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ABSTRACT 
 
 
Enormous challenges associated with drinking water supply in Bangladesh are already 
present. Equally important is the climate change, which has the potential to escalate the 
current drinking water scarcity problems. The major dimensions of climate change for 
Bangladesh include more intensive precipitation events, increases in surface temperatures 
which will increase evaporation rates, prolonged dry periods, sea level rise with consequent 
salinity intrusion in the coastal areas of Bangladesh, expectations of greater turbulence in the 
atmosphere with more frequent extreme events like cyclones associated with storm surges. It 
is, therefore, essential to develop an analytical tool to comprehend the intimate relationship of 
climate change dimensions and future state of drinking water resources both in terms of water 
quantity and quality.  

This thesis features the generation of future climate projections for Bangladesh on monthly 
and annual basis, for the period of 2011 to 2100, for selected parameters including 
precipitation, temperature and evaporation rate, using both Global and Regional Climate 
Models. Four selected IPCC ensemble GCMs and a RCM called PRECIS have been applied 
in this regard. From the multi-model average temperature change with respect to 1971-2000, 
it is evident that the winter months in Bangladesh will show relatively more warming in 
future. Also precipitation changes for Bangladesh indicate that the precipitation will continue 
to increase in all the months in future years. Percentage of precipitation increment is expected 
to be quite higher for dry and pre-monsoon months compared to the monsoon season, though 
such increase will be insufficient in absolute terms. The monsoon months like June and July 
are still going to have extensive precipitation events in future years. Also, the large scatters in 
the projected precipitation quantities are noted, indicating that there will be erratic rainfall 
pattern in future, with the variations representing significant fluctuations from average 
conditions. As for evaporation, the pre-monsoon months (March - May) show distinct 
increase in the amount of evaporation in future than the dry and monsoon months, which can 
be as high as 225 mm in a month. 
 
Also a mathematical algorithm has been developed, on the basis of the ‘Hydrologic Water 
Balance’ principle, which quantifies the possible water quantity into a typical drinking water 
pond as well as a household rain water storage system in any of the year upto 2100 on 
monthly basis. The proposed model incorporates the projected changes in future hydro-
meteorological climate variables along with increasing human consumption into the geometry 
of the particular systems. Trend of the model-simulated maximum monthly storage deficit in 
a particular pond clearly indicates a gradual deficit-amplification through time. Also, the 
proposed model has been applied in determination of critical design storage volume for the 
particular pond, sufficient enough to meet a range of consumption amount as well as 
variability of hydro-meteorological parameters due to climate change. As for the rain water 
storage system, through model simulation within an arbitrary designated service period of 15 
years in future, it is found that net potential water available in a month can increase upto 1000 
m3 whereas average monthly drinking water demand for a 6-person family is around 1.35 m3
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       Chapter 1 

INTRODUCTION 

 

Climate change has been escalating in recent times. Attribution of recent climate change is 

the effort to scientifically ascertain possible future change patterns in the Earth's climate. 

Therefore, the ongoing processes of climate change have influenced the engineers in 

projecting future climate change scenarios, to aid the policy makers in making decisions. 

With increasing population and prevailing changes in climate, the rural drinking water 

systems in the coastal Bangladesh have already exhibited and left traces of prominent 

unpredictability mainly in terms of water quantity over the recent geologic time. Climate 

change and the rise in population together have the potential to escalate the current drinking 

water scarcity problems. Hence, it is essential to comprehend the intimate relationship of 

climate change dimensions and future demand of drinking water.  

1.1 Background and Present State of the Problem 

Enormous challenges associated with water supply in Bangladesh are already present.  

Bangladesh has (i) high population density; (ii) high levels of arsenic in the groundwater in 

significant parts of the country; and (iii) high microbial contamination levels in the surface 

water.  Future challenges will be even more severe as a result of high population growth. 

Equally important as the challenges identified above, is the widespread acceptance of 

ongoing climate change. Almost every year, Bangladesh experiences disasters of one kind or 

another, including coastal erosion, floods, and droughts.  All of these are causing heavy 

losses of life and property, jeopardizing development activities in the country. Due to its high 

population density and high levels of poverty, as well as its unique geographic location, low 

elevation of land and overwhelming dependence on nature, Bangladesh is highly vulnerable 

to these disasters.  Hence, Bangladesh is one of the countries having extensive climate 

variation and vulnerability. 

Part of the reason for the susceptibility of Bangladesh to meteorological-driven disasters is 

that Bangladesh lies in a sub-tropical region where monsoon weather prevails throughout the 

year in most parts of the country. Furthermore, the climate of Bangladesh is greatly 

influenced by the presence of the Himalayan mountain range and the Tibetan plateau in the 

north, the Bay of Bengal in the south, and the flows in incoming major rivers (e.g. Ganga and 

Brahmaputra) over which Bangladesh has minimal control. The dimensions of climate 

http://en.wikipedia.org/wiki/Scientific_method�
http://en.wikipedia.org/wiki/Earth�
http://en.wikipedia.org/wiki/Climate�
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change for Bangladesh include more intensive precipitation events, increase in dry periods, 

increases in surface temperatures which will increase evaporation rates, sea level rise with 

consequent salinity intrusion in the coastal area of Bangladesh and expectations of greater 

turbulence in the atmosphere that give way to more frequent extreme events like draughts, 

cyclones etc. There is an expectation that under prevailing change of climate, the annual 

precipitation amount in Bangladesh will increase slightly, with substantially greater rainfall in 

monsoon and almost similar rainfall compared to present condition in other months. Big 

fluctuations in precipitation quantities are expected in future years, giving way to more 

intensive storm events. Also the average annual temperature of Bangladesh is expected to 

increase by 1.4 ± 0.6 oC by 2050 (MoEF, 2008; IPCC, 2007a) and the average monthly 

temperature will continue to rise invariably in every month. Also, evaporation is likely to 

increase in Bangladesh in future times under this prevailing rise of temperature conditions.  

Increase in evaporation during the months with less precipitation as a result of climate 

change, will create situations like water loss from soil and resultant reduced crop yield, lower 

level of water both in surface and ground water systems, higher microbial concentration in 

the surface waters and so on. If not checked in time, the exacerbating aridity and 

accompanying desertification processes as a consequence of increased surface temperature 

and evaporation rates are destined to cause severe environmental degradation related to water 

resources in different parts of the country.  

Currently an issue of concern, coastal low-lying areas of Bangladesh is lagging behind the 

rest of the country in terms of water supply coverage, primarily because of the water quality 

problems. Therefore, given the current situation of salinity in surface water, the flat 

topography of Bangladesh and a sea level rise projected of 88 cm by the year 2100 (IPCC, 

2001), it is obvious that there will be much greater intrusion of saline water into the heart of 

Bangladesh through coastal rivers. Also it is already evident that the extreme events are 

becoming more frequent for Bangladesh e.g. ‘Sidr’ in 2007 and ‘Ayla’ in 2009. 

Consequently, these will cause water supply to the rural poor, involving relatively 

unsophisticated drinking water systems to become increasingly difficult. Given the above, 

such combined effects of ongoing climate change and increases in population will have 

enormous implications on the future ability to provide water by small systems. Since human 

health and hygiene are intricately related to water supply, the impacts of climate change on 

small drinking water systems will be particularly of great concern.  
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1.2 Research Objectives  

There are numerous types of small drinking water supply systems currently being operated in 

Bangladesh, particularly in rural areas.  Examples of the types of small water supply systems 

include pond sand filters (PSFs), manually operated deep tubewells, dug well, rain water 

storage, arsenic-iron removal plants (AIRPs) and some other unsophisticated surface water 

treatment systems. All these systems have been developed with specific working principles 

and functional designs. However, probable changes in climate with time are likely to affect 

the future ability of these systems both in terms of water quality and quantity.  

In recent times, some predictions of the changes in climate have been accomplished for 

Bangladesh using climate models. However, the impacts of climate change on the future 

ability of particular small water systems have not yet been scientifically analyzed in 

Bangladesh. So this research work is aimed at the overall analysis of the impacts of climate 

change on small water systems with the following specific objectives: 

(i) To assess current state of climate change in Bangladesh by analyzing the observed 

trends of climate variables like temperature, precipitation and evaporation, with 

associated key vulnerabilities such as cyclones, coastal floodings, sea level rise etc. 

(ii) To develop a comprehensive understanding of the basics as well as the limitations of 

climate models and to make projections of changes in future climatic conditions of 

Bangladesh on monthly basis, for the period of 2011 to 2100, in terms of precipitation 

variability, change in temperature and evaporation rate, using both Global and 

Regional Climate Models. 

(iii) To develop a hydrologic water balance model which quantifies the possible water 

quantity into a typical drinking water pond as well as a household rain water storage 

system in any of the year upto 2100 on monthly basis, by incorporating the projected 

changes in future hydro-meteorological climate variables along with increasing 

human consumption into the geometry of the particular systems. 

1.3 Outline of Methodology 
 
1.3.1 Application of Climate Models 

Climate models are considered as the main tools available for developing projections of 

climate change in the future (e.g., Houghton et al., 2001; Houghton et al., 1995). Generally 

speaking, a climate model is a computer based mathematical program mostly made up of 
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differential equations based on the basic laws of physics, fluid motion, thermo-dynamics and 

chemistry. There are a number of mathematical models of global circulation that indicate 

expectations of future climate scenarios. Atmosphere and Ocean Global Climate Models 

(AGCM and OGCM) are key components of Coupled Global Climate Models (GCM) along 

with sea-ice and land-surface components, the details of which are discussed in chapter 4. To 

“run” a climate model means to divide the planet into a 3-dimensional grid, apply the basic 

equations, and evaluate the results at individual grid points on the 3-dimensional grid 

covering the Earth based on some so called "scenarios". A scenario is an estimation of future 

greenhouse gas and aerosol emission changes under certain assumptions. Since we do not 

know how our world will develop in policy, society, technology and economy in future times 

we need to assume numerous options. 

As the GCMs run typically on a horizontal resolution of around 200 km or more and with 

consideration of the very small geographical area of Bangladesh of about 144,000 sq. km, it 

would be wise to apply a regional climate model (RCM) which is a downscaling tool and 

adds fine scale (high resolution) information to the large-scale projections of a global general 

circulation model (GCM). Regional models can resolve features down to 50km or less. This 

makes for a more accurate representation of many climatic features for a small region. Also, 

noteworthy that, since the inherent physics and associated underlying assumptions of the 

components like atmospheric, ocean, sea-ice and land-surface might be different for different 

climate models, it would be more rational to apply several climate models to develop a 

combined and more realistic multi-model prediction for future climate scenarios of a small 

country like Bangladesh.  

The GCMs that have been applied here are CGCM3.1, CCSM3, MIROC3.2 and 

HadGEM1. To validate the effect of different possible scenario assumptions on the future 

climatic conditions of Bangladesh, projections of the GCMs are developed and compared 

under four scenarios called A1B, A2, B1 and COMMIT. Also the RCM that has been 

selected herein is called PRECIS (Providing REgional Climates Impacts Studies), which is a 

primitive equation hydrostatic model runs with 19 levels in hybrid vertical co-ordinate 

(Simmons and Burridge, 1981; Simon et al., 2004). The RCM projections are developed 

considering A1B scenario only. 

To examine possible future climatic conditions, one prospect is to compare projections with 

observed meteorological data. For this, the past three decade period in Bangladesh (1971-

2000) has been used as a climatological baseline period from which the model outputs are 

http://en.wikipedia.org/wiki/Differential_equations�
http://en.wikipedia.org/wiki/Physics�
http://en.wikipedia.org/wiki/Fluid_dynamics�
http://en.wikipedia.org/wiki/Chemistry�
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referenced.  Climate model outputs on different parameters are absolute numerical values and 

these might underestimate or overestimate the projected parameters showing overgenerous 

variation compared to the observed and expected trends, which is generally referred to as 

‘model bias’. As such, predictions for temperature (T), precipitation (P) and evaporation (E) 

in Bangladesh have been developed herein as monthly as well as annual basis for each of the 

future year of 2011 to 2100 using four selected GCMs and a RCM, and therefore corrected 

for bias. Finally, all the five model outputs, after being adjusted for bias, are averaged to get 

the ‘Multi-Model’ projections in individual months for each of the future years from 2011 to 

2100. 

 

1.3.2 Hydrologic Water Balance Algorithm 

The main principle of ‘Water Balance’ is to calculate the change in volume of a permanent 

storage resulting from the total inflow minus the total outflow (actual or potential). The 

output of this approach, that is, the ‘storage volume’ is actually the net quantity of water 

available from a given water system like a pond over a specified duration of time. The 

algorithm developed here for future pond water quantity estimation is actually an input-

output system computer model which is generated by computational software MATLAB. The 

proposed ‘Future Hydrologic Water Balance’ model takes the following parameters as input: 

1. Climate Variables for precipitation and evaporation on monthly or annual basis as 

projected by the above mentioned climate models in future years from 2011 to 2100;  

2. Geometric and Topographic parameters of a pond like pond dimensions, side slope 

horizontal component, runoff coefficient for pond banks, etc.;  

3. Water Consumption parameters like present target population, per capita consumption, 

population increment rate, initial reference pond water depth and storage volume, etc. 

It simulates the possible future pond water quantity in terms of pond storage volume at the 

end of each time step (a month) upto year 2100. From the model-simulated future monthly 

storage deficits or surpluses with respect to a reference volume, the trend of maximum 

monthly storage deficit in future years can be obtained. However, analyzing this time-series 

trend of maximum possible storage deficit, a specific equation for calculating ‘Critical 

Climate-Resilient Design Storage’ of the pond is developed, which can be used in 

determination of critical design storage volume, sufficient enough to meet both the 

consumption and variability of hydro-meteorological parameters due to climate change. Such 
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hydrologic water balance model has been modified and applied for a typical household rain 

water harvesting system as well.  

1.3.3 Field Survey  

In order to assess the current performance-conditions of particular small water systems of 

concern, a comprehensive field survey is conducted under the scope of this research work 

with the auspices of the British Council Funded Higher Education Link Programme. Few 

villages in the coastal regions like Shyamnagar, Kaliganj and Assasuni in Satkhira district; 

Daakop and Koira in Khulna district; also Mongla and Morelganj in Bagerhaat district are 

visited to collect necessary data through focus-group discussions.  

1.4 Structure of the Thesis 

The thesis report includes the following chapters: 

1. Introduction:  

In this chapter, background and present state of the problem related to climate change and its 

associated impact on drinking water availability in future times have been comprehensively 

addressed focusing particularly on current conditions of Bangladesh. Also, the specific 

objectives of the thesis along with the outline of methodologies being adopted to attain them 

are thoroughly discussed. 

2. Literature Review:  

This chapter is a compendium of related researches that will establish the true importance of 

the thesis topic. It addresses the existing climatic conditions, extent of climate model 

projections for Bangladesh that has been made so far and above all, the overview of the 

impact of climate change on future state of drinking water resources.  

3. Analyzing Current Climate Trends in Bangladesh:  

This chapter analyzes current climate conditions in Bangladesh related to precipitation 

pattern, temperature variability and evaporation trends, using various trend analysis from 

observed historical data. This chapter also reveals the proliferation of some key 

vulnerabilities of climate change, to which Bangladesh has been exposed so far, for example, 

changes in frequency and intensity of extreme events like cyclones, coastal and inland 

flooding, sea level rise etc. 

4. Development of Multi-Model Climate Projections for Bangladesh: 

An overall understanding of the basics of climate models have been presented in this chapter 
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detailing about the model structure, key components of a climate model such as Atmospheric, 

Ocean, Sea Ice and Land Surface models etc, along with the usual limitations of such models. 

However, multi-model average projections of changes in climatic conditions of Bangladesh 

on monthly basis for the period of 2011 to 2100 have been developed here only in terms of 

precipitation variability, changes in temperature and evaporation rate, using both global and 

regional climate models. 

5. An Analytical Approach for Future Water Quantity Estimation in Small Water Systems:  

This chapter features a brief evaluation of the current performance condition of different 

drinking water systems in the coastal area, being assessed from a comprehensive field survey. 

Also an analytical model, based on the hydrologic water balance principle has been 

developed herein, through which water quantity, in terms of water storage deficit or surplus 

from a reference volume, in every month of future years upto 2100 can be calculated for a 

surface water system like a pond with the Pond Sand Filter (PSF), having any regular 

geometrical size and shape.  Such water quantity estimation model is also applied for a 

typical household rain water harvesting system.    

6. Conclusion and Recommendations: 

First, the future climate scenarios of Bangladesh being developed through this thesis work are 

briefly discussed in this chapter. Therefore, some modifications and alterations particularly in 

the geometric design of small drinking water systems, for example, a pond with PSF and a 

rain water harvesting system in specific, are proposed which might make the systems more 

flexible in terms of workability and resilience under changing climate and ensure their future 

ability to supply water to a much bigger population, ensuring both water quality and quantity.  
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Chapter 2 

LITERATURE REVIEW 

 

South Asia is one of the most vulnerable regions of the world to climate change impacts 

(McCarthy et al., 2001). The international community also ranks Bangladesh, a south Asian 

country, high in the list of most vulnerable countries on earth. Bangladesh’s high 

vulnerability to climate change is due to a number of hydro-geological and socio-economic 

factors that include: (a) its geographical location in South Asia; (b) its flat deltaic topography 

with very low elevation; (c) its extreme climate variability that is governed by monsoon and 

which results in acute water distribution over space and time; (d) its high population density 

and poverty incidence; and (e) its majority of population being dependent on crop agriculture 

which is highly influenced by climate variability and change. It is therefore of utmost 

importance to understand its vulnerability and its potential for adaptation to climate change. 

The specific objective of this chapter is to prepare a synthesis for the general readership on 

climate change issues in the context of Bangladesh, particularly focusing on dimensions of 

climate change related to small drinking water systems. The modality of achieving this 

objective is to take note of all the important findings in available published literature and put 

it in a form so that the product helps the readership to clearly understand the dynamics of 

climate change in Bangladesh and relate it within the contexts of future water availability.  

2.1 Understanding Climate, Climate Variability and Climate Change 

Climate 

Climate in a narrow sense is usually defined as the "average weather", or more rigorously, as 

the statistical description in terms of the mean and variability of relevant quantities over a 

period of time (IPCC, 2001a). In broader sense, climate is the complicated system consisting 

of various components, including the dynamics and composition of the atmosphere, the 

ocean, the ice and snow cover, the land surface and its features, the many mutual interactions 

between them, and the large variety of physical, chemical and biological processes taking 

place in and among these components (Ramamasy and Bass, 2007). Figure 2.1 below shows 

various components of a climate system.  

Weather is the day-to-day state of the atmosphere and its variations are short-term (from 

hours to a few weeks) such as temperature, humidity, precipitation, cloudiness, visibility or 

wind. Climate defines typical weather conditions for a given area based on long-term 
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averages. Although an area's climate is always changing, the changes do not usually occur on 

a time scale that is immediately obvious to us. We can observe how weather changes from 

day to day but subtle climate changes are not as readily detectable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Schematic Diagram of a Climate System Components (Islam, 2009) 

Climate Variability  

Climate Variability refers to variations in the mean state and other climate statistics (standard 

deviations, the occurrence of extremes, etc.) on all temporal and spatial scales beyond those 

of individual weather events. Variability may result from natural internal processes within the 

climate system (internal variability) or from variations in natural or anthropogenic external 

forces (external variability). Every year in a specific time period, the climate of a location is 

different. Some years have below average rainfall, some have average or above average 

rainfall. For example, the average annual rainfall of Rajshahi in north-western Bangladesh is 

1494 mm (Ramamasy and Bass, 2007). It does not mean to be assured of getting this amount 

every year. The actual rainfall varying from the mean represents drought and flood 

conditions. These variations result from atmospheric and oceanic circulation, caused mostly 

by differential heating of the sun on earth. The atmosphere and ocean circulate in three 

dimensions and each acts on the other. The atmosphere moves faster than the ocean, but the 

ocean stores a large amount of heat and releases it slowly over long periods. These 

atmosphere-ocean circulations cause climate to vary in season-to-season or year-to-year. 

