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Abstract 

Dhaka, one of the world’s fastest-growing megacities, is increasingly vulnerable to compound climate extremes, 

which involve multiple climate hazards occurring together or in close succession. This study examines the evolution 

of compound climate extremes in Dhaka over the previous 25 years (2000–2024) using sophisticated statistical 

techniques, such as Mann-Kendall trend analysis, change point detection and copula-based joint probability modeling 

to identify compound extreme events and heatwave patterns. Our analysis reveals three distinct climatological periods: 

2000-2007 (stable patterns), 2008-2016 (transitional period), and 2017-2024 (enhanced extremes era). Findings 

suggested that hot-dry compound events totaled 749 occurrences, increasing from 17.8 events/year in the early period 

to 39.3 events/year in the recent period (p < 0.01). Heatwave frequency rose from 2.4 to 5.6 events/year, comprising 

total 102 heat wave events (p < 0.01). Both hot-dry events and heatwaves were predominantly observed during the 

pre-monsoon months, with 70% and 66% of occurrences recorded between March and May.  Joint-probability analysis 

revealed asymmetric changes in heat–moisture coupling: while the likelihood of heavy rainfall following hot days 

remained stable (~3.5%), the occurrence of hot days following heavy rainfall markedly increased from 1.7% to 4.5%. 

The findings emphasize an urgent need for adaptive urban planning, multi-hazard early-warning systems, and 

resilience strategies to mitigate escalating compound climate risks in Dhaka. 

Keywords: Heatwaves, Compound Climate Extremes, Climate Resilience, Joint Probability Analysis, Urban Climate 

Vulnerability 

1. Introduction 

Compound climate events—instances where extreme heat, dryness, or intense rainfall co-occur or follow in quick 

succession—are highlighted in the IPCC Sixth Assessment Report as key pathways by which anthropogenic warming 

escalates risk, with South Asia identified as highly exposed and vulnerable (IPCC, 2022). Multiple global and regional 

assessments report that compound hot–dry and hot–wet extremes have intensified more rapidly than many single-

variable indices since the 1990s and are projected to continue increasing under further warming (Seneviratne et al., 

2012; Diffenbaugh et al., 2017; Zscheischler et al., 2018). 

Dhaka faces rising compound climate hazards driven by rapid urbanization and vegetation loss, which have intensified 

the urban heat island (UHI) effect. UHI intensity rose by ~0.21 °C per decade from 1995–2019 (Tabassum et al., 

2024), broader Bangladesh analyses also report robust UHI trends across major cities (Dewan et al., 2021). Station 

records show significant warming over 1948–2010 (Hasan et al., 2013). Using BMD observations for 1991–2021, 

heat-wave frequency (and multi-day events) increased across many stations (Rahman et al., 2024). Recent BMD 

analyses also report rising heat-wave activity since the 1980s–1990s (BMD, 2024). Dhaka reached 40.6 °C on 16 April 

2023, the highest since 1965 (Financial Express, 2023; New Age, 2023). On the hydrological side, non-stationary 

modeling shows shifting 24-hour rainfall return levels (1990–2015) (Dey & Patwary, 2025, and city records indicate 

increases in annual daily maximum rainfall relevant for urban drainage design (Ahammed, Hewa, & Argue, 2014). 

Together, these thermal and moisture extremes heighten the risk of compound impacts. These physical trends are 

further compounded by high social vulnerability. Observed increases in outdoor WBGT across Bangladesh (1979–

2021) rising by ~0.08–0.5 °C per decade with more high/extreme heat-stress days and projections showing large mid–

late-century increases across South Asia together indicate escalating heat-stress risk for Bangladesh, including Dhaka 

(Kamal et al., 2024; Ullah et al., 2022). The World Bank identifies Dhaka as a global urban-heat hotspot and calls for 

urgent, targeted adaptation and risk-management measures (World Bank Group, 2024). 
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Despite this context, two key knowledge gaps remain for Dhaka: (i) heat–rainfall interactions haven’t been analyzed 

using copula methods that capture non-linear extremes; and (ii) the apparent post-2017 regime shift in extremes has 

not been formally tested with station-level change-point diagnostics. National-level work does show significant 

temperature–precipitation (heat–dryness) dependence, underscoring the need for Dhaka-specific analysis (Prodhan & 

Islam, 2025). 

