) / (j −  k) 179 

for all j > k. The true slope of the overall time series is represented by the median (Qmed) of all calculated N 180 

values of Qi: 181  If ܰ is an odd number: ܳmed =  Q_((ܰ + 1)/2) 182  If ܰ is an even number: ܳmed =  [ ܳ_(ܰ/2)  +  ܳ_((ܰ + 2)/2) ] / 2 183 

2.3.3 Copula-based Joint Probability Analysis 184 

The relationship between variations in temperature and precipitation is widely recognized (Tabari, 2020). 185 

When these two climate factors interact, their combined effect on human society and the environment is 186 

often much more severe than if they occurred in isolation. Consequently, evaluating the combined 187 

hydroclimatic risks requires a thorough understanding of how these variables depend on one another. 188 

To model multiple interacting variables and analyze their dependence structures, researchers in recent 189 

decades have increasingly turned to copula functions (Tootoonchi et al., 2020). Essentially, a copula is a 190 

mathematical tool that links individual variables to form a joint probability distribution. This makes it 191 

highly effective for simulating the combined probabilities of future extreme rainfall and temperature shifts. 192 
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In this analysis, Parametric Copulas were selected due to their strong capability in assessing the specific 193 

dependence structures within the datasets. A variety of Parametric Bivariate Copulas were tested, including 194 

the Gumbel, Clayton, Frank, Gaussian and Shih-Louis models, among others. 195 

Mathematically, if temperature and rainfall are defined as random variables X and Y, their individual 196 

(marginal) cumulative distribution functions can be written as: 197 (ݔ)ܯ  =  P[ܺ <= (ݕ)ܰ 198 [ݔ   =  P[ܻ <=  199 [ݕ 

Using these individual probabilities, the bivariate copula function (C) that calculates their joint probability 200 

is defined as: 201 P[ܺ <= ,ݔ  ܻ <= [ݕ   = ,(ݔ)ܯ )ܥ   202 ( (ݕ)ܰ

3 | Results and Discussion  203 

 204 

3.1 Evaluation and Selection of CMIP6 General Circulation Models (GCMs) 205 

 206 

The Coupled Model Intercomparison Project Phase 6 (CMIP6) consists of the most advanced climate 207 

models used globally to predict future climate conditions (Eyring et al., 2016). These models play a vital 208 

role in understanding the potential impacts of climate change under different emission scenarios (O’Neill 209 

et al., 2016). However, to ensure the reliability of the projections, it is essential to evaluate these models 210 

based on their ability to replicate historical climate data (Taylor, 2001). 211 

 212 

Prior to future climate projections, we evaluated the historical performance of the CMIP6 GCMs against 213 

the observed data using Taylor diagrams. The numbering of the models (1-14) corresponds directly to the 214 

serial numbers in Table 1. For the rainfall evaluation, the reference baseline denoted by number 15 on the 215 

Taylor diagram. It was taken as the station data along with REGEN data (GPCC data). The rainfall 216 

performance of the selected CMIP6 models was evaluated with respect to both station records and the 217 

GPCC data. It is observed that the GPCC backed REGEN rainfall provided an almost perfect match with 218 

the actual station data and achieved a spatial correlation coefficient greater than 0.99. 219 

 220 

Based on a multi-criteria statistical assessment across all three variables, BCC-CSM2-MR (Model 4), EC-221 

Earth3 (Model 6) and MPI-ESM1-2-LR (Model 11) emerged as the top-performing models. For mean 222 

monthly rainfall (Fig. 2c), these three models plotted closest to the reference baseline, showing the lowest 223 



9 

 

RMSE and highest spatial correlation among the individual GCMs. For temperature simulations, Models 224 

4,6 and 11 displayed remarkable consistency and they maintained high spatial correlations (COR > 0.85) 225 

with an RMSE close to or below 1.0˚ C for Tmax (Fig. 2a) and clustered tightly within the high accuracy 226 

quadrant for Tmin (Fig. 2b).  This three-model ensemble consistently delivered the most balanced 227 

representation of both thermal and hydrological parameters. That’s why we selected these three models for 228 

our future climate projections. 229 

Fig. 2 | Taylor diagram for (a) mean monthly Tmax (b) mean monthly Tmin and (c) mean monthly rainfall 230 

(including GPCC rainfall), from the selected GCMs and the station over 1951–2005 period. 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

 247 

 248 
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Table 1 | Details of the selected dynamically downscaled and bias-corrected CMIP6 climate models.  249 

Serial 

number 

Model name 

(CMIP6) 

Country of 

origin 

Spatial 

resolution 

(km × km) 

Temporal 

resolution 

1 
Multi model ensemble 

(CMIP6) 
N/A 25 Daily 

2 ACCESS-CM2 Australia 25 Daily 

3 ACCESS-ESM1-5 Australia 25 Daily 

4 BCC-CSM2-MR China 25 Daily 

5 CanESM5 Canada 25 Daily 

6 EC-Earth3 Europe 25 Daily 

7 EC-Earth3-Veg Europe 25 Daily 

8 INM-CM4-8 Russia 25 Daily 

9 INM-CM5-0 Russia 25 Daily 

10 MPI-ESM1-2-HR Germany 25 Daily 

11 MPI-ESM1-2-LR Germany 25 Daily 

12 MRI-ESM2-0 Japan 25 Daily 

13 NorESM2-LM Norway 25 Daily 

14 NorESM2-MM Norway 25 Daily 

 250 

 251 

 252 

 253 

 254 

 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 
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3.2 | Future Climate Variability 264 

