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Abstract:

Coastal Bangladesh is among the most vulnerable regions to climate-induced hydrometeorological changes,
particularly due to its exposure to sea-level rise, cyclones, and extreme precipitation. This study investigates historical
and projected precipitation dynamics across four key coastal districts—Chattogram, Cox’s Bazar, Patuakhali, and
Noakhali, using the high-resolution TerraClimate dataset (1958-2015) and a +4°C warming scenario. We extracted
and analyzed monthly and annual precipitation trends through a geospatially targeted time-series analysis. Results
indicate a consistent upward trend in monsoonal precipitation, with Cox’s Bazar experiencing the highest annual
averages exceeding 6000 mm/year. Under projected warming, all locations exhibit intensification of peak rainfall,
potentially exacerbating flood frequency, erosion, and salinity intrusion. Historical yearly precipitation has a slightly
decreasing trend over the past years in all locations. These findings underscore the urgency for region-specific
adaptation strategies, such as enhanced water management infrastructure, seasonal flood forecasting, and climate-
resilient agriculture. The study highlights the utility of high-resolution climate data for anticipating local impacts of
global warming and for guiding evidence-based policy in vulnerable deltaic zones.
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1. Introduction

Bangladesh is widely regarded as one of the most climate-vulnerable countries in the world due to its low elevation,
high population density, and geographic location within the Ganges-Brahmaputra-Meghna delta. The country ranked
5th among 170 nations in the Global Climate Risk Index for 2017, reflecting the frequency and intensity of climate-
induced hazards such as cyclones, floods, and extreme rainfall (Kreft, 2013; Eckstein, 2021). Climate variability and
long-term changes have significantly impacted Bangladesh’s hydrological systems, with increasing global surface
temperatures contributing to the occurrence of more frequent and intense weather extremes (WMO, 2021). The World
Bank (2010, 2013) has emphasized that rising sea surface temperatures and associated sea-level rise are likely to
enhance the strength and extent of coastal storm surges, threatening lives, infrastructure, and livelihoods in coastal
areas.

Bangladesh spans an area of approximately 148,460 km? and displays notable topographic and climatic diversity
despite its relatively small size (Abu Yousuf Md. Abdullah, 2020; J. Caesar, 2015). The country experiences a
subtropical monsoon climate, broadly categorized into three distinct seasons: pre-monsoon (February—May), monsoon
(June—September), and post-monsoon (October—January) (H.M. Imran, 2023). The monsoon season contributes the
majority of annual precipitation, primarily driven by depressions originating from the Bay of Bengal and enhanced by
the orographic lifting effect of the Meghalaya Plateau—particularly influencing the northeastern regions (Mannan,
2008; Ahasan, 2010). However, regional disparities in rainfall trends have been noted across various studies. While
some regions such as the southern and northeastern coastal zones have exhibited increasing rainfall, others report
stagnation or decline, reflecting the spatially heterogeneous nature of precipitation trends in Bangladesh (Karim, 2008;
Shahid, 2011).

Recent progress in high-resolution climate research has improved understanding of regional variability in temperature
and rainfall extremes. For example, Imran et al. (H.M. Imran, 2023) conducted a spatiotemporal analysis of
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temperature and precipitation extremes over Bangladesh using the newly developed ENACTS-BMD gridded dataset
(0.05° x 0.05°) for 1981-2020. Their study provided valuable insights into national-scale changes in extreme climate
indices, revealing significant warming trends and increasing variability in rainfall extremes. However, the analysis
was limited to Bangladesh’s national scale and focused primarily on extreme climate indices rather than long-term
precipitation dynamics or scenario-based projections.

Despite such advancements, few studies have investigated long-term hydroclimatic trends using globally consistent,
high-resolution spatial datasets. Most existing analyses rely on point-based station data, which can obscure localized
variations critical for regional planning. Moreover, coastal Bangladesh remains understudied in terms of high-
resolution spatiotemporal rainfall dynamics under future warming conditions. While downscaled global climate
models (GCMs) have provided insight into future climate scenarios (e.g., Karim et al., 2020), they often operate at
coarse spatial resolutions and are associated with high uncertainty. In this context, datasets like TerraClimate offer a
robust alternative, enabling time-series analysis of monthly precipitation, temperature, and water balance metrics at
approximately 4-km spatial resolution from 1958 to 2015 (Abatzoglou, 2018).

Therefore, this study leverages TerraClimate data to explore both historical and projected precipitation patterns in four
vulnerable coastal districts: Chattogram, Cox’s Bazar, Patuakhali, and Noakhali at specified coordinates. By
combining high-resolution global data with localized analysis, the research extends beyond previous national-scale
assessments by focusing specifically on coastal precipitation variability and projected rainfall intensification under a
+4°C warming scenario. The primary objective is to evaluate both historical and projected precipitation trends across
these districts, with particular emphasis on the monsoon season and extreme precipitation events. The insights derived
from this analysis are expected to support evidence-based climate adaptation strategies, including resilient
infrastructure design and improved flood forecasting systems in Bangladesh’s coastal belt.