Larger climatic variability, induced from ‘climate change’ processes, is of great significance. 
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Climate Change 

Framework Convention on Climate Change (UNFCCC) defines "climate change" as: "a 

change of climate which is attributed directly or indirectly to human activity that alters the 

composition of the global atmosphere and which is in addition to natural climate variability 

observed over comparable time periods". Such definition makes a distinction between 

"climate change" attributable to human activities altering the atmospheric composition, and 

"climate variability" attributable to natural causes (IPCC, 2001a). 

2.2 Analysis of Climate Change for Bangladesh: Experience in the Use of Models  

Since climate change is a dynamic phenomenon, changes will occur over time, and 

implications will only be understood in future, it is not possible ‘to define a changing climate’ 

that might occur ‘within a defined period in future’. In order to appreciate changing climate 

over a geographic region and/or a country, efforts are made to ‘define one or more scenarios 

of a changing climate’ in relation to the area in question. Of course, a set of key assumptions, 

which would have high sensitivity towards defining the scenario(s), are made prior to 

defining the scenario(s). Since scenarios are based on assumptions, approximations, and 

considerations (social, political, economic, cultural etc.), a scenario ‘cannot truly represent’ a 

future climate. Rather it should represent a ‘plausible future climate’ in view of facilitating 

assessments of physical, environmental, social, economic and human aspects of the 

geographic region and/or country in question.  

For Bangladesh, efforts have been made to develop climate change scenarios using various 

generic methods. In early stages, in absence of appropriate models and modeling facilities, 

researchers have used ‘expert judgments’ to come up with climate scenarios (Ahmed, 2006). 

With the proliferation of computer assisted Atmosphere-Ocean Global Circulation Models 

(AOGCM), scientifically more rigorous and acceptable scenarios have been developed in the 

second stage. Only in recent times, with strengthening of computational capabilities, 

scenarios have been developed by using Regional Climate Models (RCM). 

2.2.1 Speculative Scenario Development  

Scenarios based on ‘expert judgments’ portrayed speculative future climate. Following a 

sarcastic mode of analysis, scientists have developed these speculative scenarios and posed 

key questions: ‘what would happen’ to the bio-geo-physical system ‘if’ climate parameter(s) 

change by a given extent. Mahtab (1989) speculated that a general surface warming of 0.3 to 

5°C would occur by the year 2050. It is also thought that rainfall would increase by 5 to 20%. 

For sea level rise, a range of 30 to 150 cm was assumed by the year 2050. However, Mahtab 
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(1989) considered a median value by taking the mean of the two limits and adding 10cm for 

local subsidence, which provided for 100 cm ‘net sea level rise’ by the year 2050.  

Similarly, the effects of 2°C and 4°C change in average temperature were speculated for 

defining ‘moderate’ and ‘severe’ climate change scenarios, respectively (BCAS-RA-

Approtech, 1994). The two scenarios also speculated a rise in peak monsoon rainfall by 18% 

and 33%, respectively. It was anticipated that the increase in monsoon rainfall would cause 

an increase in river discharge during peak flow periods by 8 and 15%, respectively, for the 

two scenarios.  

2.2.2 General Circulation Models as Applied for Bangladesh 

In early 1990s, several attempts have been made to generate climate change scenarios for 

Bangladesh by the use of available General Circulation Models (GCMs). The BUP-CEARS-

CRU (1994) study reported 0.50C to 2.00C rise in temperature by the year 2030 under 

‘business as usual’ scenario of IPCC. The same modeling effort estimated 10 to 15% rise in 

average monsoon rainfall by the year 2030.  

ADB (1994) study also made use of four GCMs: CSIRO9, CCC, GFDLH, and UKMOH. A 

host of IPCC scenarios (IS92a) available at that point have been considered which provided a 

number of scenarios. It was reported that, for 2010 the temperature would rise by 0.30C and 

for 2070, the corresponding rise would be 1.50C. All the four models, used for developing 

scenarios, provided different results for monsoon rainfall. The high-estimating GFDL model 

(GFDLH) projected 59% higher rainfall in South Asian monsoon with a corresponding 

withdrawal of dry season rainfall by 16%. CCC model, however, projected an increase of 

monsoon rainfall by 20% and withdrawal of dry season rainfall by 6%. Both considered a 

doubling of CO2 

The other major attempt to generate a model-driven climate change scenario was made under 

the ‘Climate Change Country Studies Programme’ (Ahmed et al., 1996; Asaduzzaman et al., 

1997 and Huq et al., 1998). A number of GCMs have been used including Canadian Climate 

Centre Model (CCCM), Geophysical Fluid Dynamics Laboratory equilibrium model 

(GFDL), and 1% transient model of GFDL (i.e., GF01). The outputs of the three GCMs for 

the 1990 base year were validated against long-term ‘climate normal’, as provided in 

concentration in the atmosphere (therefore, time independent). A time-

dependent modeling provided a medium scenario for South Asian rainfall: the monsoon 

rainfall was projected to increase up to 5% by 2010 and between 5 to 30% by the year 2070, 

while the dry season rainfall was projected to vary between -10 to +10% by the year 2070. 

No change in dry season rainfall was projected for 2010 (ADB, 1994).  
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published report (FAO-UNDP, 1998).  Applying the same methodology, Ahmed and Alam 

(1998) reproduced the climate change scenarios, which were largely used for a number of 

subsequent national assessments. It was reported that the average increase in temperature 

would be 1.3oC and 2.6oC for the two projection years, 2030 and 2075, respectively. It was 

found that there would be a seasonal variation in changed temperature: 1.4oC change in the 

winter and 0.7 oC in the monsoon months in 2030. For 2070 the variation would be 2.1oC and 

1.7 o

 
 
 
 
 
 
 
 
 
 
 

Note: W-winter (i.e., December, January and February: DJF) and M- monsoon (i.e., June, July and August: JJA); Ave- Average 
 

Again, Mirza (1997) used a number of GCMs and the results have been used for the World 

Bank Study (2000). By the year 2030, the projected rise in monsoon temperature was 0.7

C for winter and monsoon, respectively. Also it was expected that the winter rainfall 

would decrease at a negligible rate in 2030, while in 2075 there would not be any appreciable 

rainfall in winter. On the other hand, monsoon precipitation would increase at a rate of 12% 

and 27% for the two projection years, respectively. The following Table 2.1 summarizes the 

climate change scenarios developed by Ahmed and Alam (1998). 

Table 2.1 Outputs of GCM Exercise for Bangladesh (Ahmed and Alam, 1998) 

 oC 

with a corresponding rise in winter temperature of 1.3 oC. World Bank (2000) results showed 

similarities with that of Ahmed and Alam (1998). The corresponding rise in rainfall was 

projected at 11% for monsoon, while a decrease in rainfall by 3% was also projected for 

winter by the year 2030. For the year 2050, the study projected increase in temperature by 1.1 

oC and 1.8 o

MAGICC/SCENGEN is a coupled gas-cycle/climate model (MAGICC) that drives a spatial 

climate-change scenario generator (SCENGEN). MAGICC is a Simple Climate Model that 

computes the mean global surface air temperature and sea-level rise for particular emissions 

C for monsoon and winter, respectively. For the same year, the projected changes 

for rainfall were 28% in monsoon and -37% in winter. In general, the study suggests that the 

average annual rainfall over Bangladesh would be increasing with global warming. These 

results have been adopted for the First Initial National Communication for Bangladesh in 

2002 (Ahmed, 2006). 
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scenarios for greenhouse gases and sulphur dioxide (Agrawala et al., 2003). MAGICC has 

been the primary model used by IPCC to produce projections of future global-mean 

temperature and sea level rise (see Houghton et al., 2001). SCENGEN is a database that 

contains the results of a large number of GCM experiments. SCENGEN constructs a range of 

geographically-explicit climate change scenarios for the world by exploiting the results from 

MAGICC and a set of GCM experiments, and combining these with observed global and 

regional climate data sets (Agrawala et al., 2003). Agrawala et al. (2003) used the MAGICC 

driven SCENGEN database to produce a best estimating 11 out of 17 GCMs for projecting 

Climate Change Scenario in Bangladesh. The results were obtained using IPCC SRES B2 

scenario and suggested that annual temperature would increase up to 1.4 oC and 2.4 o

Table 2.2 MAGICC/SCENGEN Projections for Bangladesh (Agrawala et al., 2003) 

 

 

 

 

 
 
               Note: December, January and February: DJF and June, July and August: JJA  

These results were compared with previous results (in Table 2.1) as provided by Ahmed and 

Alam (1998). The core findings appear to be consistent with the analysis presented above. 

Both the studies agreed that winter warming would be greater than summer warming. The 

two studies also estimated little change in winter precipitation and an increase in precipitation 

during the monsoon. The slightly higher monsoon precipitation projected by Ahmed and 

Alam (1998) compared to that by Agrawala et al. (2003) may be attributed to lower climate 

sensitivity in more recent climate models. In the former case, however, the climate forcing 

did not follow IPCC B2 SRES Scenario. 

C by the 

projection year 2050 and 2100 (see Table 2.2). Dry season precipitation was projected as 

1.7% and 3.0% reduced for the projected years, respectively. An increase in monsoon 

precipitation up to 6.8% and 11.8% by the year 2100 was also found in the study. 

Based on the above discussions, it is evident that the magnitudes of these temperature 

changes appear to be very small. But, if added to existing climate extremes such as droughts, 

these changes could increase the severity substantially. Thus, it is quite possible that there 

could be a significant increase in the intensity and frequency of droughts in Bangladesh. 

According to Ramamasy and Bass (2007), GCM analysis indicates that the average 
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temperature of Bangladesh will increase by 1.4°C (±0.16) by 2050. Alike other analyses as 

cited above, Ramamasy and Bass (2007) showed that the GCM data projects more warming 

for winter than for summer months (Figure 2.2). So, based on the above projections, 

Bangladesh is likely to face more hot days and heat waves, longer dry spells and higher 

drought risk. 

 

 

 

 

 

 

Figure 2.2 Monthly Mean Temperature for Current Period (1964 – 2003) and GCM-

 Projections for Futere Years 2050 and 2100 (Ramamasy and Bass, 2007) 

The National Adaptation Programme for Action (NAPA) for Bangladesh has been a more 

recent attempt to develop a climate change scenario for the country. NAPA Core Team 

(GOB, 2005) adopted the results obtained by Agrawala et al. (2003) for changes in 

temperature, and modified the results of Agrawala et al. regarding changes in precipitation. 

The modification, however, was based on judgment of the NAPA Core Team and was not 

based on reflection of any GCM modeling exercise.  

As for possible future precipitation pattern, the summer over South Asia is dominated by the 

southwest monsoon, which occurs from June to September and influences the seasonal 

cycles. However, according to the IPCC’s Fourth Assessment Report, climate change is 

likely to weaken the monsoonal flows and the large scale tropical circulation; this could 

affect rainfall patterns, such as the time it occurs each year. Furthermore a warmer, moister 

atmosphere is also likely to lead to heavier rainfall during the monsoon (IPCC, 2007d). A 

variety of different studies all point to average rainfall increasing in Bangladesh during the 

summer monsoon by around 1-4% by the 2020s, and 2-7% by the 2050s (Tanner et al., 2007). 

As can be seen from the range of estimated percentage increases predicted, experts are not 

sure on the amount of extra rainfall expected but all agree that a wetter Bangladesh is likely 

in the monsoon due to more rain.  
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Likewise the studies also agree in predicting slightly less rainfall in winter months though it 

could slightly increase initially with estimate averages indicating that rainfall will increase 

lightly by around 3% in the 2020s, but decrease by around 3-4% by the 2050s. The winter 

drying trend is less certain than that for increasing rainfall in the monsoon (Tanner et al., 

2007). 

The synthesis of available literatures in the context of climate change in Bangladesh reveals 

the fact that not too many precise researches have been accomplished on the possible trends 

and variability of hydro-meteorological parameters in the 21st century using recent global 

climate models, specifically focusing on Bangladesh. However, changes in climate variables 

and their extremes over the Indian sub-continent have been continuously modeled and 

analyzed by different organizations or research groups, from where some specific potential 

indications can be obtained so for as the climate of Bangladesh is concerned. Figure 2.3 

shows the Temperature Change (0F), Precipitation Difference (inch/year), and Precipitation 

minus Evaporation (inch/year) in 2050 and 2100 compared to those in year 2000 projected by 

a GCM (CCSM3) under A1B Scenario, being developed by Ganguly et al. (2010). 

2.2.3 Trend Analysis of Current Temperature Conditions 

A study by Islam (2009) showed that mean annual temperatures in Bangladesh have risen by 

about 1 oC over the last half-century. The analysis revealed that temperatures are expected to 

rise, on an average, by 1.7 oC by 2050 and 3.3 oC by 2090 -- relative to mean annual 

temperatures of 25.4 oC in 2000. This study also denoted that the daily maximum temperature 

has shown a positive trend of increase at a rate of 0.621 ± 0.491 oC per 100 year. The 

maximum increase was observed to occur during November at a rate of 2.7 oC per 100 year. 

However, daily minimum temperature has shown more significant trend of increase at a rate 

of 1.536 ± 0.461 oC per 100 year. Daily Mean Temperature has shown positive trend of 

increase at a rate of 1.026 ± 0.403 oC per 100 year. Islam (2009) also showed the spatial 

contour of mean annual temperature change throughout Bangladesh over last 60 years from 

1948 to 2007 (see Figure 2.4). 

SAARC Meteorological Research Centre (SMRC) has studied surface climatological data on 

monthly and annual mean maximum and minimum temperature, and monthly and annual 

rainfall for the period of 1961-1990. The study showed an increasing trend of mean 

maximum and minimum temperature in some seasons and decreasing trend in some other 

seasons. Overally, the trend of the annual mean maximum temperature has shown a 

significant increase in annual mean temperature over the period of 1961-1990 (Karmakar and  
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Figure 2.3 [Top to Bottom]: Temperature Change (0F), Precipitation Difference (inch/year), 
and Precipitation minus Evaporation (inch/year) in 2050 and 2100 (left to right) compared to 
year 2000 projected by CCSM3 model under A1B Scenario, (Ganguly et al., 2010). 
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Shrestha, 2000). The study has also projected temperature up to 2050 and 2010 using a 5 year 

running average and actual values. It is found that the annual mean temperature is likely to 

increase by 0.21°C and 0.39°C by 2050 and 2010 respectively. It is also found that in the pre-

monsoon season, the mean maximum temperature is likely to decrease and in the monsoon 

season, the mean maximum temperature is likely to increase. The results also reveal that there 

is a general increasing trend in temperature which is insistent over seasons. Projection year 

2030 shows an annual increase of 0.88°C in temperature while year 2075 shows an annual 

increase of 2.42°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Mean Annual Temperature Change in Bangladesh (1948-2007), (Islam, 2009) 

2.2.4 Use of Regional Climate Models: Model Validation for Bangladesh 

Islam et al. (2008) pointed out that there is very little research work carried out so far using 

the climate models in Bangladesh. According to Ahmed (2006), the Global Climate Models 

(GCMs) make predictions at a relatively coarse scale of a few hundred kilometers, but to 

study the impacts of climate change we need to predict changes on much smaller scales. 

Regional climate models (RCMs) have a much higher resolution than global climate models 

and as a result provide climate information with useful local detail including realistic extreme 
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events. Predictions using RCMs will thus lead to substantially improved assessments of a 

country’s vulnerability to climate change and how it can adapt.  Efforts are now being made 

to analyze the Regional Climate Models (RCMs) specifically for Bangladesh. The challenge 

lies in resolving the physical equations (heat budget and laws of physics) for a finer grid, at 

higher resolutions (i.e., smaller grid sizes: at 50 km X 50 km grid size instead of 500 km X 

500 km grid size of a GCM).  

Ahmed (2006) reviewed that one attempt has been made under the South Asia Regional 

Modeling Programme to develop climate change scenarios for the Brahmaputra basin 

A validation of the regional climate model PRECIS in Bangladesh is performed with the 

surface observational data of rainfall and temperature for the period of 1961-1990 by Islam et 

al. (2008). It was seen that the PRECIS model overestimated rainfall in winter (December to 

February: DJF) and pre-monsoon (March to May: MAM) periods whereas it underestimated 

in monsoon (June to September: JJAS) months. In post-monsoon (October-November) 

period, rainfall was projected to be almost same as observed (see Figure 2.5 below). The 

model underestimated 2.42 and 1.96 °C for winter (DJF) and post-monsoon (ON) 

respectively. On the other hand, the model overestimated 1.21 and 0.06 °C for summer 

(MAM) and monsoon (JJAS) respectively (Figure 2.5). Such variation in temperature (i.e. 

cold bias in the dry season and hot bias in the rainy season) may be due to the decrease and 

of 

Bangladesh. A Regional Climate Model, the Hadley Centre Regional (Climate) Model 

version 2 (i.e., HadCM2) was run with a 50 km X 50 km grids. For the Brahmaputra basin, 

slightly increased rainfall was obtained for the monsoon and post-monsoon periods 

(Choudhury et al., 2005). The surprising results were obtained for winter rainfall: unlike other 

model results, an increase in winter and pre-monsoon rainfall were observed for 2020 and 

2050. For temperature, warming appeared to be inevitable and increasing over time. Overall, 

the changes in rainfall and temperature for 2020 were 9.1% and 1.4°C, with a corresponding 

increase by 22.7% and 2.8°C, respectively, by the year 2050 (Ahmed, 2006).  

In Bangladesh, two different Regional Climate Models, RegCM and PRECIS are being 

attempted (Ahmed, 2006). Both the models are capable of resolving climatology at 50Km X 

50Km scale, with a possibility of going further down up to 25 km X 25 km resolution. The 

interesting common feature of RCM modeling is that, significant discrepancies might be 

observed in resolving climatic parameters as predicted by the model when they are compared 

with corresponding surface observational data. In this pursuit, the RCM outputs need to be 

validated with the observational data.  
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increase of latent heat flux for the two seasons respectively, (Uchiyama et al., 2006) which 

may not be well distinguished by the model. As for average annual temperature within the 

period 1961-1990, PRECIS underestimated in all the years.  

 

 

 

 

 

 

 

 

Figure 2.5 Comparison of PRECIS-simulated Monthly Average Temperature and Seasonal 
Average Rainfall with corresponding Observational Data for the Period 1961–1990, (Islam et 
al., 2008). 

Rahman et al. (2007) has developed RegCM3 model outputs, where the model overestimated 

and underestimated pre-monsoon and monsoon rainfall respectively, when compared with 

surface observational data. Also the RegCM3 simulated temperature was found to have 

underestimated average monthly temperature in almost all the month. 

Similar attempt of comparing PRECIS simulation with observed data of precipitation and 

temperature has been carried out by Islam (2009), where the findings were almost similar 

regarding the model bias (bias = model value – observational value). Figure 2.7 shows the 

PRECIS simulation of precipitation, maximum and minimum Temperature in 2030 and 2050 

under A2 Scenario as developed by Islam (2009). 