Table 2 | Definitions of 10 climate change indices used in this study. 265 

Notation Indices name Units Description 

TX90P Warm days % Days % Of days when TX > 90th percentile 

TX10P Cold days % Days % Of days when TX < 10th percentile 

TN10P Cold nights % Days % Of days when TN < 10th percentile 

TN90P Warm nights % Days % Of days when TN > 90th percentile 

WSDI 
Warm spell duration 

index 
days 

Annual count of days with at least 6 consecutive 

days when TX > 90th percentile 

CSDI 
Cold spell duration 

indicator 
days 

Annual count of days with at least 6 consecutive 

days when TN < 10th percentile 

R95P Very wet days mm Annual total PRCP when RR > 95th percentile 

RX5DAY 
Maximum 5-day 

precipitation 
mm Monthly maximum consecutive 5-day precipitation 

CDD Consecutive dry days days 
Maximum number of consecutive days with RR < 1 

mm 

CWD Consecutive wet days days 
Maximum number of consecutive days with RR ≥ 1 

mm 

 266 

In this study, the future climate projections for the Khulna region were analyzed across two climate 267 

windows: the near century (2021–2060) and late century (2061–2100) periods, compared to the baseline 268 

period of 1951–1990. Selected models MPI-ESM1-2-LR, EC-Earth3 and BCC-CSM2-MR were evaluated 269 

under both the SSP2-4.5 and SSP5-8.5 scenarios. According to Table 3, the Tmax and Tmin anomalies range 270 

from 0.45 °C to 2.51 °C and 0.39 °C to 3.55 °C, respectively. The mean increase in Tmax is projected to be 271 

~0.50 °C under SSP2-4.5 and ~0.73 °C under SSP5-8.5 during 2021–2060. This warming is significantly 272 

enhanced considerably during the late-century time period, with an average Tmax increase of ~1.22 °C under 273 

SSP2-4.5 and ~2.29 °C under SSP5-8.5. Minimum temperatures also follow a similar trend of increase but 274 

Tmin anomalies are larger than those of Tmax anomalies, especially during the late century. This suggests 275 

more significant warming at night and a potential decrease in the diurnal temperature range. 276 
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On an annual scale, future projections indicate a consistent increase in precipitation over Khulna with 277 

positive precipitation anomalies across all the selected models and scenarios. Changes in rainfall are larger 278 

for the late century than for the near century, particularly under the high-emission SSP5-8.5 scenario. 279 

Table 3 | Anomaly with respect to base period (1951–1990) 280 

GCMs Period 
Rainfall anomaly 

(mm/year) 

Tmax anomaly 

(°C) 

Tmin anomaly 

(°C) 

MPI-ESM1-2-LR 
SSP2-4.5 

2021–2060 
653.29 0.45 0.39 

 
SSP2-4.5 

2061–2100 
670.53 1.08 1.15 

 
SSP5-8.5 

2021–2060 
642.16 0.76 0.79 

 
SSP5-8.5 

2061–2100 
682.25 2.02 2.50 

EC-Earth3 
SSP2-4.5 

2021–2060 
635.20 0.51 0.83 

 
SSP2-4.5 

2061–2100 
680.91 1.36 1.97 

 
SSP5-8.5 

2021–2060 
457.53 0.78 1.08 

 
SSP5-8.5 

2061–2100 
780.69 2.51 3.50 

BCC-CSM2-MR 
SSP2-4.5 

2021–2060 
369.08 0.55 1.03 

 
SSP2-4.5 

2061–2100 
387.85 1.23 1.93 

 
SSP5-8.5 

2021–2060 
249.73 0.65 1.27 

 
SSP5-8.5 

2061–2100 
497.67 2.34 3.55 
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The monthly box and whisker plots for Tmax (Fig. 3) and Tmin (Fig. 4) both reveal an overall upward shift in 281 

the medians, as well as the upper and lower quartiles throughout the year. This rising trend is well captured 282 

by all three models and is most prominent during 2061-2100 under the SSP5-8.5 scenario. The faster 283 

upward shift in the Tmin baseline indicates that nights will warm more rapidly than days. Meanwhile, the 284 

daily rainfall box plots (Fig. 5) show both monthly increases and decreases. However, the data spread is 285 

quite large for the monsoon months (June to September) with high upper quartiles and extreme precipitation 286 

values. This is an indication of increased rainfall variability and a higher frequency of extreme events during 287 

the monsoon. In general, Khulna is expected to witness a continuous rise in temperature and increased 288 

rainfall, especially in the high emission scenario SSP5-8.5. 289 

 

 

 

 290 

Fig. 3 | Box and whisker plot of daily Tmax for 1951–1990, 2021–2060 and 2061–2100 from (a) MPI-291 

ESM1-2-LR SSP2-4.5 (b) MPI-ESM1-2-LR SSP5-8.5 (c) EC-Earth3 SSP2-4.5 (d) EC-Earth3 SSP5-8.5 292 

(e) BCC-CSM2-MR SSP2-4.5 (f) BCC-CSM2-MR SSP5-8.5  293 

 294 
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 295 

Fig. 4 | Box and whisker plot of daily Tmin for 1951–1990, 2021–2060 and 2061–2100 from (a) MPI-ESM1-296 

