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13 Abstract

14 Bangladesh is among the most climate-vulnerable nations globally, facing compounding risks 

15 from rising temperatures, shifting precipitation patterns, and intensifying extreme events. This 

16 study assesses projected changes in precipitation, maximum temperature (Tmax), and minimum 

17 temperature (Tmin) over Bangladesh under two emission pathways — SSP2-4.5 and SSP5-8.5 — 

18 and two Solar Radiation Management (SRM) scenarios — G6Solar and G6Sulfur — using bias-

19 corrected CMIP6 multi-model ensemble data for the period 2070–2099. Bias correction using the 

20 Quantile Delta Mapping method substantially improved model performance, with Nash-Sutcliffe 

21 Efficiency rising from −0.28 to 0.97 for precipitation and from −0.11 to 0.99 for temperature. 

22 Relative to the historical baseline (1985–2014), annual Tmax increases by 1.27°C under SSP2-4.5 
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23 and 2.36°C under SSP5-8.5, while Tmin increases by 1.71°C and 3.02°C, respectively. SRM 

24 scenarios substantially moderate warming, with Tmax increases of 1.33°C (G6Solar) and 1.45°C 

25 (G6Sulfur), and Tmin increases of 1.90°C (G6Solar) and 1.95°C (G6Sulfur). Warming is strongest 

26 in winter and weakest during the monsoon across all scenarios. Annual precipitation increases 

27 across all scenarios relative to historical levels, with the largest rise under SSP5-8.5; however, 

28 G6Solar produces 2.5% less precipitation than SSP2-4.5, raising concerns about seasonal drought 

29 risk, particularly during pre-monsoon and post-monsoon periods. Spatially, the southeastern and 

30 coastal regions experience the greatest increases in both temperature and precipitation, while 

31 northern Bangladesh shows comparatively smaller changes. Trend analysis using the Modified 

32 Mann-Kendall test reveals significant increasing temperature trends in all scenarios, strongest 

33 under SSP5-8.5 (Tmin: 0.47°C decade⁻¹; Tmax: 0.38°C decade⁻¹). The SRM scenarios partially 

34 offset high-emission warming but introduce precipitation uncertainties, underscoring that 

35 geoengineering should complement, not replace, greenhouse gas mitigation.

36 Keywords: Geoengineering, GeoMIP6, Climate, CMIP6, Ba 

37

38 1. Introduction

39 Bangladesh is one of the countries most vulnerable to the impacts of climate change, experiencing 

40 significant challenges as a result of rising temperatures, changing precipitation patterns, and an 

41 increase in the frequency and intensity of extreme weather events [1]. With a low-lying geography 

42 and a high population density, Bangladesh’s exposure to floods, cyclones, sea level rise, and other 

43 climate-related disasters makes it particularly susceptible to climate-induced damage [2]. The 

44 variability in rainfall and temperature has a direct impact on the country’s agriculture, water 
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45 resources, biodiversity, and overall socioeconomic stability, posing threats to food security, 

46 livelihoods, and public health. Therefore, understanding and potentially mitigating the impacts of 

47 climate change is an urgent priority for Bangladesh as it seeks sustainable development and climate 

48 resilience [3].

49 The rise in global temperatures due to greenhouse gas (GHG) emissions has highlighted the need 

50 for both mitigation and adaptation measures to address climate impacts. However, the pace of 

51 global GHG reduction efforts has been insufficient to keep temperature increases within the 1.5°C 

52 or even the 2°C targets set by the Paris Agreement. Consequently, alternative strategies for 

53 reducing the impacts of climate change are gaining attention, including Solar Radiation 

54 Management (SRM) [4], a form of geoengineering aimed at reflecting a portion of the sun’s 

55 incoming solar radiation to cool the Earth’s surface. SRM techniques, such as stratospheric aerosol 

56 injection (SAI), propose injecting reflective particles like sulfate aerosols into the atmosphere 

57 (G6Sulfur) [5], or utilizing other solar-shading approaches [6](G6Solar), to counterbalance global 

58 warming. These strategies are viewed as potentially effective in reducing global temperatures in 

59 the short term; however, the regional effects of SRM interventions remain highly uncertain [7,8].

60 The regional impacts of SRM, particularly in monsoon-dominated regions like South Asia, have 

61 raised concerns about potential unintended consequences. While SRM may reduce global mean 

62 temperatures, it may also lead to imbalances in precipitation patterns, as solar radiation plays a 

63 significant role in the hydrological cycle [9,10]. For Bangladesh, which relies heavily on the 

64 monsoon season for agriculture and water resources, any alteration in seasonal rainfall patterns 

65 could have significant adverse effects on food security and the economy. Studies have indicated 

66 that SRM could potentially reduce or redistribute rainfall [11–14], with consequences that could 

67 either benefit or harm various regions. Understanding these impacts is essential for Bangladesh, 
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68 where both too much and too little rainfall have historically resulted in flooding and drought, 

69 respectively, with profound impacts on vulnerable communities.

70 Solar radiation management has been studied across diverse geographical and thematic contexts. 

71 In West Africa, stratospheric aerosol injection has been shown to reduce drought severity in the 

72 near term, though drought risk may intensify in the far future relative to SSP5-8.5[15]. In Southeast 

73 Asia, SRM scenarios have demonstrated potential for reducing hydrological extremes[16], while 

74 modeling studies indicate that stratospheric aerosol injection could substantially limit Arctic ice 

75 loss depending on injection location and quantity [17]. Agricultural impacts have also been 

76 documented, with solar dimming scenarios projected to reduce maize production in China [18]. 

77 Despite this growing body of regional evidence, no study has yet examined the effects of SRM on 

78 the climatology of Bangladesh — a critical gap given the country's exceptional vulnerability to 

79 both temperature and precipitation changes.. The study employs bias-corrected data through the 

80 Quantile Delta Mapping (QDM) method to ensure more accurate representations of climate 

81 variables, allowing for a detailed examination of changes at the regional scale [19]. Four climate 

82 scenarios are examined: two traditional greenhouse gas concentration pathways (SSP2-4.5 and 

83 SSP5-8.5) and two SRM intervention scenarios (G6Sulfur and G6Solar). The Shared 

84 Socioeconomic Pathway (SSP) scenarios, SSP2-4.5 and SSP5-8.5, provide baseline projections of 

85 future temperature and precipitation patterns based on moderate and high levels of greenhouse gas 

86 emissions, respectively [20]. The G6Sulfur and G6Solar scenarios introduce SRM interventions 

87 into these climate models to assess potential modifications in temperature and precipitation 

88 patterns resulting from solar radiation management techniques. The mechanism of SRM is to 

89 implement solar radiation management techniques in SSP5-8.5 scenario and achieve reduced 
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90 temperature like SSP2-4.5 [4]. The aim of this study is to analyze the regional climatological 

91 response of Bangladesh to Solar Radiation Management.

92 The analysis of SRM’s impacts on temperature and precipitation is significant for Bangladesh’s 

93 climate adaptation strategies, as it will provide policymakers with information on how SRM could 

94 influence the country’s weather patterns under different climate scenarios. If SRM proves effective 

95 in stabilizing temperatures without severe adverse impacts on precipitation, it could offer an 

96 additional tool for managing climate risks in Bangladesh. However, if SRM were to significantly 

97 reduce or redistribute monsoon rainfall, the strategy could exacerbate climate vulnerabilities in the 

98 region. Therefore, this research has broader implications for assessing the trade-offs associated 

99 with SRM as a geoengineering strategy, with a focus on balancing the potential benefits of 

100 temperature stabilization against the risks of altering critical hydrological processes.

101 Ultimately, this research underscores the need for a cautious approach to SRM implementation, 

102 advocating for further study of SRM’s localized impacts before any large-scale interventions are 

103 considered. This is especially pertinent for countries like Bangladesh, where the stakes associated 

104 with changing climate patterns are exceptionally high. In providing an in-depth analysis of SRM’s 

105 effects on temperature and precipitation under varying future scenarios, this study aims to enhance 

106 the scientific understanding of SRM as a potential tool within the broader context of climate 

107 adaptation and mitigation.