According to Islam et al. (2008), once the validation is completed, RCM-performance 

becomes reasonable, therefore, model projected scenarios can be corrected for bias and then 

utilized for application purposes. In this regard, Islam et al. (2008) prepared some “Look-up” 

tables for the two analyzed parameters at different sites to ascertain the amount (C) that needs 

to be added or subtracted from the model resolved values in order to obtain the projected 

value in future scenarios. Correction expressions were developed in the form of ‘Regression 

Equation’, such as Obs = Model ±  C, to obtain the projected rainfall and temperature from 

model simulations with the help of the “Look-up” tables. C  is the precipitation-amount or 

temperature-value, assembled in the Look-up tables, which is constant at a certain location 

and for a specific month. Thus, one can generate the future scenarios of climate change using 

PRECIS, and then the “Look-up” tables can be used in obtaining predicted precipitation or 
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temperature at a particular location of Bangladesh. As an example, model simulated scenario 

(without bias correction), projected (with correction), observed and normal (average within 

baseline period) precipitation or rainfall for 2002 is shown in Figure 2.6. Hence, utilization of 

“Look-up” tables improved a lot the projected value that influenced model outputs to be very 

close to observed amount which follows the historical pattern. 

 

 

 

 

 

 

 

 

 

Figure 2.6 Annual Rainfall Distribution for Bangladesh in 2002 (Islam et al., 2009) 

One of the major problems of simulating RCM in a region is to determine a suitable domain 

for that area which can successfully represent the meteorological parameters of that area. 

Hence, to determine optimum domain size for an area of interest is essential and crucial for 

RCM application. Bhaskaran et al. (1996) has conducted a domain size experiments over 

India to determine optimum domain which can capture the meso-scale climatic features over 

India. They have found an optimum domain, known as “Indian domain” with a size of 114 × 

92 pixels and resolution of 50 km was able to represent the Indian monsoon successfully. 

But, the Indian domain is a much wider aspect for the meteorological processes to have 

possible influence on the climate of Bangladesh. Therefore, there is a need to optimize a 

domain which can realistically represent the climate of Bangladesh. Islam et al. (2010) has 

accomplished a domain size experiment over Bangladesh for PRECIS considering several 

domains of variable sizes.  

2.2.5 Scenarios for Evaporation or Evapotranspiration 

Although Evaporation or Evapotranspiration is a major climatic parameter in drinking water 

availability and crop yield issues, sufficient deliberation has not been observed in 

development of climate model projections of future potential Evaporation or 

Evapotranspiration for Bangladesh.  
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Figure 2.7 [Top to Bottom]: Precipitation (mm/day), Maximum Temperature (0C) and 
Minimum Temperature (0C) in 2030 and 2050 (left to right) projected by PRECIS model 
under A2 Scenario, (Islam, 2009). 
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2.3 Overview of Global Climate Change  

2.3.1 IPCC Projections related to Water Resources 

Climate change as previously mentioned has been increasing over the centuries, causing a 

complete upturned impact of the ecosystem, specially the drinking water resources of the 

earth. The historical climate change along with the present rate of change has influences the 

scientists to project the future climate change, to aid the engineers and policy makers in 

making decisions. The IPCC published its first assessment report in 1990, a supplementary 

report in 1992, a second assessment report (SAR) in 1995, and a third assessment report 

(TAR) in 2001. A fourth assessment report (AR4) was released in 2007. Each assessment 

report is in three volumes, corresponding to Working Groups I, II and III. Generally, "the 

IPCC report" is often used to mean the Working Group I report, which covers the basic 

science of climate change. Basis of these reports are using different climatic models to 

analyze the observed climate so far and also to predict the future climate in terms of the rate 

to changes that is occurring in the present world. This section provides an overview of some 

of the climate projections related to drinking water that have been made in several IPCC 

research-assessments and publications.  

2.3.1.1 Global Warming 

Continuous increase of surface temperature is noticeable in the past century in all of the 

continents of this Earth (Figure 2.8). Projections for 1990 to 2005 shown in the IPCC First 

and Second Assessment Reports suggested global mean temperature increases of about 0.3°C 

and 0.15°C per decade, respectively According to IPCC 4th

Projected global average surface warming for the end of the 21st century (2090–2099) is 

found to be scenario dependent and the actual warming will be significantly affected by the 

actual emissions that occur. Multi-model average projections of future warming compared to 

1980 to 1999 for six SRES scenarios and for constant year 2000 concentrations, given as best 

estimates and corresponding likely ranges, are shown in Figure 2.10. Here, the shading 

denotes the ±1 standard deviation range of individual model annual averages. Knowledge of 

the climate system together with model simulations confirm that past changes in greenhouse 

gas concentrations will lead to a committed warming and future climate change.  

 Assessment Report (IPCC, 

2007c), global mean surface temperatures have risen by 0.74°C ± 0.18°C when estimated by 

a linear trend over the last 100 years (1906–2005). From Figure 2.9, it is evident that the rate 

of warming over the last 50 years is almost double that over the last 100 years (0.13°C ± 

0.03°C vs. 0.07°C ± 0.02°C per decade).  

http://en.wikipedia.org/wiki/IPCC_First_Assessment_Report�
http://en.wikipedia.org/wiki/IPCC_Second_Assessment_Report�
http://en.wikipedia.org/wiki/IPCC_Third_Assessment_Report�
http://en.wikipedia.org/wiki/IPCC_Third_Assessment_Report�
http://en.wikipedia.org/wiki/IPCC_Third_Assessment_Report�
http://en.wikipedia.org/wiki/IPCC_Fourth_Assessment_Report�
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Figure 2.8 Surface Temperature Change around the World (IPCC, 2007c: Fig. WGI-SPM-4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.9 Mean observed surface temperature (IPCC, 2007c: FAQ 3.1, Figure 1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.10 Multi-model global averages of surface warming (IPCC, 2007c) 
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In Figure 2.10, the orange line is for the condition where concentrations were held constant at 

year 2000 values, that is, the ‘committed scenario’. The grey bars at right indicate the best 

estimate (solid line within each bar) and the likely range assessed for the six SRES scenarios. 

2.3.1.2 Change of Precipitation Pattern and Related Hydrological Parameters 

Since the IPCC Third Assessment Report (IPCC, 2001a), there is an improving understanding 

of projected patterns of precipitation. Increases in the amount of precipitation are very likely 

at high latitudes while decreases are likely in most subtropical land regions (by as much as 

about 20% in the A1B scenario in 2100). Available research indicates a tendency for an 

increase in heavy daily rainfall events in many regions, including some in which the mean 

rainfall is projected to decrease. In the latter cases, the rainfall decrease is often attributable to 

a reduction in the number of rain days rather than the intensity of rain when it occurs. In this 

way, global warming will consistently associate with changes in a number of components of 

the hydrological cycle and hydrological systems such as: changing precipitation patterns, 

intensity and extremes, increasing evaporation and changes in soil moisture and runoff. 

Figure 2.11 below shows the global projection of some major water-variables for year 2080-

2099 using A1B scenario. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.11 Projected changes in water-related variables (A1B 2080-99) (IPCC, 2007c) 

The improved climate models, suggest future changes in the number and intensity of future 

tropical cyclones (typhoons and hurricanes). A synthesis of the model results to date 
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indicates, for a warmer future climate, increased peak wind intensities and increased mean 

and peak precipitation intensities in future tropical cyclones, with the possibility of a decrease 

in the number of relatively weak hurricanes, and increased numbers of intense hurricanes. 

2.3.1.3 Sea Level Rise 

For the full set of SRES scenarios, a sea level rise of 0.09 to 0.88 m is projected for 1990 to 

2100 in IPCC TAR(IPCC, 2001a) (see Figure 2.12). On the other hand, the IPCC AR4 model 

projections (with a 90% confidence range) are for a sea-level rise of 18–59 cm in 2095 plus 

an allowance of another 10–20 cm for a potential dynamic response of the ice sheets. In the 

following Figure, the region in dark shading shows the range of the average of AOGCMs for 

all SRES scenarios. The region in light shading shows the range of all AOGCMs for all 

scenarios. The region delimited by the outermost lines shows the range of all AOGCMs and 

scenarios including uncertainty in land-ice changes, permafrost changes and sediment 

deposition. Such rise in sea water level will cause saline water intrusion and long-term 

submergence of low-lying countries. 

 

 

 

 

 

 

 

 

 
 

Figure 2.12 Global Average Sea Level Rise Projections: 1990 to 2100 (IPCC, 2001a) 

2.3.2 Global Scale Variability in Future Hydro-meteorological Extremes from a GCM 

The hydro-meteorological variables presented in the following Figures are global-scale 

changes of the probable annual average temperature (T), precipitation (P) and precipitation 

minus evaporation (P-E), as well as statistical attributes of extreme events like heat waves 

(HW), extreme precipitation (EP) and droughts (D). While T, P and P-E are directly available 

as outputs of a climate model, the statistical attributes of HW, EP and D are computed as 

Standardized Precipitation Index, PSI and Precipitation Extremes Volatility Index, PEVI.  
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Figure 2.13 Temperature differences in degree Fahrenheit during various future years (top to 
bottom: warming in 2030, 2050 and 2100 respectively) compared to the current average 
condition based on the A1F1 scenario and the CCSM3 model (Oak Ridge National 
Laboratory, USA: Ganguly et al., 2010). 
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Figure 2.14 Precipitation differences in inch/year during various future years (top to bottom: 
precipitation changes in 2030, 2050 and 2100 respectively) compared to the current average 
condition based on the A1F1 scenario and the CCSM3 model (Oak Ridge National 
Laboratory, USA: Ganguly et al., 2010). 
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Figure 2.15 Precipitation minus evaporation (P-E) differences in inch/year during various 
future years (top to bottom: P-E changes in 2030, 2050 and 2100 respectively) compared to 
the current average condition based on the A1F1 scenario and the CCSM3 model (Oak Ridge 
National Laboratory, USA: Ganguly et al., 2010). 
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Figure 2.16 Standardized Precipitation Index, PSI (McKee et al., 1993) indices during 
various future years (top to bottom: PSI changes in 2030, 2050 and 2100 respectively) 
compared to the current average condition based on the A1F1 scenario and the CCSM3 
model (Oak Ridge National Laboratory, USA: Ganguly et al., 2010). 
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Figure 2.17 Precipitation extremes Volatility Index (Khan et al., 2007; Kuhn et al., 2007) 
indices during various future years (top to bottom: PSI changes in 2030, 2050 and 2100 
respectively) compared to the current average condition based on the A1F1 scenario and the 
CCSM3 model (Oak Ridge National Laboratory, USA: Ganguly et al., 2010). 
 



 31 

Here, the change in the aforesaid climate variables and their extremes are computed using the 

GCM-CCSM3, which is one of the most comprehensive of the IPCC models, under the 

auspices of Oak Ridge National Laboratory, USA (Ganguly et al., 2010). In Figure 2.13 to 

2.17 above, global simulations are shown regarding how these climate variables are projected 

to change over time, particularly 2030, 2050 and 2100, compared to current conditions. 

SPI has the advantage that it provides not only information  on the amount of rainfall over a 

given time scale, but it also gives an indication of what this amount is in relation to the 

normal distribution of rainfall, thus leading to the definition of whether a station is 

experiencing drought or not. Mathematically, the SPI is a probabilistic transformation (via the 

Gamma distribution) from the original observations to the normalized indices. SPI > 0 

indicates wetter than usual and SPI < 0 indicates drier than usual (McKee et al., 1993).  

PEVI is defined in this context as the ratio of 100-year 6-hour annual precipitation in the 

future dividing by the current (year-1999) values. The 100-yr rainfall is interpreted as the 

amount of precipitation that is expected to occur every 100 years or with 1% probability in 

any given year. When PEVI exceeds unity, the rainfall extremes are projected to become 

more severe on the average (Khan et al., 2007; Kuhn et al., 2007). 

2.4 Potential Impacts of Climate Change and Variability in Bangladesh 

Bangladesh is already evidencing the adverse impacts of global warming and climate change. 

The country is widely recognized to be one of the most climate vulnerable countries in the 

world. Climate change will exacerbate many of the current problems and natural hazards the 

country faces (World Bank, 2010; Nishat, 2009; MoEF, 2008; IPCC, 2008; CCC, 2007; 

Ahmed, 2006; UNDP, 2004; Agrawala, 2003). Such climate change and variability in 

Bangladesh are expected to result in: 

(i) Heavier and more erratic rainfall  in the Ganges-Brahmaputra-Meghna system, 

including Bangladesh, during the monsoon resulting in:  

• higher river flows causing over-topping and breaching of embankments and 

widespread flooding in rural and urban areas, 

• river bank erosion resulting in loss of homes and agricultural land to the rivers, 

• increased sedimentation leading to drainage congestion and water-logging, 

• flash flood - a flood-hazard map of Bangladesh is shown in Figure 2.18; 

(ii) Lower rainfall resulting in increasing droughts, especially in drier northern and western 

regions of the country. A drought-hazard map of Bangladesh is shown in Figure 2.18; 



 32 

(iii) Frequency and intensity of extreme climatic events will increase e.g. same location will 

face floods and drought in shorter frequency, short duration heavy rainfall specially in 

urban areas, etc. (Nishat, 2009); 

(iv) Occurrence of erratic and unusual behavior of weather will be frequent e.g. rain will 

occur at unexpected time and will not occur at expected time, which might significantly 

effect cropping pattern and crop yield; 

(v) Melting of the Himalayan glaciers leading to higher river flows in the warmer months of 

the year, followed by lower river flows and increased saline intrusion after the glaciers 

have shrunk or disappeared; 

(vi) Warmer and more humid weather leading to  

• increased prevalence of disease and disease vectors at elevated temperatures, 

• shortage of safe drinking water as a result of water loss from surface and ground 

water systems due to increased Evaporation and Evapotranspiration is likely to 

become more pronounced, especially in the coastal belt and in drought-prone 

areas in the north-west of the country; 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.18 Flood and Drought Hazard Map of Bangladesh (Ahmed et al., 2007) 

(vii) Increasingly frequent and severe tropical cyclones with higher wind speeds and storm 

surges leading to more damage in the coastal region; UNDP (2004) has identified 

Bangladesh to be the most vulnerable country in the world to tropical cyclones and the 
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sixth most vulnerable country to floods (Deaths/100,000 of the people exposed to floods 

or cyclones: Floods-1.1, Cyclones-32.1); 

(viii) Sea level rises leading to submergence of low-lying coastal areas and saline water 

intrusion up into coastal rivers and into groundwater aquifers, reducing freshwater 

availability, drainage congestion inside coastal polders, which will adversely affect 

agriculture (World Bank, 2010). 

Climate change impacts are already adding significant stress to our physical and 

environmental resources, our human ability, and economic activities. Impacts of observed 

changes are felt most in the following sectors: Water resources, Coastal resources, 

Agriculture, Health and Livelihoods, Food and Water security, Habitat/settlement security 

and so on (CCC, 2007).  

2.5 Future Water-Stress due to Climate Change and Population Dynamics 

The effects of climate change and increasing population will be felt particularly through 

changes in the water cycle, with increasingly unpredictable rainfall leading to less predictable 

water flows and recharge, more droughts and floods and changes in the capacity and nature of 

key water stores such as glaciers (IPCC, 2008). Extreme floods, prolonged droughts and 

intense heat waves are evidence of the changing climate. A changing climate brings many 

challenges in water availability and demand management, water borne disease and water 

quality as well. In addition, sea-level rise will increase the risks of permanent or seasonal 

saline intrusion into ground waters and rivers, impacting on quality and potential usability of 

water sources for domestic, agricultural and industrial uses.  

Therefore there is a need to adapt current practices and to build greater resilience in water-

using sectors to minimize adverse impacts. Such measures will be required to ensure the 

functioning of these sectors and have wider implications in terms of the ability of countries 

and communities to cope with future climate changes (Brookes et al., 2010). The state of 

knowledge of impacts of climate change and population dynamics on hydrology and water 

resources management is presented in Nishat (2009), IPCC (2008) and  IPCC (2007e) on the 

light of available literatures. These findings are summarized as follows: 

•  Globally, demand for water is increasing as a result of population growth and economic 

 development, but is falling in some countries, due to greater water-use efficiency. 

•  The impact of climate change on water resources also depends on system characteristics, 

 how the management of the system evolves, and what adaptations to climate change are 
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 implemented. 

•  Climate change challenges existing water resource management practices by causing 

 trends not previously experienced and adding new uncertainty. That is, past hydrological 

 experiences will not provide guide for future conditions. 

•  Current water management practices may not be robust enough to cope with the impacts of 

 climate change on water supply reliability. In many locations, water management cannot 

 satisfactorily cope even with current climate variability.  

• As a first step, improved incorporation of information about possible climate variability 

 into water-related management would assist adaptation to longer-term climate change 

 impacts. Non-climatic factors, such as growth of population and damage potential, 

 would exacerbate problems in the future. 

In terms of per capita water availability, currently Bangladesh is in better position compared 

to many other countries (Ahmed, 2006). However, due to high seasonal variability in terms of 

water availability, ecosystem and human activities suffer considerably because of reduced 

availability of water particularly in the dry season. It is anticipated that the current sufferings 

due to lower water availability in the dry season will be accentuated not only by climate 

change, but also by increase in demand exerted by increased population. The future adequacy 

of freshwater resources is difficult to assess. However, numerical experiments of water 

budgets for water systems like river networks or watersheds, combining climate model 

outputs as well as socioeconomic information, can demonstrate their potential for future 

possible water availability (Vorosmarty et al., 2000). 

There are two issues in the growing water crisis: water quantity and water quality (Nelson et 

al., 2010). Therefore, in-depth research into the adaptation of available water supply systems 

is necessary which might ensure safe drinking water in adequate quantity even in climate –

extremes. In order to address future water scarcity problems both due to ongoing climate 

change and population-demand, Nelson et al. (2010) emphasized on adaptation of small-

scale, cost-effective, easy-to-operate and sustainable water supply technologies, such as, rain 

water harvesting, bio-sand filtration (as the Pond Sand Filters in Bangladesh), solar 

disinfection etc., both in rural and urban settings.  

Ramamasy and Bass (2007) provided a holistic example of observed and possible future 

climate variability, climate extremes and their associated potential impacts on Bangladesh, 

particularly focusing on water resources, crop and agriculture (Table 2.3). 
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Table 2.3 Examples of Climate Variability, Extreme Events and their Impacts on Bangladesh 
 (Ramamasy and Bass, 2007) 

 

2.6 Hydrologic Water Balancing Approach in Water Availability Computations 

A ‘Water Budget’ or ‘Water Balance’ Approach quantifies systematically the flows and 

reserve of water in the water cycle based on the principle of the conservation of mass. Water 

budgets can be created for a system at any geographical scale and over any period of time. 

For water-supply planning and management, water budget approach is most meaningful. As 

all components of the water cycle are connected, estimating future water budgets allow 

water-supply planners and managers to evaluate the impacts on the system’s water 

Summary of projected changes during 
the 21st century in extreme climate 

Examples of projected impacts in 
Bangladesh 

 
Higher maximum temperature,  
More hot days and heat waves 

 Increased incidence of serious illness among 
elderly, children, the poor  

 Increased heat stress in livestock  
 Increased risk of damage to both monsoon 

and dry season crops  
 Increased crop pest and diseases 
 Increased energy demand and reduced energy 

supply reliability 

 
Higher minimum temperature,  
Fewer cold days, and cold waves 

 Decreased cold-related human mortality 
 Decreased risk of damage to a number of 

crops 
 Increased risk to crops such as wheat 
 Increased activity of some pest and diseases 

vectors 

 
More intensive precipitation events  Increased chances of local flood  

 Increased soil erosion 
 Increased loss of topsoil and nutrients 

Increased variability of 
monsoon precipitation  

 Frequent dry spells during monsoon season 
 Extended dry spells and drought 

 
Ceased summer drying and  
associated droughts 

 Decreased crop yields 
 Decreased water resources (quantity and 

quality) 
 Decreased surface water resources in rivers, 

reservoirs, ponds, etc. 
 Declining groundwater resources due to over 

exploitation 

 
Increased incidence of events  
such as hail storms and whirlwinds 

 Wind-related damage 
 Damage to irrigated summer crops (e.g. boro) 
 Damage to fruit trees 
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availability due to increased withdrawals as well as climate change and variability 

(Winstanley and Wendland, 2007). 