2. Methodology

For this study, we used TerraClimate, a global dataset providing monthly climate and water balance data at a high
spatial resolution of approximately 4 km (1/24°) for terrestrial areas all around the world from 1958 to 2015.
TerraClimate integrates high-resolution climatological normals from the WorldClim dataset with lower-resolution,
time-varying monthly data from other sources through climatically aided interpolation (Abatzoglou, 2018). This
approach generates monthly values for variables such as precipitation, maximum and minimum temperature, wind
speed, vapor pressure, and solar radiation. A Python-based computational tool was employed to automate the end-to-
end process of climate data acquisition, processing, and analysis, with a particular focus on long-term precipitation
trends. This tool, originally developed by Dr. Adnan Rajib during a classroom cyber-training initiative at Texas A&M
University—Kingsville, provides a semi-automated workflow designed to run entirely on the Google Colab platform
(Rajib, 2021). The workflow facilitates the discovery, downloading, pre-processing, and visualization of precipitation
datasets, thereby enabling streamlined analysis of climate change indicators. Rather than being limited to static plotting
of predefined datasets, the tool dynamically interacts with cloud-hosted repositories to extract historical climate data
based on user-defined spatial and temporal parameters. The automated plotting of time series graphs further enhances
interpretability and reproducibility of results.

For the purposes of this study, four coastal districts in Bangladesh were selected as representative study areas due to
their high vulnerability to hydrometeorological hazards. These include Chattogram (latitude: 22.334833, longitude:
91.822357), Cox’s Bazar (latitude: 21.366129, longitude: 92.032471), Patuakhali (latitude: 21.886987, longitude:
90.230713), and Noakhali (latitude: 22.540464, longitude: 91.184464). Using the automated Python tool described
previously, historical monthly and yearly precipitation data from the TerraClimate dataset (1958-2015) were extracted
for each selected coastal location. The dataset provides high spatial resolution (~4 km) global terrestrial climate
information, including precipitation, using climatically aided interpolation methods (Abatzoglou et al., 2018). In
addition to historical data, the analysis incorporated projected precipitation trends under a +4°C warming scenario to
simulate future extremes. This scenario aligns with the Representative Concentration Pathway (RCP) 8.5 projection
often used to represent a high-end emissions trajectory. The extracted data were automatically processed and visualized
using time-series plots to identify temporal patterns and detect changes in both seasonal and annual rainfall. Trendlines
were overlaid on historical data to identify increasing or decreasing tendencies, and comparisons were made between
past and projected precipitation totals for each site.
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3. Results
3.1. Historical Precipitation Trends

The historical analysis of precipitation data across all four coastal districts revealed consistent seasonal variability,
with peaks in monsoonal months and troughs during the dry season- which is evident in Figure 1. Among the locations
analyzed, Cox’s Bazar exhibited the highest historical precipitation, with annual totals exceeding 6000 mm/year,
followed by Chattogram and Noakhali. In contrast, Patuakhali showed relatively lower annual precipitation, though
still significant within the coastal context.

Yearly Historical Precipitation (mm/yr) for Selected Location (lat: 21.366129, lon: 92.032471) Yearly Historical Precipitation (mm/yr) for Selected Location (lat: 22.334833, lon: 91.822357)
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Figure 1: Time series plot of yearly historical precipitation at Chittagong, Cox's Bazar, Subarnachar and Patuakhali. Data
extracted from Terraclimate dataset.

The long-term annual trends suggest a slight decline or stagnation in yearly precipitation totals across most locations
since the late 1980s, despite interannual variability. This pattern was evident in the fitted trendlines for the yearly
historical plots, especially for Noakhali and Patuakhali, where a mild decreasing slope was observed. However,
monsoonal precipitation, particularly in peak months like June through August—showed signs of intensification in
Cox’s Bazar and Chattogram, potentially indicating increased short-duration rainfall events rather than overall yearly
growth.

3.2. Projected Precipitation under +4°C Warming

The scenario-based projections of Figure 2 suggest a noticeable intensification of peak monthly rainfall across all four
districts under the +4°C warming scenario. For example, in Cox’s Bazar and Chattogram, future monsoonal peaks
were projected to surpass current historical maxima, indicating the likelihood of more frequent and intense rainfall
events during already wet months. Similarly, Patuakhali and Noakhali, although exhibiting historically lower rainfall
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totals, showed sharp increases in projected monthly rainfall, particularly in the pre-monsoon and post-monsoon
transition periods.