108 2. Methodology

109 2.1 Study Area
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110 Bangladesh, a South Asian country, characterized by a highly diverse environment, rich 

111 biodiversity, and complex climate dynamics. Bangladesh is bordered by India on the west, north, 

112 and east, Myanmar to the southeast, and the Bay of Bengal to the south (Fig 1). The country’s 

113 geographical position and low-lying deltaic topography make it particularly vulnerable to climate 

114 variability and extreme weather events such as floods, cyclones, and monsoon-driven precipitation 

115 [21]. Bangladesh experiences a tropical monsoon climate, with distinct seasonal variations that 

116 significantly influence temperature and precipitation patterns. The pre-monsoon (March-May), 

117 monsoon (June-September), post-monsoon (October-November), and winter (December-

118 February) seasons impact agricultural productivity, water resources, and livelihoods. The monsoon 

119 season contributes around 80% of the annual rainfall, with average annual precipitation ranging 

120 from 1,200 mm in the west to over 5,000 mm in the northeastern hill regions [22]. These seasonal 

121 rainfall patterns are critical for agricultural productivity but also increase the risk of severe floods, 

122 especially in the Ganges-Brahmaputra-Meghna (GBM) delta [23]. Temperature variations in 

123 Bangladesh exhibit significant seasonal shifts. During winter, average temperatures range from 

124 10°C to 20°C, with the northern regions experiencing cooler conditions. In the summer and pre-

125 monsoon seasons, temperatures increase considerably, often reaching 35°C to 40°C in the 

126 northwestern regions, which experience extreme heat [24]. Coastal and central areas tend to be 

127 warmer and more humid, influenced by proximity to the Bay of Bengal. 

128

129 Fig 1.  Study area map of Bangladesh. Showing the spatial distribution of elevation derived 

130 from the Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM). The map 
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131 illustrates the topographic variation across the country, including the low-lying floodplains and 

132 relatively higher elevations in the southeastern and northeastern regions.

133

134 2.2 Datasets 

135 2.2.1 Observation Data

136 In this study, ERA5 reanalysis data serves as the observational dataset for assessing and validating 

137 climate model outputs [25,26]. Monthly data on precipitation, maximum temperature, and 

138 minimum temperature from 1985 to 2014 were used, providing a high-quality benchmark for 

139 evaluating climate patterns over time. This comprehensive ERA5 dataset ensures that this analysis 

140 is anchored in reliable, observationally-derived climate variables, enhancing the precision of 

141 model validation and bias correction efforts. ERA5 reanalysis data are available at 

142 https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5. 

143 2.2.2 Climate Model Data

144 This study utilizes four climate models from the Coupled Model Intercomparison Project Phase 6 

145 (CMIP6) to evaluate the impacts of Solar Radiation Management on precipitation and temperature 

146 in Bangladesh. Models are listed in Table                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

147 1. These models were carefully selected based on the availability of precipitation, maximum 

148 temperature, and minimum temperature data for both historical and projected Shared 

149 Socioeconomic Pathway (SSP) scenarios along with projected Solar radiation Management (SRM) 

150 scenarios. The historical simulations span from 1985 to 2014, aligning with the ERA5 
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151 observational period to facilitate accurate comparison and model validation. For the projected 

152 period, data from 2070 to 2099 were used, capturing potential climate changes at the end of the 

153 21st century under different emission scenarios. Two emission scenarios SSP2-4.5 and SSP5-8.5 

154 and two geoengineering scenarios G6Sulfur and G6Solar are analyzed in this study. SSP2-4.5 is 

155 medium emission scenario whereas SSP5-8.5 is high emission scenario [20]. Geoengineering 

156 techniques are applied in high emission scenarios and aims to achieve global temperature like 

157 medium emission scenario. G6Sulfur simulates SRM by injecting sulfur dioxide (SO₂) into the 

158 stratosphere, which forms sulfate aerosols that reflect sunlight, thereby cooling the Earth's surface. 

159 This method aims to mimic the cooling effect observed after large volcanic eruptions but on a 

160 controlled, continuous scale to counteract global warming. G6Solar, on the other hand, models 

161 SRM by directly reducing the amount of solar radiation reaching the Earth's surface in climate 

162 simulations, without introducing aerosols. This approach allows to examine the effects of solar 

163 dimming on climate variables [4]. By comparing the historical and future datasets, this study aims 

164 to assess the models' representation of current climate variability and analyze how climate 

165 variables may shift under future conditions. This approach ensures a comprehensive evaluation of 

166 SRM impacts, grounded in robust model and observational data across both present and future 

167 timelines. CMIP6 datasets are available at https://esgf-node.ipsl.upmc.fr/search/cmip6-ipsl/. 

168 Table 1. Description of selected models based on availability of variables in target scenarios

SL. 
No Model ID Institution Resolution 

(In degree)

1 CNRM.ESM2.1 Centre National de Recherches Météorologiques, 
France 1.4°×1.4°

2 IPSL.CM6A.LR Institute of Pierre Simon Laplace (IPSL), France 2.50°×1.27°
3 MPI.ESM1.2.LR Max Plank Institute for Meteorology, Germany 1.87°×1.86°

4 UKESM1.0.LL Natural Environment Research Council (NERC) and 
the Met Office, UK 1.9°×1.3°

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

https://esgf-node.ipsl.upmc.fr/search/cmip6-ipsl/
http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


9

169

170 2.3 Bias Correction and Performance Evaluation of Bias corrected 

171 data

172 Datasets are statistically bias corrected using Quantile Delta Mapping technique (QDM). For each 

173 climate variable, quantile mapping was applied by matching the cumulative distribution function 

174 (CDF) of the model output to that of the observational dataset during the historical period [27,28]. 

175 This matching process ensures that the statistical properties (such as mean and variance) of the 

176 model outputs are adjusted to match observed climate conditions. QDM calculates the "delta" or 

177 change factor for each quantile between the historical and projected model data. These deltas are 

178 then applied to the observed quantiles to adjust future projections, preserving the future model-

179 projected change while maintaining consistency with the historical observations [29]. After the 

180 correction, the adjusted projections reflect both the projected climate changes and the observed 

181 historical data characteristics, offering a more accurate basis for analysis of temperature and 

182 precipitation under different SRM and SSP scenarios. After bias correction ensemble mean is 

183 calculated for each scenario using Arithmetic Mean (AM) method. Finally, performance 

184 evaluation of bias corrected and non-corrected data are calculated on the basis of five error index 

185 like Root Mean Square Error (RMSE), Kling Gupta Efficiency (KGE), Nash-Sutcliffe efficiency 

186 (NSE), R2 and Mean Error (ME). 

187 2.3.1 Root Mean Square Error (RMSE)

188 RMSE is calculated by taking the square root of the average of the squared differences between 

189 predicted and observed values. It provides a single value that reflects both the variance and bias of 
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190 the errors. Unlike the Mean Absolute Error (MAE), RMSE gives more weight to larger errors 

191 because the differences are squared before averaging. Therefore, RMSE is sensitive to outliers. A 

192 lower RMSE indicates a better fit of the model to the observed data, as it signifies smaller errors 

193 [30].

194 The RMSE is calculated using the following equation:

195 RMSE = 1
𝑁

𝑁

𝑖=1
  (𝑆𝑖 ― 𝑂𝑖)2                                                                                                      

196 (1)

197                                                                                                             

198 Where:

199 Si = Simulated (historical) data, Oi = Observed data, N = Number of Observations

200

201 2.3.2 Nash-Sutcliffe efficiency (NSE)

202 The Nash-Sutcliffe Efficiency compares the model’s predictions against the observed values and 

203 the variability of the observed data. It essentially measures the proportion of the observed variance 

204 that is explained by the model predictions. Expected value of NSE is 1 or close to 1 [31].