2-LR SSP2-4.5 (b) MPI-ESM1-2-LR SSP5-8.5 (c) EC-Earth3 SSP2-4.5 (d) EC-Earth3 SSP5-8.5 (e) BCC-297 

CSM2-MR SSP2-4.5 (f) BCC-CSM2-MR SSP5-8.5  298 

 299 

 300 

 301 

 302 
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 303 

Fig. 5 | Box and whisker plot of daily rainfall for 1951–1990, 2021–2100 and 2061–2100 from (a) MPI-304 

ESM1-2-LR SSP2-4.5 (b) MPI-ESM1-2-LR SSP5-8.5 (c) EC-Earth3 SSP2-4.5 (d) EC-Earth3 SSP5-8.5 (e) 305 

BCC-CSM2-MR SSP2-4.5 (f) BCC-CSM2-MR SSP5-8.5  306 

3.3 | Warm Spell and Cold Spell Characteristics in the Future 307 

The future projections of temperature over Khulna indicate an increase in temperature, driving distinct 308 

shifts in extreme climate indices under both the SSP2-4.5 and SSP5-8.5 scenarios. In Fig. 6, a clear 309 

rightward shift is visible in the Probability Density Function (PDF) curves of the mean maximum 310 

temperature (TMAXMEAN) across all three selected models (MPI-ESM1-2-LR, EC-Earth3 and BCC-311 

CSM2-MR). This demonstrates that future maximum temperature will exceed the base period (1951–1990). 312 

The shift is most pronounced during the late century period (2061-2100), particularly under SSP5-8.5. It 313 

reflects intense warming under the high emission scenario.  314 
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A similar response is also observed for mean minimum temperature (TMINMEAN) in Fig. 7. In the future, 315 

the PDF curves move significantly towards higher values, with a greater displacement under SSP5-8.5 than 316 

for SSP2-4.5. This implies a substantial rise in night time temperature over Khulna. In line with anomaly 317 

trends, this nighttime warming is more pronounced than daytime increases in certain models, indicating 318 

heightened nighttime thermal stress. 319 

With the increase in both maximum and minimum temperature, the warm spell duration index (WSDI) also 320 

shows a clear rightward shift in the future in Fig. 8. Notably during the late century under SSP5-8.5, the 321 

PDF curves become wider and flatter. This indicates that under future climate scenarios longer and more 322 

frequent warm spells or heatwave like events can be expected in Khulna. While this upward trend in WSDI 323 

is robust across all models, the magnitude of change varies among them. 324 

Conversely, PDF curves of cold spell duration index (CSDI) flatten, widen and shift rightward in several 325 

projections shown in Fig. 9. Concurrently, the probability density lowers relative to the base period. While 326 

rising minimum temperature signal overall warming, this widening CSDI distribution suggests increased 327 

variability in cold spell durations under future scenarios. The overall results confirm that Khulna is headed 328 

toward a significantly warmer climate, characterized by higher temperature thresholds, extended warm 329 

spells and altered cold extremes. 330 

 331 

 332 

 333 

 334 

 335 

 336 

Fig. 6 | PDF plot for TMAXMEAN from MPI-ESM1-2-LR, EC-Earth3 and BCC-CSM2-MR 337 

 338 
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 Fig. 7 | PDF plot for TMINMEAN from MPI-ESM1-2-LR, EC-Earth3 and BCC-CSM2-MR 339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 

Fig. 8 | PDF plot for WSDI from MPI-ESM1-2-LR, EC-Earth3 and BCC-CSM2-MR 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

Fig. 9 | PDF plot for CSDI from MPI-ESM1-2-LR, EC-Earth3 and BCC-CSM2-MR 355 
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3.4 | Dry and Wet Spell Characteristics in the Future 356 

Long stretches of time without any rainfall are referred to as dry spells. A dry spell is defined by the 357 

ETCCDI as a period of consecutive days with daily rainfall of less than 1 mm. A wet spell is defined as a 358 

continuous period of days when daily rainfall is equal to or greater than 1 mm.  359 

As shown in Fig. 10, the probability distribution function (PDF) curves of monthly maximum consecutive 360 

5-day precipitation (RX5DAY) reveal noticeable future shifts over Khulna. Under both curves SSP2-4.5 361 

and SSP5-8.5 scenarios, the curves for MPI-ESM1-2-LR and EC-Earth3 displace rightward, particularly 362 

during late century, signaling an intensification of short-duration heavy rainfall. This suggests that short-363 

duration heavy rainfall events may become more intense in the future. Conversely, the displacement in 364 

BCC-CSM2-MR is subtle but the future curves still exhibit some widening, suggesting possible changes in 365 

the intensity of extreme 5-day rainfall.  366 

A clear upward trend is visible for the precipitation of very wet days (R95P) in Fig. 11. Across all three 367 

selected models, the future distributions flatten, widen and shift towards higher thresholds relative to the 368 

baseline. The transition intensifies under the late century SSP5-8.5, especially in MPI-ESM1-2-LR and EC-369 

Earth3, underscoring a higher probability of severe downpours. 370 

For consecutive dry days (CDD), as shown in Fig. 12, the changes are not consistent across the models. 371 