Yearly precipitation (mm/yr) for Climate Change in location of interest (Iat: 22.334833, lon: 91.822357)

Yearly precipitation (mm/yr) for Climate Change in location of interest (lat: 21.366129, lon: 92.032471)
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Figure 2: Time series plot for yearly precipitation change over a +4C warming in Chittagong, Cox's Bazar, Subarnachar and
Patuakhali, extracted from Terraclimate dataset
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This projected shift toward greater seasonal rainfall concentration may exacerbate existing challenges related to flash
flooding, waterlogging, and salinity intrusion in low-lying coastal areas. The findings underscore the need for robust,
region-specific climate adaptation strategies, such as enhancing urban drainage systems, optimizing rainwater
harvesting, and promoting climate-resilient crop planning.

3.3. Spatial Variation in Vulnerability

The comparative analysis highlights Cox’s Bazar as the most rainfall-intensive location, both historically and under
future projections, which aligns with its geographic position adjacent to the Bay of Bengal and the orographic
influence of the nearby hills. Noakhali and Patuakhali, while currently drier, could experience amplified wet season
extremes, raising concerns about localized flood management in areas with relatively less preparedness. It may seem
counterintuitive that historical precipitation shows a slightly decreasing or stagnant trend, while projected precipitation
under a +4°C warming scenario shows a strong increase, especially in monsoonal rainfall. This pattern is actually
consistent with established climate science, particularly in regions like South Asia, and can be explained by several
interrelated physical and atmospheric mechanisms. Bangladesh, like many developing countries, has undergone
significant land cover changes (e.g., deforestation, urbanization), which can alter local hydrological cycles. In
addition, aerosols (tiny particles from industrial emissions, biomass burning, etc.) are known to suppress rainfall by
reducing cloud droplet coalescence and altering cloud dynamics. These effects have been linked to decreased
precipitation in parts of South Asia despite warming trends (V. Ramanathan, 2001; Massimo A. Bollasina, 2011). To
explain the case of future rainfall, The Clausius-Clapeyron relation states that saturation vapor pressure increases by
~7% per °C, so a 4°C rise can lead to ~28% more moisture in the atmosphere. This leads to heavier and more intense
rainfall events, especially during the monsoon season (Trenberth, 2011). Boosted convective activity can lead to more
intense seasonal rainfall in regions like coastal Bangladesh (Andrew G. Turner, 2012).
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Discussion:

The findings of this study highlight the complex and evolving nature of precipitation patterns in coastal Bangladesh
in the face of climate change. Historical data extracted from the high-resolution TerraClimate dataset show region-
specific trends, with Cox’s Bazar consistently receiving the highest annual rainfall among the selected districts.
However, long-term observations indicate a slight decline or stagnation in total yearly precipitation across all four
sites, particularly in Noakhali and Patuakhali. This apparent decline may be attributed to a combination of
anthropogenic and climatic factors. This trend is juxtaposed against the significant increase in projected rainfall under
the +4°C warming scenario. These projections indicate a marked intensification of monsoonal rainfall, especially in
Cox’s Bazar and Chattogram, and signal a shift towards more extreme seasonal rainfall events. This contrast can be
explained by thermodynamic principles such as the Clausius-Clapeyron relation, which states that atmospheric
moisture capacity increases by approximately 7% per 1°C rise in temperature. As a result, a +4°C increase would
enable the atmosphere to hold nearly 28% more water vapor, fueling heavier and more intense precipitation.
Additionally, future climate simulations suggest an intensification of monsoon circulation over the Bay of Bengal,
leading to stronger convective activity and increased precipitation in coastal zones.

Such projected changes bear critical implications for regional planning and disaster preparedness. Increased
monsoonal rainfall could heighten the frequency and severity of flash floods, riverine inundations, and salinity
intrusion, particularly in low-lying and densely populated coastal districts. Although Noakhali and Patuakhali have
historically received less rainfall, the projected increase in extreme seasonal precipitation suggests that these areas
may also become more susceptible to flood-related hazards in the future. Therefore, regional policymakers and
planners must proactively incorporate these projections into adaptive water resource management strategies, such as
climate-resilient agriculture, stormwater drainage upgrades, and early warning systems.

Finally, this study demonstrates the effectiveness of high-resolution climate datasets like TerraClimate in identifying
localized hydroclimatic trends that may be overlooked by coarser-resolution global climate models. The use of semi-
automated Python tools further enhances analytical efficiency and reproducibility, providing a robust framework for
future climate diagnostics and risk assessments. Moving forward, integrating multiple variables (e.g., temperature,
evapotranspiration, sea level) and incorporating socio-economic vulnerability indices could yield even more
comprehensive assessments of climate risk in deltaic regions like coastal Bangladesh.
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