205 NSE = 1 ―

𝑁

𝑖=1
 (𝑆𝑖―𝑂𝑖)2

𝑁

𝑖=1
  𝑂𝑖―𝑂 2                                                                                                                    (2)
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206 Where,

207 Si = Simulated data, Oi = Observation data, N = Number of Observations, 𝑂 is the mean 

208 Observation.

209

210 2.3.3 Kling Gupta Efficiency (KGE)

211 KGE provides a more comprehensive view of model performance by considering multiple aspects 

212 of the model's accuracy. It combines three components: the correlation between observed and 

213 simulated values, the relative bias in the mean, and the variability ratio. The KGE is particularly 

214 useful because it captures both the systematic and random errors in a model’s prediction, offering 

215 a more nuanced understanding of model performance. Expected value of KGE is 1 or close to one. 

216 Higher KGE value indicates better model performance [32].

217

KGE = 1 ― (𝑟 ― 1)2 + (𝛽 ― 1)2 + (𝛾 ― 1)2

𝛽 = 𝜇𝑠

𝜇𝑜

𝛾 = 𝜎𝑠/𝜇𝑠

𝜎𝑜/𝜇𝑜

                                                                                           (3)

218 Where,

219  r is the Pearson correlation coefficient between simulations (s) and observations (o), β is the bias 

220 ratio, γ is the variability ratio, μo is the mean of observation data, μs the mean of modeled data, 

221 and σo is the standard deviation of the observation data. σs is the standard deviation simulated data. 

222

223 2.3.4 Coefficient of Determinants (R2) 
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224 Coefficient of determination is a statistical metric that measures the proportion of the variance in 

225 the dependent variable that is predictable from the independent variable(s) in a regression model. 

226 It is a widely used measure of how well the model fits the observed data, particularly in the context 

227 of linear regression [33].

228  

229 𝑅2 = 1 ―

𝑛

𝑖=1
   (𝑂𝑖―S𝑖)2

𝑛

𝑖=1
    𝑂𝑖―𝑂 2                                                                                                                  

230 (4)

231   Where,

232 Si = Simulated data, Oi = Observation data, N = Number of Observations, 𝑂 is the mean 

233 Observation.

234

235 2.3.5 Mean Error (ME)

236 Mean Error reflects the average magnitude and direction of prediction errors. A positive ME 

237 suggests that, on average, the model’s predictions are higher than the observed values 

238 (overestimation), while a negative ME indicates that the model is underestimating on average. If 

239 the ME is close to zero, it suggests that the model has little to no systematic bias, although 

240 individual predictions may still have errors [30].

241 ME = 1
𝑛

𝑛

𝑖=1
 (𝑂𝑖 ― 𝑆𝑖)                                                                                                               (5)

242 Si = Simulated data, Oi = Observation data, N = Number of Observations
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243 2.4 Forecasting of Climatic Variables

244 Spatial changes are represented as percentage differences compared to the historical period across 

245 all scenarios, offering a comprehensive view of how conditions vary spatially. This approach 

246 allows for a clear comparison of changes in different geographic areas. In contrast, temporal 

247 changes are shown using their actual values, which provides a precise measurement of the change 

248 over time. These temporal changes are organized into three categories: monthly changes, seasonal 

249 variations, and annual fluctuations. This classification helps to better understand the timing and 

250 pattern of changes, offering a detailed breakdown of how the variables evolve on different time 

251 scales, from shorter-term monthly shifts to long-term annual trends.

252 2.5 Trend Analysis 

253 Trends in future climatic variables are evaluated using the Modified Mann-Kendall (MMK) test, 

254 an enhanced version of the traditional Mann-Kendall test. This methodology is particularly useful 

255 for detecting trends in time series data, especially in the presence of serial correlation 

256 (autocorrelation). While the Mann-Kendall test is widely employed for identifying monotonic 

257 trends, it does not account for the potential influence of autocorrelation in time series data, which 

258 can lead to biased results. The Modified Mann-Kendall test addresses this issue by adjusting for 

259 serial dependence, thereby providing a more accurate trend analysis. The significance of the 

260 detected trend is determined by examining the p-value of the MMK test. Additionally, to quantify 

261 the rate of change, Sen’s Slope estimator is used, offering a robust measure of the magnitude and 

262 direction of the trend over time.

263
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264 3 Results

265 3.1 Performance Evaluation of Bias Corrected Data

266 Table 2 displays the error indices of before and after bias correction of datasets. Five error indices 

267 are considered namely root mean square error (RMSE), Nash–Sutcliffe efficiency (NSE), Kling-

268 Gupta efficiency (KGE), correlation of determinants (R2) and mean error (ME). All the indices 

269 showed better results after bias correction for all variables. In case of precipitation, before bias 

270 correction, RMSE was 55.18 which decreased to 8, NSE was -0.28 which increased to 0.97, KGE 

271 was 0.42 which increased to 0.97, R2 was 0.28 which increased to 0.97 and ME became 6.04 from 

272 -43.87 after bias correction. Similarly, in case of maximum temperature RMSE was 1 which 

273 became 0.01, NSE was -0.11 and it became 0.99, KGE was -0.31 which became 0.99, R2 was 0.11 

274 which became 0.99. ME was 0.32 which became -0.01. In case of minimum temperature after bias 

275 correction RMSE, NSE, KGE, R2, ME became 0.01, 0.99, 0.99, 0.99 and 0 which were previously 

276 1.11, -0.25, 0.32 0.25 and -0.39 before bias correction. 

277 Table 2. Comparison of error indices of bias corrected and bias uncorrected data

278

279 Fig 2 depicts spatial distribution of historical climatic variables before and after bias correction. 

280 Here, changes are shown compared to ERA5 data. For precipitation (a,b) changes are shown in 

Precipitation Max Temp Min Temp

Bias 
Uncorrected

Bias 
Corrected

Bias 
Uncorrected

Bias 
Corrected

Bias
Uncorrected

Bias
Corrected

RMSE 55.18 8 1 0.01 1.11 0.01
NSE -0.28 0.97 -0.11 0.99 -0.25 0.99
KGE 0.42 0.97 -0.31 0.99 0.32 0.99

R2 0.28 0.97 0.11 0.99 0.25 0.99
ME -43.87 6.04 0.32 -0.01 -0.39 0
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281 percentage and in case of minimum and maximum temperature (c,f) absolute changes are shown. 

282 For precipitation after bias correction most of the areas over Bangladesh have only 0 to 5% changes 

283 compared to ERA5 observation data which was -20% to -45% before bias correction. For 

284 maximum temperature after bias correction temperature flocculation is very low which is only 0 

285 to 0.5 compared to observation data and so as to minimum temperature, after bias correction the 

286 temperature fluctuation ranges from -1 to 0 in most of the areas of Bangladesh except some 

287 southern area.

288

289 Fig 2.  Comparison of ensemble mean before and after bias correction. (a,b) is precipitation, 

290 (c,d) is maximum temperature, (e,f) is Minimum Temperature. (a,c,e) is before bias correction 

291 and (b,d,f) is after bias correction. Precipitation change is expressed in percentage and 

292 temperature is expressed in absolute difference from observation data.

293

294 3.2 Precipitation and Temperature Projection 

295 3.2.1 Projection of Monthly Precipitation and Temperature

296 Table 3 shows average precipitation of each month for historical and projection of four emission 

297 scenarios. This table shows monthly average change of precipitation in different scenarios. This 

298 change is calculated in percentage compared to the historical data. Over all highest increase is 

299 observed in SSP5-8.5 scenario. Highest increase of precipitation in SSP2-4.5 scenario is in the 

300 month of May, in SSP5-8.5 it is in the month of February. In G6sulfur highest increase is in the 

301 month of January and in G6Solar it is in the month of February.  Fig 3(a) represents monthly 
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302 average precipitation of different scenarios. SSP5-8.5 projects the highest precipitation, while 

303 G6Solar shows the lowest increase among all scenarios, falling slightly below SSP2-4.5; G6Sulfur 

304 shows intermediate values between the two SSP scenarios. 