This study uses daily data from BMD’s Dhaka station (2000–2024) to: (a) build percentile-based indices and classify 

four compound extremes; (b) assess trends using Mann–Kendall and Sen-slope with bootstrap CIs; (c) detect structural 

shifts via the Pettitt test with FDR control; and (d) estimate empirical-copula conditional probabilities to monitor 

seasonal heat–moisture coupling. 

2. Materials and Methods 

2.1 Data Collection 

This study employs a comprehensive dataset of 9,040 complete daily meteorological records obtained from the 

Bangladesh Meteorological Department's Dhaka station (located at 23.77°N, 90.38°E, elevation 8.45 m) spanning 

from January 1, 2000, to September 29, 2024. Daily observations include maximum temperature (𝑇max) and total 

precipitation. 

2.2 Data Processing — seasonal stratification 

Seasonal analyses follow the Bangladesh Meteorological Department (BMD) calendar, which partitions the year into 

four meteorological seasons: Winter (Dec–Feb), Pre-monsoon (Mar–May), Monsoon (Jun–Sep), and Post-monsoon 

(Oct–Nov) (BMD 2024). 

2.3 Extreme Event Definition and Compound Classification 

2.3.1 Percentile Based Threshold Approach 

Extreme climate events are typically defined using percentile thresholds from long-term records to identify significant 

deviations from normal conditions (Zhang et al., 2011; Donat et al., 2013). In this study, thresholds were calculated 

using Python’s panda’s quantile function on daily data from 2000–2024. A hot day corresponds to 𝑇max > 35.2∘(90th 

percentile), while a cold day reflects 𝑇max < 25.8∘C (10th percentile). Heavy rain events exceed 17.0 mm/day (90th 

percentile), and dry days are those with precipitation ≤ 1 mm. 

 

2.3.2 Heatwave Definition 

In this study, a heatwave is defined as at least three consecutive days with maximum temperatures above the 90th 

percentile (35.2 °C for Dhaka), based on 2000–2024 data using Python’s pandas.quantile() function. This percentile-

based method reflects local climate conditions and is widely used to enable consistent, regionally relevant 

comparisons. (Perkins & Alexander, 2013; Perkins-Kirkpatrick & Lewis, 2020). 

2.3.3 Compound Event Classification 

Compound climate extremes, where multiple hazards occur simultaneously, are critical for risk management due to 

their amplified impacts (Zscheischler et al., 2018). Using percentile thresholds from Sections 2.3.1 and 2.3.2, we 

classified compound events from a 25-year daily dataset (2000–2024). Four types of compound events were defined 

based on concurrent exceedance of temperature and precipitation thresholds (Hao et al., 2018; De Luca et al., 2020): 

Hot–Dry (𝑇max > 35.2∘, precipitation ≤ 1 mm), Hot–Wet (𝑇max > 35.2∘, precipitation > 17.0 mm), Cold–Dry 

(𝑇max < 25.8∘C, precipitation ≤ 1 mm), and Cold–Wet (𝑇max < 25.8∘C, precipitation > 17.0 mm). 
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2.4 Statistical Methods and Trend Analysis 

2.4.1 Trend Detection 

Mann–Kendall test. The non-parametric Mann-Kendall (MK) test was applied to detect monotonic trends in annual 

time series, adjusting for serial correlation using the modified effective sample size method (Mann, 1945; Kendall, 

1975; Hamed and Rao, 1998; Yue and Wang, 2004). The MK statistic is computed as: 

𝑆 = ∑ ∑ 𝑠𝑔𝑛(𝑥𝑗 − 𝑥𝑖)𝑛
𝑗=𝑖+1

𝑛−1
𝑖=1      (Eq- 1) 

where sgn is the sign function. Kendall's tau (τ) is computed as τ=  
𝑆

 
𝑛(𝑛−1)

2

  ( Eq- 2) and statistical significance is 

assessed using the standard normal approximation with continuity correction. 