For estimating approximate flow, water quantity or storage volume to be available from a 

system, Combalicer et al. (2010); Dursun (2010); Sriwongsitanon et al. (2009); Manley et al. 

(2008); Marshall and Randhir (2008); Winstanley and Wendland (2007); Dibike and 

Coulibaly (2007); Güntner et al. (2004); Kiparsky and Gleick (2003); Cohen et al. (2001), all 

pointed out to the approaches that either apply statistical downscaling and manipulation of 

available time-series data or hydrological models of water balance calculation, incorporating 

corresponding climatic, hydrologic and demand conditions. 

However, IPCC (2007e) and Combalicer et al. (2010) denoted that such researches of water 

availability computations with consideration of climate change effects still tend to be heavily 

spotted on Europe, North America, and Austral-asia, particularly having focus on large 

surface water systems such as river networks, lakes or at best on small watershed scale. 

Works of Asokan and Dutta (2008), Karamouz et al. (2007) might be considered as some of 

the very few researches on water availability computations with consideration of climate 

change effects being done on East and South Asia. Virtually most of the studies mentioned 

above, use a computer-based hydrologic water balance model driven by scenarios based on 

climate model outputs, which ultimately simulates future water balance components of a 

water system, such as, precipitation input, corresponding watershed runoff volume, river flow 

or lake water storage, evaporation from lake-water surface etc. However, there are no 

standard criteria to evaluate or validate such hydrologic water balance modeling approach in 

determination of future water flow or storage, in terms of simulated versus observed storage 

in a system, since time-series of observed storage volumes are rarely available for small 

watersheds or reservoirs (Güntner et al., 2004). Figure 2.19 below shows the general trends of 

the monthly water balance components in Mount Makiling forest watershed, Philippines 

using CGCM3 model outputs at A1B scenario in 2020s, the 2050s, and the 2080s, as 

developed by Combalicer et al. (2010) applying BROOK90 hydrologic water balance model. 

On the other hand, the demand for groundwater is likely to increase in the future; the main 

reason may be the need to offset declining surface water availability due to increasing 

precipitation variability. Climate change will affect groundwater recharge rates, i.e., the 

renewable groundwater resource, and groundwater levels. Under certain circumstances (good 

hydraulic connection of river and aquifer, low groundwater recharge rates), changes in river 

level influence groundwater levels much more than changes in groundwater recharge 
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However, even knowledge of current recharge and levels in both developed and developing 

countries is poor. There has been very little research on the impact of climate change on 

groundwater, including the question of how climate change will affect the relationship 

between surface waters and aquifers that are hydraulically connected (IPCC, 2007e). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.19 Trends of the monthly water balance components in Mount Makiling forest 
watershed, Philippines for CGCM3 model output at A1B scenario: (a), (b), and (c) represent 
the water balance components at 2020s, the 2050s, and the 2080s, (Combalicer et al., 2010). 
 
Thus, the advancements in hydrologic modeling techniques through water balance 

computations have furthered the scientific understanding of the quantification of climate 

change effects on future potential of drinking water availability. However, application of 

computer-based hydrologic water balancing approach incorporating future possible climatic 

scenarios as projected by climate models, which could ultimately simulate future possible 

water quantity in any month of a future year in a small rural drinking water system like a 

pond or a household rainwater harvesting system has never been carried out for Bangladesh. 
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Chapter 3 

ANALYZING CURRENT CLIMATE TRENDS IN BANGLADESH 

 

 

Human induced changes in the global climate and associated sea level rise are widely 

accepted with policy makers and scientists. The Intergovernmental Panel on Climate Change 

(IPCC) concluded that “the balance of evidence suggests a discernible human influence on 

global climate”. The exact magnitude of the changes in the global climate is still uncertain 

and subject of worldwide scientific studies. It is broadly recognized that Bangladesh is very 

vulnerable to these changes. Indeed, it has internationally been argued that Bangladesh, as a 

country, may suffer the most severe impacts from climate change. This chapter aims to focus 

on current state of climate change in Bangladesh by analyzing the observed trend conditions 

of climate variables like temperature, precipitation or rainfall and evaporation based on the 

available surface observational data, and to come across some associated key vulnerabilities 

of these ongoing climate change processes such as cyclones, sea level rise etc.. 

 3.1 Country Background 

Bangladesh is located between 20o to 26o North and 88o to 92o

Bangladesh ranks low on just about all measures of economic development. This low level of 

development, combined with other factors such as its geography and climate, makes the 

country quite vulnerable to climate change. With a current population of 153 million 

inhabiting a geographical area of 147, 560 km

 East. It is bordered on the 

west, north and east by India, on the south-east by Myanmar, and on the south by the Bay of 

Bengal (Figure 3.1). Most of the country is low-lying land comprising mainly the delta of the 

Ganges and Brahmaputra rivers. Floodplains occupy 80% of the country. Mean elevations 

range from less than 1 meter on tidal floodplains, 1 to 3 meters on the main river and 

estuarine floodplains, and up to 6 meters in the Sylhet basin in the north-east (Agrawala et al., 

2003). Only in the extreme northwest are elevations greater than 30 meters above the mean 

sea level. The northeast and southeast portions of the country are hilly, with some tertiary 

hills over 1000 meters above mean sea level (Huq at al., 1998).  

2, Bangladesh is a land-scarce country with one 

of the highest population densities in the world, more than 1000 people/km2 (CCC, 2007; 

MoEF, 2008). Higher population density increases vulnerability to climate change because 

more people are exposed to risk and opportunities for migration within a country are limited. 
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By 2050, the population may grow to more than 250 million (UN, 2009). As well, over 40% 

of the population currently lives in poverty (Shahid & Behrawan, 2008). The amount of land 

per capita, particularly for agricultural production, has been diminishing with the increase in 

population.  Further, the loss of agricultural land is occurring at the rate of approximately 1% 

per year; land degradation in varying degrees is affecting about 6 million hectares or 43% of 

the total land area of Bangladesh (MoEF, 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Bangladesh and Surrounding Area 

3.2 Trends in Existing Climatologic Conditions 

Part of the reason for the susceptibility for Bangladesh to climate change and meteorological-

driven disasters is that Bangladesh lies in a sub-tropical region where monsoon weather 

prevails throughout the year in most parts of the country. Furthermore, the climate of 

Bangladesh is greatly influenced by the presence of the Himalayan mountain range and the 

Tibetan plateau in the north, the Bay of Bengal in the south (see Figure 3.1), and the flows in 

incoming major rivers (e.g. Ganga and Brahmaputra) over which Bangladesh has minimal 

control. Currently, the average temperature of Bangladesh ranges from 17 °C to 21 °C during 
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winter and 27 °C to 31 °C during summer. The average annual precipitation varies from as 

low as 1,500 mm in the western region to as high as 5,000 mm in the eastern region (Shahid, 

2008). Specifically, following three distinct seasons can be recognized in Bangladesh from 

the climatic point-of-view: 

(i) The dry winter season from November to February, 

(ii) The pre-monsoon hot summer season from March to May, and  

(iii) The rainy monsoon and post-monsoon season from June to October, (Shahid, 2008). 

According to Agrawala et al. (2003), the general characteristics of the seasons are as follows: 

• Winter is relatively cooler and drier, with the average temperature ranging from a 

minimum of 7.2 to 12.8°C to a maximum of 23.9 to 31.1°C. The minimum 

occasionally falls below 5oC in the north though frost is extremely rare. There is a 

south to north thermal gradient in winter mean temperature: generally the southern 

districts are 5o

• Pre-monsoon is warm with an average maximum of 36.7°C, predominantly in the 

west for up to 10 days, very high rate of evaporation, and erratic but occasional heavy 

rainfall from March to June. In some places the temperature occasionally rises up to 

40.6°C or more. The peak of the maximum temperatures are observed in April, the 

beginning of pre-monsoon season. In pre-monsoon season, the mean temperature 

gradient is oriented in southwest to northeast direction with the warmer zone in the 

southwest and the cooler zone in the northeast. 

C warmer than the northern districts Bangladesh. Generally December, 

January, and February are considered to be the winter months for Bangladesh. 

• Monsoon is both hot and humid, brings heavy torrential rainfall throughout the 

season. About four-fifths of the mean annual rainfall occurring during monsoon. The 

mean monsoon temperatures are higher in the western districts compared to that for 

the eastern districts. Warm conditions generally prevail throughout the season, 

although cooler days are also observed during and following heavy downpours.  

• Post-monsoon is a short-living season characterized by withdrawal of rainfall and 

gradual lowering of night-time minimum temperature. The mean annual rainfall is 

about 2300mm, but there exists a wide spatial and temporal distribution. 

Here, current state of climate change in Bangladesh is analyzed from the observed trend 

conditions of climate variables like temperature, precipitation or rainfall and evaporation. For 

this, recorded meteorological data were assembled and analyzed for 34 climate observatory 
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stations (see Figure A-1 in Appendix A) distributed throughout Bangladesh. The longest 

available meteorological record is from the year 1948, though majority of the stations do not 

provide such long range data for the three variables concerned.  

3.2.1 Observed Temperature Trends  

Average monthly temperature in each of the year from 1948 to 2009 as well as the average 

annual temperature data are obtained from Bangladesh Meteorological Department (BMD). 

These ‘average’ temperature values are nothing but the arithmetic average of maximum and 

minimum temperatures at any certain period from all the current stations, representing the 

overall temperature condition of Bangladesh at that period. 

 As summarized in Table 3.1 below, the differences between the annual average temperatures 

of the past 20 years (1953 – 1972) of record and the recent 20 years (1985 – 2004) show an 

increase of 0.68 °C. A lesser increase of 0.59 °C is apparent in the dry season month of 

January, with a higher increase of 0.90 °C in the monsoon season month of August.  

The plotted data in Figure 3.2 shows the average annual observed temperatures of 

Bangladesh since 1948 upto 2009 indicating to the following specifics: 

(i) An overall increase in temperature is prominent over the past years, with greater 

warming in recent times. Clearly, the rate of temperature increase is relatively high in 

recent 20 years since 1990 to 2009 (about 0.4 0C per decade). But if the average annual 

temperature only in the last 10 years (2000-2009) is segregated and therefore analyzed, it 

can be revealed that this rate of temperature increment is even higher and there has been 

almost 10

(ii) 2006 and 2009 were the two warmest years in the recorded meteorological history of 

Bangladesh, having average annual temperature 26.35 and 26.23 

C increase in average annual temperature since 2000.  

o

Table 3.1 Comparison of Temperature Increase Through Years(°C) 

C respectively.   

 Annual August January 

10 Year 

Average 

1995 - 2004 25.9 1995 - 2004 29.0 1995 - 2004 18.1 

1953 - 1962 25.1 1953 - 1962 28.2 1953 - 1962 17.9 

 Difference 0.72  0.78  0.25 

20 Year 

Average 

1985 - 2004 25.9 1985 - 2004 29.0 1985 - 2004 18.5 

1953 - 1972 25.2 1953 - 1972 28.1 1953 - 1972 17.9 

 Difference 0.68  0.90  0.59 
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Figure 3.2 Observed Average Annual Temperatures in Bangladesh (1948 to 2009) 

 

Also, analyzing the average monthly temperature series in BMD data, it can be revealed that  

(i) Observed average annual temperature in Bangladesh, during the period 1948 to 2009, is 

found to be 25.4 °C.  

(ii) January and May are the lowest and highest temperature month respectively; both the 

lowest and highest temperature months (January and May respectively) show an 

increasing pattern (see Figure 3.3 below). Thus temperature has been increasing 

invariably in every month.  

(iii) The months of the monsoon season show more warming than for the dry season months, 

for example, for the period 1985 – 1998, Bangladesh experienced an increase of 

approximately 1°C in May and 0.5 °C in November.   

Noteworthy that, across Asia, climate trend has been characterized by increasing surface air 

temperatures, which have been more pronounced during the winter months than summer 

months (IPCC, 2007d). Contrary to the trend across Asia, Bangladesh has been typically 

experiencing more warming in monsoon than in the dry season months. Such pattern in 

temperature variation has usually been associated with an increasing frequency and intensity 

of droughts, particularly during the dry months (CCC, 2007).  
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Figure 3.3 Highest and Lowest Temperature Months in Bangladesh (1948 to 2009) 

3.2.2 Trends of Precipitation Change  

The variable nature of precipitation in Bangladesh makes it difficult to discern trends in the 

observed record. However, as seen in Figure 3.4 and in Table 3.2, an increase of 4.26% was 

observed in the percent difference between the average total annual precipitation of the past 

20 years (1953-1972) and the recent 20 years on record (1985-2004). Despite this increase, 

the percent differences as noted in Table 3.2 for the equivalent period as above were negative 

for a monsoon month, August, as well as the driest month, January, by 15.2% and 3.98% 

respectively.  

 

The observed total annual precipitation trend-conditions have been analyzed through Figure 

3.4, which can be interpreted as following: 

(i) The total annual precipitation has exhibited increasing trends across Bangladesh 

Table 3.2 Comparison of Change in Total Annual Precipitation (mm)  

 Annual August January 

10 Year 

Average 

1995 - 2004 2009 1995 - 2004 301 1995 - 2004 9.40 

1953 - 1962 1964 1953 - 1962 305 1953 - 1962 10.9 

 % 
Difference 

+2.31  -1.18  -13.8 

20 Year 

Average 

1985 - 2004 2071 1985 - 2004 281 1985 - 2004 8.45 

1953 - 1972 1987 1953 - 1972 332 1953 - 1972 8.80 

 % 
Difference 

+4.26  -15.2  -3.98 
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according to the recorded BMD data since 1948 to 2009 (see Figure 3.4).  

(ii) However, this rate of increment is a bit lower in recent years. But segregation of the total 

annual precipitation only in the last 10 years (2000-2009) shows a declining pattern. 

(iii) Apart from that, large fluctuations in precipitation amount are prominent in every two to 

five years indicating that the rainfall very often occurs in Bangladesh as sudden heavy 

storms, which sometimes lead to flooding and soil erosion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Bangladesh Observed Average Total Annual Precipitation in mm (1948 to 2009) 

However, almost 80% of rainfall in Bangladesh comes during monsoon season (June-

October), and the remaining 20% occurs over seven months (Ramamasy and Bass, 2007). 

Within these months, Bangladesh does experience long spells of dry weather and moderate to 

severe droughts. The same observation can be explicitly accounted from the average total 

monthly precipitation series in BMD data as well.  

However, the trends of average total precipitation in the dry, pre-monsoon and monsoon 

months are plotted in Figure 3.5 for the period of 1948 to 2009 and it can be seen that 

precipitation in monsoon season months are showing an increasing pattern and in pre-

monsoon months the precipitation is increasing in a slightly lower rate. On the contrary, 

precipitation in the dry months hardly shows any increase in quantity through years. Hence, 
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there exists some significant variability in annual as well as seasonal trends of precipitation 

pattern in Bangladesh giving way to some significant indications about possible future 

precipitation pattern, which can be summarized as follows: 

i. Slightly lower rate of increment in total annual precipitation in recent 20 years indicates 

that in future there might not be any significant change in total annual precipitation 

quantity that the country will receive. 

ii. Since the monsoon months constitutes the 80% of the total annual rainfall at present and 

also the trend of monsoon precipitation has been increasing sharper than that of the dry 

months, there is a chance of getting substantial increase in precipitation quantities in few 

months only during the monsoon of future years, precipitation quantities in other months 

of pre-monsoon and dry season remaining virtually the same or slightly increased. 

iii. Large fluctuations in precipitation quantities can be expected in future years, giving way 

to more intensive storm events.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Observed Seasonal Average Precipitation Trends in in Bangladesh (1948-2009) 
 
3.2.3 Trends of Evaporation 

In hydrology, it is found that evaporation and evapotranspiration processes can be considered 

advantageously under one head. It is generally agreed that the potential evapotranspiration 

(PET) and free surface evaporation have the same analogy for a lake or any small surface 

water system (Subramanya, 1994). On the contrary of defining a dry region (the ratio of 

annual rainfall to potential evapotranspiration being a maximum of 0.65), no region within 

Bangladesh can be termed as a dry region (MoEF, 2006). During the 7-month dry and pre-
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monsoon season in Bangladesh, in some regions, the evapotranspiration exceeds the amount 

of rainfall by a factor of 2 (MoEF, 2006). 

There are several indirect methods of point measurements or other calculations which have 

been developed for computing evaporation rate in a derived way. The water loss due to 

evaporation from a standard saturated surface can be measured with Atmometers or Pan 

Evaporimetrs (Chow, 1988). Bangladesh Meteorological Department (BMD) uses ‘Class A’ 

pan evaporimeters and measures evaporation rate twice a day at intervals of 6 hours. For the 

present study, the daily evaporation data of twelve different meteorological stations all over 

the country have been collected from BMD for the time period of 1984 to 2007. This daily 

evaporation data is then processed by taking the arithmetic mean of the summation of daily 

evaporation rate in specific months of any year for all the stations, thereby, producing 

average total evaporation rates of individual months in every year (Rajib et al., 2010a).  

From BMD data of recorded total monthly evaporation, the following two distinct factors can 

be identified regarding the average total monthly evaporation trend, that is, 

i. In Bangladesh higher rates of average total monthly evaporation occurs in pre-monsoon 

months (March to May) and in April it is the maximum having a magnitude of about 151 

mm, although temperature is not the highest at this month.  

ii. Again, in monsoon (June to October) temperature remains higher than the rest of the 

year but evaporation rates are less than the evaporation in pre-monsoon. Obviously, in 

the dry season (November to February), evaporation rates are minimum.  

Figure 3.6 below shows the trends of average total annual evaporation as well as the 

minimum and maximum total monthly evaporation in January and April respectively for the 

available BMD observation records of 1984 to 2007, which actually represent no large 

variability from their average conditions through years, although temperature have been 

observed to increase invariably in all these years. All these mean, there are several other 

meteorological factors and atmospheric parameters other than temperature that have 

important correlation with evaporation. Some of the hydro-meteorological factors and 

climatic parameters effecting evaporation rate, apart from temperature, are net solar radiation, 

bright sunshine hour, wind speed, air pressure, relative humidity etc (Chow, 1988). Figure 3.6 

does not give any significant indication about the trends of variation of evaporation in 

Bangladesh, both annual and monthly. Thus, there is a certain need to develop approaches 

that would rationally hint about the trends of evaporation.  
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Figure 3.6 Observed Total Annual, as well as Total Monthly Evaporation  Trends in 

 Maximum and Minimum Evaporation Months in Bangladesh (1984-2007) 
 

3.2.3.1 Monthly Trend Analysis of Evaporation with Temperature 

As shown in Rajib et al. (2010a), approximate trends for monthly variation of Evaporation(E) 

versus Temperature(T) in Bangladesh has been developed based on the observed data of 1985 

– 2004 for all the 12 months ( e.g., Figure 3.7(a) and 3.7(b) below). 

Although, other factors remaining same, the rate of evaporation increases with an increase in 

temperature, a high correlation between evaporation and temperature does not exist 

(Subramanya, 1994). Thus for the same average monthly temperature it is possible to have 

evaporation to different degrees in different months.  

