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ARTICLE INFO ABSTRACT

Keywords: Understanding spatiotemporal variability in precipitation and temperature and their future
Gl"bfﬂ climate models projections is critical for assessing environmental hazards and planning long-term mitigation and
Multi-model ensemble adaptation. In this study, 18 Global Climate Models (GCMs) from the most recent Coupled Model

Shared socioeconomic pathways
Downscaling
Projections

Intercomparison Project phase 6 (CMIP6) were employed to project the mean annual, seasonal,
and monthly precipitation, maximum air temperature (Tmax), and minimum air temperature
(Tmin) in Bangladesh. The GCM projections were bias-corrected using the Simple Quantile
Mapping (SQM) technique. Using the Multi-Model Ensemble (MME) mean of the bias-corrected
dataset, the expected changes for the four Shared Socioeconomic Pathways (SSP1-2.6, SSP2-
4.5, SSP3-7.0, and SSP5-8.5) were evaluated for the near (2015-2044), mid (2045-2074), and
far (2075-2100) futures in comparison to the historical period (1985-2014). In the far future, the
anticipated average annual precipitation increased by 9.48%, 13.63%, 21.07%, and 30.90%,
while the average Tmax (Tmin) rose by 1.09 (1.17), 1.60 (1.91), 2.12 (2.80), and 2.99 (3.69) °C
for SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, respectively. According to predictions for the
SSP5-8.5 scenario in the distant future, there is expected to be a substantial rise in precipitation
(41.98%) during the post-monsoon season. In contrast, winter precipitation was predicted to
decrease most (11.12%) in the mid-future for SSP3-7.0, while to increase most (15.62%) in the
far-future for SSP1-2.6. Tmax (Tmin) was predicted to rise most in the winter and least in the
monsoon for all periods and scenarios. Tmin increased more rapidly than Tmax in all seasons for
all SSPs. The projected changes could lead to more frequent and severe flooding, landslides, and
negative impacts on human health, agriculture, and ecosystems. The study highlights the need for
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localized and context-specific adaptation strategies as different regions of Bangladesh will be
affected differently by these changes.

1. Introduction

Climate change (CC) is currently the most pressing environmental concern of the twenty-first century. Its impact on food security is
already evident, with changes in precipitation patterns, rising air temperatures, and more recurring extremes [1,2]. This issue is
compounded by inadequate management of environmental resources and a limited ability to adapt in developing countries [3,4].
Bangladesh, as a developing country, is highly exposed to climatic shifts. They experienced a substantial rise in air temperature,
monsoon and post-monsoon precipitation, while winter precipitation decreased during the late twentieth century due to CC [5-7].
Extreme weather events directly attributable to climatic changes have become increasingly common in recent years and have been
responsible for substantial financial losses and human casualties in Bangladesh [8,9]. As global warming continues, extreme weather
trends are projected to continue throughout the present century [10-12]. Thus, knowing how precipitation and air temperature will
alter is vital to develop effective strategies for reducing climatic risk.

The Global Climate Models (GCMs) are the fundamental tool for understanding the potential impacts of CC [13,14]. Previous
studies on the future climate of Bangladesh have mostly used GCMs from CMIP3 [15,16] and CMIP5 [7,10,11,17-19]. The Coupled
Model Intercomparison Project phase 6 (CMIP6) GCMs based on CMIP6 are improved forms of preceding CMIPs in a number of ways,
including better geographical resolution and improved modelling of cloud microphysical processes [20,21]. Therefore, the CMIP6
GCM ensemble is more reliable for climate projections than the previous CMIP ensembles.

GCMs contain systematic biases related to the observations [22]. Bias removal of GCM outputs is needed to study local- and
regional-scale CC impacts on different sectors [23-25]. Dynamical and statistical techniques are used for downscaling and bias
correction of GCM predictions. Statistical downscaling techniques develop statistical relations between reference datasets (Observed)
and GCM outputs. In contrast, dynamical techniques involve a regional climate model (RCM) embedded within a GCM to produce
high-resolution climate data [26]. Each technique has some benefits and shortcomings. The key disadvantages of dynamic down-
scaling strategies are high computing costs, data storage and errors [27]. Consequently, statistical methods are extensively employed
in CC impact and adaptation research.

A wide range of techniques are used for correcting GCM biases, including quantile mapping [25], delta change [28], and mean
correction [29]. Amongst them, quantile mapping methods are widely recognized as the most reliable [30-32]. This research used a
quantile-based technique to correct the biases. Additionally, it is challenging to manage substantial uncertainty in GCM predictions.
Climate projections are prone to three main types of uncertainty: future emissions (uncertainty associated with scenarios), internal
climatic variability, and inter-model differences. Internal variability is essentially stable throughout time series, but other uncertainties
increase with time but at varying rates. Different methodologies have yielded similar results, indicating no ideal way to separate the
uncertainty [33]. Although various approaches have been suggested to deal with the uncertainty of climate projections, model
ensembling is being most widely suggested to solve this problem and improve projection accuracy and reliability [29,34].

CC is a growing concern worldwide, leading to increased research on climate parameters and elements. Researchers have predicted
changes in temperature and precipitation using GCMs in various regions. Numerous studies have investigated future CC using CMIP6
GCMs [35-38]. In India, Sarkar et al. [39] found that precipitation is expected to decrease by 9-27% in future periods. Summer rainfall
in Korea is forecast to drop while becoming more intense, according to research [40]. Meanwhile, Leong Tan et al. [41] evaluated the
effects of climate change on Malaysia’s water resources and found that the country can anticipate more precipitation during the wetter
months and fewer during the drier months.

Summer rainfall in the southeastern United States has been shown to rise significantly under the influence of rising temperatures
and water vapour flow, according to research Ferreira et al. [42]. According to the HadGEM2 model predictions for the Urmia Lake
basin in northwestern Iran by Heydari et al. [43], precipitation is expected to decrease while temperature increases in the near future.
Jiang et al. [44] projected a substantial increase in average annual rainfall for Central Asia by the end of the 21st century based on 15
models from the CMIP6 under four SSP scenarios. Finally, Yue et al. [38] examined changes in temperature and precipitation in the
Yangtze River Basin in China and concluded that they will probably increase in the long term under different SSP scenarios, with some
degree of uncertainty surrounding the exact values predicted.

Qin et al. [45] found better simulation for projecting temperature changes using five CMIP6 models than precipitation changes for
northwest China. Regardless of the scenario, significant increases in both temperature and precipitation are expected in the 21st
century. You et al. [46] utilized 20 GCMs from CMIP6 and three SSPs scenarios to forecast temperature changes in China. They
determined that temperature is expected to increase in all future periods.

Progress has also been made in projecting the climate of Bangladesh [21,47-49]. Kamruzzaman et al. [48,49] assessed the relative
performance of CMIP6 models. Kamal et al. [47] used six CMIP6 GCMs to estimate changes in precipitation and drought in Bangladesh
for the two shared socioeconomic pathways (SSP1-1.9 and SSP1-2.6). Recently, Das et al. [21] assessed extreme rainfall characteristics
using four CMIP6 GCMs for two emission scenarios. Since the simulation results depend on the models employed, it is more insightful
to investigate changes in air temperature and precipitation in Bangladesh from a large set of models and diverse scenarios. The spatial
and temporal trends and variability in future precipitation and temperature changes on seasonal and annual timescales are poorly
understood. Moreover, none of the previous studies used a wide range of CMIP6 models and scenarios for projecting Bangladesh’s
climate. The present study is expected to address this gap.
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The primary objective of this work was to shed light on the future of rainfall, maximum temperature (Tmax), and minimum
temperature (Tmin) in Bangladesh using the most recent CMIP6 dataset. The aims of this study were to (1) assess how well CMIP6
models reproduced observed patterns of precipitation and temperature; (2) investigate the spatiotemporal variability and changes in
projected precipitation and temperature; and (3) investigate the seasonal and annual precipitation, and temperature trends during the
near (2015-2044), mid (2045-2074), and far (2075-2100) futures in Bangladesh. This study examined the annual and seasonal
change in precipitation, Tmax, and Tmin only as they are the most critical climate variables for studying climate change impacts
assessment and adaptation planning.

2. Study region and facts
2.1. Bangladesh

Bangladesh, a country in south Asia, is located between 20°34'N and 26°38'N and 88°01’E and 92°41’E (Fig. 1). With the exception
of the hilly regions in the southeast and east, most of the 1,48,460 km? land of the country consists of flood plains. There are low-lying
areas with “delta-shaped” landforms due to elevation ranges 1-60 m above mean sea level [50]. Bangladesh experiences four distinct
seasons, which are as follows: winter (December-February), pre-monsoon (March-May), monsoon (June-September), and
post-monsoon (October-November), as stated by Jerin et al. [51]. The winter is very dry, whereas the monsoon season receives the vast
bulk of its annual precipitation. Northwest-to-northeast rainfall ranges from 1500 to 4000 mm [52]. The highest summertime tem-
peratures typically range from around 38 to about 41 °C. April is the hottest month while January is the coldest (with mean daytime
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Fig. 1. Topographic map of the study area. The elevation expressed in meters above means sea level. Source: Digital Elevation Model (DEM) from
https://earthexplorer.usgs.gov/.
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highs of 16-20 °C and lows of approximately 10 °C throughout the country). Evapotranspiration is 3.72 mm d~! and the mean daily
relative humidity is 80% [9]. Bangladesh is often hit by a variety of natural catastrophes, including but not limited to floods, cyclones,
and droughts. This makes it highly vulnerable to disasters and CC.

2.2. Data

2.2.1. Reference data

There are numerous temporal and spatial inconsistencies in the climate records of Bangladesh. A scant number of weather stations
are dispersed unevenly across the country. Additionally, weather stations are infrequent in remote areas and hilly mountainous re-
gions. Grid-based climatic variables data for Bangladesh can be obtained from satellites and global model reanalysis. Based on rainfall
and temperature detection metrics, ERA5 demonstrated superior performance in Bangladesh [53]. The ERA5 dataset was used by Zhai
et al. [54] for predicting droughts in south Asian countries, including Bangladesh. Recently, Kamruzzaman et al. [49] used the ERAS as
reference data to evaluate the skills of CMIP6 GCMs in modeling rainfall data over Bangladesh. Therefore, we employed the ERA5
reanalysis as a reference dataset in this investigation. The climate data for ERA5 was retrieved from the ECMWF website (https://
www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5). The ERA5 was developed using a technique to interpolate in-situ
precipitation datasets, which included infrared cloud datasets as a covariate. The present study employed an ERAS5 dataset
covering the years 1985-2014, with a spatial resolution of 0.25°.