305 Table 3. Monthly average precipitation changes under different scenarios 

Average Change of Monthly Precipitation (%)

Month Hist 
(mm)

SSP245
(%)

SSP585
(%)

G6Sulfur
(%)

G6Solar
(%)

Jan 45.05 3.13 6.85 22.31 -20.61
Feb 71.83 -6.68 34.60 14.30 17.67
Mar 100.92 -4.20 2.71 -13.59 -17.82
Apr 94.01 3.82 27.37 12.16 -0.60
May 171.29 35.01 22.41 9.44 -18.91
Jun 296.47 -0.78 1.11 2.26 -3.05
Jul 477.18 -0.60 2.21 0.84 -0.96
Aug 419.39 14.25 20.22 9.57 -4.93
Sep 337.34 12.60 19.54 9.31 -10.72
Oct 206.78 3.74 12.99 8.93 -3.81
Nov 56.40 9.52 -8.14 -16.44 -9.30
Dec 34.69 1.23 -23.88 -24 16.31

306

307 Table 4 shows change of maximum temperature in different scenarios. Unlike precipitation, this 

308 change is calculated by subtracting historical temperature from projected temperature. Percentage 

309 change is not calculated in case of temperature. According to Table 4 average monthly increase of 

310 maximum temperature in G6Sulfur is 1.45 0C and in G6Solar average increase is 1.33 0C where 

311 as in SSP5-8.5 average temperature increase is 2.36 0C. lowest increase of maximum temperature 

312 is found in SSP2-4.5 scenario where maximum temperature increase by 1.27 0C. In all scenarios 

313 highest change is observed in the month of December. In December, maximum temperature in 

314 SSP2-4.5 increases by 2.5 0C, in SSP5-8.5 increases by 4.21 0C, in G6Sulfur increases by 2.82 0C 

315 and in G6Solar increases by 2.74 0C. Fig 3(b) represents maximum temperature over months. It is 
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316 observed that SSP2-4.5, G6Sulfur and G6Solar has quite similar temperature variation where as 

317 SSP5-8.5 has a very drastic increase of temperature.

318 Table 4. Monthly maximum temperature changes under different scenarios

Average Change of Monthly Max Temp (0C)

Month Hist SSP245 SSP585 G6Sulfur G6Solar
Jan 24.60 1.91 3.91 2.33 2.36
Feb 27.34 1.55 2.92 1.83 1.44
March 30.42 1.03 2.05 1.03 1.00
April 32.09 1.19 2.14 1.13 0.95
May 32.53 0.92 1.67 1.08 0.79
Jun 32.08 0.76 1.47 1.01 0.71
July 30.62 0.88 1.69 0.81 0.75
Aug 30.26 0.77 1.52 0.82 0.77
Sep 30.09 0.94 1.78 1.01 1.04
Oct 29.42 1.22 2.03 1.47 1.43
Nov 27.66 1.84 2.98 2.10 2.07
Dec 24.72 2.30 4.21 2.82 2.74

319

320 Table 5 shows changes of minimum temperature in different scenarios. Like maximum 

321 temperature change of minimum temperature is depicted by subtracting historical values from 

322 projected values. Compared to maximum temperature overall increase of minimum temperature is 

323 high in all scenarios. Average monthly increase of minimum temperature in G6Sulfur scenario is 

324 1.95 0C and in G6Solar scenario average monthly increase is 1.90 0C. Highest change is observed 

325 under SSP5-8.5 scenario which is 3.02 0C. Like maximum temperature lowest increase of 

326 minimum temperature is found under SSP2-4.5 which is 1.71 0C. Fig 3(c) represents monthly 

327 minimum temperature cycle. It follows the same pattern of maximum temperature.

328
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329 Fig 3. Monthly historical and projected precipitation (a), Maximum Temperature(b) and 

330 (c) Minimum Temperature in SSP2-4.5, SSP5-8.5, G6Sulfur and G6Solar Scenario. 

331 Historical data represents time period from 1985-2014 and projection represents time period 

332 from 2070-2099.

333

334 Table 5. Monthly minimum temperature changes under different scenarios

Average Change of Monthly Min Temp (0C) 

Month Hist SSP245 SSP585 G6sulfur G6solar
Jan 13.14 2.17 4.93 2.69 2.74
Feb 15.29 2.52 4.99 2.86 2.96
March 19.49 2.34 4.01 2.47 2.42
April 23.15 1.70 2.86 1.81 1.78
May 24.96 1.25 1.59 1.19 1.32
Jun 25.66 0.77 0.90 0.74 0.77
July 25.37 0.86 1.08 0.82 0.84
Aug 25.03 0.99 1.34 0.98 0.95
Sep 24.42 1.41 1.86 1.49 1.45
Oct 22.54 1.78 3.09 2.33 2.05
Nov 18.29 2.31 4.62 3.04 2.74
Dec 14.03 2.46 5.08 3.04 2.79

335

336

337 3.2.2 Projection of Seasonal Precipitation and Temperature

338 Table 6 summarizes the historical seasonal averages and projected changes in precipitation, 

339 maximum temperature (Tmax), and minimum temperature (Tmin) under different climate and 

340 geoengineering scenarios. The historical seasonal precipitation shows strong seasonal variability. 

341 The monsoon season records the highest precipitation (1530.38 mm), followed by the pre-
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342 monsoon (366.21 mm) and post-monsoon (263.17 mm) seasons, while winter receives the lowest 

343 precipitation (151.57 mm). Future projections indicate varying precipitation responses across 

344 scenarios. In winter, precipitation is projected to slightly decrease under SSP2-4.5 (−1.95%), while 

345 moderate increases are projected under SSP5-8.5 (12.96%), G6Sulfur (7.91%), and G6Solar 

346 (3.32%). During the pre-monsoon season, precipitation is projected to increase under SSP2-4.5 

347 (16.19%), SSP5-8.5 (18.25%), and G6Sulfur (3.79%), while G6Solar shows a slight decrease 

348 (−0.61%). In the monsoon season, precipitation increases across all scenarios, ranging from 5.37% 

349 under G6Sulfur to 10.74% under SSP5-8.5. Similarly, during the post-monsoon season, 

350 precipitation increases under SSP2-4.5 (4.98%), SSP5-8.5 (8.46%), and G6Sulfur (3.49%), 

351 whereas a minor decrease (−0.30%) is projected under G6Solar.

352 Historical seasonal averages of maximum temperature (Tmax) range from 25.55 °C in winter to 

353 31.67 °C in the pre-monsoon season, indicating the warmest conditions before the monsoon period. 

354 Future projections show increases in Tmax across all seasons and scenarios. In winter, Tmax 

355 increases by 1.92 °C under SSP2-4.5 and 3.68 °C under SSP5-8.5, while slightly smaller increases 

356 are projected under G6Sulfur (2.18 °C) and G6Solar (2.33 °C). During the pre-monsoon season, 

357 Tmax increases range from 0.91 °C (G6Sulfur) to 1.95 °C (SSP5-8.5). In the monsoon season, 

358 projected increases are relatively lower, varying between 0.82 °C and 1.62 °C. For the post-

359 monsoon season, Tmax increases range from 1.53 °C under SSP2-4.5 to 2.30 °C under SSP5-8.5, 

360 with slightly smaller increases under the geoengineering scenarios. The historical seasonal 
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361 averages of minimum temperature (Tmin) vary from 14.15 °C in winter to 25.11 °C during the 

362 monsoon season. Future projections show consistent increases in Tmin across all seasons. In 

363 winter, Tmin increases range from 2.38 °C under SSP2-4.5 to 5.00 °C under SSP5-8.5, while 

364 G6Sulfur (2.86 °C) and G6Solar (2.83 °C) show moderate increases. During the pre-monsoon 

365 season, Tmin increases vary between 1.76 °C and 2.82 °C across scenarios. In the monsoon season, 

366 projected changes are relatively smaller, ranging from 1.00 °C to 1.29 °C. In the post-monsoon 

367 season, Tmin increases range from 2.04 °C under SSP2-4.5 to 3.85 °C under SSP5-8.5, with 

368 slightly lower increases under the geoengineering scenarios.