While MPI-ESM1-2-LR and EC-Earth3 exhibit slight rightward shifts and broader distributions. It is 372 

hinting at prolonged dry spells. But BCC-CSM2-MR projects a shift towards lower CDD values. 373 

Consequently, future changes in dry spell durations remain highly model-dependent. 374 

In contrast, most future PDF curves for consecutive wet days (CWD) shift rightward Fig. 13. The trend is 375 

prominent in MPI-ESM1-2-LR and EC-Earth3 and subtle yet discernible in BCC-CSM2-MR. The wider 376 

and flatter profile of these future curves suggests an increase in wet spell durations. Collectively, the 377 

findings point toward increased intensity of extreme rainfall events and longer wet spells over Khulna 378 

whereas dry spell projections remain uncertain and structurally sensitive. 379 

 380 

 381 

 382 

 383 

Fig. 10 | PDF plot for RX5 DAY from MPI-ESM1-2-LR, EC-Earth3 and BCC-CSM2-MR 384 
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 385 

 386 

 387 

 388 

 389 

 390 

Fig. 11 | PDF plot for R95P from MPI-ESM1-2-LR, EC-Earth3 and BCC-CSM2-MR 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

Fig. 12 | PDF plot for CDD from MPI-ESM1-2-LR, EC-Earth3 and BCC-CSM2-MR 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

Fig. 13 | PDF plot for CWD from MPI-ESM1-2-LR, EC-Earth3 and BCC-CSM2-MR 408 



20 

 

3.5 Trend Analysis of Extreme Climate Indices: 409 

Here, to identify the temporal trends and significant levels for the extreme climatic indices, Mann-Kendall 410 

(MK) non-parametric tests were used. The two -sided significance threshold in this study is 5% was 411 

employed to categorize the patterns as no significant, significant increasing and significance decreasing. To 412 

determine the current slope or rate of change, Sen’s method has been used.  413 

The temperature and rainfall indices from MPI-ESM1-2-LR, EC-Earth3 and BCC-CSM2-MR for SSP2-414 

4.5 throughout the 2021-2060 period are shown in Table 4 along with the results of Mann-Kendall trend 415 

test and Sen’s slope at the 5% significance level. Although some indices show significance at the strict 416 

threshold of p < 0.0005, the trends are most pronounced and persistent under high-emission scenario. MPI-417 

ESM1-2-LR did not exhibit any significant changes, model-specific significant reactions were found in EC-418 

Earth3 for TX90P, TX10P, TN90P, TN10P, WSDI and CSDI and in BCC-CSM2-MR TN90P and TN10P. 419 

For EC-Earth3, percentage of warm days (TX90p) and percentage cold days (TX10P) are showing 420 

significant increasing and significant decreasing with Sen’s slope 0.32% day/year and -0.18% day/year 421 

respectively. Between the two GCM EC-Earth3 and BCC-CSM2-MR, the percentage of warm nights 422 

(TN90P) is significantly increasing with the Sen’s slope ranges from 0.42% to 0.47% day/year. Compare 423 

to that, the percentage of cold nights (TN10p) have significant decreasing trend and Sen’s slope ranges 424 

from -0.13% to -0.24% day/year. While trends of the cold spell duration index (CSDI) are predicted to 425 

decline in the future and trends of the warm spell duration index (WSDI) suggest that the number of days 426 

with intense heatwaves will rise significantly in EC-Earth3. We have examined the maximum five-day 427 

precipitation (RX5DAY), very wet days (R95P), consecutive dry days (CDD) and consecutive wet days 428 

(CWD) for the severe rainfall indices. Since rainfall patterns are more difficult to identify the trends from 429 

extreme rainfall indices for all the chosen GCMs throughout the 2021-2060 timeframe under the SSP2-4.5 430 

scenario indicate no significant changes for RX5DAY, R95P, CDD and CWD. These findings suggest that 431 

while the inter-seasonal variability may be considerable in the future, the overall trends of the extreme 432 

rainfall indices may not be very important.  433 

The extreme climate indices trends for SSP2-4.5 for the 2061-2100 period from all of the chosen GCMs 434 

are shown in Table 5. In this instance, there is less consistency between indices from various GCMs and at 435 

p < 0.0005 none of the trends are deemed to be significant. Overall, there are no particularly noteworthy 436 

patterns in the rainfall or temperature indices throughout this time.  437 

However, as Table 6 reveals that, several temperature indices show statically significant (p < 0.0005) trends 438 

under the SSP5-8.5 climate change scenario over the 2021-2060 decade. It suggests a warming tendency. 439 

Though, during this time, the extreme rainfall indices do not follow any statically significant trend. 440 
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Additionally, Table 7 presents the trends for the extreme climate indices under SSP5-8.5 during the 2061-441 

2100 period (p < 0.0005). While rainfall indices do not show any significant changes, several temperature 442 

indices do.   443 

Table 4 | Mann–Kendall and the Sen's slope test at 5% significant level from SSP2-4.5 for 2021–2060. 444 