2.2.2. Global Climate Models (GCMs)

The Earth System Grid (ESG) Data Portal (https://esgf-node.lInl.gov/search/cmip6) was used to gather the simulation results of 18
CMIP6 GCMs [14]. The GCMs were selected considering the availability of precipitation, Tmax, and Tmin simulations for SSP1-1.26,
SSP2-4.5, SSP3-7.0, and SSP5-8.5. While there is no universally agreed upon “best performing” GCM, the selected models are widely
used in climate modeling research and have been shown to produce reliable results in previous studies. The CMIP6 future scenario
experiments are divided into main priority categories, including 1) the tier-1 experiments with SSPs (SSP1-1-2.6, SSP2-4.5, SSP3-7.0,
and SSP5-8.5), and 2) the tier-2 experiments with SSPs (SSP1-1.9, SSP4-3.4, SSP4-6.0, and SSP5-3.4) [55]. The key features of each
GCM, such as their developing institution and spatial resolution, are displayed in Table S1. This study only used the results from the
first realization (r1ilp1fl) of each GCM to keep the evaluations consistent and to minimize the model bias. Considering the variable
spatial resolutions among the models, a bilinear interpolation technique was used to re-grid the GCM historical simulations to the
ERAS grid resolution (0.25° x 0.25°) for the assessment. Recently, Kamruzzaman et al. [49] used an analogous method to evaluate
CMIP6 GCMs in Bangladesh.

3. Methods
3.1. Bias-correction

Daily GCM simulations for the years 1985-2100 were downscaled to ERA5 resolution using the SQM method and then bias-
corrected based on ERA5 data. The SQM approach uses empirical quantile mapping to refine GCM simulations independently. The
following three-steps were: (1) extraction of the GCM data corresponding to each target ERA5 grid location, (2) assessment of GCM’s
biases, and (3) bias-correction of projections. Using Eq. (1), the retroactive period differences between observed and simulated cu-
mulative distribution functions (CDFs) were calculated and applied to future simulations for a particular percentile:

x;; (t): xp(t) + F(:bls (vasim (Xp (t))) - F;slim (FP-Sim (Xp(t))) @

where GCM bias-corrected and raw predictions for day t are denoted by x'p(t) and xp(t), respectively. F(6) and F~1(6) are a CDF of GCM
simulations, 6, and its inverse, respectively. Subscripts p.sim, r.sim, and obs denote the projection, retrospective simulation, and ERA5
daily data, respectively [7]. ERA5 and raw GCM data are used as inputs in an empirical equation that is not parametric because such
approaches have been shown to be more effective at minimizing systematic bias than parametric methods [56].

3.2. Performance evaluation

A graphical tool known as the Taylor Diagram is commonly used to present the performance of a model using a range of metrics
[57]. It offers a concise overview of the statistical associations among the observations and models by depicting the root mean square
(RMS) difference, correlation coefficient (R), and the ratio of standard deviations (SDs) of two patterns on a single graph [57].

Root Mean Square Deviation (RMSD): RMSD is a measure of the difference between predicted and observed values. It is often used
to evaluate the accuracy of mathematical models or simulations. RMSD can be calculated by Eq. (2).

1 2
RMSD = \/;Z (y_pred - y-obs) 2)

where: n is the number of observations, y_pred is the predicted value, y_obs is the observed value or true value. X is the summation
operator that sums over all observations.
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Standard Deviation: Standard deviation is a measure of the amount of variation or dispersion in a set of data. It is often used to
describe the spread of a data set around its mean. Standard deviation (6) can be calculated by Eq. (3).
The formula for standard deviation is:

6 =VExi-p?/@-1)

3

where: ¢ is the sample standard deviation. x_i is the i-th observation in the sample. p is the sample mean. n is the sample size. X is the
summation operator that sums over all observations.

Correlation Coefficient: Correlation coefficient is a statistical measure that indicates the degree of linear relationship between two
variables. Correlation Coefficient (r) can be calculated by Eq. (4).

(XI—PX)(YI—PY )

where: r is the Pearson correlation coefficient, x_i is the i-th observation in the x dataset, y_i is the i-th observation in the y dataset. p_x is
the mean of the x dataset, p_y is the mean of the y dataset, X is the summation operator that sums over all observations.

The numerator calculates the sum of the product of the deviations of x and y from their respective means, while the denominator is
the product of the standard deviations of x and y. This formula is used to measure the linear relationship between two variables, x and
y, ranging from —1 (perfect negative correlation) to 1 (perfect positive correlation).

The simulation of the model is optimal when RMS is nearer to 0, and R and the ratio of SDs are equivalent to 1. The ability of both
the uncorrected and bias-corrected models was assessed using the Taylor Diagram. Previous studies have used the Taylor diagram to
evaluate the GCMs [38,48,49].

3.3. Change analysis

Precipitation and maximum and minimum temperatures were forecast using GCM historical and projected data for four different
scenarios. Precipitation changes were expressed as percentages, while Tmax and Tmin were absolute changes. As defined earlier, the
temperature and precipitation datasets were examined between the baseline timeframe and three different future periods (near, mid
and far).
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Fig. 2. Taylor diagrams for raw (a,b,c) and bias corrected (d,e,f) annual mean precipitation (1st column), Tmax (2nd column), and Tmin (3rd
column) of 18 CMIP6 GCMs and their MME mean for the historical period.
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3.4. Trend analysis

The future climatic trends were estimated using the trend-free pre-whitening Mann-Kendall (TFPW-MK) method [13]. The
TFPW-MK method is better than the classical Mann-Kendall (MK) test [58,59] and is extensively used by scientists all over the globe to
eliminate the effect of serial correlation on trend significance [60,61]. The TFPW-MK can preserve the actual trend in the series [62].
Moreover, Sen’s slope (SS) estimator was used to estimate the changing rate [59,63]. Additionally, SS has been routinely used to
determine changes in hydro-meteorological data [11,52,64]. Statistical significance was determined using a critical probability value
of 0.05 (p < 0.05).

3.5. Multi-model ensemble (MME) mean

The multi-model ensemble of 18 GCMs (18-MODEL ENSEMBLE) is calculated by Eq. (5).
MME = 1/n * (1 = 1) *n GCMs_i 5)

where n is the number of GCMs being used in the ensemble, GCMs_i represents the output of the ith GCM, and the symbol } (i =1) "n
denotes the sum of the outputs of all the GCMs being used. The MME mean is the average of the outputs of all the GCMs, and it is used to
produce a more reliable estimate of future climate conditions than any single model could provide.
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Fig. 3. Bias in the MME mean annual precipitation (%) (a) before and (b) after bias correction, Tmax (°C) (c) before and (d) after bias correction,
and Tmin (e) before and (f) after bias correction.

89 90 91 92 88 89 90 91 92



M. Kamruzzaman et al. Heliyon 9 (2023) e16274
4. Results and discussion
4.1. Bias-corrected outputs evaluation

Fig. 2 shows the performance of GCM precipitation, Tmax, and Tmin using Taylor diagrams (Fig. 2a—c) and the bias-corrected
(Fig. 2d-f) outputs with respect to the observations from 1985 to 2014. For rainfall, all raw model R-values were lower than 0.65
(Fig. 2a). The model’s bias-corrected values were higher than 0.99 (Fig. 2d). Before bias-correction, the normalized SDs of rainfall
ranged from 0.37 to 1.5. At the same time, it was closer to 1 after bias-correction, suggesting that the rainfall SDs were near to ERA5
SDs. The SQM decreased the centered RMS deviations. Similarly, the normalized SD and R values were all nearer to 1, and the RMS
values were low for bias-corrected Tmax and Tmin compared to rows Tmax and Tmin. Overall, all 18 GCMs’ performance improved
after applying SQM. Fig. 2 also demonstrates that the MME mean of the models was superior to that of individual models in simulating
all climate variables when the models were given equal weight in developing the MME. In particular, the MME had higher R-values
(>0.99) than individual models for rainfall, Tmax, and Tmin. MME’s normalized SDs were closer to the individual models, and MME’s
centered RMS deviations in the three climatic parameters were lower than the individual models. In general, the MME outperforms
individual models. The average MME precipitation, Tmax, and Tmin biases for 1985-2014 prior and post bias correction are shown in
Fig. 3. The results suggest that the MME of CMIP6 GCMs had a significant bias before bias correction (Fig. 3a, c, e). For instance, the
rainfall over Bangladesh was overestimated but underestimated in the northeastern region (bias >60%), and Tmax and Tmin were
underestimated before bias correction (Fig. 3a, ¢, e). Thus, the SQM technique was employed to adjust the erroneous precipitation
estimates, Tmax, and Tmin. The results showed that the biases of all three climate variables were dramatically reduced after cor-
rections using SQM (Fig. 3b, d, and f). The findings indicate that the SQM approach significantly lowered the biases in the CMIP6
GCMs, allowing the findings to be utilized for effective CC impact assessments. Hence, the average MME bias-corrected results were
used to investigate predicted future temperature and precipitation changes across Bangladesh from 2015 to 2100.

4.2. Air temperature and precipitation projection

4.2.1. Mean monthly projection
To further understand seasonal variations, the mean changes in precipitation, Tmax, and Tmin for various months were also looked
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Fig. 4. Monthly precipitation (mm) cycle for the historical period and four SSPs in three future periods. The shaded area represents the uncertainty
(one inter-model standard deviation) of 18 CMIP6 GCMs.
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at. All four SSPs were used to examine the expected variations in precipitation, Tmax, and Tmin for various months across three time
periods (2015-2044, 2044-2074, and 2075-2100). These changes are presented in Figs. 4-6 for SSP1-2.6, SSP2-4.5, and SSP3-7.0.
SSP1-2.6, SSP2-4.5, and SSP3-7.0 all have these alterations seen in Figs. 4-6.

Fig. 4 and Table 1 depicts a rise in precipitation (%) in certain future periods and scenarios in all months other than November
through March. For all SSPs, the far future rise in rainfall was predicted to be greater than the increases in the near- and far futures. In
January, the precipitation values for SSP2-4.5 and SSP3-7.0 are expected to fall by 6.65 and 13.92%, respectively, in the mid-future. In
the near future, the precipitation in February is predicted to fall by 10.08% and 11.33% for SSP1-2.6 and SSP5-8.5, respectively. The
highest reduction in precipitation for the month of December was anticipated to be 30.70% in the mid-future, according to SSP3-7.0,
followed by 20.16% in the far-future, according to SSP2-4.5. In the far future, SSP5-8.5 will see an increase in precipitation of more
than 45% between September and November.

Fig. 5 and Table 2 illustrate the anticipated changes in mean monthly maximum temperature (Tmax) for the near, mid, and far
futures under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios. Tmax was projected to increase in all months for all futures
and SSPs. The greatest increase in Tmax would be in February by 0.33-0.64 °C in the near, 1.27-1.97 °C in the mid and 1.31-3.88 °Cin
the far future for all SSPs, while relatively less increase in the June-August. However, a larger increase in Tmax will be in the far future
than in the near and mid future for all SSPs.

Fig. 6 and Table 3 illustrate the anticipated change in average monthly Tmin for the near, mid, and far futures for different SSPs. In
all months, the estimated monthly Tmin increased for all periods and SSPs. November would expose to the biggest increase in Tmin by
0.73-0.82 °C in the near, 1.45-2.53 °C in the mid, and 1.34-4.57 °C in the far future for all SSPs, whereas June-August would
experience a relatively smaller increase. However, like Tmax, Tmin will increase more in the far future than other periods for all SSPs.

4.2.2. Annual temporal projected changes

Fig. 7 displays long-term projections for area-averaged precipitation, Tmax, and Tmin across Bangladesh. Precipitation and air
temperature exhibited a variable rising trend from 2015 to 2100 for different scenarios. Fig. S1 of the supplementary material shows
the change in annual precipitation and air temperature (Tmax and Tmin) compared to 1985-2014.