369 Table 6. Seasonal average precipitation changes under different scenarios

Average Change of Seasonal Precipitation (%)

Season Hist SSP2-
4.5 (%)

SSP5-
8.5 (%)

G6Sulfur 
(%)

G6Solar 
(%)

Winter 151.57 -1.95 12.96 7.91 3.32
Pre monsoon 366.21 16.19 18.25 3.79 -0.61
Monsoon 1530.38 6.34 10.74 5.37 1.25
Post 
monsoon 263.17 4.98 8.46 3.49 -0.30

Average Change of Seasonal Maximum Temperature (0C)
Winter 25.55 1.92 3.68 2.18 2.33
Pre monsoon 31.67 1.05 1.95 0.91 1.08
Monsoon 30.76 0.84 1.62 0.82 0.91
Post 
monsoon 28.54 1.53 2.50 1.75 1.79

Average Change of Seasonal Minimum Temperature (0C)
Winter 14.15 2.38 5.00 2.86 2.83
Pre monsoon 22.53 1.76 2.82 1.83 1.84
Monsoon 25.11 1.01 1.29 1.01 1.00
Post 
monsoon 20.41 2.04 3.85 2.69 2.40

370
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371 Compared to maximum temperature, increase of minimum temperature is higher. Like maximum 

372 temperature, highest increase of minimum temperature is also in winter season and lowest is in 

373 monsoon season. Among all scenarios SSP5-8.5 has highest increase of minimum temperature 

374 while SSP2-4.5 has lowest. In every season G6Sulfur and G6Solar significantly limits increase of 

375 minimum temperature compared to SSP5-8.5. In SSP5-8.5 winter temperature increases by 5 0C 

376 whereas G6sulfur and G6Solar limits it with in 2.86 0C and 2.83 0C respectively. In monsoon 

377 temperature increases by 1.29 0C while G6Sulfur limits within 1.01 0C and G6Solar limits with 

378 1.00 0C. Fig. 4 presents seasonal climate projections across all scenarios, consistent with the 

379 percentage changes in Table 6. Precipitation (Fig. 4a) is highest under SSP5-8.5 in all seasons, 

380 while G6Solar shows the smallest increases and falls slightly below SSP2-4.5 during pre-monsoon 

381 and post-monsoon seasons. Both maximum and minimum temperatures (Fig. 4b, c) show strongest 

382 warming in winter under SSP5-8.5 (3.68°C and 5.00°C respectively), while G6Sulfur and G6Solar 

383 constrain seasonal warming to levels close to SSP2-4.5 across all seasons.

384 Fig 4. Historical and projected seasonal precipitation (a), Maximum (b) and minimum (c) 

385 temperature in SSP2-4.5, SSP5-8.5, G6Sulfur and G6Solar Scenario. Historical data represents 

386 time period from 1985-2014 and projection represents time period from 2070-2099.

387

388 3.2.3 Projection of Annual Precipitation and Temperature

389 Compared to historical period precipitation increases in all the scenarios. Highest increase of 

390 precipitation is observed in SSP5-8.5 while lowest in G6Sulfur and G6Solar. Both geoengineering 

391 scenarios has lower precipitation than SSP scenarios. Compared to SSP2-4.5 G6Sulfur has 2% less 

392 precipitation and compared to SSP5-8.5 G6Sulfur has 7% less precipitation. On the other hand, 
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393 G6Solar has 2.5% lower precipitation than SSP2-4.5 and 11.5% compared to SSP5-8.5. Fig 5(a). 

394 Like precipitation, maximum temperature and minimum temperature increase is highest in SSP5-

395 8.5. Average increase of maximum temperature is 2.36 0C and increase of minimum temperature 

396 is 3.02 0C in SSP5-8.5. On the other hand, average increase of maximum temperature and 

397 minimum temperature is 1.33 0C and 1.95 0C under G6Sulfur and 1.45 0C and 1.90 0C under 

398 G6Solar. Though the target of geoengineering is to achieve the temperature of SSP2-4.5, but in 

399 perspective of Bangladesh it might not be fully achieved. Increase of both maximum and minimum 

400 temperature is lower in SSP2-4.5 than all other scenarios. Maximum temperature increases by 1.27 

401 0C and minimum temperature increases by 1.71 0C in SSP2-4.5. Fig 5(b) and 5(c) represents annual 

402 increase of maximum and minimum temperature under each scenario. 

403

404 Fig 5. Historical and projected annual precipitation (a), Maximum (b) and minimum (c) 

405 temperature in SSP2-4.5, SSP5-8.5, G6Sulfur and G6Solar Scenario. Historical period is 

406 from 1985-2014 and future period is from 2070-2099.

407

408 Fig 6 represents the spatial distribution of precipitation. Fig 6 (a) and (b) represents observation 

409 and historical precipitation. Fig 6(c) to (f) represents projection of precipitation under four 

410 scenarios. Fig 6(c) represents precipitation under SSP2-4.5 scenario. In most of the areas 

411 precipitation increases by 5-10% while some area of south and south-east and west have increase 

412 of precipitation from 10-15%. Northern areas have lowest precipitation increase. In these areas 

413 precipitation increases by 2-5%. Fig 6(d) represents precipitation projection under SSP5-8.5 

414 scenario. This scenario has highest increase of precipitation among all. South-eastern part 

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


23

415 undergoes huge increase of precipitation. In this area precipitation increases by more than 15 %. 

416 In central area precipitation increases by 10% to 15%. In the western part precipitation increases 

417 by 5% to 10%. Fig 6(e) represents precipitation in G6Sulfur scenario. Increase of precipitation in 

418 bit higher compared to SSP2-4.5 but lower than SSP5-8.5. Lowest increase of precipitation is 

419 observed in the northern area. In northern area precipitation increase by 0-5%. In rest of the area 

420 precipitation increases by 5% to 10%. Fig 6(f) represents G6Solar scenario. Precipitation is lowest 

421 in this scenario. Northern area undergoes negative changes that is precipitation decreases. Highest 

422 increase of precipitation is observed in the south-eastern part of Bangladesh that is 5% to 10%. 

423 Rest of the areas undergoes 2% to 5% changes.

424

425 Fig 6. Historical and Projected annual precipitation over Bangladesh. (a) and (b) represents 

426 observation and historical precipitation from 1985-2014. (c) and (d) represents SSP2-4.5 and 

427 SSP5-8.5 respectively. (e) and (f) represents G6Sulfur and G6Solar respectively. All four 

428 projection are from 2070-2099. 

429

430 Fig 7 represents maximum temperature changes in Bangladesh. Unlike precipitation, these changes 

431 are calculated by the difference of historical and projection temperature, not in percentage. Fig 

432 7(a) and (b) represents observation and historical maximum temperature. Historical data represents 

433 observation temperature quite perfectly. Fig 7(c) represents SSP2-4.5 scenario. In this scenario 

434 temperature is quite uniform all over the country except some south-eastern hilly regions and few 

435 areas in north. In these areas temperature increases by 1.5 0C – 2.5 0C in major parts of Bangladesh 

436 temperature increases by 1 0C to 1.5 0C. Fig 7(d) represents SSP5-8.5 scenario. Temperature 
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437 increase is highest in this scenario. In northern, southern and south-eastern region temperature 

438 increases by more than 2.5 0C. Rest of the areas mostly undergo changes by 1.5 0C to 2 0C. Fig 7 

439 (e) and (f) are geoengineering scenarios. 7 (e) is G6Sulfur and (f) is G6solar. Both of these 

440 scenarios follow maximum temperature pattern of SSP2-4.5 except few changes. In northern and 

441 southern parts of Bangladesh G6Solar has higher temperature compared to G6Sulfur. 

442

443 Fig 7. Historical and Projected annual maximum temperature over Bangladesh. (a) and (b) 

444 represents observation and historical precipitation from 1985-2014. (c) and (d) represents SSP2-

445 4.5 and SSP5-8.5 respectively. (e) and (f) represents G6Sulfur and G6Solar respectively. All four 

446 projection are from 2070-2099.