The average total monthly evaporation data are plotted against average monthly temperatures 

in Figure 3.7(a) and 3.7(b) within the duration of 1985 to 2004, where the two variables 

Evaporation (E) and Temperature (T) have exhibited different trend line characterizations 

between themselves through regression analysis. However, the exponential as well as the 

linear trend lines fitted between these two variables resemble more analogous to what has 

been anticipated under the ongoing process of climate change, that is, evaporation is 

increasing with the gradual increasing of surface temperature through time. The proposed E-

T trend characterizations have the following relevant interpretations: 

(i) All of the monthly trends show an increasing pattern for the individual months. Both the 

linear and the exponential trends nearly converge and are identical regardless of the 

month. Hence for simplified applications, the linear trend can be adopted. 
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(ii) The large scatters in the plotted evaporation rates are prominent in most of the months, 

indicating that there will be months in any future year with more or less evaporation, the 

variation representing considerable fluctuations from average conditions. However, the 

general trend of evaporation is increasing with temperature through years.  

(iii) Other than the exponential or linear variation characteristics, another approximate trend 

between monthly evaporation and temperature could have been a polynomial which can 

not be formulated reasonably in case of short time-series evaporation and temperature 

data as it is in present study. But a 2nd order polynomial trend line is still included, as an 

example, for the month of August (see Figure 3.7 (b)), which shows noteworthy 

dissimilarity from the other two trends. Since the fitted model by a polynomial equation 

is more reliable when it is built on large numbers of observations (Draper and Smith, 

1998), a 2nd

(iv) Magnitude of the Coefficient of Dependency, R

 order polynomial regression model fitted for a small time-scale like this 

case, may not produce reliable projections of future evaporation at higher temperatures.  

2 for the linear E-T regression model in 

the month of October (see Figure 3.7 (b)) is nearly zero. An R2

3.2.3.2 Scopes and Limitations of the Proposed Monthly E-T Trend Models 

As evaporation is dependent on multifarious factors which are difficult to quantify and 

therefore analyze in time series, the proposed trend-models of evaporation against 

temperature are expected to be useful in approximate projection of future evaporation rates in 

different months of a year knowing only the future possible temperature. Validation of these 

observed E-T trend models for Bangladesh has been accomplished in Rajib et al. (2010b), 

through comparing GCM projections with the approximate future monthly evaporation, as 

calculated by the proposed models.  

However, a major limitation for such Evaporation-Temperature trend analysis was the 

unavailability of recorded evaporation data. Only the past observed evaporation data of the 

year 1985 to 2004 have been assembled herewith for such trend analysis.  

=0 in a linear regression 

means that the model is almost a constant line with zero slope (Nagelkerke, 1991) and 

the projection based on such model will be very close to the mean trend of observed 

evaporation data. However, polynomial and exponential trend lines fitted for the month 

of October converge with the linear trend indicating that the future predictions by any of 

these variation characteristics may not show a considerable increase in evaporation from 

its average condition at anticipated higher temperatures.  
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Figure 3.7(a) 
Approximate trends for monthly variation of Evaporation(E) and Temperature(T) in 
Bangladesh based on the historical data of 1985 – 2004 for the months of January to June, 
(Rajib et al., 2010a). 
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Figure 3.7(b)  
Approximate trends for monthly variation of Evaporation(E) and Temperature(T) in 
Bangladesh based on the historical data of 1985 – 2004 for the months of July to December, 
(Rajib et al., 2010a). 
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3.2.4 Change in frequency and Intensity of Cyclones  

An increase in sea surface temperature is strongly evident at all latitudes and in all oceans. 

The scientific evidence indicates that increased sea surface temperature will intensify cyclone 

activity and heighten storm surges. A sea-surface temperature of 280

Existing literature records storm surges in the range of 1.5 to 9 meters, and some sources 

even cite particular cyclones as having resulted in surges almost 15 m in height (Agrawala et 

al., 2003). For example, the Bakerganj cyclone had the greatest reported surge height of 13.6 

m in 1876 and another cyclone had the height of 10 m in 1970 (SMRC, 2000). A surge can be 

even more devastating if it makes a landfall during high tide. In general, it has been observed 

that the frequency of a wave (surge plus tide) along Bangladesh coast with a height of about 

10 m is approximately once in 20 years, and the frequency of a wave with a height of about 7 

C is considered an 

important threshold for the development of major hurricanes of categories 3, 4 and 5 

(Michaels et al., 2005; Knutson and Tuleya, 2004). Storm Surge refers to the temporary 

increase, at a particular locality, in the height of the sea due to extreme meteorological 

conditions: low atmospheric pressure and/or strong winds (IPCC, 2007e). These surges will, 

in turn, create more damaging flood conditions in coastal zones and adjoining low‐lying 

areas. The destructive impact will generally be greater when storm surges are accompanied 

by strong winds and large onshore waves.  

Cyclones hit the coastal regions of Bangladesh almost every year, in early summer (April-

May) or late rainy season (October-November). Cyclones in this region usually originate in 

the deep Indian Ocean and track through the Bay of Bengal where the shallow waters 

contribute to huge tidal surges when cyclones make landfall. Between 1877 and 1995 

Bangladesh was hit by 154 cyclones (including 43 severe cyclonic storms, 43 cyclonic 

storms, 68 tropical depressions). Since 1995, five severe cyclones hit coast of Bangladesh 

coast in May 1997, September 1997, May 1998, November 2007 and May 2009. On average, 

a severe cyclone strikes Bangladesh every three years (GoB, 2009). Tropical cyclone ‘Sidr’ 

in Bangladesh (November 2007), cyclone ‘Nargis’ in the Irrawady delta of Myanmar (May 

2008) and cyclone ‘Ayla’ again in Bangladesh (May 2009) provide recent examples of 

devastating storm‐surge impacts in this region. Thus Bangladesh currently has extreme 

vulnerability to cyclones, both on account of its somewhat unique location and topography 

(that creates an inverted funnel effect), and because of the low (though growing) capacity of 

its society and institutions to cope with such extreme events. Figure 3.8 below shows the 

tracks of major cyclones that crossed the coast of Bangladesh during past years till 2007. 
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m is approximately once in 5 years. The reasons for this disproportional large impact of storm 

surges on the coast of Bangladesh were reported (Ali, 1999) to be the following: 

 The phenomenon of re-curvature of tropical cyclones in the Bay of Bengal, 

 Shallow continental shelf, especially in the eastern part of Bangladesh, 

 High tidal range, 

 Triangular shape at the head of the Bay of Bengal, 

 Almost sea‐level geography of the Bangladesh coastal land, 

 High density of population and coastal protection system. 

That is why, UNDP has identified Bangladesh to be the most vulnerable country in the world 

to tropical cyclones (UNDP, 2004). A partial listing of major cyclones and accompanying 

surge heights is given in Table 3.3 below. Also, the BMD-list of major cyclones is provided 

in Table A-2 of Appendix A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.8 Tracks of Major Cyclones over the Coast of Bangladesh till 2007 (MoEF, 2008) 
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Given that over two-thirds of the country are less than 5 m above sea-level and densely 

populated, storm surges contribute to flooding and loss of life and livelihoods far beyond the 

coast. The intense precipitation that usually accompanies the cyclone only adds to the damage 

through inland and riverine flooding. A cyclone in 1970 resulted in close to 300,000 deaths, 

and another, in 1991 led to the loss of 138,000 lives, although in recent years greater success 

in disaster management has significantly reduced the lives lost (World Bank, 2000). 

Nevertheless, the potential for economic and infrastructural damage remains very significant. 

Table 3.3 Partial Listing of Cyclones along Coastal Bangladesh with Surge Heights 

 

 

 

 

 

 

 

 

 

 

 

 

 
             
             Adapted from Agrawala et al. (2003). Also see Appendix A 

 

Given this current vulnerability, a critical question is whether (and how) climate change 

might affect cyclone patterns and intensity in the Bay of Bengal. The IPCC Third Assessment 

(IPCC, 2001b) denotes that because of their relatively small spatial extent, current climate 

models do not do a good job of resolving the influence of climate change on cyclones. 

Further, the historical record has large decadal variability, which makes any trend analysis 

based upon only a limited time-series data difficult to interpret conclusively.  

Nevertheless, based on emerging insights from some climate model experiments as well as 

the empirical record, the IPCC Third Assessment concludes that there is some evidence that 

regional frequencies of tropical cyclones may change but none that their locations will 

change. There is also evidence that the peak intensity may increase by 5% to 10% and 
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precipitation rates may increase by 20% to 30% (IPCC, 2001b). Even this tentative 

assessment has several major implications for Bangladesh. First, there is no reason to assume 

that cyclone tracks will shift under climate change – meaning that Bangladesh is likely to 

expect to continue to be hit with. The possibility of an increase in peak intensities may 

increase by 5-10% has potentially serious implications for a country already very vulnerable 

to storm surges driven by strong winds. A potential implication would be that future storm 

surges might be even higher than those observed currently. And a projected increase in 20-

30% in the associated precipitation could only make the concerns even more serious given 

that Bangladesh is also prone to inland flooding because of its topography and lying as it does 

at the mouth of three major river systems (Agrawala et al., 2003). These estimates however 

are for tropical cyclones in general and are not location specific.  

Some recent scientific studies suggest that increases in the frequency and intensity of tropical 

cyclones in the last 35 years can be attributed in part to global climate change (World Bank, 

2010; Bengtsson et al., 2006). Agrawala et al. (2003) urged that assuming a positive 

correlation between sea surface temperature and tropical cyclone intensity, calculated effect 

of a repeat of the 1991 cyclone might be with a 2°C increase (which causes a 10% increase in 

wind speed) and a 0.3 m sea level rise. He estimated that this would result in a 1.5 m higher 

storm surge that would inundate 20% more land than the storm surge from the 1991 cyclone. 

The inundation effect of storm surges around year 2050 under the ongoing processes of 

climate change in Bangladesh has been analyzed using the two-dimensional Bay of Bengal 

Model recently updated and upgraded under the Comprehensive Disaster Management 

Program of Bangladesh (World Bank, 2010). The model is based on Mike 21 hydrodynamic 

modeling system, and its domain covers the coastal region of Bangladesh and the Bay of 

Bengal up to 16º latitude.  For approximating a condition of cyclones in Bangladesh without 

climate change, cyclone tracks of all major 19 historical cyclones making landfall in 

Bangladesh during 1960 and 2009 have been used with corresponding observed wind and 

pressure fields. For simulating the storm surge and associated flooding, the Bay of Bengal 

model was then applied to generate the extent and depth of inundation without climate 

change. Resulting inundation map as shown in Figure 3.9 is based on the maximum level of 

inundation at every grid points of the model. 

3.2.5 Coastal and Inland Flooding 

The effects of increased flooding resulting from climate change have been the greatest 

problem faced by Bangladesh. Both coastal flooding (from sea and river water), and inland 
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flooding (river/rain water) have increased to a great extent. Flooding in Bangladesh is a now 

on a regular feature and has numerous adverse effects, including loss of life through 

drowning, increased prevalence of disease, and destruction of property. This is because much 

of the Bangladesh is located on a floodplain of three major rivers and their numerous 

tributaries.  According to Agrawala et al. (2003), one-fifth of the country is flooded every 

year, and in extreme years, two-thirds of the country can be inundated. The 1998 flood, one 

of the worst in recent memory, is an example of how vulnerable Bangladesh is to flooding. 

Also, there has been a trend in recent decades of much higher inter-annual variation in area 

flooded.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Projection of Storm Surge Inundation in Bangladesh in a Changing Climate 
 around 2050 (World Bank, 2010). 
 
With regard to extremes at the upper end such as the 1988 and 1998 flooding events, climatic 

variability (including events such as the El Nino Southern Oscillation) as well as long term 

climatic change could certainly be contributing factors. Looking into the future, climate 

change is likely to exacerbate such flooding. 

3.2.6 Sea level rise 

Another critical variable that determines the vulnerability of Bangladesh to climate change 

impacts is the magnitude of sea level rise. There is no specific regional scenario for net sea 
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level rise, in part because the Ganges-Brahmaputra delta is still active and the morphology 

highly dynamic (Agrawala et al., 2003). Literature suggests that the coastal lands are 

receiving additional sediments due to tidal influence, while there are parts where land is 

subsiding due to tectonic activities (Huq et al. 1998). Since the landform is constituted by 

sediment decomposition, compaction of sediment may also play a role in defining net change 

in sea level along the coastal zone. A review of the literature and of expert opinion suggests 

that sediment loading may cancel out the effect of compaction and subsidence, so that net sea 

level rise may be assumed. The IPCC Third Assessment (IPCC, 2001a) gives a global 

average range with slightly lower values of 9 to 88 cm. In any event, the increases in mean 

sea level need to be viewed in conjunction with cyclones, because higher mean sea levels are 

likely to compound the enhanced storm surges expected to result from cyclones with higher 

intensity. Even in non-cyclone situations, higher mean sea levels are going to increase 

problems of coastal inundation and Salinity intrusion in the low lying deltaic coast. Figure 

3.10 below presents the impact of sea level rise on the salinity intrusion (5 ppt isohaline) 

during dry season along the Bangladesh coast zone. 

 

 

 

 

 

 

 

 
 
 

Figure 3.10 Line of Equal Salinity (5 ppt) for Different Sea Level Rise (MoEF, 2008)  

It appears from Figure 3.10 that the extent of landward intrusion of 5 pt isohaline is quite 

significant in Bhola, Patuakhali and Barisal districts with SLR of 32 cm and 88 cm. The only 

well-known fresh water pocket at Tetulia river (marked in the red circle) is going to be 

affected remarkably due to salinity intrusion all through its entire approach, from downstream 

to upstream, for a SLR of 88 cm. A recent study (DoE, 2006) indicated in detail that in the 

south of Borguna and Patuakhali, there may be a 4 km inward propagation of 4 ppt isohalines 
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for 32 cm and 12 km for 88 cm SLR during dry season. Such movement in the southwest part 

(Narail, northern Khulna and Jessore) is expected to be about 3 km and 4 km due to sea level 

rise of 32 cm and 88 cm respectively. 

3.3 Key Vulnerabilities of Current State of Climate on Water 

With the ongoing processes of climate changes, several noteworthy impacts have been 

recorded in Bangladesh. Key points related to water include:  

a. Frequency of occurrence of more intense rainfall events has increased, causing severe 

floods, landslides, and debris and mud flows (MoEF, 2008; CCC, 2007).  

b. In Bangladesh, causes of water shortages have been attributed to rapid urbanization and 

industrialization, population growth and inefficient water use, which are aggravated by 

the changing climate and its adverse impacts on demand, supply and water quality. 

c. The Brahmaputra River, the major river of Bangladesh, originates in southwestern Tibet 

from a glacier. Glaciers in Asia are melting faster in recent years; in parts of Asia, melting 

glaciers account for over 10% of freshwater supplies. As a result, glacial runoff and 

frequencies of glacial lake outbursts have increased, causing more mudflows and 

avalanches. 

d. Wetlands in the major river deltas have been significantly altered due to sedimentation, 

land-use conversion and human settlement. Moreover, the warmer climate in Bangladesh 

in past decades has resulted in the drying of these wetlands. 

e. On the coast of the Bay of Bengal, destruction of mangroves has been caused by 

reductions in freshwater flows and increased salt-water intrusion. Salt water penetrates 

several hundreds of km or more inland along tributary channels during the dry season. 

Increased costal erosion has also been observed and is dependent on sediment supply and 

sea-level rise. 
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Chapter 4 

DEVELOPMENT OF MULTI-MODEL CLIMATE PROJECTIONS  

FOR BANGLADESH  

 

 

4.1 Climate Model 

Scientists extensively use mathematical models of Earth’s climate, executed on the most 

powerful computers available, to examine hypotheses about past and future-day climates. 

Development of climate models is fully consistent with approaches being taken in many other 

fields of science dealing with very complex systems. These climate simulations provide a 

framework within which enhanced understanding of climate-relevant processes, along with 

improved observations, are merged into coherent projections of future climate change. 

Climate model prediction-uncertainties depend on uncertainties in chemical, physical, and 

social processes being incorporated into the models. Progress has been made in incorporating 

more realistic chemistry and physics in the models, but significant uncertainties and 

unknowns are still remaining. Since fears of manmade climate change — and potential 

legislation or regulations of carbon dioxide emissions — are based mostly upon the output of 

climate models, it is important for people to understand the basics of what climate models 

are, how they work, and what their limitations are. The use of computers to simulate complex 

systems has grown in the past few decades to play a central role in many areas of science. 

Climate modeling is one of the best examples of this trend and one of the great success 

stories of scientific simulation. Building a laboratory analog of the Earth’s climate system 

with all its complexity is impossible. Instead, the successes of climate modeling allow us to 

address many questions about climate by experimenting with simulations—that is, with 

mathematical models of the climate system. Despite the success of the climate modeling 

enterprise, the complexity of our Earth imposes important limitations on existing climate 

models. This section aims to understand the basic of as well as the limitations of current 

climate models. 

 

4.1.1 Basic Principle of a Climate Model 

Generally speaking, a climate model is a computer based mathematical program mostly made 

up of differential equations based on the basic laws of physics, fluid motion, thermo-

dynamics and chemistry. The basic principle is focused on the general circulation of the 

http://en.wikipedia.org/wiki/Differential_equations�
http://en.wikipedia.org/wiki/Physics�
http://en.wikipedia.org/wiki/Fluid_dynamics�
http://en.wikipedia.org/wiki/Chemistry�
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planetary atmosphere or ocean and based on the Navier-Stokes equations on a rotating sphere 

with thermodynamic terms for various energy sources (radiation, latent heat). The equations 

quantitatively describe how atmospheric temperature, air pressure, winds, water vapor, 

clouds, and precipitation all respond to solar heating of the Earth’s surface and atmosphere. 

Also included are equations describing how the so-called “greenhouse” elements of the 

atmosphere (mostly water vapor, clouds, carbon dioxide, and methane) keep the lower 

atmosphere warm by providing a radiative ‘blanket’ that partly controls how fast the Earth 

cools by loss of infrared to outer space (Spencer, 2009). All these equations are the basis for 

some complex computer programs commonly used for simulating the atmosphere or ocean of 

the Earth. Atmospheric and Oceanic Global Climate Models (AGCM and OGCM) are key 

components of Global Climate Models along with sea-ice and land-surface components, the 

details of which are discussed in following sections.  

To “run” a model, scientists divide the planet into a 3-dimensional grid, as shown in Figure 

4.1 below, apply the basic equations, and evaluate the results at individual gridpoints on the 

3-dimensional grid covering the Earth based on some so called "scenarios".  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.1 3-dimensional Grid and Physical Processes in a Climate Model 
Source: http://www.drroyspencer.com/wp-content/uploads/climate-model-1.jpg 

http://en.wikipedia.org/wiki/Navier-Stokes�
http://en.wikipedia.org/wiki/Earth�


 60 

A scenario is an estimation of future greenhouse gas and aerosol emission changes under 

certain assumptions. Since we do not know how our world will develop in policy, society, 

technology and economy in future times we need to assume numerous options. However, the 

IPCC scenario families have been described in Section 4.2. Finally, the functionality of the 

models is tested by comparing simulations of the past climate with recorded data we already 

have. 

4.1.2 Model Structure 

Modern climate models are composed of a system of interacting model components, each of 

which simulates a different part of the climate system. The four primary components can be: 

atmosphere, land surface, ocean, and sea ice. What follows in this section is a brief 

description of a modern climate model’s major components and how they are coupled and 

tested for climate simulation. 