The annual precipitation changes across Bangladesh from 2015 to 2100 was: 1.75%-21.06% for SSP1-2.6, —2.6%-19.3% for SSP2-
4.5, —3.3%-30.3% for SSP3-7.0, and 0.6%-47.9% for SSP5-8.5 (Fig. S1a). In the far future (2075-2100), the mean precipitation across
Bangladesh was projected to increase most by 30.9% for SSP5-8.5, followed by 21.1% for SSP2-4.5 and 13.6% for SSP3-7.0, and the
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Fig. 5. Monthly cycle of Tmax (oC) for the historical period and four SSPs in three future periods. The shaded area represents the uncertainty (one
inter-model standard deviation) of 18 CMIP6 GCMs.
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Fig. 6. Monthly cycle of Tmin (oC) for the historical period and four SSPs in three future periods. The shaded area represents the uncertainty (one
inter-model standard deviation) of 18 CMIP6 GCMs.

Table 1
Changes in monthly precipitation (%) in future periods for four SSPs.

Future period Scenario Month

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
NF SSP126 2.20 —10.08 5.14 9.82 0.39 7.50 4.34 2.48 3.57 0.55 10.07 —7.33
SSP245 6.96 3.97 -3.17 4.28 5.32 3.54 3.17 1.88 5.51 1.32 -7.21 -19.77
SSP370 2.78 —0.25 —4.70 5.84 1.63 2.92 3.54 3.03 5.62 6.99 0.90 —15.45
SSP585 -0.33 —11.33 2.42 6.10 0.89 1.05 5.03 7.34 5.71 8.00 12.42 2.81
MF SSP126 —-5.29 14.77 15.89 7.21 7.10 1.97 8.11 9.11 10.05 11.96 23.71 -7.75
SSP245 —6.65 11.29 11.97 5.38 9.48 7.04 4.83 10.46 9.12 9.91 —3.48 -11.82
SSP370 —13.92 —3.25 —7.54 4.47 7.66 4.89 9.16 8.97 9.13 10.81 4.31 —30.70
SSP585 -9.18 8.33 4.01 9.14 12.02 10.12 8.00 14.57 11.95 17.06 15.11 -12.24
FF SSP126 28.04 17.32 12.36 10.54 4.45 6.71 3.78 10.74 7.96 16.65 —-0.36 -1.25
SSP245 —4.81 8.59 7.63 14.63 6.27 10.98 7.37 13.39 13.17 22.12 20.70 —13.09
SSP370 1.62 2.76 18.05 12.10 23.09 9.37 11.53 17.31 17.68 20.20 15.63 —20.16
SSP585 8.50 23.08 18.16 26.86 22.60 19.39 16.15 22.89 26.88 45.46 24.36 -11.79

least projected precipitation increase was 9.5% for SSP1-2.6.

From 2015 to 2100, the average annual Tmax and Tmin went up almost the same amount in Fig. 7b and c. Both temperatures were
projected to rise continuously for SSP3-7.0 and SSP5-8.5. However, the temperatures were predicted to rise slightly just before the mid-
century and to fall gently later (around 2075) under SSP1-2.6. (Fig. S1 b, c). SSP1-2.6 was the only scenario where the temperature
increases by 2100 were less than 2 °C, as shown in Fig. 5b, c. After 2085, it is expected that the increases in Tmax and Tmin for SSP2-4.5
would still be greater than 2 °C. For SSP5-8.5, the average Tmax (Tmin) was predicted to rise more than 2 °C by around 2070 (2060),
suggesting that Tmin will rise faster than Tmax. Furthermore, the variations in projected air temperature increases between the various
scenarios were comparatively lower until 2055 for both Tmax and Tmin but increased gradually after that. In the far future, the
average annual Tmax (Tmin) was projected to rise by 1.10 (1.17 °C), 1.60 (1.9 °C), 2.12 (2.80 °C), and 2.99 (3.6 °C) from lower to
higher SSPs. Fig. 7 suggests a noticeable variability among the 18 models, indicating large uncertainty in the projection of air
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Table 2
Changes in monthly Tmax (°C) in three future periods for four SSPs.
Future period Scenario Month
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
NF SSP126 0.52 0.64 0.52 0.53 0.55 0.39 0.37 0.52 0.59 0.52 0.52 0.58
SSP245 0.34 0.33 0.34 0.21 0.25 0.28 0.35 0.44 0.53 0.42 0.42 0.42
SSP370 0.36 0.34 0.31 0.15 0.22 0.27 0.34 0.49 0.54 0.43 0.37 0.37
SSP585 0.33 0.35 0.29 0.20 0.32 0.33 0.34 0.50 0.57 0.46 0.46 0.42
MF SSP126 1.08 1.27 117 1.23 1.15 0.90 0.71 0.81 0.95 0.89 1.00 1.08
SSP245 1.24 1.33 1.14 1.18 1.05 0.93 0.88 1.00 1.13 1.06 1.22 1.26
SSP370 1.20 1.29 1.24 1.15 1.00 0.99 0.97 1.15 1.31 1.25 1.24 1.21
SSP585 1.85 1.97 1.90 1.71 1.62 1.35 1.21 1.39 1.61 1.58 1.83 1.74
FF SSP126 1.21 1.31 1.33 1.39 1.31 0.94 0.76 0.85 0.94 0.87 1.04 1.19
SSP245 1.77 1.92 1.86 1.84 1.65 1.28 1.19 1.37 1.49 1.42 1.68 1.71
SSP370 2.37 2.60 2.40 2.22 1.87 1.70 1.55 1.82 2.05 2.16 2.44 2.31
SSP585 3.46 3.88 3.59 3.36 2.85 2.38 1.91 2.32 2.62 2.75 3.45 3.38
Table 3
Changes in monthly Tmin (°C) in three future periods for four SSPs.
Future period Scenario Month
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
NF SSP126 0.70 0.63 0.73 0.64 0.71 0.55 0.41 0.53 0.59 0.76 0.73 0.66
SSP245 0.66 0.60 0.68 0.54 0.65 0.51 0.41 0.51 0.59 0.74 0.73 0.60
SSP370 0.64 0.60 0.66 0.54 0.64 0.55 0.43 0.56 0.63 0.83 0.81 0.60
SSP585 0.63 0.58 0.66 0.55 0.64 0.56 0.44 0.60 0.67 0.82 0.82 0.67
MF SSP126 1.19 1.35 1.34 1.18 1.22 1.00 0.70 0.84 0.95 1.28 1.45 1.18
SSP245 1.53 1.65 1.64 1.43 1.45 1.21 0.92 1.10 1.24 1.55 1.68 1.56
SSP370 1.72 1.85 1.81 1.64 1.66 1.42 1.07 1.32 1.52 1.96 2.01 1.68
SSP585 2.27 2.33 2.36 2.08 2.07 1.70 1.29 1.55 1.86 2.34 2.53 2.19
FF SSP126 1.35 1.32 1.46 1.29 1.34 1.04 0.71 0.85 0.94 1.20 1.34 1.24
SSP245 2.05 2.22 2.28 2.02 1.98 1.59 1.22 1.47 1.65 2.05 2.28 211
SSP370 3.08 3.36 3.25 2.87 2.72 2.29 1.76 211 2.53 3.16 3.46 3.05
SSP585 4.17 4.53 4.40 3.82 3.58 2.94 2.20 2.68 3.19 3.99 4.57 4.20

temperature and precipitation. The shaded regions indicate an increase in projection uncertainty with time.

4.2.3. Spatial variability in projected changes

Figs. 8-10 show the spatial changes in the projected mean annual precipitation, Tmax and Tmin in the future for four SSPs. The
projected annual mean precipitation was predicted to rise over Bangladesh in all periods and scenarios relative to the reference
timeframe (Fig. 8a-1). Notably, precipitation was projected to rise by >12% in the near future (Fig. 8a-d) and by 4-23% in the mid-
future (Fig. 8e-h) for four SSPs. The most significant rise in precipitation was projected in the far future at 22-50% for SSP5-8.5,
followed by 15-36% for SSP3-7.0, 8-21% for SSP2-4.5, and 5-14% for SSP1-2.6 (Fig. 8i-1). The most significant rise in average
annual precipitation was anticipated for northwestern Bangladesh.

Fig. 9 shows the geographical variability of anticipated annual average Tmax changes for four distinct SSPs. In every scenario, the
northern and coastal regions are anticipated to experience a greater increase in temperature. The annual mean Tmax was expected to
rise by 0.86, 0.63, 0.65, and 0.78 °C in the near future (Fig. 9a-d) and by 1.43, 1.53, 1.67, and 2.25 °C in the mid future for lower to
higher SSPs, respectively (Fig. 9e-h). In the far future, Tmax is expected to grow by 1.46, 2.03, 2.82, and 3.79 °C for four SSPs,
respectively (Fig. 9i-1). In the far future, the southern coastal area was predicted to have the greatest rise in Tmax (3.5 °C).

Similar to Tmax, Tmin showed a sharp rise across Bangladesh for all four scenarios (Fig. 10). The rise in Tmin was predicted to be
higher than Tmax and was projected to rise by 0.84, 0.78, 0.80, and 0.82 °C in the near future (Fig. 10a-d), 1.50, 1.82, 2.04, and
2.51 °C in the mid-future (Fig. 10e-h), and 1.56, 2.38, 3.34, and 4.26 °C in the far, and 2.51 °C in the mid-future (Fig. 10e-h), and 1.56,
2.38, 3.34, and 4.26 °C in the far future like Tmax, the greatest rise in average annual Tmin was projected for SSP5-8.5. The largest rise
in Tmin (>4 °C) was projected for the southern coastal region of Bangladesh.

4.2.4. Future trends

MME annual average precipitation, Tmax, and Tmin trends over the period (2015-2100) for various scenarios were investigated
using TFPW-MK tests and SS analysis (Table 4). There was a statistically significant rising trend (p< 0.01) in all three variables. The
annual rainfall was projected to rise by 16.88, 35.28, 62.45- and 93.59-mm decade ! for SSP1-2.6 to SSP5-8.5, respectively. On the
other hand, the mean annual Tmax (Tmin) was projected to rise by 0.10 (0.09), 0.21 (0.22), 0.30 (0.37), and 0.44 (0.53) °C decade!
for SSP1-2.6 to SSP5-8.5, respectively. For each scenario of emissions, the findings show that precipitation and air temperature would
rise in Bangladesh.
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Fig. 7. Areal average annual (a) precipitation (mm), (b) Tmax (oC), and (c¢) Tmin (oC) in Bangladesh from 1985 to 2100. Historical simulations
(red), SSP12.6 (light green), SSP24.5 (green), SSP370 (blue), and SSP5-8.5 (pink) from the mean (solid line) of the MME, with one inter-model
standard deviation (shaded area).

Fig. 11 shows spatial patterns in MME annual precipitation trends from 2015 to 2100 for the four SSPs. The precipitation was
projected to increase significantly for SSP1-2.6 over most of Bangladesh (p < 0.05) (Fig. 11a). With greater emission levels, more
regions of Bangladesh will experience a statistically significant upward precipitation trend. A significantly increasing rainfall trend was
projected over the whole of Bangladesh for SSP2-4.5 (Fig. 11b), SSP3-7.0 (Fig. 11c), and SSP5- 8.5 (Fig. 11d). The spatial distribution
of the changes revealed that the increased annual precipitation would steadily increase from the south to the north of Bangladesh,
especially northeastern regions.