447

448 Fig 8 represents change of minimum temperature in Bangladesh. Like maximum temperature 

449 minimum temperature is also calculated by calculating the difference of historical and projected 

450 minimum temperature. Historical data is quite good in replicating observation data as represented 

451 in Fig 8(a) and (b). Fig 8(c) represents SSP2-4.5 scenario where change of temperature is lowest 

452 and almost uniform all over the country. Almost entire country under goes a temperature rise of 

453 1.5 0C to 2 0C. Under SSP5-8.5 temperature rise is highest where almost entire area of Bangladesh 

454 undergoes a temperature rise of more than 3 0C. In northern, southern, south-eastern region has 

455 temperature rise of more than 3 0C and some central to north-eastern and south-eastern parts have 

456 temperature rise of 2.5 to 3 0C. Fig 8 (e) and (f) are geoengineering scenarios. Fig 8(e) is G6Sulfur, 

457 in this scenario minimum temperature is uniform except some northern, southern, south-eastern 

458 region. These regions have increase of temperature by 2 0C to 2.5 0C others have increase of 1.5 
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459 0C to 2 0C. Spatially lower area is exposure to higher temperature increase in G6Solar scenario 

460 compared to G6Sulfur scenario. Fig 8(f) represents G6Solar scenario where temperature uniformly 

461 increase by 1.5 0C to 2 0C in most of the areas. In south-eastern and few parts of south have 

462 temperature increase by 2 0C to 2.5 0C. 

463

464 Fig 8. Historical and Projected annual minimum temperature over Bangladesh. (a) and (b) 

465 represents observation and historical precipitation from 1985-2014. (c) and (d) represents SSP2-

466 4.5 and SSP5-8.5 respectively. (e) and (f) represents G6Sulfur and G6Solar respectively. All four 

467 projection are from 2070-2099.

468

469 The increase of minimum temperature is higher than maximum temperature. Among G6Sulfur and 

470 G6Solar scenarios, G6Solar reduces minimum temperature slightly more than G6Sulfur, whereas 

471 G6Sulfur shows slightly lower maximum temperature increases compared to G6Solar. Both of the 

472 scenarios have lower precipitation than SSP2-4.5 but G6Solar has lower precipitation than 

473 G6Sulfur. 

474 3.3 Uncertainty Analysis

475 Projection uncertainty was assessed using the median and 5th–95th percentile range for annual 

476 precipitation, maximum temperature, and minimum temperature across the scenarios in Table 7. 

477 The spread of projections indicates notable differences between the SSP scenarios and the 

478 geoengineering scenarios (G6Solar and G6Sulfur). For precipitation, SSP5-8.5 shows the widest 

479 uncertainty range (1527.1–4942.6 mm), indicating larger variability among models under high-
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480 emission conditions, whereas SSP2-4.5 has a comparatively narrower range (1580.0–4283.5 mm). 

481 In contrast, the geoengineering scenarios show slightly reduced spread, with G6Solar (1542.5–

482 4187.5 mm) exhibiting the narrowest range among future scenarios and G6Sulfur (1519.8–4462.6 

483 mm) showing moderate variability. For maximum temperature, the SSP scenarios again display a 

484 broader range, particularly SSP5-8.5 (26.44–33.65 °C), while the geoengineering scenarios show 

485 slightly narrower spreads (G6Solar 25.51–32.35 °C; G6Sulfur 25.50–32.06 °C), suggesting 

486 reduced inter-model variability. A similar pattern is observed for minimum temperature, where 

487 SSP5-8.5 (18.67–28.50 °C) presents the largest spread, whereas G6Solar (17.70–27.80 °C) and 

488 G6Sulfur (17.77–27.79 °C) exhibit relatively smaller ranges. Overall, the SSP scenarios, especially 

489 the high-emission pathway tends to show greater uncertainty, while the geoengineering scenarios 

490 demonstrate slightly more constrained projection spreads, particularly for temperature.

491

492

493 Table 7. Uncertainty analysis of precipitation, maximum minimum temperature under different 

494 scenarios (median and 5th – 95th percentile).

Scenario Precipitation (mm) Maximum 
Temperature (ºC)

Minimum 
Temperature (ºC)

Historical 2334.4 (1501.3, 
3985.9)

28.28 (23.89, 
30.40)

20.74 (15.65, 
26.10)

SSP2-4.5 2522.5 (1580.0, 
4283.5)

29.73 (25.37, 
32.04)

22.51 (17.48, 
27.74)

SSP5-8.5 2672.0 (1527.1, 
4942.6)

30.86 (26.44, 
33.65)

23.88 (18.67, 
28.50)

G6Solar 2473.3 (1542.5, 
4187.5)

29.86 (25.51, 
32.35)

22.67 (17.70, 
27.80)

G6Sulfur 2631.1 (1519.8, 
4462.6)

29.82 (25.50, 
32.06)

22.72 (17.77, 
27.79)
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495 Fig 9 presents the probability density functions for annual precipitation, maximum temperature, 

496 and minimum temperature, providing a complementary visualization of the projection 

497 uncertainties across scenarios. The probability density plots reinforce the findings from the 

498 percentile ranges, clearly illustrating the shifts in central tendencies and the degree of spread under 

499 different forcing pathways. For annual precipitation (Fig 9a), the probability density distributions 

500 show that SSP5-8.5 exhibits the widest spread with a long tail toward higher precipitation values, 

501 reflecting the greater inter-model variability reported in Table 7, whereas SSP2-4.5 displays a 

502 comparatively narrower and more peaked distribution. The geoengineering scenarios, particularly 

503 G6Solar, show distributions that are shifted toward lower precipitation magnitudes with reduced 

504 spread, consistent with the narrower uncertainty ranges observed. For annual maximum 

505 temperature (Fig 9b), the probability densities reveal a clear separation between scenarios, with 

506 SSP5-8.5 showing the most rightward shift and broadest distribution, indicating both higher 

507 warming levels and larger uncertainty. In contrast, G6Solar and G6Sulfur exhibit distributions that 

508 are shifted leftward with reduced spread, aligning with the narrower 5th–95th percentile ranges 

509 and suggesting that solar radiation modification effectively constrains model variability in 

510 temperature projections. A similar pattern is observed for annual minimum temperature (Fig 9c), 

511 where the SSP5-8.5 distribution is notably wider and shifted toward higher temperatures, while 

512 the geoengineering scenarios display more compact distributions centered at lower values. The 

513 probability density functions corroborate the uncertainty quantification from the percentile ranges, 

514 demonstrating that high-emission pathways (SSP5-8.5) are associated with greater projection 

515 uncertainty and more pronounced warming, whereas geoengineering scenarios yield 

516 comparatively constrained uncertainty bounds and moderated climate responses across all three 

517 variables.
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518 Fig 9. Probability density distributions of (a) annual precipitation, (b) annual maximum 

519 temperature, and (c) annual minimum temperature over Bangladesh under different climate 

520 scenarios. The dashed gray line represents the historical period, while colored lines indicate future 

521 projections under SSP2-4.5, SSP5-8.5, G6Solar, and G6Sulfur scenarios.

522

523 Fig 10 presents violin plots showing the distribution of annual precipitation, maximum 

524 temperature, and minimum temperature for the historical period and future scenarios (SSP2-4.5, 

525 SSP5-8.5, G6Solar, and G6Sulfur). The precipitation distribution indicates higher variability under 

526 future scenarios compared to the historical period, with SSP5-8.5 exhibiting the highest median 

527 precipitation and the widest spread, suggesting increased precipitation variability and intensity. 

528 The SSP2-4.5 scenario also shows an upward shift relative to the historical period, while the 

529 geoengineering scenarios (G6Solar and G6Sulfur) display comparatively lower precipitation 

530 distributions than the SSP scenarios, indicating moderated changes under solar radiation 

531 management. For temperature, both maximum and minimum temperature distributions shift 

532 upward in all future scenarios relative to the historical period, reflecting a clear warming trend. 