 4.1.2.1 Atmospheric General Circulation Models (AGCMs) 

Atmospheric general circulation models (AGCMs) are computer programs that evolve the 

atmosphere’s three-dimensional state forward in time. This atmospheric state is described by 

such variables as temperature, pressure, humidity, winds, and water and ice condensate in 

clouds. These variables are defined on a spatial grid, with grid spacing determined in large 

part by available computational resources. Processes that transport heat, water and 

momentum horizontally are relatively well resolved by equations describing the 

thermodynamics and fluid dynamics of an ideal gas (IPCC, 2007b; Del Genio et al., 2005; 

Jones et al., 2004). Some processes governing this atmospheric state’s evolution are relatively 

well resolved by model grids and some are not. The latter are incorporated into models 

through approximations often referred to as ‘parameterizations’.  

All AGCMs use a coordinate system in which the Earth’s surface is a coordinate surface, 

simplifying exchanges of heat, moisture, trace substances, and momentum between the 

Earth’s surface and the atmosphere. In all cases, the atmosphere is divided into discrete 

vertical layers, which are then overlaid with a two-dimensional horizontal grid, producing a 

three-dimensional mesh of grid elements. Because of the disparity between scales of 

horizontal and vertical motions governing global and regional climate, the two motions are 

treated differently by model algorithms. The resulting set of equations is often referred to as 

the ‘primitive equations’ (IPCC, 2007b; Jones et al., 2004).  Although nearly all AGCMs use 

this same set of primitive dynamical equations, they use different numerical algorithms to 
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solve them. The equations are solved as a function of time on this mesh. Even with the same 

numerical approach, AGCMs differ in spatial resolutions and configuration of model grids.  

Numerical algorithms of AGCMs should precisely conserve the atmosphere’s mass and 

energy. All AGCMs must incorporate the effects of radiant- energy transfer. Radiation 

calculation includes the effects of water vapor, carbon dioxide, ozone, and clouds. Models 

used in climate change experiments also include aerosols and additional trace gases such as 

methane, nitrous oxide, and the chlorofluorocarbons. The most important parameterizations 

are those involving cloud formation and dissipation, cumulus cloud convection and 

turbulence. For cloud calculations, most AGCMs treat ice and liquid water as atmospheric 

state variables (e.g. Cairns et al., 2000; Chou et al., 1999). Representing these processes on 

the scale of model grids is particularly difficult and involves calculation of fractional cloud 

cover within a grid box, which greatly affects model sensitivity (CCSP, 2008; IPCC, 2007b; 

Schmidt et al., 2006; Del Genio et al., 2005; Cairns et al., 2000; Chou et al., 1999).  

4.1.2.2 Oceanic General Circulation Models (OGCMs) 

Oceanic general circulation models (OGCMs) solve the primitive equations for global 

incompressible fluid flow analogous to the ideal-gas primitive equations solved by 

atmospheric GCMs. In climate models, OGCMs are coupled to the atmosphere and ice 

models through the exchange of heat, salinity, and momentum at the boundary among 

components. Like the atmosphere, the ocean’s horizontal dimensions are much larger than its 

vertical dimension, resulting in separation between processes that control horizontal and 

vertical fluxes. Ocean has a more complex three-dimensional boundary than does the 

atmosphere. Furthermore, the thermodynamics of sea water is very different from that of air, 

so an empirical equation of state must be used in place of the ideal gas law (CCSP, 2008). 

An important distinction among ocean models is the choice of vertical discretization. Many 

models use vertical levels that are fixed distances below the surface. A more fundamental 

alternative uses density as a vertical coordinate. Motivating this choice is the desire to control 

as precisely as possible the exchange of heat between layers of differing density, which is 

very small in much of the ocean yet centrally important for simulation of climate. 

Horizontal grids used by most ocean models are comparable to or somewhat finer than grids 

in the atmospheric models to which they are coupled, typically on the order of 100 km (~ 1º 

spacing in latitude and longitude) for most of Earth. To parameterize turbulent mixing near 

the surface, the current generation of OGCMs uses several different approaches similar to 
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those developed for atmospheric near-surface turbulence. Within the ocean’s stratified, 

adiabatic interior, vertical mixing takes place. This ocean mixing contributes to its heat 

uptake and stratification (Russell et al., 1995). Furthermore, depth of sunlight penetration into 

the ocean can affect sea-surface temperatures (SST). Finally, the inclusion of fresh water 

input by rivers is essential to close the global hydrological cycle; it affects ocean mixing 

locally and is handled by models in a variety of ways (CCSP, 2008; IPCC, 2007b; Russell et 

al., 1995). 

4.1.2.3 Land-Surface Models 

Interaction of Earth’s surface with its atmosphere is an integral aspect of the climate system. 

Exchanges (fluxes) of mass and energy, water vapor, and momentum occur at the interface. 

Feedbacks between atmosphere and surface affecting these fluxes have important effects on 

the climate system. Modeling the processes taking place over land is particularly challenging 

because the land surface is very heterogeneous and biological mechanisms in plants are 

important. Climate model simulations are very sensitive to the choice of land models. Figure 

4.3 shows schematically the types of physical processes included in typical land models.  

 

 

 

 

 

 

 

 

 

 
 Figure 4.2 Physical Processes in a Land-Surface Model (Chen and Dudhia, 2001). 

Some of the most extensive increases in complexity and sophistication have occurred with 

vegetation modeling in land models. Further developments included improved plant 

physiology that allowed simulation of carbon dioxide fluxes. An important ongoing advance 

is the incorporation of biological processes that produce carbon sources and sinks through 



 63 

Land Model 

Sea Ice Model 

vegetation growth and decay and the cycling of carbon in the soil, although considerable 

work is needed to determine observed magnitudes of carbon uptake and depletion.  

The initial focus of land models was vertical coupling of the surface with the overlying 

atmosphere. However, work is also under way to couple groundwater models into land 

models. However, topographic variation within a grid box usually is generally ignored in land 

modeling (CCSP, 2008; IPCC, 2007b; Chen and Dudhia, 2001). 

4.1.2.4 Sea-Ice Models 

Models include the physics governing ice movement as well as that related to heat and salt 

transfer within the ice. The proportion of incident sunlight reflected from a surface of snow 

and ice plays a significant role in the climate system. Different models define snow and ice 

layers and ice categories differently, but all include an open water category. Typically, ice 

models share the grid structure of the underlying ocean model (CCSP, 2008).  

4.1.3 Component Coupling and Coupled Model 

From the discussions in previous sections it is understandable that an AGCM and an OGCM 

can be coupled together to form an Atmosphere-Ocean Coupled General Circulation Model 

(CGCM or AOGCM) as shown in Figure 4.3 below. With the addition of other components 

(such as a sea ice model or a model for land-surface), the AOGCM becomes the basis for a 

full climate model. AOGCMs represent the pinnacle of complexity in climate models and 

internalise as many processes as possible. They are the only tools that could provide detailed 

predictions of future climate change.  

 

 

 

 

 

 

 

 

 
 
 

 
Figure 4.3 Schematic Diagram of the Processes in a Coupled AOGCM. 

http://en.wikipedia.org/wiki/Climate_model�
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Within such structure of a climate model, different variations can exist and their varying 

response to climate change can be studied. An often-used illustration of coupling of climate 

models from the Third IPCC Working Group 1 Scientific Assessment of Climate Change in 

2001 depicts the overall technological advancement in climate modeling processes through 

time (see Figure 4.4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.4 Trend of Climate Model’s Scientific Development (IPCC, 2001a) 

4.1.4 Limitations of Climate Models 

As discussed earlier, in ‘coupled’ climate models, there are equations describing the three-

dimensional oceanic circulation, how it transports absorbed solar energy around the Earth, 

and how it exchanges heat and moisture with the atmosphere. The climate model equations 

are only approximations of the physical processes that occur in the atmosphere. While some 

of those approximations are highly accurate, some of the most important ones from the 

standpoint of climate change are unavoidably crude (IPCC, 2007b). This is because the real 

processes they represent are either (1) too complex to include in the model and still have the 

model run fast on a computer, or (2) because the understanding of those processes is still too 

poor to accurately model them with equations (Spencer, 2009).  

There is no question that great progress has been made in climate modeling. Facts about the 

current climate model projections are: 
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(i) Spacing of horizontal grids in the atmospheric component of a climate model is quite 

different than that of its vertical levels. For most of the current climate models, 

horizontal dimensions are larger than its vertical spacings. Dissimilarities exit even in 

the horizontal grid spacing of the atmosphere and ocean components of climate models 

(see Table 4.2). Because of such disparity between the horizontal and vertical mesh-

sizes, the horizontal and vertical motions of atmospheric processes are treated differently 

by the model algorithms, using separate sets of ‘primitive equations’. 

(ii) The finer the model resolution, the more calculations need to be made, and so the more 

computer time the model takes to run. Thus, available computational resource acts as a 

restraint for model resolution and model accuracy in projecting future climate scenarios.  

(iii) Model deficiencies in projecting future climate variables are related mainly to the 

parameterization of Sea Surface Temperature (SST) fields, Air-Sea energy exchange, 

cloud formation, cloud radiative feedbacks, etc. 

(iv) It is not likely that there is a unique explanation of the climate model projections, and 

they are not actual predictions.  

But the point is that, while climate models currently offer one possible explanation for 

climate change, it is by any means the only possible one at present.  

4.2 Emission Scenarios for Climate Models 

“Scenario” is a plausible description of how the future may develop based on a coherent and 

internally consistent set of assumptions about key driving forces (e.g., rate of technological 

change and gas emissions). These are neither predictions nor forecasts, but are useful to 

provide a view of the implications of future developments and actions.  

The Special Report on Emissions Scenarios (SRES) was a report prepared by IPCC in 2000, 

on future emission scenarios to be used for driving global circulation models to develop 

climate change scenarios. It was used to replace the IS92 scenarios used for the IPCC Second 

Assessment Report of 1995. Because projections of climate change depend heavily upon 

future human activity, climate models are run against scenarios. Assumptions about future 

technological development as well as the future economic development are thus made for 

each scenario. Most include an increase in the consumption of fossil fuels.  

The details of the six families of scenarios that have been discussed in the IPCC's Fourth 

Assessment Report (AR4) are given in Table 4.1 below. 

http://en.wikipedia.org/wiki/IPCC_Second_Assessment_Report�
http://en.wikipedia.org/wiki/IPCC_Second_Assessment_Report�
http://en.wikipedia.org/wiki/IPCC_Second_Assessment_Report�
http://en.wikipedia.org/wiki/IPCC_Fourth_Assessment_Report�
http://en.wikipedia.org/wiki/IPCC_Fourth_Assessment_Report�
http://en.wikipedia.org/wiki/IPCC_Fourth_Assessment_Report�
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Table 4.1 Details of SRES emission scenarios (IPCC-TGICA, 2007) 

Scenario Scenario Details  

A1 A future world of very rapid economic growth, global population that peaks in 

mid-century and declines thereafter, and the rapid introduction of new and more 

efficient technologies. Major underlying themes are convergence among regions, 

capacity building and increased cultural and social interactions, with a substantial 

reduction in regional differences in per capita income. 

A1F1 Fossil-intensive environment 

A1T Predominantly non-fossil 

A1B Balanced across energy sources, clean and resource-efficient technology 

A2 A very heterogeneous world. The underlying theme is self-reliance and 

preservation of local identities. 

B1 A convergent world with the same global population, that peaks in midcentury 

and declines thereafter, as in the A1 storyline, but with rapid change in economic 

structures toward a service and information economy, with reductions in material 

intensity and the introduction of clean and resource-efficient technologies. 

B2 A world in which the emphasis is on local solutions to economic, social and 

environmental sustainability. It is a world with continuously increasing global 

population, at a rate lower than A2. 

 

4.3 Regional Climate Models (RCMs) 

4.3.1 Importance of Regional Downscaling Simulation  

The predictions of coupled AOGCMs might be adequate for areas where the terrain is 

reasonably flat, uniform, and away from coasts. However, in areas where coasts and 

mountains have significant effects on weather, scenarios based on global models are unable 

to capture the local level details needed for assessing impacts at national and regional scales. 

Also, at such coarse resolutions, extreme events such as cyclones or heavy rainfall episodes 

are either not captured or their intensities are unrealistically low (Islam et al., 2008). A 

regional climate model (RCM), therefore, is the best tool for dynamic downscaling of climate 

features in case of obtaining detailed information for a particular region (Jones et al., 2004). 

A regional model, also known as limited-area model generally covers a limited area of the 

globe at a higher resolution (typically around 50 km) for which conditions at its boundary are 



 67 

specified from an AOGCM (CCSP, 2008, Jones et al., 2004). The RCM is better able to 

resolve mesoscale forcings associated with coastlines, mountains, lakes, and vegetation 

characteristics that exert a strong influence on the local climate (Islam et al., 2008). 

4.3.2 Limitations of Regional Climate Models 

The following factors play significant role while running the RCMs as well as developing 

appropriate model outputs: 

i. Spatial resolution affects the length of simulation periods, because higher resolution 

requires shorter time steps of model run for numerical stability and accuracy (CCSP, 

2008).  

ii. Another factor is that the lateral boundary conditions (LBCs) are most often ingested in 

RCMs by damping the model’s state toward LBC fields in a buffer zone surrounding the 

domain of interest (Islam et al., 2008; Jones et al., 2004; Bhaskaran et al., 1996). If the 

buffer zone is only a few grid points wide, the interior region may suffer ‘phase errors’ 

in boundary regions resulting in Spurious or unauthentic reflections in the overall 

regional simulation (Tudor and Termonia, 2010; Miguez- Macho et al., 2005).  

iii. Domain size also may influence RCM results. If a domain is too large, the model’s 

interior flow may drift from the large-scale flow of the driving dataset (Jones et al., 

2004). However, too small a domain exaggeratedly constrains interior dynamics, 

preventing the model from generating appropriate response to interior meso-scale 

circulation and surface conditions (Qian and Zubair, 2010; Vannitsem and Chomé, 2005; 

Bhaskaran et al., 1996).  

iv. Because of the variety of numerical techniques and parameterizations employed in 

regional simulation, many models and versions of models exist. Generally in side-by-

side comparisons (e.g., Fu et al., 2005), no single model appears best versus 

observations, with different models showing superior performance depending on the 

field examined (Jones et al., 2004). 

4.4 Developing Multi-Model Future Climate Scenarios for Bangladesh 

4.4.1 Importance of Multi-Model Projection 

Needless to say, no model will give a perfect projection of future climatology or observations 

as the inherent physics and associated underlying assumptions of the components like 

atmospheric, ocean, sea-ice and land-surface might be different for different climate models. 
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As such, climate modelers do not endorse the use of any single model or method for national-

scale assessments of climate change (Jones et al., 2004).  

Even though, where terrain is flat for thousands of kilometers, the coarse resolution of a 

GCM may not matter. However, in areas where coasts and mountains have significant effects 

on weather as in Bangladesh, scenarios based on global models are unable to capture the local 

level details needed for assessing impacts at national and regional scales (Islam et al., 2008).  

Therefore, since the GCMs run typically on a horizontal resolution of around 200 km and 

with consideration of the very small geographical area of Bangladesh of about 144,000 sq. 

km, it would not be wise to depend on one particular Global Climate Model. It is therefore, 

encouraged to use a range of models and methods appropriate to national circumstances. 

According to Jones et al. (2004), it is best to validate two or more climate models (GCM or 

RCM) to enable a choice to produce the most appropriate projection to be used in climate-

scenario generation for that region. Therefore, it would be more rational to apply several 

climate models, both GCMs and RCM, as it has been done herein, to develop a combined and 

more realistic prediction for future climate scenario of a small country like Bangladesh. 

4.4.2 Selection of GCMs for Bangladesh 

Climate models are the main tools available for developing projections of climate change in 

the future (Rajib et al., 2010b; Houghton et al., 2001; Houghton et al., 1995). There are a 

number of mathematical models of global circulation that indicate expectations of future 

climate scenarios. GCMs’ projections of climate change are the starting point for most 

climate scenarios though they lack the regional detail that impact studies generally need. 

However, four different IPCC ensemble Global Climate Models are selected herein for 

developing future climate scenarios of Bangladesh. Details of the four models selected are 

listed in Table 4.2 below. 

4.4.3 RCM as Applied for Bangladesh 

A regional climate model (RCM) is a high resolution climate model that covers a limited area 

of the globe, typically 5,000 km x 5,000 km, with a typical horizontal resolution of 50 km. 

There are three types of technique for obtaining regional climate change projections: 

statistical, dynamical and hybrid (statistical-dynamical) techniques. RCMs fall into the 

dynamical category. RCMs are based on physical laws represented by mathematical 

equations that are solved using a three-dimensional grid. 
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Table 4.2 Details of Selected GCMs (IPCC, 2007b; IPCC, 2007c) 

Model ID Name Modelling Centre 

(Vintage) 

Atmosphere-Resolution 

Latitude x Longitude 

Vertical Levels 

Top Height/ Pressure 

Ocean-Resolution 

Latitude x Longitude 

Vertical Levels 

Basis of Vertical Co-ordinate 

CGCM3.1 
(T63) 

Canadian Global 
Coupled Model  
(Version 3.1) 

Canadian Centre for 
Climate Modelling and 
Analysis, Canada (2005) 

T63a (~1.9° x 1.9°) L31 b (0.9° x 1.4°) L29; 
31 vertical levels;  
top = 1 hPa (~50 Km) 
 

 c; 
29 vertical levels; 
Depth co-ordinate 

CCSM3 Community Climate 
System Model  

(Version 3) 

National Centre for 
Atmospheric Research, 
USA (2005) 

T85 (1.4° x 1.4°) L26 
26 vertical levels 
top = 2.2 hPa (~25 Km) 
 

(0.3°–1° x 1°) L40; 
40 vertical levels; 
Depth co-ordinate 

MIROC3.2 
(hires)

Model for 
Interdisciplinary 

Research on Climate 
(Version 3.2) 

 

 d 
Centre for Climate System 
Research (University of 
Tokyo), National Institute 
for  Environmental Studies, 
and Frontier Research 
Centre for Global Change, 
Japan (2004) 
 

T106 (1.1o X 1.1o (0.2° x 0.3°) L47 
47 vertical levels; 
Sigma/Depth Co-ordinate 

) L56 
56 vertical levels;  
top = 40 km 

UKMO-
HadGEM1 

UK Met Office- 
Hadley Centre Global 
Environmental Model 

(Version 1) 

Hadley Centre for Climate 
Prediction and Research 
/Met Office, UK (2004) 

(~1.3° x 1.9°) L38 
38 vertical levels; 
top = 39.2 km 

(0.3°–1.0° x 1.0°) L40 
40 vertical levels; 
Depth Co-ordinate 
 
 

a
 ‘T’ denotes a triangular spectral truncation with a rough  translation to degrees latitude and longitude 

b, c  Vertical resolution (L) is the number of vertical levels in the atmosphere and in the ocean respectively  
d hires: High resolution 
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Hence RCMs are comprehensive physical models, usually including the atmosphere and land 

surface components of the climate system, and containing representations of the important 

processes within the climate system (e.g., cloud, radiation, rainfall, soil hydrology). Many of 

these physical processes take place on much smaller spatial scales than the model grid and 

cannot be modeled and resolved explicitly. Their effects are taken into account using 

parameterizations, by which the process is represented by relationships between the area or 

time averaged effect of such sub-grid scale processes and the large scale flow.  

Given that RCMs are limited area models they need to be driven at their boundaries by time-

dependent large scale fields (e.g., wind, temperature, water vapour and surface pressure). 

These fields are provided either by analyses of observations or by GCM integrations in a 

buffer area that is not considered when analyzing the results of the RCM (Jones et al., 2004). 

The Hadley Centre of United Kingdom has developed PRECIS, a regional climate model 

(RCM) system which has been adapted herein for generating projections of some specific 

climatic parameters for Bangladesh, side by side with GCM projections. 