Sen Slope Estimator and Confidence Intervals. Trend magnitude was quantified using the Sen slope estimator, 

calculated as the median of all pairwise slopes (Sen, 1968). This estimator is robust to outliers, making it suitable for 

environmental data. Ninety-five-percent confidence intervals for the Sen slope were derived through a non-parametric 

bootstrap with 1,000 resamples, providing distribution-free uncertainty bounds (Efron and Tibshirani, 1993). All MK 

statistics, Sen slopes and bootstrap intervals were produced in Python 3.10 with the pymannkendall, numpy and scipy 

libraries. 

2.4.2 Change Point Detection 

Abrupt shifts in the temperature series were assessed with the non-parametric Pettitt rank test, which is well suited for 

detecting a single change point in hydro-climatic data (Pettitt, 1979). For each partition t in the ordered series X1,…,Xn 

the statistic is calculated; The most probable change point corresponds to the time t* at which ∣Ut∣ attains its maximum.  

𝑈𝑡 = ∑ ∑ 𝑠𝑔𝑛(𝑥𝑖 − 𝑥𝑗)𝑛
𝑗=𝑡+1

𝑡
𝑖=1    (Eq- 3) 

Significance is assessed with Pettitt’s asymptotic p-value, and p-values from multiple tests are adjusted using the 

Benjamini–Hochberg false-discovery-rate procedure (Benjamini and Hochberg, 1995). Computations were carried 

out in Python with the ruptures package and custom numpy routines. 

2.4.3 Joint Probability Analysis 

Compound 𝑇max precipitation extremes were modelled with an empirical copula that separates the marginal CDFs FX 

and FY from their dependence structure (Sklar, 1959):  

𝐻(𝑥, 𝑦) = C(Fx(x), FY(y))   (Eq- 4) 

where C is the empirical copula estimated from the rank-transformed data (Genest and Favre, 2007). Once C is 

obtained, joint return periods and conditional probabilities—e.g. P(Y>y ∣ X>x) — are computed following the 

hydrological-extremes methodology of Salvadori et al. (2007). This non-parametric framework captures non-linear 

tail dependence and tracks changes in temperature–precipitation coupling across 2000–2024 (Renard & Lang, 2007). 

All copula fitting and probability calculations were executed in Python using the statsmodels, NumPy, and bespoke 

numerical integration scripts. 

3. Results 

3.1 Comprehensive Extreme Event Analysis 

Cold–dry events are most frequent (820 days, 9.1%; 32.8/year), peaking in winter, followed by hot–dry events (749 

days, 8.3%; 30.0/year) concentrated in the pre-monsoon season. Wet compound extremes are rare: cold–wet events 

occur on 45 days (0.5%; 1.8/year), mainly in winter, and hot–wet events are least frequent (29 days, 0.3%; 1.2/year), 

but represent major monsoon hazards. A total of 102 heatwave events (≥3 days, 𝑇max ≥35.2°C) were identified (1.1% 

of days; 4.1/year), primarily during the pre-monsoon. Thresholds and summary statistics for all event types are 

presented in Table 1. 
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Table 1. Threshold criteria and frequency of compound events and heatwaves (2000 – 2024) 

Event 

Type 

Total 

Events 

% of 

Days 

Events 

yr⁻¹ 

95 % CI 

(events 

yr⁻¹) 