GCM MPI-ESM1-2-LR EC-Earth3 BCC-CSM2-MR 

Indices Z 
Sen's 

slope 
p Z 

Sen's 

slope 
p Z 

Sen's 

slope 
p 

TX90p 0.769 0.081 4.42E-01 3.602 0.322 3.16E-04 2.648 0.164 8.10E-03 

TX10p -1.504 -0.073 1.32E-01 -3.345 -0.183 4.22E-04 -1.737 -0.068 8.23E-02 

TN90p 2.437 0.224 1.48E-02 4.207 0.467 2.59E-05 4.769 0.416 1.86E-06 

TN10p -2.203 -0.110 2.76E-02 -4.360 -0.235 1.30E-05 -3.634 -0.132 2.80E-04 

WSDI 1.039 0.155 2.99E-01 3.515 0.500 4.40E-04 2.390 0.143 1.69E-02 

CSDI -0.397 -0.030 6.91E-01 -3.788 -0.282 1.52E-04 -2.994 -0.143 2.75E-03 

RX5DAY 0.920 0.854 3.57E-01 -1.095 -0.896 2.73E-01 0.524 0.347 6.00E-01 

R95p 1.480 5.338 1.39E-01 -1.270 -4.255 2.04E-01 1.480 3.510 1.39E-01 

CDD 1.715 0.547 8.64E-02 -0.537 -0.179 5.92E-01 0.268 0.051 7.88E-01 

CWD 1.284 0.167 1.99E-01 0.560 0.071 5.75E-01 -0.047 0.000 9.63E-01 

 445 

Table 5 | Mann–Kendall and the Sen's slope test at 5% significant level from SSP2-4.5 for 2061–2100 446 

GCM MPI-ESM1-2-LR EC-Earth3 BCC-CSM2-MR 

Indices Z 
Sen's 

slope 
p Z 

Sen's 

slope 
p Z 

Sen's 

slope 
p 

TX90p 0.944 0.126 3.45E-01 1.958 0.158 5.02E-02 0.338 0.025 7.35E-01 

TX10p -0.968 -0.032 3.33E-01 -0.397 -0.013 6.92E-01 0.537 0.021 5.91E-01 

TN90p 1.818 0.212 6.91E-02 2.914 0.230 3.57E-03 0.863 0.052 3.88E-01 

TN10p -0.875 -0.037 3.82E-01 -2.533 -0.070 1.13E-02 0.105 0.000 9.16E-01 

WSDI -0.723 -0.133 4.69E-01 1.926 0.400 5.41E-02 1.745 0.087 8.10E-02 

CSDI -1.089 -0.083 2.76E-01 -2.438 -0.129 1.48E-02 -0.378 0.000 7.06E-01 

RX5DAY -0.082 -0.127 9.35E-01 -0.151 -0.078 8.80E-01 0.105 0.099 9.16E-01 

R95p 0.338 1.402 7.35E-01 0.000 -0.100 1.00E+00 0.827 2.126 4.08E-01 

CDD 0.117 0.042 9.07E-01 1.037 0.578 3.00E-01 1.122 0.128 2.62E-01 

CWD -0.654 -0.067 5.13E-01 1.365 0.225 1.72E-01 -0.532 0.000 5.95E-01 

 447 

 448 

 449 

 450 

 451 
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Table 6 | Mann–Kendall and the Sen's slope test at 5% significant level from SSP5-8.5 for 2021–2060 452 

GCM MPI-ESM1-2-LR EC-Earth3 BCC-CSM2-MR 

Indices Z 
Sen's 

slope 
p Z 

Sen's 

slope 
p Z 

Sen's 

slope 
p 

TX90p 3.182 0.347 1.46E-03 1.212 0.110 2.26E-01 5.922 0.402 3.19E-09 

TX10p -2.460 -0.141 1.39E-02 -1.657 -0.067 9.76E-02 -2.122 -0.137 3.38E-02 

TN90p 3.939 0.526 8.19E-05 5.676 0.741 1.38E-08 6.748 0.838 1.50E-11 

TN10p -3.862 -0.160 1.12E-04 -4.220 -0.189 2.45E-05 -2.196 -0.108 2.81E-02 

WSDI 2.684 0.500 7.28E-03 1.481 0.279 1.39E-01 2.600 0.170 9.32E-03 

CSDI -3.491 -0.231 4.81E-04 -2.733 -0.222 6.28E-03 -1.419 -0.091 1.56E-01 

RX5DAY 0.711 0.726 4.77E-01 0.396 0.280 6.92E-01 0.466 0.320 6.41E-01 

R95p 0.501 0.913 6.16E-01 2.179 7.502 2.94E-02 1.456 3.698 1.45E-01 

CDD -0.455 -0.119 6.49E-01 -1.224 -0.575 2.21E-01 1.669 0.240 9.52E-02 

CWD 0.877 0.083 3.81E-01 0.035 0.000 9.72E-01 -0.364 0.000 7.16E-01 

 453 

Table 7 | Mann–Kendall and the Sen's slope test at 5% significant level from SSP5-8.5 for 2061–2100 454 