4.4.3.1 PRECIS: Model Description 

The PRECIS (Providing Regional Climates for Impacts Studies) is a hydrostatic, primitive 

equation grid point model containing 19 levels described by a hybrid vertical coordinate 

(Simmons and Burridge, 1981; Simon et al., 2004). The present version of PRECIS (PRECIS 

1.7.1) has a horizontal resolution of 50 km horizontal grid with the option of downscaling to 

25 km horizontal grid having 0.44 X 0.44 degree resolution (latitude X longitude) and it can 

generate outputs for more than 150 parameters (Islam et al., 2008). The PRECIS RCM is 

based on the atmospheric component of HadCM3 (Jones et al., 2004; Gordon et al., 2000) 

with substantial modifications to the model physics.  

4.4.3.2 PRECIS: Selection of Model Domain for Bangladesh 

One of the major problems of simulating RCM in a region is to determine a suitable domain 

for that area which can successfully represent the meteorological parameters of that area. A 

general criterion for the choice of a regional model domain is difficult and the choice depends 

on the region, the experimental design and the ultimate use of the RCM results (Tudor and 

Termonia, 2010; Miguez- Macho et al., 2005). The following conditions are necessary to 

ensure physical consistency between the PRECIS solution and the pre-determined AOGCM 

solution external to the RCM domain (Qian and Zubair, 2010; Islam et al., 2008):  
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(i) domain should be large enough so that the deviation of RCM circulation from the 

driving AOGCM is not overwhelmingly large,  

(ii) the chosen domain is sufficiently small to allow full development of internal 

meso-scale circulations and include relevant regional forcings.  

The Figure 4.5 below shows schematization of PRECIS domain experiment over Bangladesh 

that has been adopted in this thesis.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 
 

 

Figure 4.5 Schematization of PRECIS Domain Selection over Bangladesh  
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Bhaskaran et al. (1996) has conducted a RCM-domain size experiment over India to 

determine optimum domain and found an optimum domain, known as “Indian domain” with 

a size of 114 × 92 pixels which is quite larger for Bangladesh. Therefore, while applying 

PRECIS, there is a certain need to choose an optimum domain which can represent 

Bangladesh climate more realistically. As shown in Figure 4.5, the selected PRECIS domain 

consists of 50 km 88 X 88 number of grids. A rim of 8 pixels along the boundary is basically 

the GCM-integration ‘Buffer Area’ which is ultimately excluded from the analysis. 

4.4.3.3 Initial Condition: Model Spin-up  

Dynamical downscaling involves the nesting of a higher resolution Regional Climate Model 

(RCM) within a coarser resolution GCM. The RCM uses the GCM to define time-varying 

atmospheric boundary conditions around a finite domain, within which the physical dynamics 

of the atmosphere are modeled using horizontal grid spacing of 20–50 km. Therefore, the 

initial conditions to start PRECIS simulation are taken from a driving GCM (HadCM3 in this 

case) as Lateral Boundary Conditions (LBCs). LBCs are the meteorological conditions at the 

side boundaries of the PRECIS domain, which constrain the prognostic variables of the RCM 

throughout the simulation.  

Also, the initial state of the soil variables in the ensemble land-surface model can be 

important as it may take one or more annual cycles for these to come into equilibrium with 

the atmospheric forcing. In this case, simulations of surface temperature, precipitation and 

related variables could be biased within this spin-up period. The Hadley Centre RCM- 

PRECIS takes about one year to spin up and this part of the simulation is regarded as 

unrealistic as the implied lack of equilibrium is unphysical (Jones et al., 2004). As a result, 

data from such spin-up period is ignored for the purposes of climate scenario generation. 

4.4.3.4 Output Data Processing 

A full range of 150 meteorological variables can be diagnosed by PRECIS (Wilson et al., 

2008; Jones et al., 2004). After the model run over the specified earth-domain being 

completed for the pre-defined simulation period (which should be atleast 10 continuous 

years), the required set of output variables are extracted through some specific data 

processing software like CDAT, GrADS, netCDF, GRIB etc.  

However, a unique positive integer called ‘STASH code’, meaning ‘Spatial and Temporal 

Averaging and Storage Handling Code’, is assigned to each different output diagnostic 
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variable from the PRECIS (Wilson et al., 2008). All the output variables are available at 

different temporal resolution or time-steps, such as yearly, monthly or daily basis. In this 

thesis, only the 55 grid points that fall over the geographical area of Bangladesh within the 

selected 88 X 88 PRECIS-domain have been considered for output-extraction.  

Figure 4.6 below shows the 55 grid points (with their respective assigned identity number) 

for which the PRECIS output data of average precipitation (STASH code 05216), average 

surface temperature at 1.5 meter elevation (STASH code 03236) and average evaporation 

(STASH code 03312) in monthly time steps have been developed in this thesis.  

4.4.4 Construction of ‘Change Field’ from Climate Model Outputs 

4.4.4.1 Climatological Baseline for Bangladesh 

In order to have a basis for assessing future impacts of climate change, it is necessary to 

obtain a quantitative description of the changes in climate to be expected (climate scenarios). 

However, before considering future climate it is first important to characterize the present-

day or recent climate in a region– often referred to as the ‘climatological baseline’. Therefore, 

to examine possible future climatic conditions, one prospect is to develop projections from 

observed meteorological data (Rajib, et al., 2010b). According to IPCC-TGICA (2007), a 

popular climatological baseline period is the non-overlapping 30-year "normal" period as 

defined by the World Meteorological Organization (WMO). The recent WMO normal period 

is 1961-1990. As well as providing a standard reference to ensure comparability between 

climate model projections, other advantage of using this baseline period is that the period 

ends in 1990, which is the common reference year used for climatic and non-climatic 

projections by the IPCC in the First, Second and Third Assessment Reports upto year 2001. 

But the period 1961-1990 is already being superseded by 1971-2000 as a new standard 30-

year averaging period, and some national meteorological agencies have published statistics 

for this period as well (IPCC-TGICA, 2007).  

In this thesis, the past three decade period in Bangladesh (1971-2000) has been used as a 

climatological baseline period for which the both the GCM and RCM data are referenced.  

4.4.4.2 Selected Emission Scenarios for Model Simulations 

To provide the climate models a guidance towards future emission conditions, IPCC 

scenarios (Table 4.1) are the major tools. Recent greenhouse gas emission trends (e.g., 

Raupach et al., 2007) match or exceed the so-called SRES scenario A1F1.  
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Figure 4.6 55 Grid Points over Bangladesh within the Selected PRECIS Domain  
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So, A1F1 can be considered as a plausible business-as-usual scenario, which also represents a 

relatively worst case. The more balanced A1B scenario can be considered as a moderate one, 

while B1 is considered as a best case (e.g., Ganguly et al., 2010).  

A typical scenatio, referred to as “COMMIT”, reflects the condition wherein the emission 

commitments made by the developing countries are actually obtained, with greenhouse gas 

emissions fixed at year 2000 conditions. In Figure 4.7- 4.10, best-fit linear regressions of the 

observed annual temperature (T) and Precipitation (P) in past recent years in Bangladesh are 

plotted, along with average or mean annual projections by the four GCMs, specifically 

using SRES A1B.  Also, to evaluate the effect of different possible scenario assumptions on 

the future climatic conditions of Bangladesh, projections of one particular GCM, that is, 

CGCM3.1, are developed and plotted there under four scenarios - A1B, A2, B1 and 

COMMIT. The trends of the GCM-projected climate conditions are assessed by applying a 

2nd

Once climate model outputs have been developed for use in an impact study, there are 

numerous procedures available for processing and applying the data (i.e. constructing the 

scenarios).  GCM or RCM outputs are not generally of a sufficient resolution or reliability to 

be applied directly as actual prediction of future climatic conditions. There are often 

significant biases in the model control simulations (Jones et al., 2004; Islam et al., 2008; 

IPCC-TGICA, 2007). In this regard, it is found usual for baseline observational data, which 

are commonly in the form of time series of annual or monthly data for several variables over 

a period such as 1971-2000, to be used as a reference for correcting or adjusting future time-

series of model outputs.  Here, a scenario of future climate is obtained by adjusting the 

baseline observations by the difference or ratio between period-averaged (where necessary) 

results of the model experiment on past baseline years and the corresponding results for the 

GCM control simulations for future. Differences are usually applied for temperature changes 

(e.g. 2041-2070 minus 1971-2000) while ratios are commonly used for precipitation and 

evaporation changes (e.g. 2041-2070 divided by 1971-2000), though differences may be 

preferred in some cases. Therefore, this approach of model-bias correction features the use of 

climate model outputs for both periods (recent and future) and then the difference or ratio 

between the two responses will represent the change with respect to the baseline data of 

 order polynomial regression curve to each dataset using Microsoft Excel.  

However, for PRECIS simulation, only the A1B scenario has been considered here. 

4.4.4.3 Correction of Model Bias 
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particular climatic parameter (Jones et al., 2004). A pattern of such differences or ratios of 

particular climate output variables are known as a “Change Field" or “Change Factor" 

(CCSP, 2008; IPCC-TGICA, 2007). With improvements in control simulations, which are 

now being realized with improved models and the use of higher resolution, this approach of 

model-bias correction and construction of ‘change field’ is becoming increasingly attractive. 

It is conceptually simpler and allows direct application of the changes in all climate change 

projections (Jones et al., 2004; Booty et al., 2005; Diaz-Nieto and Wilby, 2005; Zhang, 

2005). Thus, the projections for annual and monthly average temperature (T) and 

precipitation (P) in Bangladesh, using the four selected GCMs, as detailed in Table 4.2, have 

been developed herein for each of the future year of 2011 to 2100. And the monthly 

projections of these two parameters along with evaporation (E) have also been developed for 

the same period by PRECIS also. The resultant MMD projections of T and P as well as 

PRECIS projections of E have been assembled in Appendix B, C and D.  

4.4.5 Annual GCM Projections for Bangladesh for Different Emission Scenarios 

For the purpose of numerical assessment of future climate change in Bangladesh, all the four 

GCM projected ‘Change Field’ and ‘Applied Change Field’ of average annual values of T 

and P, with respect to the climatological baseline of 1971-2000, are assembled in Table 4.3 

for the three 30 year future time periods (2011 - 2040, 2041 - 2070 and 2071 – 2100) and in 

four different scenarios. 

4.4.5.1 Future Annual Temperature Conditions 

Apparent from Figure 4.7 is that there are similar slopes, indicated by the projections from 

historical data, to the predictions from all four GCMs in a particular scenario A1B. Also 

apparent from Figure 4.7 is minimal divergence between temperature projections derived 

from alternative GCMs for Bangladesh (until 2070). The temperature projections of 

HadGEM1 and MIROC3.2 indicate higher temperature rates than those of the CGCM3.1 and 

CCSM3 models and for the period of 2071 - 2100, these GCMs reach mean annual 

temperatures of 29.3°C and 29.0°C, respectively. For the same period, the CGCM3.1 and 

CCSM3 models project mean annual temperatures to reach 28.5 and 28.4 °C, respectively. 

For all GCMs, the mean temperature increase projected for the period 2071 - 2100 was 2.95 

°C above the reference period (1971 - 2000) mean of 25.7 oC. Table 4.3 displays for 

Bangladesh, the projected changes of T, P and E for each model and scenario. 
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In Figure 4.8, the temperature projections of the SRES A2 scenario shows increases at the 

highest rate of the SRES scenarios considered, reaching a mean annual temperature of 29.3 

°C for the period of 2071 - 2100, as indicated in Table 4.3. For the same period, the A1B 

scenario projects the mean annual temperature to reach 28.5 °C and the B1 scenario 27.7 °C. 

For the GCMs evaluated, the average of A2, A1B, and B1 mean annual temperature increase 

for the period 2071 – 2100 were 3.63 °C, 3.11 °C and 2.06 °C, respectively, above the 

observed period mean of 25.7 °C. With greenhouse gas emissions fixed at year 2000 

conditions, the COMMIT scenario projects the mean annual temperature to be 26.25 °C for 

the period of 2071 - 2100, a 0.15 °C reduction from the 2041 - 2070 mean. 

According to the Multi-Model Data sets (MMD) of IPCC AR4 (IPCC, 2007d), annual 

temperatures are expected to increase in the range of 3.3°C across south Asia along with 

Bangladesh (IPCC, 2007d). These projections are, according to the MMD-A1B simulations, 

averaged over 21 models and represent the change between 1980 – 1999 and 2080 – 2099. 

The GCM data assembled for this research reflects almost similar, results with A1B 

simulations projecting annual increases approximately 3.1°C (average of four GCMs) in 

Bangladesh for the period 2071 - 2100. The IPCC-MMD projects slightly more warming 

during winter months over summer. With further increases in temperature, the frequency and 

intensity of droughts is expected to increase, particularly in the north-west (Shahid, 2008; 

Ramamasy & Baas, 2007; MoEF, 2006).  

4.4.5.2 Future Precipitation Rates 

For Bangladesh, all GCMs indicate an increase in total annual precipitation ranging from an 

average of 11% to 18% for the 2011 – 2040, and 2071 – 2100, respectively (see Table 4.3). 

These increases are above the observed mean total annual precipitation of 2150 mm for the 

period 1971 – 2000. As well, as apparent in Figure 4.9, the projected trends from the 

historical data show similar trends to the GCM predictions. All four GCMs generate similar 

results to approximately the year 2050. The CCSM3 and HadGEM1 project peak increases in 

the precipitation to occur mid-century followed by a period of decline. For the period of 2071 

– 2100, the CCSM3 and HadGEM1 GCMs project increases of 21% and 5% above the 

observed mean, respectively.  

The projections for different SRES scenarios for Bangladesh (see Figure 4.10) reveal very 

less variation between the trends than for the different GCMs under one scenario (from 

Figure 4.9).  From Table 4.3, the total annual precipitation projections for the SRES scenarios 
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indicate little difference from one another. For the period 2071 - 2100, the A2, A1B, and B1 

scenarios project increases in mean total annual precipitation of 27%, 26%, and 20% above 

the observed period mean, respectively. For the GCMs evaluated, the average A2, A1B, and 

B1 mean total annual precipitation increase for the period 2071 – 2100 was 22%, 17% and 

16% above the observed period mean total of 387 mm, respectively. Annual average 

precipitation is also projected to increase according to the MMD in IPCC AR4 (IPCC, 

2007d). For A1B simulations, annual increases in precipitation are projected to increase up to 

11% across south Asia along with Bangladesh (IPCC, 2007d). For the A1B simulations, the 

GCM data assembled for this research projects higher increases in annual precipitation than 

the MMD. For the period 2071 – 2100, increases of approximately 17% across Bangladesh 

were projected above the observed period. Most of the MMD-A1B models project a decrease 

in precipitation in the dry season (IPCC, 2007d).  Also, large increases are expected in the 

intensity of heavy rainfall events in the future (MoEF, 2008) in Bangladesh. The number of 

rainy days may decrease, but the increased intensity is expected to result in the overall 

increase in annual precipitation. With these projected changes several noteworthy impacts on 

possible desertification indicators are expected.  

Although differences do exist in the projections made by different climate models, the 

general findings are similar, that is, they are predicting more intense precipitation in 

Bangladesh in future years. That is, the predictions consistently indicate that the changes in 

the intensities of severe storms will be greater than the percentage change in average 

precipitation levels. For an example, various results can be translated from the expectations 

of total average annual precipitation by the year 2100 as detailed in Table 4.3, which 

includes:  

(i) Intensive precipitation event translates to a possibility of greater scour, erosion and 

flooding potential in July (McBean et al., 2009). 

(ii) The net amount of annual precipitation is projected to increase upto 16% compared to   

current conditions (climatological base period of 1971-2000) by the year 2100.  

(iii) There will be more water available as the increases of future precipitation compared to 

present condition.  

(iv) But since large fluctuations of precipitation are possible in some of the future years, 

there might be severe water shortage problems too. 
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** All the projections are updated till March 2010.  

The GCM projections have been derived considering the baseline conditions of Dhaka only, which is the geographical 

centre of the country and therefore, represents the overall average condition of whole Bangladesh (Rajib et al., 2010c). 

Similar kind of projections have also been developed for Rajshahi, a north-western district of Bangladesh, and it has 

been clarified that only some insignificant deviations might exist when compared with the projections for Dhaka. 

 

Table 4.3 GCM Multi-scenario Annual Data Summary: Bangladesh ** 

 
Scenario COMMIT A2 A1B B1 

Observed CGCM3.1 CGCM3.1 CCSM3 HADGEM1 CGCM3.1 CCSM3 HADGEM1 MIROC3.2 CGCM3.1 CCSM3 MIROC3.2 

Average 
Annual 

Temperature, 
Change Fields 

(°C) 

 

 

 

2011 - 2040 0.52 1.14 0.93 0.52 1.09 0.98 0.72 0.52 1.00 0.88 1.04 

2041 - 2070 0.73 2.07 1.88 1.78 1.95 2.10 2.38 2.16 1.44 1.31 2.02 

2071 - 2100 0.58 3.65 3.33 3.92 2.78 2.72 3.58 3.34 1.98 1.59 2.61 
Average 
Annual 

Temperature, 
Applied 

Change Fields 
(°C) 

1971 - 2000 25.7  

2011 - 2040 

 

26.2 26.8 26.6 26.2 26.8 26.4 26.4 26.2 26.7 26.5 26.7 

2041 - 2070 26.4 27.7 27.5 27.5 27.6 27.8 28.0 27.8 27.1 27.0 27.7 

2071 - 2100 26.2 29.3 29.0 29.6 28.5 28.4 29.3 29.0 27.7 27.3 28.3 

Average 
Annual 

Precipitation, 
Change Fields 

(ratio) 

  

2011 - 2040 1.14 1.14 1.09 1.12 1.17 1.11 1.07 1.07 1.12 1.11 1.08 

2041 - 2070 1.14 1.22 1.09 1.07 1.18 1.21 1.07 1.11 1.21 1.13 1.07 

2071 - 2100 1.16 1.27 1.22 1.18 1.26 1.21 1.05 1.14 1.20 1.18 1.10 

Total Annual 
Precipitation, 

Applied 
Change Fields 

(mm) 

1971 - 2000 2150  

2011 - 2040 

 

2460 2503 2322 2539 2446 2306 2412 2292 2422 2351 2331 

2041 - 2070 2457 2534 2356 2364 2529 2606 2273 2523 2465 2327 2377 

2071 - 2100 2417 2666 2626 2343 2664 2535 2200 2616 2578 2447 2518 
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Figure 4.7 GCM Projection Comparisons of Average Annual Temperature (2011-2100) for Bangladesh at A1B Scenario 
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Figure 4.8 Scenario Projection Comparisons of Average Annual Temperature (2011-2100) for Bangladesh by CGCM3.1 Model 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 



 82 

          

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Year

P
re

ci
pi

ta
ti

on
 (

m
m

) 
Observed (1950-2009)

CGCM3.1

CCSM3

HadGEM

MIROC

Poly. (CGCM3.1)

Poly. (CCSM3)

Poly. (HadGEM)

Poly. (MIROC)

 
Figure 4.9 GCM Projection Comparisons of Total Annual Precipitation (2011-2100) for Bangladesh at A1B Scenario 
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Figure 4.10 Scenario Projection Comparisons of Total Annual Precipitation (2011-2100) for Bangladesh by CGCM3.1 Model 
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4.4.6 Monthly Multi-Model Future Projections Using GCM and RCM 

4.4.6.1 Monthly Future Temperature 

Table 4.4 below shows the monthly projections of temperature, in terms of the average of 

three future decades, both from GCMs and RCM, giving way to ‘Multi-Model Average’. 