Primary 

Season 

Threshold Criteria 

Hot–Dry 749 8.29% 30.0 27.9 – 32.2 Pre-monsoon T≥ 35.2°C, P≤ 1.0 mm 

Cold–Dry 820 9.07% 32.8 30.6 – 35.1 Winter T ≤ 25.8°C, P ≤ 1.0 mm 

Cold–Wet 45 0.50% 1.8 1.3 – 2.4 Winter T ≤ 25.8°C, P ≥ 17.0 mm 

Hot–Wet 29 0.32% 1.2 0.8 – 1.7 Monsoon T ≥ 35.2°C, P ≥ 17.0 mm 

Heatwave 102 1.13% 4.1 3.3 – 5.0 Pre-monsoon ≥3 consecutive days, T≥ 35.2°C 

 

3.2 Temporal Evolution and Climate Regime Changes 

Both compound extremes and heatwaves show coordinated dramatic increases between early (2000-2007) and recent 

(2017-2024) periods, suggesting systematic climate system changes affecting multiple extreme manifestations 

simultaneously. Heatwaves increased 136.8% (2.4 to 5.6 events/year, p < 0.01), hot-dry events rose 121.1% (17.8 to 

39.3 events/year, p < 0.01), and hot-wet events increased 133.3% (0.6 to 1.4 events/year, p < 0.05). Change-point 

analysis of heatwave frequency indicates three distinct climate regimes: 

• Stable Period (2000–2007): 19 heatwaves (2.4/year), average duration 5.3 days, peak 38.7°C. 

• Transition Period (2008–2016): 38 events (4.2/year), average 5.8 days, peak 39.8°C. 

• Enhanced Extremes (2017–2024): 45 events (5.6/year), average 6.2 days, record 40.6°C. 

 

Table 2. Temporal Evolution of Extreme Event Frequencies 

Event 

Type 

Early 

Period 

(2000-2007) 

95 % CI Recent 

Period 

(2017-2024) 

Absolute 

Change 

95 % CI Percenta

ge 

Change 

Statistical 

Significance 

Heatwaves 2.4 

events/year 

1.4 – 3.7 5.6 

events/year 

+3.2/year 4.1 – 7.5 +136.8% p < 0.01 

Hot-Dry 17.8 

events/year 

15.0 – 

20.9 

39.3 

events/year 

+21.5/year 35.0 – 43.8 +121.1% p < 0.01 

Hot-Wet 0.6 

events/year 

0.2 – 1.5 1.4 

events/year 

+0.8/year 1.0 – 2.9 +133.3% p < 0.05 

Cold-Dry 33.8 

events/year 

30.5 – 

38.8 

30.9 

events/year 

-2.9/year 24.9 – 32.4 -8.6% p = 0.18 

 

3.3 Seasonal Concentration and Critical Vulnerability Periods 

Compound climate extremes in Dhaka display pronounced seasonality. Hot-Dry events and heatwave days are 

predominantly confined to the pre-monsoon months (March–May), comprising 70% and 66% of annual totals, 

respectively. Cold-Dry events reach their highest frequency in January (5%), whereas Hot-Wet events peak in July, 

accounting for 35% of occurrences. These results indicate distinct seasonal windows for heat-drought, cold-drought, 

and hot-wet risks (Fig. 1). 
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Figure 1. Monthly Distribution of Extreme Events 

3.4 Joint Probability Analysis and Heat-Moisture Relationships 

Annually, the conditional probability of heavy rainfall given a hot day (P [Heavy Rain | Hot Day]) remains stable, 

increasing slightly from 3.01% to 3.48%. The probability of a hot day following heavy rainfall (P [Hot Day | Heavy 

Rain]) rises from 1.70% to 4.48%, indicating an increased co-occurrence of heat extremes after rainfall events. During 

the monsoon season, P [Heavy Rain | Hot Day] decreases from 6.9% to 5.4%, suggesting a reduction in hot-wet event 

coupling in recent years. 