Fig. 12 shows the variation in average annual Tmax trends around the country for the four SSP scenarios from 2015 to 2100. The
projected Tmax displayed a significant increasing trend across all of Bangladesh over the twenty-first century for all SSPs. The Tmax
demonstrated a comparatively lower rate of warming (<0.15 °C decade 1) across Bangladesh for SSP1-2.6 (Fig. 12a). Still, the
warming was more rapid (0.13-0.26 °C decade ') for SSP2-4.5 (Fig. 12b) and even more rapid (0.22-0.38 °C decade 1) for SSP3-7.0
(Fig. 12¢). The highest rising rate was predicted for SSP5-8.5 by 0.32-0.52 °C decade ! over most of Bangladesh (Fig. 12d).

The spatial distribution of the annual average Tmin trends for 2015-2100 for four SSPs is shown in Fig. 13. The projected Tmin
exhibited a significant increasing trend (p < 0.05) over Bangladesh during 2015-2100. The warming rates of the mean annual Tmin
were also greater for greater greenhouse gas emission levels. SSP1-2.6 provided the least rate of increase for Tmin (°C decade ™) across
the country (Fig. 13a). A more rapid warming of 0.19-0.28 °C decade ! was projected for SSP2-4.5 (Figs. 13b) and 0.33-0.44 °C
decade ! for SSP3-7.0 (Fig. 13c). The largest rate of increase for Tmin was 0.47-0.6 °C decade™! for SSP5-8.5 (Fig. 13d). The highest
increased was demonstrated in the western part and southern coastal region of Bangladesh.
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Fig. 8. Changes (%) in annual mean precipitation in the (a-c) near, (d—f) mid, and (g-i) far futures for four SPPs.

4.2.5. Seasonal analysis
Table 5 details the projected changes in seasonal average precipitation, Tmax, and Tmin from the historical epoch over three
different durations.

4.2.5.1. Precipitation. Monsoon, pre-monsoon, and post-monsoon seasons observed a rise in precipitation, whereas winter seasons
experienced a drop across all scenarios and time periods (Table 6). The post-monsoon was predicted to have the greatest precipitation
increase. For the SSP5-8.5 scenario, an increase of 16.74% was predicted in the near future, while a significantly higher increase of
41.98% was projected for the far future. The monsoon and post-monsoon precipitations were projected to increase by 20.80% and
23.41% in the far future for SSP5-8.5, respectively. SSP2-4.5 was anticipated to have the smallest increase in monsoon precipitation
(3.45%). Precipitation levels after the monsoon (post-monsoon) were predicted to drop by 0.09% for SSP2-4.5 in the near future. The
predicted change in winter precipitation was between —7.02% and 15.62% for SSP1-2.6, —0.36% and 2.86% for SSP2-4.5, —2.24%
and —11.12% for SSP3-7.0, and between —6.17% and 12.88% for SSP5-8.5. SSP3-7.0 projected the most significant precipitation
decrease (11.12%) in the mid-future.

4.2.5.2. Temperature. Winter showed the most substantial rise in Tmax and Tmin, whereas the monsoon season showed the least for
all future periods and scenarios. The winter Tmax (Tmin) was projected to rise by 1.16 (1.24), 1.71 (2.10), 2.32 (3.12), 3.44 °C (4.26
°C) for SSP1-2.6 to SSP5-8.5, respectively, in the far future. In contrast, monsoon Tmax (Tmin) was predicted to increase by 0.84
(0.88),1.26 (1.45),1.71 (2.14), 2.18 °C (2.70 °C) for SSP1-2.6 to SSP5-8.5, respectively, in far-future. The pre-and post-monsoon Tmax
(Tmin) were projected to rise by 3.22 (3.71) and 2.98 °C (4.20 °C), respectively, for SSP5-8.5.

4.2.6. The uncertainties of the projected changes

Uncertainties in future precipitation and temperature downscaling or projections are unavoidable [33]. They are the major con-
trolling factor in impact assessment, especially on the local or regional scale [65]. The widely used MME approach to minimize the
uncertainties was used herein [66,67]. Box and whisker diagrams were employed to exhibit the +1 inter-model SD (boxes) and
inter-model range (whiskers) for analyzing the uncertainty in the projected air temperature and precipitation (Fig. 14). The findings
illustrated that the uncertainty in projected precipitation, Tmax, Tmin, increased over time for all scenarios. This is consistent with the
results presented in Fig. 7. For the near and mid futures, the uncertainties in precipitation, Tmax, and Tmin were identical for all
scenarios. However, the uncertainties for the SSP5-8.5 were greater than the others in the far future. Moreover, Fig. 14 indicates the
MME mean projection has lower uncertainty ranges than each of the 18 bias-corrected models. Despite the advancements,
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Fig. 9. Changes (°C) in annual mean Tmax in the (a—c) near, (d-f) mid, and (g-i) far futures for four SPPs.

uncertainties remain in the projected air temperature and precipitation. More research is needed to reduce these uncertainties. In
reality, a small MME can be chosen by removing those that are deemed unrealistic to reduce the GCM-related uncertainty [68].

4.2.7. Evaluation of before and after bias-corrected data

Table 6 shows the evaluation of the MME mean precipitation, Tmax, and Tmin of the original and bias-corrected projections. The
findings suggest that raw GCM rainfall projections are lower than the bias-corrected precipitation projections for the identical period
and scenario, whereas Tmax and Tmin projections of raw GCMs are greater than the bias-corrected data. The findings confirm that the
CMIP6 GCMs underestimated the precipitation and overestimated Tmax and Tmin for Bangladesh (Section 4.1). This suggests the need
for bias correction of climate data for Bangladesh before the change and trend analysis.

The bias-corrected average MME showed a considerable rise in precipitation across Bangladesh for the period 2015-2100. The
lowest and greatest increases were projected for SSP1-2.6 and SSP5-8.5, respectively. The Tmax and Tmin were also projected to rise
across Bangladesh for all four scenarios. However, the rate of rise was nearly identical for the various scenarios. The air temperature
was projected to rise continuously over time for SSP3-7.0 and SSP5-8.5, but it is likely to rise in the near and mid futures and then be
steady or slightly drop in the far future for SSP1-2.6. Tmin was projected to rise faster than Tmax for all periods and scenarios, which
coincided with the findings of past investigations across Bangladesh using CMIP5 GCMs [69].

5. Discussion
5.1. Bias-correction and uncertainties

This study presents a comprehensive analysis of temperature and precipitation projections for Bangladesh using CMIP6 GCMs. It
provides valuable insights into the expected changes in precipitation, Tmax, and Tmin for Bangladesh, which is crucial for climate
impact assessment and long-term adaptation planning. The SQM approach effectively reduced the biases in CMIP6 GCMs, and the bias-
corrected output demonstrated a higher agreement with the historical observations. In addition, the MME of the GCMs outperformed
the individual models in simulating all climate variables. The consistency of these findings across multiple studies highlights the
importance of the SQM technique in climate modeling [21,48,49,70]. Many studies have shown that the MME forecast performance is
superior to the forecast of an individual (one-model-based) ensemble prediction systems [71-75]. The findings suggest that MME
approach can provide more accurate and robust climate projections, which can inform long-term adaptation planning and
decision-making. As CC continues to pose significant challenges to vulnerable regions such as Bangladesh, the use of advanced
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Fig. 10. Changes (°C) in annual mean Tmin in the (a-c) near, (d-f) mid, and (g-i) far futures for four SPPs.

Table 4
Trends in the MME mean annual rainfall, Tmax and Tmin from 2015 to 2100.
Climatic variable SSP126 SSP245 SSP370 SSP585
4 Slope Z Slope Z Slope Z Slope
Precipitation 3.62 16.88 9.75 35.28 5.61 62.45 7.90 93.59
Tmax 3.32 0.10 6.45 0.21 9.01 0.30 5.37 0.44
Tmin 2.76 0.09 5.78 0.22 5.28 0.37 4.57 0.53

Note: |Z| >2.58 indicates significance at 0.01. Sen’s slope estimator uses the following units for precipitation, Tmax, and Tmin: mm decade ™, °C
decade !, and °C decade !, respectively.

modeling techniques like SQM is crucial for developing effective adaptation strategies and building climate resilience.
5.2. Mean monthly projection

The precipitation is expected to increase in future periods and scenarios considered in all months except for few scenarios in
November-March. The rise in rainfall for far future is predicted to be greater than in the near- and mid-futures, which agrees with
previous studies where increased rainfall during May-October for RCP4.5 and all three future periods for RCP8.5 were reported [11].
Such increase in rainfall would be beneficial for irrigated crops but could be harmful for excess soil water sensitive crops. Depending on
the scenarios and time period during December-January, a decline in rainfall may lead to a rise in irrigation costs in the future.
Conversely, the projections for the SSP5-8.5 scenario in the far future indicate that the region could encounter a precipitation surge of
more than 45% from September to November. This suggests that the effect of climate change on precipitation could intensify with time,
potentially affecting water availability, agricultural productivity, and flood risk in the area.

Although Tmax and Tmin would be increased in all months for all futures and SSPs, the warming is expected to be more pronounced
in winter months (December—February). However, Tmin is projected to increase more than Tmax for all periods and scenarios. which is
coincided with the findings of past investigations for the MME of CMIP5 GCMs over Bangladesh [18,19,76]. Moreover, both Tmax and
Tmin are predicted to rise sharply across Bangladesh, with the coastal areas and northern region expected to experience the greatest
increase which is partially coincided with the previous study of [19] using CMIP5 GCMs. As a result, diurnal temperature range (DTR)
would decrease in future, that has potential negative consequences in public health and agricultural production [19,77]. Increase in
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Fig. 11. Spatial distribution of the trends in MME mean annual precipitation (in mm decade™ 1) during 2015-2100 for (a) SSP1-2.6, (b) SSP2-4.5, (c)
SSP3-7.0 and (d) SSP5-8.5. The "+" indicates a significant trend at p < 0.05.

night temperature will augment higher respiratory losses in crops and thus reduced grain yield. Moreover, comfortable temperature
zone for growth and development for livestock and fishes would be hampered greatly.

5.3. Annual projection

The study showed anticipated increase in precipitation by 9.48%, 13.63%, 21.07%, and 30.90% for SSP1-2.6, SSP2-4.5, SSP3-7.0,
and SSP5-8.5, respectively. This result is coincided with the findings of [11]. Using a Multi-Model Ensemble (MME) of 40 CMIP5 Global
Climate Models (GCMs), it was projected that Bangladesh may experience an increase in annual rainfall of 2.76-5.98% and
6.98-26.44% under RCP4.5 and RCP8.5 scenarios, respectively.