GCM MPI-ESM1-2-LR EC-Earth3 BCC-CSM2-MR 

Indices Z 
Sen's 

slope 
p Z 

Sen's 

slope 
p Z 

Sen's 

slope 
p 

TX90p 4.558 0.471 5.17E-06 5.432 0.520 5.57E-08 5.129 0.558 2.91E-07 

TX10p -3.720 -0.033 1.99E-04 -1.386 -0.010 1.66E-01 -2.954 -0.068 3.14E-03 

TN90p 4.604 0.629 4.14E-06 6.421 0.576 1.35E-10 5.457 0.434 4.84E-08 

TN10p -4.081 -0.037 4.49E-05 -3.953 0.000 7.71E-05 -2.818 0.000 4.84E-03 

WSDI 1.657 0.440 9.76E-02 3.742 1.177 1.83E-04 2.185 0.192 2.89E-02 

CSDI -4.049 -0.100 5.14E-05 -3.958 0.000 7.57E-05 -2.974 0.000 2.94E-03 

RX5DAY 0.408 0.548 6.83E-01 2.505 3.092 1.22E-02 0.478 0.492 6.33E-01 

R95p 2.155 8.861 3.11E-02 2.668 18.807 7.63E-03 0.361 1.032 7.18E-01 

CDD -0.175 -0.063 8.61E-01 -0.256 -0.197 7.98E-01 -0.047 0.000 9.63E-01 

CWD 1.788 0.167 7.38E-02 -1.378 -0.154 1.68E-01 -1.025 -0.031 3.05E-01 

 455 

3.6 Joint Analysis of Future Seasonal Variations in Temperature and Rainfall 456 

Researchers have acknowledged that climate variables act both jointly and concurrently rather than 457 

independently, in shaping of local climate. They may be misinterpreted and their true impact on the local 458 

climate may be underestimated if they are treated as distinct variables and calculated separately (Pandey et 459 

al. 2019). So, it is essential to comprehend their combined effect, for better understanding of regional 460 

climate change (Zhang et al. 2019).  461 

In this study the projected anomalies in temperature and rainfall were jointly analyzed, as illustrated in Fig. 462 

14. It is clear from the MPI-ESM1-2-LR model that temperature anomalies stay positive throughout the 463 
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year and showing continuous warming in every month for both the 2021-2060 and 2061-2100 periods under 464 

SSP2-4.5 and SSP5-8.5 scenarios. For March and April are predicted to have increased temperatures with 465 

an increase of rainfall under both scenarios. When there is a strong demand of water, the combined impact 466 

of rising temperatures and falling rainfall may be detrimental. However, June, July, August and September 467 

are likely to experience heavier rainfall along with moderate temperature increases. In Khulna, generally 468 

the heaviest rainfall occurs between June and August. Therefore, any additional increase in rainfall during 469 

this period may intensify the water logging and flood conditions in the study area. Fig. 15 and Fig. 16 470 

present comparable analyses using EC-Earth3 and BCC-CSM2-MR, respectively. Using EC-Earth3 data 471 

sets for SSP2-4.5 and SSP5-8.5 across the 2021-2060 and 2061-2100 periods, a similar kind of results were 472 

found in Fig. 15. According to analysis, July to September is predicted to be wetter in the future, whereas 473 

March and April from EC-Earth3 are predicted to be warmer and drier. For the BCC-CSM2-MR, rainfall 474 

anomaly pattern for March, April and June to September is not consistent as seen in Fig. 16. Under both 475 

SSP2-4.5 and SSP5-8.5 it displays positive temperature anomalies all year long. However, rainfall 476 

anomalies differ significantly from month to month with increases in parts of the monsoon (June to 477 

September) and post-monsoon (March to May) seasons and decreases in some mid-year months. This 478 

suggests that future warming combined with uneven rainfall distribution may result in hotter and drier 479 

conditions in Khulna at specific times of the year.  480 

 481 

Fig. 14 | Combined temperature and rainfall anomaly for future periods from MPI-ESM1-2-LR 482 
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 483 

Fig. 15 | Combined temperature and rainfall anomaly for future periods from EC-Earth3 484 

 485 

 486 

Fig. 16 | Combined temperature and rainfall anomaly for future periods from BCC-CSM2-MR 487 

 3.7 | Copula Analysis 488 

Here, we have determined the temporal variabilities of likely wet-cold and dry-hot situations by the 489 

combined analysis of rainfall and temperature anomalies. In our study, the ensemble means monthly 490 

anomalies under the SSP2-4.5 and SSP5-8.5 scenarios for the periods 2021–2060 and 2061–2100 were used 491 

in a copula-based analysis to examine the dependence structure between variable 1 (mean monthly 492 

temperature anomaly) and variable 2 (mean monthly rainfall anomaly). At first, Pearson's correlation, 493 
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Spearman's rank order and Kendall's tau were used to evaluate the dependence between variables 1 and 2 494 

and all scenario-period combinations revealed a significant negative link. For example, the comparable 495 

values under SSP2-4.5 during 2021–2060 were −0.2737, −0.2953 and −0.1953 respectively, significant at 496 

5% and the negative dependence increased under both SSP2-4.5 and SSP5-8.5 in 2061–2100. 497 

The marginal distributions of the two variables were evaluated for each scenario and time slice before the 498 

joint distribution was estimated. Under SSP2-4.5 for 2021–2060, it was found that the Generalized Pareto 499 

Distribution (GPD) best represented variable 2, whereas the Normal distribution best suited variable 1. 500 

Variable 1 for SSP2-4.5 between 2061 and 2100 followed the GPD, while variable 2 followed the skew-501 

normal distribution. The Generalized Extreme Value (GEV) distribution was used to fit variable 2 under 502 