533 The SSP5-8.5 scenario shows the highest median values and the broadest distributions for both 

534 maximum and minimum temperatures, indicating the strongest warming, whereas SSP2-4.5 shows 

535 moderate increases. In contrast, the G6Solar and G6Sulfur scenarios exhibit relatively lower 

536 median temperatures and narrower distributions compared to the SSP scenarios, suggesting that 

537 geoengineering interventions partially offset the projected warming. Collectively, the violin plots 

538 corroborate the uncertainty quantification from Table 7 and Fig 9, demonstrating that while SSP5-

539 8.5 drives substantial warming and precipitation increases with considerable model spread, the 

540 geoengineering scenarios produce more constrained distributions but with divergent impacts 
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541 G6Solar effectively moderates maximum temperature increases but produces precipitation 

542 reductions in pre-monsoon and post-monsoon seasons, whereas G6Sulfur shows slightly higher 

543 maximum temperature increases but maintains positive precipitation changes across all seasons.

544

545 Figure 10. Violin plots showing the distribution of (a) annual precipitation, (b) annual 

546 maximum temperature, and (c) annual minimum temperature over Bangladesh for the 

547 historical period and future climate scenarios (SSP2-4.5, SSP5-8.5, G6Solar, and G6Sulfur). 

548 The violin shapes represent the probability density of the data, while the internal lines indicate the 

549 median and interquartile range.

550

551 3.4 Trend Analysis

552 The overall trends of annual precipitation, maximum temperature, and minimum temperature were 

553 analyzed using the Modified Mann–Kendall test and Sen’s slope (Table 8), with p < 0.05 indicating 

554 a significant trend. For precipitation, a significant increasing trend is observed under SSP5-8.5 

555 (131.8 mm/decade) and G6Sulfur (66.2 mm/decade), while G6Solar shows a significant 

556 decreasing trend (−44.8 mm/decade), and SSP2-4.5 is not significant (p = 0.0526). Both maximum 

557 and minimum temperatures show significant increasing trends in all scenarios, with maximum 

558 temperature increasing fastest under SSP5-8.5 (0.38 °C/decade) and slowest under G6Sulfur (0.12 

559 °C/decade), while minimum temperature rises most under SSP5-8.5 (0.47 °C/decade) and least 

560 under SSP2-4.5 (0.21 °C/decade), indicating that minimum temperature is warming faster than 

561 maximum. 
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562 Table 8. Trend analysis of precipitation, maximum minimum temperature per decade under 

563 different scenarios.

564

Precipitation
p value Sen's Slope

SSP2-4.5 0.052641 -66.559
SSP5-8.5 4.86E-05 131.8314
G6Sulfur 8.48E-05 66.19024
G6Solar 0.001662 -44.75

Maximum Temperature
p value Sen's Slope

SSP2-4.5 4.91E-22 0.22277
SSP5-8.5 5.09E-28 0.38209
G6Sulfur 4.76E-14 0.11777
G6Solar 3.46E-36 0.25375

Minimum Temperature
p value Sen's Slope

SSP2-4.5 7.50E-49 0.20783
SSP5-8.5 1.10E-64 0.47047
G6Sulfur 6.77E-43 0.25106
G6Solar 8.59E-51 0.22777

565

566 The spatial patterns of these trends are shown in Figs 11–13, where areas of significant increase 

567 or decrease correspond closely with the rates quantified in Table 8, highlighting regional 

568 variability in precipitation and temperature trends across scenarios. Across all three variables, the 

569 SSP5-8.5 scenario represents the most extreme climatic shift, characterized by a significant 

570 nationwide increase in annual precipitation (reaching >15 mm/decade in northern and central 

571 regions) and a drastic warming trend exceeding 0.65°C/decade, particularly during the winter and 

572 post-monsoon seasons. While SSP2-4.5 shows similar but moderate spatial patterns, the SRM 

573 scenarios G6Solar and G6Sulfur demonstrate a clear capacity to decouple temperature increases 

574 from rising greenhouse gas concentrations. Specifically, the SRM scenarios effectively cool the 
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575 map, shifting the temperature trend intensity from the high-warming reds of the SSP scenarios to 

576 much lower intensities (blues and light yellows), effectively limiting annual warming to within 

577 0.13–0.25°C/decade. However, the precipitation spatial plots reveal a trade-off; while SRM 

578 mitigates the extreme wetness seen in SSP5-8.5, it introduces localized drying trends (red patches) 

579 in the pre-monsoon and monsoon seasons, especially under G6Solar. Overall, while SSP scenarios 

580 lead to uniform and significant warming across Bangladesh, SRM scenarios successfully stabilize 

581 temperature trends at the cost of altering regional precipitation distribution, with G6Sulfur 

582 appearing slightly more effective than G6Solar at maintaining a balanced spatial climate profile.

583

584 Fig 11. Spatial distribution of projected precipitation trends (mm/decade) across Bangladesh 

585 under different climate scenarios. Columns represent annual, pre-monsoon, monsoon, post-

586 monsoon, and winter seasons, while rows correspond to SSP2-4.5, SSP5-8.5, G6Solar, and 

587 G6Sulfur scenarios. Black dots denote areas where trends are statistically significant (p < 0.05).

588

589 Fig 12. Spatial distribution of projected maximum temperature trends (ºC/decade) across 

590 Bangladesh under different climate scenarios. Columns represent annual, pre-monsoon, 

591 monsoon, post-monsoon, and winter seasons, while rows correspond to SSP2-4.5, SSP5-8.5, 

592 G6Solar, and G6Sulfur scenarios. Black dots denote areas where trends are statistically significant 

593 (p < 0.05).

594

595 Fig 13. Spatial distribution of projected minimum temperature trends (ºC/decade) across 

596 Bangladesh under different climate scenarios. Columns represent annual, pre-monsoon, 
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597 monsoon, post-monsoon, and winter seasons, while rows correspond to SSP2-4.5, SSP5-8.5, 

598 G6Solar, and G6Sulfur scenarios. Black dots denote areas where trends are statistically significant 

599 (p < 0.05).

600

601

602 4. Discussion 

603 This study evaluated projected changes in precipitation, maximum temperature (Tmax), and 

604 minimum temperature (Tmin) over Bangladesh under two emission pathways — SSP2-4.5 and 

605 SSP5-8.5 — and two Solar Radiation Management scenarios — G6Sulfur and G6Solar — for the 

606 period 2070–2099. The results demonstrate that the magnitude, seasonal distribution, and spatial 

607 pattern of future climate changes are strongly sensitive to both the emission pathway chosen and 

608 the type of geoengineering intervention applied. These findings are broadly consistent with 

609 regional climate projection studies across South Asia, which have documented strong scenario-

610 dependency in both temperature and precipitation responses to greenhouse gas forcing [1,34]. 

611 Taken together, the results confirm that while SRM can meaningfully moderate warming, its 

612 hydrological consequences are divergent and scenario-specific, making a nuanced, region-focused 

613 evaluation essential.

614 4.1 Precipitation Projections

615 Under the SSP scenarios, SSP5-8.5 demonstrates the most dramatic increase in precipitation, with 

616 an overall 9.8% rise compared to historical levels, particularly marked in the month of February. 

617 This scenario, indicative of a high-emission future, projects increased hydrological extremes, 
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618 which could result in greater challenges for water management, agricultural planning, and flood 

619 risk. In contrast, SSP2-4.5 shows a more moderate increase of 5.9%, with seasonal patterns 

620 indicating higher precipitation in the pre-monsoon period. The SSP scenarios illustrate the 

621 potential impact of continued emissions growth on the hydrological cycle, with SSP5-8.5 

622 significantly amplifying precipitation and increasing vulnerability to extreme events. Multiple 

623 studies concluded that precipitation extreme can increase under higher emission scenarios. This 

624 manifests in our results as an approximately 9.8% increase in annual precipitation under SSP5-8.5 

625 the largest of all scenarios — with the greatest monthly enhancement occurring in February 

626 (34.60%) and the strongest seasonal enhancement during the pre-monsoon (18.25%) and monsoon 

627 (10.74%) periods. The pre-monsoon enhancement under SSP5-8.5 is particularly notable, as this 

628 season already carries flood risk in Bangladesh, and further amplification of pre-monsoon 

629 precipitation could exacerbate waterlogging and early-season flooding [35–38].