In addition, the average Tmax (Tmin) is projected to rise by 1.09 (1.17), 1.60 (1.91), 2.12 (2.80), and 2.99 (3.69) °C for the same
scenarios in the far future. The rise in both Tmax and Tmin is also projected to be higher in the far future, in line with previous studies.
Caesar et al. [17] utilized a 17-member perturbed physics ensemble of projections from a GCM to drive their RCM over South Asia from
1971 to 2099 and reported a projected increase in annual mean temperature by 2.6-4.8 °C by the year 2100, relative to the reference
period. Similarly, Alamgir et al. [76] used eight CMIP5 GCMs to perform statistical downscaling over Bangladesh and predicted an
increase in temperature by 2.7-4.7 °C under RCP 8.5 by the end of the century. Recently, Islam et al. [19] found that the mean annual
maximum temperature over Bangladesh is expected to rise by 0.61 °C and 1.75 °C in the near future and by 0.91 °C and 3.85 °C in the
far future for RCP4.5 and RCP8.5, respectively. Also, they predicted that the mean annual minimum temperature would rise by 0.65 °C
and 1.85 °C in the near future and by 0.96 °C and 4.07 °C in the far future for RCP4.5 and RCP8.5, respectively, which is in line with
what our study found.

The previous study [19] projected an average temperature rise of 3.24-5.77 °C in Bangladesh by the end of the century and
suggested that the southwest and south-central regions would experience a greater temperature increase. The current study shows that
in all scenarios, Tmax and Tmin are expected to rise across Bangladesh, with the southern coastal region projected to experience the
greatest increase in temperature. As southern coastal belt is already vulnerable for agriculture because of water salinity and tem-
perature, further temperature rise will be a great concern for agricultural sustainability in future. The northwestern region, the drier
part of Bangladesh, is projected to experience the highest increase in precipitation and thus it might be beneficial for that region in
terms of agricultural productivity. It should be noted that the yearly mean precipitation over the northwestern part of Bangladesh is
about 1400-1550 mm [78], which is lower across the country. The current study provides more detailed spatial projections of
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Fig. 12. Spatial distribution of the trends in MME mean Tmax (°C decade ') during 2015-2100 for (a) SSP1-2.6, (b) SSP2-4.5, (c) SSP3-7.0 and (d)
SSP5-8.5. The "+" indicates a significant trend at p < 0.05.

precipitation and temperature changes under different SSPs, which can help in developing adaptation strategies for Bangladesh.

5.4. Seasonal projection

The study found that precipitation in Bangladesh is expected to increase in the monsoon, pre-monsoon, and post-monsoon seasons,
with the post-monsoon season projected to experience the greatest increase. Winter seasons, on the other hand, are expected to
experience a decrease in precipitation across most of the scenarios and time periods. The smallest increase in monsoon precipitation
was anticipated for SSP2-4.5, while the most significant decrease in precipitation was projected for SSP3-7.0 in the mid-future. These
findings are consistent with previous studies that have also projected an increase in precipitation during monsoon seasons and a
decrease in winter precipitation in the Bangladesh due to climate change [11,79]. Increase in precipitation during monsoon might
aggravate flash flood situations in many low-lying areas of the country and thus transplanted aman rice, a dominant rainfed rice crop,
productivity can be reduced. The greatest increase in temperature was projected for the winter season, while the smallest increase was
predicted for the monsoon season. The pre- and post-monsoon seasons were also projected to experience a rise in temperature, with the
greatest increase predicted for SSP5-8.5. However, this study provides more detailed and updated projections using a state-of-the-art
climate model and a range of different scenarios, allowing for a more comprehensive understanding of the potential impacts of CC on
the region.

The results of the study suggest that Bangladesh will experience significant changes in precipitation and temperature patterns in the
future. The projected increase in precipitation during the monsoon and post-monsoon seasons may lead to an increased risk of flooding
and other related natural disasters [4,19]. These changes in precipitation patterns may have significant implications for agriculture,
food security, and water resource management in Bangladesh [21]. On the other hand, the decrease in precipitation during the winter
season may lead to water scarcity and other associated problems. Any decrease in surface water will increase dependency on
sub-surface water for irrigation and domestic uses. So, preservation of surface water will be one of the adaptation policies for
Bangladesh in future. The study’s findings also suggest that there will be a significant increase in temperature across all of Bangladesh,
with the highest increase predicted for the winter season. This rise in temperature may have adverse effects on public health,
particularly for vulnerable populations, such as children and the elderly [2,80]. The projected increase in temperature may also lead to
changes in ecosystems, with potential impacts on biodiversity, ecosystem services, and other ecological processes [81].
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Fig. 13. Spatial distribution of the trends in MME mean Tmin (°C decade™ ) during 2015-2100 for (a) SSP1-2.6, (b) SSP2-4.5, (c) SSP3-7.0 and (d)

SSP5-8.5. The "+" indicates

a significant trend at p < 0.05.

Table 5
Changes in seasonal precipitation (%), Tmax (°C) and Tmin (°C) for four SSPs in three future periods.
Variable Scenario Pre-monsoon Monsoon Post-monsoon Winter
Near Mid Far Near Mid Far Near Mid Far Near Mid Far
Precipitation SSP1-2.6 3.71 8.05 7.10 4.67 6.96 7.08 2.12 13.90 13.84 —7.02 6.04 15.62
SSP2-4.5 4.12 8.51 8.92 3.45 7.63 10.97 —-0.09 7.70 21.89 —0.36 2.86 1.37
SSP3-7.0 2.23 5.11 19.27 3.66 7.87 13.48 5.98 9.74 19.45 —2.80 -11.12 —2.24
SSP5.-8.5 2.61 10.32 23.41 4.55 10.93 20.80 8.73 16.74 41.98 —6.17 0.52 12.88
Tmax SSP1-2.6 0.50 1.10 1.29 0.46 0.82 0.84 0.54 0.94 0.93 0.58 1.07 1.16
SSP2-4.5 0.29 1.07 1.70 0.37 0.95 1.26 0.47 1.11 1.47 0.41 1.26 1.71
SSP3-7.0 0.26 1.09 2.00 0.39 1.04 1.71 0.41 1.27 2.25 0.35 1.24 2.32
SSP5.-8.5 0.33 1.76 3.22 0.40 1.33 218 0.49 1.65 2.98 0.48 1.86 3.44
Tmin SSP1-2.6 0.68 1.19 1.27 0.52 0.84 0.88 0.77 1.33 1.28 0.66 1.21 1.24
SSP2-4.5 0.64 1.44 1.97 0.52 0.84 0.88 0.76 1.59 212 0.61 1.58 2.10
SSP1-2.6 0.63 1.60 2.74 0.51 1.10 1.45 0.79 1.97 3.27 0.61 1.74 3.12
SSP2-4.5 0.68 2.15 3.71 0.52 1.28 2.14 0.88 2.39 4.20 0.70 2.28 4.26

5.5. Implications and limitations of the study

The findings of the research emphasize the pressing requirement for Bangladesh to formulate adaptation strategies to deal with the
anticipated alterations in precipitation and temperature patterns. These adaptation strategies should focus on improving water
resource management, promoting climate-resilient agricultural practices, enhancing public health infrastructure, and developing
climate-resilient infrastructure. The study’s findings also emphasize the importance of global efforts to mitigate greenhouse gas
emissions and address CC to minimize the adverse impacts on vulnerable countries such as Bangladesh.

This research also highlights the uncertainties associated with precipitation and air temperature projections in Bangladesh.
Although the MME method reduced the uncertainties, further efforts are needed to reduce them further. Future studies must focus on
improving the accuracy of climate models by incorporating more detailed physical processes, expanding the observational network,
and including regional feedback mechanisms. In addition, the study recommends selecting the best models from the CMIP6 for the
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Table 6
Raw and bias-corrected GCM projections of precipitation and air temperature across Bangladesh.
Variables Scenarios Projection based on raw data Projection based on bias corrected data
Near Mid Far Near Mid Far
Rainfall (mm) SSP126 1699.09 1764.15 1987.46 2455.66 2555.73 2549.82
SSP245 1685.33 1756.72 1798.71 2431.72 2566.68 2646.37
SSP370 1692.29 1751.07 1913.36 2439.88 2551.52 2819.63
SSP585 1697.80 1822.75 2048.15 2462.79 2664.80 3048.79
Tmax (°C) SSP126 31.14 31.75 30.41 29.67 30.17 30.24
SSP245 30.94 31.89 32.50 29.51 30.27 30.75
SSP370 30.91 31.93 33.18 29.50 30.32 31.27
SSP585 30.95 32.56 34.30 29.53 30.80 32.14
Tmin (°C) SSP126 22.09 22.66 22.84 21.769 22.27 22.30
SSP245 22.03 22.98 23.57 21.73 22.54 23.04
SSP370 22.05 23.25 24.63 21.75 22.76 23.93
SSP585 22.07 23.742 25.68 21.77 23.17 24.82
& o
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Fig. 14. Box-and-whisker graphs illustrating the projected changes in (a) precipitation (%), (b) Tmax (oC), and (c¢) Tmin (oC) throughout
Bangladesh in three future periods for SSPs. The box’s band represents MME mean. The bottom (top) of the box reflects the MME mean minus (plus)
one standard deviation, while the whiskers show the minimum and maximum simulated changes, respectively.

regional climate across Bangladesh and applying MME based on GCM’s performance-based weight for more accurate climate
projections.

The study provides crucial information for policymakers, researchers, and practitioners to plan and implement adaptation mea-
sures to minimize the negative impacts and harness the positive effects of CC in Bangladesh. The findings underscore the need for
continued efforts to improve the accuracy of climate models and reduce uncertainties to make informed decisions for CC impact
assessment and long-term adaptation planning.

6. Conclusions

This study employed the SQM technique to remove biases from CMIP6 GCMs and generated bias-corrected projections of pre-
cipitation, Tmax, and Tmin for Bangladesh. The results showed that the MME of the 18 GCMs outperformed individual GCMs and
produced significantly improved bias-corrected projections for all three climate variables. The findings suggest that precipitation is
expected to increase in certain future periods and scenarios in all months except November through March. However, the rise in
rainfall for the far future is predicted to be greater than the increases in the near- and mid-futures. The study also revealed that Tmax
and Tmin are expected to rise across Bangladesh, with the southern coastal region projected to experience the greatest increase in
temperature. The projected rise in precipitation is anticipated to be significant in all scenarios, with the most significant increase
projected in the far future for SSP5-8.5. Furthermore, the study found that precipitation and air temperature projections in Bangladesh
are prone to large uncertainties, highlighting the need for further studies to minimize uncertainties in projections for CC impact
assessment.

Overall, the results of this study have significant implications for climate impact assessment and long-term adaptation planning in
Bangladesh. The findings can be used to inform policy decisions and guide strategies to mitigate and adapt to the effects of CC in the
country. However, more research is required to reduce the uncertainties in climate projections further and enhance our understanding
of the complex interactions between different climatic variables in the region.

18



M. Kamruzzaman et al. Heliyon 9 (2023) e16274

Funding statement

This research did not receive any specific grant from funding agencies in public, commercial, or not-for-profit sectors.
Data availability

Data will be made available on request.
Authors contributions

Mohammad Kamruzzaman: Conceived and designed the experiments; Performed the experiments; Analyzed and interpreted the
data; Contributed reagents, materials, analysis tools or data; Wrote the paper.

Shahriar Wahid: Conceived and designed the experiments; Analyzed and interpreted the data; Contributed reagents, materials,
analysis tools or data; Wrote the paper.

Shamsuddin Shahid and Jatish Chandra Biswas: Analyzed and interpreted the data.