SSP5-8.5 for 2021–2060, while the GPD was used to fit variable 1. In contrast, the Skew-normal 503 

distribution best represented variable 1 for SSP5-8.5 between 2061 and 2100, whereas the GPD suited 504 

variable 2 (Figs. 17-20). The parameters for both marginal and joint distributions were estimated using the 505 

maximum likelihood method and the goodness-of-fit was evaluated using the Chi-square test at a 5% 506 

significance level.  507 

 508 

 509 

 510 

 511 

 512 

 513 

Fig. 17 | Marginal distributions of (a) variable 1 (mean monthly temperature anomaly), 514 

Normal distribution and (b) variable 2 (mean monthly rainfall anomaly), Generalized Pareto Distribution 515 

(GPD) 516 

 517 

 518 

 519 

 520 

 521 

 522 

 523 

 524 

 525 

 526 

Fig. 18 | Marginal distributions of (a) variable 1 (mean monthly temperature anomaly), 527 

Generalized Pareto Distribution (GPD) and (b) variable 2 (mean monthly rainfall anomaly), Skew-normal 528 

distribution 529 
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 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

Fig. 19 | Marginal distributions of (a) variable 1 (mean monthly temperature anomaly), 539 

Generalized Pareto Distribution (GPD) and (b) variable 2 (mean monthly rainfall anomaly), Generalized 540 

Extreme Value (GEV) distribution 541 

 542 

 543 

 544 

 545 

 546 

 547 

 548 

 549 

 550 

 551 

Fig. 20 | Marginal distributions of (a) variable 1 (mean monthly temperature anomaly), 552 

Skew-normal distribution and (b) variable 2 (mean monthly rainfall anomaly), Generalized Pareto 553 

Distribution (GPD) 554 

 555 

The joint probability structure of temperature and rainfall anomalies was assessed using 20 copula families 556 

after the marginal distributions were fitted. The likelihood value, Akaike information criterion (AIC), 557 

Bayesian information criterion (BIC), root mean square error (RMSE) and Nash-Sutcliffe efficiency (NSE) 558 

were taken into consideration in order to rank the 20 copula families (Table 8). Notably, the best-fit copula 559 

family was found to be scenario-dependent. The findings show that, overall, the Cubic copula ranked first 560 

and was the chosen dependent structure for SSP2-4.5 during 2021–2060 (RMSE = 0.063668, NSE = 561 

0.695454). The Marshall-Olkin copula ranked highest for SSP2-4.5 during 2061-2100, while the AMH 562 

(Ali-Mikhail-Haq) copula consistently ranked first under SSP5-8.5 for both periods. 563 

 564 

 565 
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Table 8 | The overall ranking of the 20-copula family parametric models for SSP2-4.5 under 2021-2060 566 

Overall 

Rank 
Copula Family 

Rank 

logLik 

Rank 

AIC 

Rank 

BIC 

Rank 

RMSE 

Rank 

NSE 

Total 

Score 

1 Cubic 9 10 10 1 1 31 

2 Frank 1 1 1 18 18 39 

2 Gaussian 3 3 3 15 15 39 

4 Plackett 2 2 2 17 17 40 

5 Independence 13 7 7 7 7 41 

6 FGM 6 5 5 13 13 42 

7 AMH 7 6 6 12 12 43 

8 t-Student 4 4 4 16 16 44 

9 Clayton 8 9 8 11 11 47 

10 Fischer-Kock 5 8 9 14 14 50 

10 Raftery 16 14 14 3 3 50 

10 Shih-Louis 14 12 12 6 6 50 

13 Nelsen 15 13 13 5 5 51 

14 
Linear-

Spearman 
10 11 11 10 10 52 

15 Gumbel 18 16 16 2 2 54 

16 Cuadras-Auge 17 15 15 4 4 55 

17 
Fischer-

Hinzmann 
12 18 18 8 7 63 

17 Marshall-Olkin 11 17 17 9 9 63 

19 Joe 19 19 19 19 19 95 

20 Galambos 20 20 20 20 20 100 

 567 

The joint probability contours indicate a broadly negative dependence between mean monthly temperature 568 

anomaly (Variable 1) and mean monthly rainfall anomaly (Variable 2) under both SSP2-4.5 and SSP5-8.5. 569 

Fig. 21 depicts low to slightly negative rainfall anomalies are associated with relatively higher temperature 570 

anomalies for SSP2-4.5 during 2021-2060. It suggests warm-dry condition, whereas higher rainfall 571 

anomalies correspond to comparatively lower temperature anomalies indicates wet-cool conditions. A 572 

similar inverse pattern persists during 2061-2100, although the range of temperature anomaly shifts upward, 573 

implying a stronger warming signal in the later period (Fig. 22). Fig. 23 illustrates the same negative 574 

dependence is evident for 2021-2060 under SSP5-8.5 and becomes more pronounced during 2061-2100 575 

(Fig. 24), when very high temperature anomalies are mostly linked to low or near-zero rainfall anomalies. 576 

 577 

Overall, the copula analysis shows that under both SSP2-4.5 and SSP5-8.5 scenarios, the future relationship 578 

between mean monthly temperature anomaly and mean monthly rainfall anomaly is marked by a continuous 579 

negative dependence. The findings suggest that whereas wetter months often have comparatively smaller 580 

temperature anomalies, warmer months are more likely to be linked to rainfall shortages. This pattern 581 

emphasizes the growing probability of warm-dry conditions in the future, especially under the higher-582 
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emission SSP5-8.5 scenario and in the far future, which could exacerbate water scarcity, drought stress and 583 

climate-related risks. 584 

 585 

 586 

 587 

 588 

 589 

 590 

 591 

 592 

 593 

 594 

 595 

 596 

 597 

 598 

 599 

Fig. 21 | Copula joint probability of temperature and rainfall anomaly from SSP2-4.5 2021- 2060 600 