 

Table 3. Evolution of Joint Probability Measures 

Probability 

Measure 

Analysis 

Period 

Early 

Period 

(2000-

2007) 

95 % CI Recent 

Period 

(2017-

2024) 

95 % 

CI 

Change Interpretation 

P (Heavy Rain | 

Hot Day) 

Annual 3.01% 1.3 – 6.9 3.48% 2.1 – 

5.7 

+14.5% Stable overall 

coupling 

P (Hot Day | 

Heavy Rain) 

Annual 1.70% 0.7 – 3.9 4.48% 2.9 – 

7.9 

+163.5% Strengthened 

reverse coupling 

P (Heavy Rain | 

Hot Day) 

Monsoon 

Season Only 

6.9% 1.9 – 22.0 5.4% 2.9 – 

10.0 

-21.7% Monsoon-specific 

weakening 

 

3.5 Annual Trends and Temporal Evolution 

Annual heatwave frequency at Dhaka increased significantly from 2000 to 2024, with a Sen’s slope of +0.181 events 

yr⁻¹ (R² = 0.32, p = 0.003), corresponding to +1.81 events per decade. Compound hot–dry days rose at an even greater 

rate, +1.36 days yr⁻¹ (R² = 0.47, p < 0.001), or +13.6 days per decade. Concurrently, the annual mean daily temperature 

exhibited a robust upward trend of +0.046 °C yr⁻¹ (R² = 0.55, p < 0.001), equivalent to +0.46 °C per decade. All trends 

are highly significant (p < 0.01), underscoring a rapid intensification of both heat extremes and compound hot–dry 

conditions over the past quarter century. 
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Figure 2. Annual Frequency Trends (2000-2024) 

3.6 Discussions 

The present analysis shows that Dhaka has experienced an intensification of heat-related compound climate extremes 

since 2017. Both hot-dry days and heatwaves have more than doubled in frequency compared to the early 2000s, with 

the most pronounced changes concentrated in the April–May pre-monsoon window. This pattern is consistent with 

national-scale evidence of increasing heat-wave hotspots and frequencies across Bangladesh during 1991–2021 

(Rahman et al., 2024). Our results suggest that local land-surface changes, including rapid urbanization and loss of 

green cover, have amplified the regional climate signal and contributed to the new “enhanced-extremes” regime. 

A notable finding is the asymmetric evolution of heat and rainfall coupling. While the probability of heavy rain 

following a hot day (P[Rain|Hot]) remained stable, the probability of a hot day following heavy rain (P[Hot|Rain]) 

increased by 163%. This pattern supports the idea that, under current warming, humid air masses and altered urban 

energy balances increase the likelihood of compound hazards, as documented in broader studies (Diffenbaugh et al., 

2017; Zscheischler et al., 2018). These shifts heighten the risk of consecutive heat and rainfall events, particularly 

during July. 

These evolving climate extremes have critical implications for urban climate resilience strategies. The significant rise 

in hot-dry event frequency challenges the current effectiveness of Dhaka’s single-threshold heat alert system, 

potentially leading to public complacency due to frequent alerts. We propose implementing a tiered heat alert system 

that escalates according to risk severity, aligning alert levels more accurately with actual hazard intensities. 

Additionally, urban infrastructure urgently requires adaptations to withstand intensified compound climate stresses. 

Infrastructure improvements such as enhanced drainage and retention systems must be specifically designed to manage 

the increased incidence of heavy rainfall events following heat extremes. 

Several limitations exist in this study. Our analysis is constrained by data from a single monitoring station, limiting 

spatial representativeness. Furthermore, reliance on daily rather than sub-daily data may obscure finer-scale climate 

interactions. Future research should address these limitations by expanding the spatial coverage, incorporating high-

resolution temporal data, and integrating detailed social vulnerability assessments to enhance risk projections. 

4. Conclusions 

This study demonstrates that Dhaka has entered an enhanced-extremes regime since 2017, with more than a twofold 

increase in hot-dry days and heatwaves, particularly during the April–May pre-monsoon season. The likelihood of a 

hot day following heavy rainfall also rose significantly, indicating stronger compound climate interactions. These 

changes are consistent with national heat-wave trends yet appear locally amplified by rapid urbanization and loss of 

green cover. The findings highlight the need for a tiered heat-alert protocol, compound heat-and-flood warnings, and 

drainage designs sized for heavy rain after hot antecedent days. 
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