Edris Alam, Mohammed Mainuddin, H. M. Touhidul Islam, Jeapil Cho, Md. Mizanur Rahman, and Kelly R. Thorp: Analyzed and
interpreted the data; Contributed reagents, materials, analysis tools or data.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

We would like to express our sincere gratitude to the CRP-II project for their valuable contribution to this research. We are also
thankful to the members of the CRP-II project for their assistance and guidance throughout the duration of this research. Their
expertise and knowledge have been instrumental in shaping our research and ensuring its successful completion. Once again, we
extend our heartfelt thanks to the CRP-II project for their generous support and collaboration in this research endeavor.

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://doi.org/10.1016/j.heliyon.2023.e16274.

References

[1] IPCC, S.R. Ipcc, Climate Change and Land, an IPCC Special Report on Climate Change, Desertification, Land Degradation, Sustainable Land Management, Food
Security, and Greenhouse Gas Fluxes in Terrestrial Ecosystems, 2019.

[2] H.M.T. Islam, A.R. Md, T. Islam, Md Abdullah-Al-Mahbub, S. Shahid, A. Tasnuva, M. Kamruzzaman, Z. Hu, A. Elbeltagi, M.M. Kabir, M.A. Salam, S.M. Ibrahim,
Spatiotemporal changes and modulations of extreme climatic indices in monsoon-dominated climate region linkage with large-scale atmospheric oscillation,
Atmos. Res. 264 (2021), 105840, https://doi.org/10.1016/j.atmosres.2021.105840.

[3] A.E. Croitoru, A. Piticar, D.C. Burada, Changes in precipitation extremes in Romania, Quat. Int. 415 (2016) 325-335, https://doi.org/10.1016/J.
QUAINT.2015.07.028.

[4] IPCC, Climate Change 2014: IPCC Fifth Assessment Synthesis Report-Summary for Policymakers-An Assessment of Inter-governmental Panel on Climate Change,
2014.

[5] S. Shahid, Recent trends in the climate of Bangladesh, Clim. Res. 42 (2010) 185-193, https://doi.org/10.3354/cr00889.

[6] M.R. Rahman, H. Lateh, Climate change in Bangladesh: a spatio-temporal analysis and simulation of recent temperature and rainfall data using GIS and time
series analysis model, Theor. Appl. Climatol. 128 (2017) 27-41, https://doi.org/10.1007/500704-015-1688-3.

[7] M. Kamruzzaman, M.-W.W. Jang, J. Cho, S. Hwang, Future changes in precipitation and drought characteristics over Bangladesh under CMIP5 climatological
projections, Water (Switzerland) (2019) 11, https://doi.org/10.3390/w11112219.

[8] A.R.M.T. Islam, H.M.T. Islam, S. Shahid, M.K. Khatun, M.M. Ali, M.S. Rahman, S.M. Ibrahim, A.M. Almoajel, Spatiotemporal nexus between vegetation change

and extreme climatic indices and their possible causes of change, J. Environ. Manag. 289 (2021), https://doi.org/10.1016/j.jenvman.2021.112505.

J. Mallick, R. Salam, H.M.T. Islam, S. Shahid, M. Kamruzzaman, S.C. Pal, S.A. Bhat, A. Elbeltagi, T.R. Rodrigues, S.M. Ibrahim, A.R.M.T. Islam, Recent changes in

temperature extremes in subtropical climate region and the role of large-scale atmospheric oscillation patterns, Theor. Appl. Climatol. 148 (2022), https://doi.

org/10.1007/s00704-021-03914-4.

[10] M.G.R. Fahad, A.K.M. Saiful Islam, R. Nazari, M. Alfi Hasan, G.M. Tarekul Islam, S.K. Bala, Regional changes of precipitation and temperature over Bangladesh

using bias-corrected multi-model ensemble projections considering high-emission pathways, Int. J. Climatol. 38 (2018), https://doi.org/10.1002/joc.5284.

[11] H.M.T. Islam, A.R.M.T. Islam, S. Shahid, G.M.M. Alam, J.C. Biswas, M.M. Rahman, D.K. Roy, M. Kamruzzaman, Future precipitation projection in Bangladesh
using SimCLIM climate model: a multi-model ensemble approach, Int. J. Climatol. (2022), https://doi.org/10.1002/joc.7605.

[12] S.Das, M. Kamruzzaman, A.R. Md, T. Islam, Assessment of characteristic changes of regional estimation of extreme rainfall under climate change: a case study in
a tropical monsoon region with the climate projections from CMIP6 model, J Hydrol (Amst). 610 (2022), 128002, https://doi.org/10.1016/J.
JHYDROL.2022.128002.

[13] S. Yue, P. Pilon, B. Phinney, G. Cavadias, The influence of autocorrelation on the ability to detect trend in hydrological series, Hydrol. Process. 16 (2002),
https://doi.org/10.1002/hyp.1095.

[9

—_

19


https://doi.org/10.1016/j.heliyon.2023.e16274
http://refhub.elsevier.com/S2405-8440(23)03481-3/sref1
http://refhub.elsevier.com/S2405-8440(23)03481-3/sref1
https://doi.org/10.1016/j.atmosres.2021.105840
https://doi.org/10.1016/J.QUAINT.2015.07.028
https://doi.org/10.1016/J.QUAINT.2015.07.028
http://refhub.elsevier.com/S2405-8440(23)03481-3/sref4
http://refhub.elsevier.com/S2405-8440(23)03481-3/sref4
https://doi.org/10.3354/cr00889
https://doi.org/10.1007/s00704-015-1688-3
https://doi.org/10.3390/w11112219
https://doi.org/10.1016/j.jenvman.2021.112505
https://doi.org/10.1007/s00704-021-03914-4
https://doi.org/10.1007/s00704-021-03914-4
https://doi.org/10.1002/joc.5284
https://doi.org/10.1002/joc.7605
https://doi.org/10.1016/J.JHYDROL.2022.128002
https://doi.org/10.1016/J.JHYDROL.2022.128002
https://doi.org/10.1002/hyp.1095

M. Kamruzzaman et al. Heliyon 9 (2023) e16274

[14] V. Eyring, S. Bony, G.A. Meehl, C.A. Senior, B. Stevens, R.J. Stouffer, K.E. Taylor, Overview of the Coupled Model Intercomparison Project Phase 6 (CMIP6)
Experimental Design and Organization, Geosci Model Dev., 2016, https://doi.org/10.5194/gmd-9-1937-2016.

[15] M.A. Hasan, A.K.M.S. Islam, G.M.T. Islam, S.K. Bala, A Comparative Analysis of Cmip3 and Cmip5 Climate Projections over Bangladesh, 2015, pp. 573-580.

[16] K. Ahmed, S. Shahid, X. Wang, N. Nawaz, K. Najeebullah, P.J. Northrop, Q. Sun, C. Miao, Q. Duan, H. Ashouri, S. Sorooshian, K.L. Hsu, J. Koch, M.C. Demirel,
S. Stisen, T. Wu, Y. Lu, Y. Fang, X. Xin, L. Li, W. Li, W. Jie, J. Zhang, Y. Liu, L. Zhang, F. Zhang, Y.Y. Zhang, F. Wu, J. Li, M. Chu, Z. Wang, X. Shi, X.X. Liu,
M. Wei, A. Huang, Y.Y. Zhang, X.X. Liu, M.A. Hasan, A.K.M.S. Islam, G.M.T. Islam, S.K. Bala, A comparative analysis of Cmip3 and Cmip5 climate projections
over Bangladesh, Geosci. Model Dev. (GMD) 11 (2018) 573-580, https://doi.org/10.1175/JCLI-D-12-00527.1.

[17] J. Caesar, T. Janes, A. Lindsay, B. Bhaskaran, Temperature and precipitation projections over Bangladesh and the upstream Ganges, Brahmaputra and Meghna
systems, Environ. Sci. J. Integr. Environ. Res.: Process. Impacts 17 (2015), https://doi.org/10.1039/c4em00650j.

[18] M.A. Hasan, A.K.M.S. Islam, A.S. Akanda, Climate projections and extremes in dynamically downscaled CMIP5 model outputs over the Bengal delta: a quartile
based bias-correction approach with new gridded data, Clim. Dynam. 51 (2018), https://doi.org/10.1007/s00382-017-4006-1.

[19] H.M.T. Islam, M. Kamruzzaman, S. Shahid, M. Mainuddin, E. Alam, A.R. Md, T. Islam, J.C. Biswas, MdA. Islam, Spatiotemporal changes in temperature
projections over Bangladesh using multi-model ensemble data, Front. Environ. Sci. 10 (2023), https://doi.org/10.3389/fenvs.2022.1074974.

[20] V. Eyring, P.M. Cox, G.M. Flato, P.J. Gleckler, G. Abramowitz, P. Caldwell, W.D. Collins, B.K. Gier, A.D. Hall, F.M. Hoffman, G.C. Hurtt, A. Jahn, C.D. Jones, S.
A. Klein, J.P. Krasting, L. Kwiatkowski, R. Lorenz, E. Maloney, G.A. Meehl, A.G. Pendergrass, R. Pincus, A.C. Ruane, J.L. Russell, B.M. Sanderson, B.D. Santer, S.
C. Sherwood, L.R. Simpson, R.J. Stouffer, M.S. Williamson, Taking climate model evaluation to the next level, Nat. Clim. Change (2019), https://doi.org/
10.1038/541558-018-0355-y.

[21] S.Das, M. Kamruzzaman, A.R. Md, T. Islam, Assessment of characteristic changes of regional estimation of extreme rainfall under climate change: a case study in
a tropical monsoon region with the climate projections from CMIP6 model, J Hydrol (Amst). 610 (2022), 128002, https://doi.org/10.1016/J.
JHYDROL.2022.128002.

[22] K.E. Kunkel, X.Z. Liang, J. Zhu, Y. Lin, Can CGCMs simulate the twentieth-century “warning hole” in the central United States? J. Clim. 19 (2006) https://doi.
org/10.1175/JCLI3848.1.

[23] A.J. Cannon, Multivariate quantile mapping bias correction: an N-dimensional probability density function transform for climate model simulations of multiple
variables, Clim. Dynam. 50 (2018), https://doi.org/10.1007/500382-017-3580-6.

[24] C. Piani, G.P. Weedon, M. Best, S.M. Gomes, P. Viterbo, S. Hagemann, J.O. Haerter, Statistical bias correction of global simulated daily precipitation and
temperature for the application of hydrological models, J Hydrol (Amst). 395 (2010), https://doi.org/10.1016/j.jhydrol.2010.10.024.

[25] A.W. Wood, E.P. Maurer, A. Kumar, D.P. Lettenmaier, Long-range experimental hydrologic forecasting for the eastern United States, J. Geophys. Res. Atmos.
(2002), https://doi.org/10.1029/2001JD000659.

[26] D. Maraun, F. Wetterhall, A.M. Ireson, R.E. Chandler, E.J. Kendon, M. Widmann, S. Brienen, H.W. Rust, T. Sauter, M. Themel, V.K.C. Venema, K.P. Chun, C.
M. Goodess, R.G. Jones, C. Onof, M. Vrac, I. Thiele-Eich, Precipitation downscaling under climate change: recent developments to bridge the gap between
dynamical models and the end user, Rev. Geophys. 48 (2010), https://doi.org/10.1029/2009RG000314.