 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

 609 

 610 

 611 

 612 

 613 

 614 

Fig. 22 | Copula joint probability of temperature and rainfall anomaly from SSP2-4.5 2061- 2100  615 
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 625 

 626 

 627 

 628 

 629 

Fig. 23 | Copula joint probability of temperature and rainfall anomaly from SSP5-8.5 2021-2060 630 

 631 

 632 

 633 

 634 

 635 

 636 

 637 

 638 

 639 

 640 

 641 

 642 

 643 

 644 

Fig. 24 | Copula joint probability of temperature and rainfall anomaly from SSP5-8.5 2061-2100 645 

Conclusion: 646 

From this study it is clear that the hydroclimatic problems of the Khulna region are going to be more severe 647 

in the future due to climate change. Khulna is a low-lying coastal district in the south-west of Bangladesh, 648 

already facing several climate-induced stresses including salinity intrusion, freshwater scarcity, tidal 649 
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flooding, drainage congestion, waterlogging and reliance on climate-sensitive livelihoods. Hence, a sound 650 

scientific basis for future projections is essential extremes to support robust adaptation and water resources 651 

management strategies. 652 

We evaluated future changes in temperature, rainfall, hydroclimatic extreme indices, seasonal variability 653 

and compound risks via copula based joint probability, using three CMIP6 models (MPI-ESM1-2-LR, EC-654 

Earth3 and BCC-CSM2-MR) under SSP2-4.5 and SSP5-8.5 scenarios. The finding indicates a persistent 655 

warming trend with both maximum and minimum temperatures rising and nighttime warming being 656 

particularly significant. Heat related extremes (warm days, warm nights, warm spells) will increase, while 657 

cold extremes will decline. Rainfall projections are more complex: although annual and monsoon rainfall 658 

to rise their distribution will become increasingly uneven. Monsoon months (June to September) are likely 659 

to experience more intense wet spells. It will worsen waterlogging and drainage problems while the dry and 660 

pre-monsoon seasons will see longer consecutive dry days. It will intensify water scarcity and salinity stress. 661 

This results in two opposing but related stressors. 662 

The seasonal integration confirms this asymmetry: pre-monsoon warming with rainfall deficits will drive 663 

evaporation and salinity pressure while monsoon excess rainfall will elevate flood risks. The copula-based 664 

analysis reveals a robust negative dependence between temperature and rainfall anomalies which means 665 

above average temperatures strongly increase the likelihood of below average rainfall (warm-dry events). 666 

This tendency is especially pronounced under SSP5-8.5 and in the late-century period. The joint probability 667 

analysis produced compelling evidence that the temperature anomaly and rainfall are likely to occur 668 

together in the future, increasing the dangers and difficulties, surpassing those presented by specific 669 

incidents alone and (Hao et al. 2018) have made similar observation. 670 

Overall, this study shows that the climate of Khulna is likely to be warmer, more variable and more extreme 671 

in the future. Water management must be integrated rather than single-hazard due to this "two-ended" 672 

climate stress, which alternates between droughts and floods. The results emphasize the critical need for 673 

better freshwater storage and drainage, salinity management, heat-risk readiness, and climate-smart 674 

farming. This study offers useful scientific information to help policymakers create sustainable adaptation 675 

and catastrophe risk reduction plans for the Khulna region by examining the combined effects of 676 

temperature and rainfall. 677 

 678 

 679 

 680 
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  S   =   Summation   of   [   sgn ( X j   −   X i )   ]


    Z mk   =   0     [ if   S   =   0 ]


    Z mk   =   ( S   +   1 )   /   √ V ( S )     [ if   S   <   0 ]


    Z mk   =   ( S   +   1 )   /   √ V ( S )     [ if   S   <   0 ]


  Q i   =   ( X j   −   X k )   /   ( j   −   k )


    If   N   is   an   odd   number :   Q med   =   Q _ ( ( N + 1 ) / 2 )


    If   N   is   an   even   number :   Q med   =   [   Q _ ( N / 2 )   +   Q _ ( ( N + 2 ) / 2 )   ]   /   2


    If   N   is   an   even   number :   Q med   =   [   Q _ ( N / 2 )   +   Q _ ( ( N + 2 ) / 2 )   ]   /   2


  M ( x )   =   P [ X   < =   x ]


  N ( y )   =   P [ Y   < =   y ]


  N ( y )   =   P [ Y   < =   y ]


    1     if   ( X j   −   X i )   >   0


  P [ X   < =   x ,   Y   < =   y ]   =   C (   M ( x ) ,   N ( y )   )


    0     if   ( X j   −   X i )   =   0


    0     if   ( X j   −   X i )   =   0


    − 1   if   ( X j   −   X i )   <   0


    − 1   if   ( X j   −   X i )   <   0


  V ( S )   =   [   n ( n   −   1 ) ( 2 n   +   5 )   −   Summation   of   {   t ( t   −   1 ) ( 2 t   +   5 )   }   ]   /   18


    Z mk   =   ( S   −   1 )   /   √ V ( S )     [ if   S   >   0 ]


    Z mk   =   0     [ if   S   =   0 ]