630 In the geoengineering scenarios, G6Sulfur and G6Solar both aim to stabilize temperature increases 

631 but yield divergent outcomes for precipitation. G6Sulfur shows a minimal increase in annual 

632 precipitation (2.9%) compared to the SSP2-4.5, with the most substantial increase occurring in the 

633 winter months. Conversely, G6Solar shows a reduction in annual precipitation of approximately 

634 2.5% relative to SSP2-4.5, primarily in pre- and post-monsoon seasons. These findings suggest 

635 that while geoengineering approaches like G6Sulfur and G6Solar may mitigate some temperature 

636 increases, they may have unintended consequences for precipitation, with G6Solar potentially 

637 exacerbating drought risk by reducing rainfall in critical seasons. Previous studies also indicate 

638 that solar radiation management may suppress regional precipitation due to reduced evaporation 

639 and weakened monsoon circulation[39–42]. 
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640 The study reveals notable differences in temperature increases among scenarios, with SSP5-8.5 

641 exhibiting the most substantial rise in both maximum (2.36°C) and minimum (3.02°C) 

642 temperatures. The seasonal analysis shows the most pronounced warming during the winter 

643 months, suggesting potential adverse impacts on seasonal crops, biodiversity, and energy demand. 

644 Additionally, the rise in minimum temperatures under SSP5-8.5, averaging 3.02°C, is particularly 

645 concerning, as it may disrupt the natural cooling cycles, leading to heat stress and compounded 

646 health risks. Similar projections of stronger warming under high-emission scenarios have been 

647 reported across Bangladesh using CMIP6 models [43]. 

648 The geoengineering scenarios effectively limit temperature rise, bringing it very close to SSP2-4.5 

649 targets. Under G6Sulfur, the maximum temperature increases by only 1.45°C, while G6Solar 

650 shows a slightly lower rise of 1.33°C, nearly matching the SSP2-4.5 trajectory. Although neither 

651 scenario perfectly replicates SSP2-4.5, both approaches substantially curb warming compared to 

652 SSP5-8.5 for both maximum and minimum temperatures, demonstrating that geoengineering could 

653 almost achieve the moderate-emission temperature goals. Previous studies have also reported that 

654 SRM interventions can substantially reduce global and regional temperature increases, although 

655 uncertainties remain regarding regional climate responses [44–47]  

656 Spatial projections indicate that the northern regions of Bangladesh experience comparatively 

657 smaller increases in both precipitation and temperature across all scenarios, whereas the 

658 southeastern regions show more pronounced increases. This spatial heterogeneity is consistent 

659 with previous studies that reported stronger hydro-climatic variability in the southeastern and 

660 coastal parts of Bangladesh due to complex topography and monsoon circulation influences (Islam 

661 et al., 2022; IPCC, 2021). Such regional differences highlight the importance of localized climate 
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662 adaptation strategies, as southeastern regions may require greater emphasis on flood management, 

663 climate-resilient infrastructure, and water resource planning.

664 Temporal trend analysis using the Modified Mann–Kendall test and Sen’s slope estimator reveals 

665 statistically significant increasing trends in both maximum and minimum temperatures across all 

666 scenarios. The results indicate that SSP5-8.5 exhibits the strongest warming trend, with Sen’s slope 

667 values of 0.38 °C decade⁻¹ for maximum temperature and 0.47 °C decade⁻¹ for minimum 

668 temperature. In comparison, the geoengineering scenarios (G6Sulfur and G6Solar) show relatively 

669 lower warming rates, reflecting the moderating influence of solar radiation management on global 

670 and regional temperatures. Similar findings have been reported in previous modeling studies, 

671 which indicate that SRM can significantly reduce the rate of temperature increase, although it 

672 cannot completely eliminate regional warming trends due to complex climate feedbacks and 

673 spatial variability [42,48].

674 Another notable finding is that minimum temperature increases faster than maximum temperature 

675 across all scenarios, indicating enhanced night-time warming. This phenomenon has been 

676 documented in several regional climate studies and may lead to increased heat stress, altered 

677 ecosystem functioning, and reduced crop productivity [49–51].

678 The projected changes in precipitation and temperature have important implications for climate 

679 resilience planning in Bangladesh, a country highly vulnerable to climate variability and extreme 

680 weather events. The SSP5-8.5 scenario, representing a high-emission pathway, indicates 

681 substantial increases in both precipitation and temperature extremes, emphasizing the urgent need 

682 for global greenhouse gas mitigation to reduce long-term climate risks [1].
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683 In contrast, geoengineering scenarios such as G6Sulfur and G6Solar demonstrate that Solar 

684 Radiation Management (SRM) can significantly limit temperature rise, bringing regional 

685 temperatures close to those projected under SSP2-4.5. Previous modeling experiments have also 

686 shown that stratospheric aerosol injection and solar dimming strategies can effectively reduce 

687 global temperature anomalies, although their regional climate responses remain uncertain [52]. 

688 However, SRM is associated with potential trade-offs and unintended consequences, particularly 

689 for precipitation patterns. In this study, G6Solar shows a reduction in precipitation compared to 

690 SSP2-4.5, which may increase the risk of seasonal droughts. Similar reductions in tropical 

691 precipitation under solar geoengineering have been reported in several modeling studies, which 

692 show that solar radiation reduction or stratospheric aerosol injection can weaken the hydrological 

693 cycle and decrease rainfall in some tropical regions [39,53]. Therefore, geoengineering should be 

694 considered a complementary strategy rather than a replacement for emissions reductions, and its 

695 implementation requires careful evaluation of regional climate impacts and socio-economic 

696 implications.

697

698 5 Conclusion

699 Projected climate changes over Bangladesh differ markedly across emission pathways and solar 

700 radiation management (SRM) interventions. Under the high-emission SSP5-8.5 scenario, both 

701 precipitation and temperature show substantial increases, indicating heightened hydrological 

702 variability and stronger thermal stress across the country. In comparison, the SSP2-4.5 scenario 

703 produces smaller increases in both variables, demonstrating the moderating effect of reduced 

704 greenhouse-gas emissions. The geoengineering scenarios G6Sulfur and G6Solar significantly limit 
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705 temperature rise and bring projected temperatures close to those simulated under SSP2-4.5, 

706 indicating that SRM can partially offset warming associated with high-emission pathways. 

707 However, their effects on precipitation are more complex. G6Sulfur generally produces modest 

708 increases in rainfall, while G6Solar tends to reduce precipitation in several seasons, which could 

709 elevate drought risk during climatically sensitive periods. Spatial patterns further highlight 

710 regional disparities in climate response. Northern parts of Bangladesh experience relatively 

711 smaller changes in both temperature and precipitation, whereas the southeastern and coastal 

712 regions exhibit more pronounced increases. These spatial differences suggest that climate impacts 

713 and associated risks will not be uniform across the country, reinforcing the need for region-specific 

714 adaptation strategies such as improved flood management, climate-informed agricultural planning, 

715 and resilient infrastructure development. The findings emphasize that while SRM scenarios can 

716 moderate temperature increases, they do not fully replicate the climate conditions associated with 

717 lower-emission pathways and may introduce additional precipitation uncertainties. Consequently, 

718 geoengineering should not be considered a substitute for emissions reduction. A balanced climate 

719 strategy integrating greenhouse-gas mitigation, cautious evaluation of geoengineering approaches, 

720 and targeted adaptation measures will be essential for strengthening climate resilience, 

721 safeguarding vulnerable populations, and supporting sustainable development in Bangladesh.

722
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