[27] S. Ali, R.S. Kiani, M.S. Reboita, L. Dan, H. Eum, J. Cho, K. Dairaku, F. Khan, M.L. Shreshta, Identifying hotspots cities vulnerable to climate change in Pakistan
under CMIP5 climate projections, Int. J. Climatol. 41 (2021) 559-581, https://doi.org/10.1002/joc.6638.

[28] L.E. Hay, R.L. Wilby, G.H. Leavesley, A comparison of delta change and downscaled GCM scenarios for three mountainous basins in the United States, J. Am.
Water Resour. Assoc. 36 (2000), https://doi.org/10.1111/j.1752-1688.2000.tb04276.x.

[29] H.J. Fowler, C.G. Kilsby, Using regional climate model data to simulate historical and future river flows in northwest England, Clim. Change (2007), https://doi.
org/10.1007/510584-006-9117-3.

[30] J.H. Heo, H. Ahn, J.Y. Shin, T.R. Kjeldsen, C. Jeong, Probability distributions for a quantile mapping technique for a bias correction of precipitation data: a case
study to precipitation data under climate change, Water (Switzerland) (2019) 11, https://doi.org/10.3390/w11071475.

[31] M. Kamruzzaman, S. Hwang, S.K. Choi, J. Cho, I. Song, H. Jeong, J.H. Song, T. Jang, S.H. Yoo, Prediction of the effects of management practices on discharge
and mineral nitrogen yield from paddy fields under future climate using APEX-paddy model, Agric. Water Manag. 241 (2020), https://doi.org/10.1016/j.
agwat.2020.106345.

[32] M. Kamruzzaman, S. Hwang, S.K. Choi, J. Cho, I. Song, J.H. Song, H. Jeong, T. Jang, S.H. Yoo, Evaluating the impact of climate change on paddy water balance
using APEX-paddy model, Water (Switzerland) (2020) 12, https://doi.org/10.3390,/w12030852.

[33] E. Hawkins, R. Sutton, The potential to narrow uncertainty in projections of regional precipitation change, Clim. Dynam. 37 (2011), https://doi.org/10.1007/
s00382-010-0810-6.

[34] J. Sillmann, V.v. Kharin, F.W. Zwiers, X. Zhang, D. Bronaugh, Climate extremes indices in the CMIP5 multimodel ensemble: Part 2. Future climate projections,
J. Geophys. Res. Atmos. (2013), https://doi.org/10.1002/jgrd.50188.

[35] M. Almazroui, S. Saeed, F. Saeed, M.N. Islam, M. Ismail, Projections of precipitation and temperature over the south Asian countries in CMIP6, Earth Systems
and Environment 4 (2020) 297-320, https://doi.org/10.1007/541748-020-00157-7.

[36] V. Mishra, U. Bhatia, A.D. Tiwari, Bias-corrected climate projections for South Asia from coupled model Intercomparison project-6, Sci. Data 7 (2020), https://
doi.org/10.1038/s41597-020-00681-1.

[37] H.Ngoma, W. Wen, B. Ayugi, H. Babaousmail, R. Karim, V. Ongoma, Evaluation of precipitation simulations in CMIP6 models over Uganda, Int. J. Climatol. 41
(2021), https://doi.org/10.1002/joc.7098.

[38] Y. Yue, D. Yan, Q. Yue, G. Ji, Z. Wang, Future changes in precipitation and temperature over the Yangtze River Basin in China based on CMIP6 GCMs, Atmos.
Res. (2021), 105828, https://doi.org/10.1016/J. ATMOSRES.2021.105828.

[39] J. Sarkar, J.R. Chicholikar, L.S. Rathore, Predicting future changes in temperature and precipitation in arid climate of Kutch, Gujarat: analyses based on LARS-
WG model, Curr. Sci. 109 (2015), https://doi.org/10.18520/v109/i11/2084-2093.

[40] D.H. Cha, D.K. Lee, C.S. Jin, G. Kim, Y. Choi, M.S. Suh, J.B. Ahn, S.Y. Hong, S.K. Min, S.C. Park, H.S. Kang, Future changes in summer precipitation in regional
climate simulations over the Korean Peninsula forced by multi-RCP scenarios of HadGEM2-AO, Asia Pac J Atmos Sci 52 (2016), https://doi.org/10.1007/
513143-016-0015-y.

[41] M.L. Tan, A.L. Ibrahim, Z. Yusop, V.P. Chua, N.W. Chan, Climate change impacts under CMIP5 RCP scenarios on water resources of the Kelantan River Basin,
Malaysia, Atmos. Res. 189 (2017), https://doi.org/10.1016/j.atmosres.2017.01.008.

[42] R. Nieto Ferreira, M.R. Nissenbaum, T.M. Rickenbach, Climate change effects on summertime precipitation organization in the Southeast United States, Atmos.
Res. 214 (2018), https://doi.org/10.1016/j.atmosres.2018.08.012.

[43] S. Heydari Tasheh Kabood, S.A. Hosseini, A. Heydari Tasheh Kabood, Investigating the effects of climate change on stream flows of Urmia Lake basin in Iran,
Model Earth Syst Environ 6 (2020), https://doi.org/10.1007/540808-019-00681-0.

[44] J. Jiang, T. Zhou, X. Chen, L. Zhang, Future changes in precipitation over Central Asia based on CMIP6 projections, Environ. Res. Lett. 15 (2020), https://doi.
org/10.1088/1748-9326/ab7d03.

[45] J. Qin, B. Su, H. Tao, Y. Wang, J. Huang, T. Jiang, Projection of temperature and precipitation under SSPs-RCPs Scenarios over northwest China, Front. Earth
Sci. 15 (2021), https://doi.org/10.1007/s11707-020-0847-8.

[46] Q. You, Z. Cai, F. Wu, Z. Jiang, N. Pepin, S.S.P. Shen, Temperature dataset of CMIP6 models over China: evaluation, trend and uncertainty, Clim. Dynam. 57
(2021), https://doi.org/10.1007/s00382-021-05691-2.

[47] A.S.M.M. Kamal, F. Hossain, S. Shahid, Spatiotemporal changes in rainfall and droughts of Bangladesh for1.5 and 2 °C temperature rise scenarios of CMIP6
models, Theor. Appl. Climatol. 146 (2021), https://doi.org/10.1007/500704-021-03735-5.

[48] M. Kamruzzaman, S. Shahid, A.T. Islam, S. Hwang, J. Cho, M.A.U. Zaman, M. Ahmed, M.M. Rahman, M.B. Hossain, Comparison of CMIP6 and CMIP5 model
performance in simulating historical precipitation and temperature in Bangladesh: a preliminary study, Theor. Appl. Climatol. 145 (2021), https://doi.org/
10.1007/s00704-021-03691-0.

20


https://doi.org/10.5194/gmd-9-1937-2016
http://refhub.elsevier.com/S2405-8440(23)03481-3/sref15
https://doi.org/10.1175/JCLI-D-12-00527.1
https://doi.org/10.1039/c4em00650j
https://doi.org/10.1007/s00382-017-4006-1
https://doi.org/10.3389/fenvs.2022.1074974
https://doi.org/10.1038/s41558-018-0355-y
https://doi.org/10.1038/s41558-018-0355-y
https://doi.org/10.1016/J.JHYDROL.2022.128002
https://doi.org/10.1016/J.JHYDROL.2022.128002
https://doi.org/10.1175/JCLI3848.1
https://doi.org/10.1175/JCLI3848.1
https://doi.org/10.1007/s00382-017-3580-6
https://doi.org/10.1016/j.jhydrol.2010.10.024
https://doi.org/10.1029/2001JD000659
https://doi.org/10.1029/2009RG000314
https://doi.org/10.1002/joc.6638
https://doi.org/10.1111/j.1752-1688.2000.tb04276.x
https://doi.org/10.1007/s10584-006-9117-3
https://doi.org/10.1007/s10584-006-9117-3
https://doi.org/10.3390/w11071475
https://doi.org/10.1016/j.agwat.2020.106345
https://doi.org/10.1016/j.agwat.2020.106345
https://doi.org/10.3390/w12030852
https://doi.org/10.1007/s00382-010-0810-6
https://doi.org/10.1007/s00382-010-0810-6
https://doi.org/10.1002/jgrd.50188
https://doi.org/10.1007/s41748-020-00157-7
https://doi.org/10.1038/s41597-020-00681-1
https://doi.org/10.1038/s41597-020-00681-1
https://doi.org/10.1002/joc.7098
https://doi.org/10.1016/J.ATMOSRES.2021.105828
https://doi.org/10.18520/v109/i11/2084-2093
https://doi.org/10.1007/s13143-016-0015-y
https://doi.org/10.1007/s13143-016-0015-y
https://doi.org/10.1016/j.atmosres.2017.01.008
https://doi.org/10.1016/j.atmosres.2018.08.012
https://doi.org/10.1007/s40808-019-00681-0
https://doi.org/10.1088/1748-9326/ab7d03
https://doi.org/10.1088/1748-9326/ab7d03
https://doi.org/10.1007/s11707-020-0847-8
https://doi.org/10.1007/s00382-021-05691-2
https://doi.org/10.1007/s00704-021-03735-5
https://doi.org/10.1007/s00704-021-03691-0
https://doi.org/10.1007/s00704-021-03691-0

M. Kamruzzaman et al.

[49]
[50]
[51]
[52]
[53]
[54]

[55]
[56]

[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]
[76]
[77]

[78]
[79]

[80]

[81]

Heliyon 9 (2023) e16274

M. Kamruzzaman, S. Shahid, D.K. Roy, A.R. Md, T. Islam, S. Hwang, J. Cho, M.A.U. Zaman, T. Sultana, T. Rashid, F. Akter, Assessment of CMIP6 global climate
models in reconstructing rainfall climatology of Bangladesh, Int. J. Climatol. (2021) 1-26, n/a.

B. Ghose, A.R.M.T. Islam, H.M.T. Islam, M. Hasanuzzaman, J. Huang, Z. Hu, M. Moniruzzaman, W. Gustave, M. Karim, S.M. Ibrahim, Rain-fed rice yield
fluctuation to climatic anomalies in Bangladesh, Int. J. Plant Prod. 15 (2021), https://doi.org/10.1007/s42106-021-00131-x.

J.N. Jerin, H.M.T. Islam, A.R. Md, T. Islam, S. Shahid, Z. Hu, M.A. Badhan, R. Chu, A. Elbeltagi, Spatiotemporal trends in reference evapotranspiration and its
driving factors in Bangladesh, Theor. Appl. Climatol. 144 (2021) 793-808, https://doi.org/10.1007/500704-021-03566-4.

M. Kamruzzaman, S. Hwang, J. Cho, M.W. Jang, H. Jeong, Evaluating the spatiotemporal characteristics of agricultural drought in Bangladesh using effective
drought index, Water (Switzerland) (2019) 11, https://doi.org/10.3390/W11122437.

MdA. Islam, N. Cartwright, Evaluation of climate reanalysis and space-borne precipitation products over Bangladesh, Hydrol. Sci. J. 65 (2020) 1112-1128,
https://doi.org/10.1080/02626667.2020.1730845.

J. Zhai, S.K. Mondal, T. Fischer, Y. Wang, B. Su, J. Huang, H. Tao, G. Wang, W. Ullah, M.J. Uddin, Future drought characteristics through a multi-model
ensemble from CMIP6 over South Asia, Atmos. Res. 246 (2020), https://doi.org/10.1016/j.atmosres.2020.105111.

Z. Hausfather, Explainer: How “Shared Socioeconomic Pathways” Explore Future Climate Change, CarbonBrief, 2018.

L. Gudmundsson, Technical Note: downscaling RCM precipitation to the station scale using statistical transformations — a comparison of methods, Hydrol. Earth
Syst. Sci. 16 (2012), https://doi.org/10.5194/hess-16-3383-2012.

K.E. Taylor, Summarizing multiple aspects of model performance in a single diagram, J. Geophys. Res. Atmos. (2001), https://doi.org/10.1029/2000JD900719.
H.B. Mann, Nonparametric tests against trend, Econometrica 13 (1945), https://doi.org/10.2307/1907187.

P.K. Sen, Estimates of the regression coefficient based on kendall’s tau, J. Am. Stat. Assoc. 63 (1968), https://doi.org/10.1080/01621459.1968.10480934.
J. Mallick, S. Talukdar, M. Alsubih, R. Salam, M. Ahmed, N. ben Kahla, M. Shamimuzzaman, Analysing the trend of rainfall in Asir region of Saudi Arabia using
the family of Mann-Kendall tests, innovative trend analysis, and detrended fluctuation analysis, Theor. Appl. Climatol. 143 (2021), https://doi.org/10.1007/
s00704-020-03448-1.

M.R.A. Mullick, M.R.M. Nur, M.J. Alam, K.M.A. Islam, Observed trends in temperature and rainfall in Bangladesh using pre-whitening approach, Global Planet.
Change 172 (2019) 104-113, https://doi.org/10.1016/J.GLOPLACHA.2018.10.001.

Z. Gao, J. He, K. Dong, X. Li, Trends in reference evapotranspiration and their causative factors in the West Liao River basin, China, Agric. For. Meteorol. 232
(2017), https://doi.org/10.1016/j.agrformet.2016.08.006.

H. Theil, A rank-invariant method of linear and polynomial regression analysis, 3; confidence regions for the parameters of polynomial regression equations,
Indagat. Math. 1 (1950).

M.K. Goyal, A.K.Sarma Shivam, Analysis of the change in temperature trends in Subansiri River basin for RCP scenarios using CMIP5 datasets, Theor. Appl.
Climatol. 129 (2017), https://doi.org/10.1007/500704-016-1842-6.

R. Knutti, J. Sedlacek, Robustness and uncertainties in the new CMIP5 climate model projections, Nat. Clim. Change 3 (2013), https://doi.org/10.1038/
nclimatel716.

Y.H. Kim, S.K. Min, X. Zhang, J. Sillmann, M. Sandstad, Evaluation of the CMIP6 multi-model ensemble for climate extreme indices, Weather Clim. Extrem. 29
(2020), 100269, https://doi.org/10.1016/J.WACE.2020.100269.

M. Noor, T. Ismail, S. Shahid, M.S. Nashwan, S. Ullah, Development of multi-model ensemble for projection of extreme rainfall events in Peninsular Malaysia,
Nord. Hydrol 50 (2019), https://doi.org/10.2166,/nh.2019.097.

A'F. Lutz, H.W. ter Maat, H. Biemans, A.B. Shrestha, P. Wester, W.W. Immerzeel, Selecting representative climate models for climate change impact studies: an
advanced envelope-based selection approach, Int. J. Climatol. (2016), https://doi.org/10.1002/joc.4608.

M. Alamgir, K. Ahmed, R. Homsi, A. Dewan, J.-J. Wang, S. Shahid, Downscaling and projection of spatiotemporal changes in temperature of Bangladesh, Earth
Systems and Environment 3 (2019) 381-398, https://doi.org/10.1007/s41748-019-00121-0.

Jang Kamruzzaman, Hwang Cho, M. Kamruzzaman, M.-W.W. Jang, J. Cho, S. Hwang, Future changes in precipitation and drought characteristics over
Bangladesh under CMIP5 climatological projections, Water (Basel) 11 (2019) 2219, https://doi.org/10.3390/w11112219.

T.N. Krishnamurti, C.M. Kishtawal, T.E. LaRow, D.R. Bachiochi, Z. Zhang, C.E. Williford, S. Gadgil, S. Surendran, Improved weather and seasonal climate
forecasts from multimodel superensemble, Science 285 (1999) 1548-1550, https://doi.org/10.1126/science.285.5433.1548.

C. Fraley, A.E. Raftery, T. Gneiting, Calibrating multimodel forecast ensembles with exchangeable and missing members using bayesian model averaging, Mon.
Weather Rev. 138 (2010) 190-202, https://doi.org/10.1175/2009MWR3046.1.

X. Zhi, H. Qi, Y. Bai, C. Lin, A comparison of three kinds of multimodel ensemble forecast techniques based on the TIGGE data, Acta Meteorol. Sin. 26 (2012)
41-51, https://doi.org/10.1007/s13351-012-0104-5.

C. He, X. Zhi, Q. You, B. Song, K. Fraedrich, Multi-model ensemble forecasts of tropical cyclones in 2010 and 2011 based on the Kalman Filter method, Meteorol.
Atmos. Phys. 127 (2015) 467-479, https://doi.org/10.1007/s00703-015-0377-1.

L. Ji, X. Zhi, S. Zhu, K. Fraedrich, Probabilistic precipitation forecasting over east Asia using bayesian model averaging, Weather Forecast. 34 (2019) 377-392,
https://doi.org/10.1175/WAF-D-18-0093.1.

M. Alamgir, K. Ahmed, R. Homsi, A. Dewan, J.J. Wang, S. Shahid, Downscaling and projection of spatiotemporal changes in temperature of Bangladesh, Earth
Systems and Environment 3 (2019), https://doi.org/10.1007/s41748-019-00121-0.

S. Shahid, S. bin Harun, A. Katimon, Changes in diurnal temperature range in Bangladesh during the time period 1961-2008, Atmos. Res. 118 (2012), https://
doi.org/10.1016/j.atmosres.2012.07.008.

S. Shahid, O.S. Khairulmaini, Spatio-temporal variability of rainfall over Bangladesh during the time period 1969-2003, Asia Pac J Atmos Sci 43 (2009).
S.H. Pour, S. Shahid, E.S. Chung, X.J. Wang, Model output statistics downscaling using support vector machine for the projection of spatial and temporal
changes in rainfall of Bangladesh, Atmos. Res. 213 (2018), https://doi.org/10.1016/j.atmosres.2018.06.006.

C.D. Allen, A.K. Macalady, H. Chenchouni, D. Bachelet, N. McDowell, M. Vennetier, T. Kitzberger, A. Rigling, D.D. Breshears, E.H. Hogg, P. Gonzalez,

R. Fensham, Z. Zhang, J. Castro, N. Demidova, J.H. Lim, G. Allard, S.W. Running, A. Semerci, N. Cobb, A global overview of drought and heat-induced tree
mortality reveals emerging climate change risks for forests, Ecol. Manag. 259 (2010), https://doi.org/10.1016/j.foreco.2009.09.001.

S.R. Weiskopf, M.A. Rubenstein, L.G. Crozier, S. Gaichas, R. Griffis, J.E. Halofsky, K.J.W. Hyde, T.L. Morelli, J.T. Morisette, R.C. Munoz, A.J. Pershing, D.

L. Peterson, R. Poudel, M.D. Staudinger, A.E. Sutton-Grier, L. Thompson, J. Vose, J.F. Weltzin, K.P. Whyte, Climate Change Effects on Biodiversity, Ecosystems,
Ecosystem Services, and Natural Resource Management in the United States, Science of the Total Environment, 2020, p. 733, https://doi.org/10.1016/j.
scitotenv.2020.137782.

21


http://refhub.elsevier.com/S2405-8440(23)03481-3/sref49
http://refhub.elsevier.com/S2405-8440(23)03481-3/sref49
https://doi.org/10.1007/s42106-021-00131-x
https://doi.org/10.1007/s00704-021-03566-4
https://doi.org/10.3390/W11122437
https://doi.org/10.1080/02626667.2020.1730845
https://doi.org/10.1016/j.atmosres.2020.105111
http://refhub.elsevier.com/S2405-8440(23)03481-3/sref55
https://doi.org/10.5194/hess-16-3383-2012
https://doi.org/10.1029/2000JD900719
https://doi.org/10.2307/1907187
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1007/s00704-020-03448-1
https://doi.org/10.1007/s00704-020-03448-1
https://doi.org/10.1016/J.GLOPLACHA.2018.10.001
https://doi.org/10.1016/j.agrformet.2016.08.006
http://refhub.elsevier.com/S2405-8440(23)03481-3/sref63
http://refhub.elsevier.com/S2405-8440(23)03481-3/sref63
https://doi.org/10.1007/s00704-016-1842-6
https://doi.org/10.1038/nclimate1716
https://doi.org/10.1038/nclimate1716
https://doi.org/10.1016/J.WACE.2020.100269
https://doi.org/10.2166/nh.2019.097
https://doi.org/10.1002/joc.4608
https://doi.org/10.1007/s41748-019-00121-0
https://doi.org/10.3390/w11112219
https://doi.org/10.1126/science.285.5433.1548
https://doi.org/10.1175/2009MWR3046.1
https://doi.org/10.1007/s13351-012-0104-5
https://doi.org/10.1007/s00703-015-0377-1
https://doi.org/10.1175/WAF-D-18-0093.1
https://doi.org/10.1007/s41748-019-00121-0
https://doi.org/10.1016/j.atmosres.2012.07.008
https://doi.org/10.1016/j.atmosres.2012.07.008
http://refhub.elsevier.com/S2405-8440(23)03481-3/sref78
https://doi.org/10.1016/j.atmosres.2018.06.006
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.scitotenv.2020.137782
https://doi.org/10.1016/j.scitotenv.2020.137782

	Predicted changes in future precipitation and air temperature across Bangladesh using CMIP6 GCMs
	1 Introduction
	2 Study region and facts
	2.1 Bangladesh
	2.2 Data
	2.2.1 Reference data
	2.2.2 Global Climate Models (GCMs)


	3 Methods
	3.1 Bias-correction
	3.2 Performance evaluation
	3.3 Change analysis
	3.4 Trend analysis
	3.5 Multi-model ensemble (MME) mean

	4 Results and discussion
	4.1 Bias-corrected outputs evaluation
	4.2 Air temperature and precipitation projection
	4.2.1 Mean monthly projection
	4.2.2 Annual temporal projected changes
	4.2.3 Spatial variability in projected changes
	4.2.4 Future trends
	4.2.5 Seasonal analysis
	4.2.5.1 Precipitation
	4.2.5.2 Temperature

	4.2.6 The uncertainties of the projected changes
	4.2.7 Evaluation of before and after bias-corrected data


	5 Discussion
	5.1 Bias-correction and uncertainties
	5.2 Mean monthly projection
	5.3 Annual projection
	5.4 Seasonal projection
	5.5 Implications and limitations of the study

	6 Conclusions
	Funding statement
	Data availability
	Authors contributions
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