 
Table 4.4 Monthly Multi-Model Temperature Projections (o

Month 

C) for Bangladesh at A1B 

 

Climate Model Projections (with Applied Change Fields) at A1B 

GCMs RCM 
Average 

CGCM3.1 CCSM3 HadGEM1 MIROC3.2 PRECIS 

January 2011-2040 19.78 20.21 19.49 19.34 20.09 19.78 

 2041-2070 20.86 21.59 21.11 21.02 21.77 21.27 

 2071-2100 21.73 22.89 22.30 22.17 23.51 22.52 

February 2011-2040 22.76 22.37 22.41 21.92 23.29 22.55 

 2041-2070 23.90 24.24 25.05 23.69 24.78 24.33 

 2071-2100 25.10 24.76 25.79 24.79 26.68 25.43 

March 2011-2040 27.05 26.25 26.53 26.17 27.08 26.61 

 2041-2070 27.97 27.10 28.24 27.91 28.82 28.01 

 2071-2100 29.48 27.35 29.47 28.96 30.35 29.12 

April 2011-2040 29.07 28.26 28.99 28.55 29.31 28.83 

 2041-2070 29.67 29.29 30.50 30.22 30.55 30.05 

 2071-2100 30.55 29.83 31.49 31.18 31.62 30.93 

May 2011-2040 29.25 29.25 28.91 29.21 29.63 29.25 

 2041-2070 29.93 30.09 30.27 30.74 30.57 30.32 

 2071-2100 30.72 30.66 31.38 31.90 32.35 31.40 

June 2011-2040 29.47 29.60 28.48 29.31 29.45 29.26 

 2041-2070 29.72 29.98 29.87 30.74 30.98 30.26 

 2071-2100 30.40 30.51 31.47 31.84 33.07 31.46 

July 2011-2040 28.89 29.28 28.54 28.71 28.93 28.87 

 2041-2070 29.76 29.74 29.62 30.08 30.08 29.85 

 2071-2100 30.54 30.54 31.20 31.07 30.72 30.81 

August 2011-2040 29.25 29.12 28.75 28.75 29.31 29.03 

 2041-2070 30.15 30.09 29.84 30.29 30.27 30.13 

 2071-2100 30.83 30.42 31.27 31.17 31.47 31.03 

September 2011-2040 29.17 28.83 28.86 28.72 29.36 28.99 

 2041-2070 30.09 29.88 30.15 30.16 30.26 30.11 

 2071-2100 30.75 30.42 31.06 31.33 31.34 30.98 

October 2011-2040 28.14 28.02 28.08 27.62 28.63 28.10 

 2041-2070 29.30 29.26 29.96 29.52 29.96 29.60 

 2071-2100 29.93 29.89 31.11 30.84 31.18 30.59 

November 2011-2040 24.94 25.32 24.53 24.81 24.95 24.91 

 2041-2070 26.23 26.58 26.66 26.53 27.34 26.67 

 2071-2100 27.06 27.27 27.88 27.93 28.87 27.80 

December 2011-2040 21.34 21.22 20.17 20.75 20.56 20.81 

 2041-2070 22.38 22.37 21.72 22.47 22.85 22.36 

 2071-2100 22.94 23.18 22.60 23.91 24.48 23.42 
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From Table 4.5 below, the multi-model average predictions of temperature change for 

Bangladesh indicate that the temperature will continue to increase in all the months in future 

years. Figure 4.11 below shows the variation of temperature increase in individual months. 

Table 4.5 Multi-Model Temperature Increase (o

 
C) for Bangladesh with respect to 1971-2000  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.11 Monthly Variation of Multi-Model Temperature Projections (o

Month 

C) for Bangladesh

Observed 
Multi-Model Average 

Temperature Change (0C) at A1B scenario 

1971-2000 2011-2040 2041-2070 2071-2100 
January 18.62 1.16 2.65 3.90 
February 21.32 1.24 3.02 4.11 
March 25.58 1.03 2.43 3.54 
April 28.04 0.80 2.01 2.89 
May 28.56 0.69 1.76 2.84 
June 28.50 0.76 1.76 2.95 
July 28.10 0.77 1.76 2.72 
August 28.25 0.78 1.87 2.78 
September 28.14 0.85 1.97 2.84 
October  27.23 0.87 2.37 3.36 
November  23.95 0.96 2.72 3.85 
December 19.78 1.03 2.58 3.64 



 86 

5

10

15

20

25

30

35

40

1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Observed (1950-2009)

PRECIS projections

CGCM3.1 projections

HadGEM1 projections

MIROC3.2 projections

CCSM3 projections

Multi-Model Average Projection at particular year

M
on

th
ly

 A
ve

ra
ge

 T
em

pe
ra

tu
re

 (
0 C

) 

JANUARY 

  Year 

Figure 4.12 Monthly Multi-Model Temperature Projections (0C) for Bangladesh in January
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Figure 4.13 Variability of Projected Temperature (0

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C) for Bangladesh at A1B Scenario within 75% Confidence Range (January) 
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Figure 4.14 Monthly Multi-Model Temperature Projections (0C) for Bangladesh in May
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Figure 4.15 Variability of Projected Temperature (0

 
C) for Bangladesh at A1B Scenario within 75% Confidence Range (May) 
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From the multi-model average temperature change with respect to 1971-2000 in Figure 4.11, 

it is evident that the winter months in Bangladesh will show relatively more warming in 

future which is analogous to the MMD projections of IPCC AR4 (IPCC, 2007d).  Also 

Figures 4.12 to 4.15 show the monthly temperature projections by all the five climate models 

(4 GCMs and 1 RCM) in the historically minimum and maximum temperature months, that 

is, January and May respectively, where both the months are showing increasing temperature 

trends. Such monthly temperature projections with applied change fields (corrected for model 

bias) for all the months are listed with graphical representation in Appendix B. 

 
4.4.6.2 Monthly Future Precipitation 

From Table 4.6 below, the multi-model average precipitation changes for Bangladesh 

indicate that the precipitation will continue to increase in all the months in future years. 

Percentage of precipitation increment is expected to be quite higher for dry and pre-monsoon 

months compared to the monsoon season, but it does not necessarily mean that the dry season 

months are going to have extensive amount of precipitation. For example, multi-model 

average precipitation increase in the month of January is expected to be 1.91 times around the 

future decade of 2071-2100 compared to climatological baseline 1971-2000, and in a 

monsoon season month namely July, the increase is only 1.22 times. But from Table 4.7 and 

Figure 4.16 below, it is evident that even though the percentage of precipitation increase is 

higher in a dry month like December, the monsoon season month like June or July are still 

going to have extensive precipitation event in future times. 

 
Table 4.6 Multi-Model Precipitation Increase (ratio) with respect to 1971-2000 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Month 
Observed Multi-Model Average 

Precipitation Change (ratio) at A1B Scenario 

1971-2000 2011-2040 2041-2070 2071-2100 

January 7.53 1.53 1.89 1.91 

February 22.88 1.29 1.46 1.38 

March 50.54 1.07 1.33 1.55 

April 121.56 1.29 1.36 1.34 

May 277.32 1.18 1.26 1.29 

June 457.68 1.10 1.15 1.13 

July 530.33 1.13 1.11 1.22 

August 430.99 1.10 1.12 1.15 

September 320.94 1.10 1.14 1.19 

October 169.04 1.15 1.11 1.18 

November 47.51 1.36 1.29 1.39 

December 10.72 1.08 1.61 1.48 
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Table 4.7 below shows the monthly projections of precipitation, in terms of the average of 

three future decades, both from GCMs and RCM, giving way to ‘Multi-Model Average’. 

 
Table 4.7 Monthly Multi-Model Precipitation Projections (mm) for Bangladesh at A1B 

Month  

Climate Model Projections (with Applied Change Fields) at A1B 

GCMs RCM 
Average 

CGCM3.1 CCSM3 HadGEM1 MIROC3.2 PRECIS 

January 2011-2040 10.75 7.94 8.22 6.68 23.98 11.51 

 2041-2070 9.38 6.22 7.20 6.51 41.84 14.23 

 2071-2100 12.23 6.74 8.33 6.09 38.64 14.41 

February 2011-2040 27.38 28.33 22.72 25.98 43.57 29.60 

 2041-2070 26.37 28.12 24.53 23.23 64.54 33.36 

 2071-2100 26.93 30.56 25.36 24.06 51.06 31.59 

March 2011-2040 61.56 61.54 50.90 38.02 58.11 54.02 

 2041-2070 57.68 76.13 65.33 54.11 82.01 67.05 

 2071-2100 65.19 78.88 76.18 50.06 120.88 78.24 

April 2011-2040 179.09 150.60 123.93 142.02 188.15 156.76 

 2041-2070 191.69 188.24 114.95 125.63 207.33 165.57 

 2071-2100 200.29 166.13 110.68 120.57 215.50 162.64 

May 2011-2040 336.41 294.65 367.72 261.96 374.80 327.11 

 2041-2070 367.11 343.15 368.01 251.84 410.26 348.07 

 2071-2100 359.14 364.24 346.74 323.52 392.39 357.21 

June 2011-2040 496.42 427.35 531.29 468.76 603.91 505.54 

 2041-2070 597.80 524.52 470.08 497.52 546.18 527.22 

 2071-2100 607.92 472.52 497.38 487.21 525.84 518.17 

July 2011-2040 581.28 558.65 644.06 570.48 650.60 601.02 

 2041-2070 537.30 587.57 575.37 635.10 605.32 588.13 

 2071-2100 610.87 576.86 609.85 674.60 754.80 645.40 

August 2011-2040 484.99 452.94 455.87 522.62 462.94 475.87 

 2041-2070 467.48 453.11 490.23 509.24 495.81 483.18 

 2071-2100 509.46 475.04 452.41 583.82 454.11 494.97 

September 2011-2040 352.81 357.97 361.70 346.54 354.13 354.63 

 2041-2070 331.48 373.92 340.02 396.20 391.98 366.72 

 2071-2100 363.39 361.43 417.94 351.10 416.40 382.05 

October 2011-2040 195.43 156.20 171.73 210.67 241.71 195.15 

 2041-2070 168.95 191.14 192.14 179.65 209.36 188.25 

 2071-2100 189.80 178.82 163.34 170.41 294.25 199.33 

November 2011-2040 40.43 54.05 35.26 65.12 127.13 64.40 

 2041-2070 41.10 49.08 59.46 58.74 97.12 61.10 

 2071-2100 47.02 50.70 43.41 49.54 140.33 66.20 

December 2011-2040 9.89 10.93 10.46 13.50 13.28 11.61 

 2041-2070 12.72 14.90 10.50 13.35 34.59 17.21 

 2071-2100 12.76 14.74 11.34 14.84 25.82 15.90 
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Figure 4.16(a) below presents the variation of precipitation increase in individual months, 

where the dry and pre-monsoon months are showing higher percentage of change than the 

monsoon months. The trends of change in the three consecutive future decades, that is, 2011-

2040, 2041-2070 and 2071-2100 reveal this analogy of aforesaid monthly variation trend. 

However, percentage of increase in dry months does not necessarily mean to have extensive 

rainfall or precipitation. Figure 4.16(b) clearly indicates that even if percentage of future 

increase is less in monsoon season months, total amount of possible incident rainfall is much 

higher in that period. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4.16 Monthly Variation of Multi-Model Precipitation Projections for Bangladesh 

Figures 4.17 to 4.22 below feature the monthly precipitation projections by all the five 

climate models (four GCMs and one RCM) in February, July and October respectively. 
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Figure 4.17 Monthly Multi-Model Precipitation Projections (mm) for Bangladesh in February
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Figure 4.18 Variability of Projected Precipitation (mm) for Bangladesh at A1B Scenario within 75% Confidence Range (February) 
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Figure 4.19 Monthly Multi-Model Precipitation Projections (mm) for Bangladesh in July at A1B Scenario 
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Figure 4.20 Variability of Projected Precipitation (mm) for Bangladesh at A1B Scenario within 75% Confidence Range (July) 
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Figure 4.21 Monthly Multi-Model Precipitation Projections (mm) for Bangladesh in October

 

 at A1B Scenario 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 98 

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Observed (1950-2009)
PRECIS projections
CGCM3.1 projections
HadGEM1 projections
MIROC3.2 projections
CCSM3 projections
Maximum Projected Precipitation
Minimum Projected Precipitation
Average Precipitation (1950-2009)
Average Precipitation (2011-2040)
Average Precipitation (2041-2070)
Average Precipitation (2071-2100)
75% Confidence Range

M
on

th
ly

 A
ve

ra
ge

 P
re

ci
pi

ta
ti

on
 (

m
m

) 
OCTOBER 

  Year 

Figure 4.22 Variability of Projected Precipitation (mm) for Bangladesh at A1B Scenario within 75% Confidence Range (October) 
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Such projections of precipitations with applied change fields (corrected for model bias) for all 

the months are listed with graphical representation in Appendix C. 

Figure 4.20 was selected for inclusion since July is one of the months during which there are 

predictions of highest amount of precipitation quantities in a year (645 mm by 2071-2100). 

Also, the large range in the projected July precipitation quantities are noted, indicating that 

there will be years with more/less rainfall, with the variations representing significant 

fluctuations from average conditions. Most of the IPCC AR4 MMD-A1B models project a 

decrease in precipitation in the dry season (IPCC, 2007d). But in this case, all the twelve 

months indicate increasing precipitation quantities from the multi model average projections.  

4.4.6.3 Monthly Projection of Evaporation by PRECIS 

Figure 4.23 below presents the variation of precipitation increase in individual months, where 

the pre-monsoon months (March - May) are showing distinct increase in the amount of 

possible total monthly future evaporation than the dry and monsoon months.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.23 Monthly Variation of Multi-Model Evaporation Projection (mm) for Bangladesh 
 
Table 4.8 below shows the monthly projections of evaporation (with applied ‘change field’) 

along with the monthly change-ratio as predicted by PRECIS. Model-predicted maximum 

temperature month in Bangladesh is May. With higher surface temperatures, there will be 

substantial amount of free water surface evaporation also. Consequently thus, the maximum 

amount of evaporation is predicted in the months of April and May (see Table 4.8). But, 

although more warming (relative percentage of temperature increase) is projected in dry or 

winter months, change of evaporation is not higher during that period. 
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Table 4.8 Monthly Evaporation Projections (mm) for Bangladesh by PRECIS at A1B Scenario 
 
 

Month 

Future Projected Evaporation (mm) by PRECIS  
at A1B 

(bias corrected) Month 

Future Projected Evaporation (mm) by PRECIS  
at A1B 

(bias corrected) 

 
Observed PRECIS 

Change 
(ratio)  

Observed PRECIS 
Change 
(ratio) 

January 

1971-2000 73.08  

July 

1971-2000 111.49  
2011-2040  79.10 1.08 2011-2040  116.28 1.04 
2041-2070  93.39 1.28 2041-2070  140.49 1.26 
2071-2100  100.99 1.38 2071-2100  139.50 1.25 

February 

1971-2000 92.80  

August 

1971-2000 113.63  
2011-2040  98.14 1.06 2011-2040  128.71 1.13 
2041-2070  109.31 1.18 2041-2070  149.09 1.31 
2071-2100  137.36 1.48 2071-2100  175.14 1.54 

March 

1971-2000 146.48  

September 

1971-2000 102.66  
2011-2040  168.59 1.15 2011-2040  117.01 1.14 
2041-2070  182.02 1.24 2041-2070  130.03 1.27 
2071-2100  206.65 1.41 2071-2100  145.22 1.41 

April 

1971-2000 157.02  

October 

1971-2000 107.10  
2011-2040  196.61 1.25 2011-2040  127.92 1.19 
2041-2070  209.52 1.33 2041-2070  154.17 1.44 
2071-2100  222.30 1.42 2071-2100  160.38 1.50 

May 

1971-2000 144.65  

November 

1971-2000 89.56  
2011-2040  175.86 1.22 2011-2040  99.99 1.12 
2041-2070  172.95 1.20 2041-2070  141.81 1.58 
2071-2100  229.61 1.59 2071-2100  159.88 1.79 

June 

1971-2000 118.77  

December 

1971-2000 75.36  
2011-2040  134.00 1.13 2011-2040  80.21 1.06 
2041-2070  172.33 1.45 2041-2070  100.48 1.33 
2071-2100  214.03 1.80 2071-2100  114.34 1.52 
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Figure 4.24 Monthly Evaporation Projections (mm) for Bangladesh in January and April 
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Figure 4.24 above shows the monthly temperature projections by PRECIS model in the 

predicted minimum and maximum evaporation months, that is, January and April 

respectively, where both the months are showing increasing evaporation trends. Such 

monthly temperature projections with applied change fields (corrected for model bias) for all 

the months are listed with graphical representation in Appendix D. It is evident that in 

comparison with historically measured trends, the predicted slopes for the future evaporation 

by PRECIS model are considerably higher. 

 
4.4.7 Assessment of Future Hydro-Meteorological Water Balance (P-E) 

To estimate the hydro-meteorological water balance (precipitation minus evaporation), an 

assessment comparing the model projections as done in Table 4.9 demonstrates the 

following:  

 Table 4.9 Average Annual Water Balance (mm) for Bangladesh by Climate Models (A1B)  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.25 Future Hydro-Meteorological Water Balance (mm) for Bangladesh 

 

Annual 
Average 

Precipitation 
(mm), P 

Difference in P 
(mm)  

from 1971-2000 

Annual 
Average 

Evaporation 
(mm), E 

Difference in E 
(mm) 

 from 1971-2000 

Water 
Balance, 

P-E (mm) 

1971-2000 2447.05 ---- 1332.60 ---- +1114.46 

2011-2040 2787.23 +340.17 1522.41 +189.81 +1264.82 

2041-2070 2860.09 +413.03 1755.58 +422.98 +1104.51 

2071-2100 2966.09 +519.04 2005.41 +672.81 +960.68 
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Table 4.9 and Figure 4.25 above indicate a net increase in annual precipitation (considering 

A1B scenario) in the future years, derived from multi-model average projections. For 

example, there might be 519 mm increase in annual precipitation by the period 2071-2100. 

Again, the PRECIS projections of free water surface evaporation shows a net increase as 

well, which can be as high as 673 mm by the period 2071-2100. These estimates of future 

annual average water balance indicate that the net water balance for Bangladesh would 

increase around 13% by the period 2011-2040, which may turn into (• P – • E = 519.04 - 

672.81) - 153.77 mm or 14% deficit during 2071-2100, compared to the average conditions 

of 1971-2000. However, these estimates are exclusive of water input in rivers from trans-

boundary inflow and anthropogenic water consumptions, and are entirely due to the climate 

model simulated variability in hydro-meteorological parameters like precipitation and 

evaporation. 

4.5 Evaluation of Model Performance in Climate Change Projections for Bangladesh 

The possible reasons behind dissimilarity in individual model projections lie mainly with the 

particular model-physics, typical assumptions, processes of parameterization, etc. Significant 

disparities has been found by comparing the trends of future precipitation and temperature 

scenarios as obtained from particular GCM and RCM simulations. For Example, 

(i) The trend of average annual precipitation for the HadGEM1 model shows a large 

declination after 2050, compared to other GCMs (Figure 4.9). This can be attributed to 

the fact that HadGEM1 severely underestimates cloud cover. It includes ‘Bulk Mass 

Flux’ in its process of precipitation parameterization, in which only one single cloud 

model is used to represent cloud formation and it neither uses explicit assumptions on 

the mass and thermodynamic budgets of cumulus clouds, nor provides information on 

the mass spectrum of various cloud types (Dai, 2006). Therefore, HadGEM1 does not 

consider a realistic cloud distribution and this turns into lower precipitation projections. 

(ii) The fact of HadGEM1 underestimating cloud formation, gives way to possible 

explanation for relatively high future temperature in Bangladesh as projected by this 

model (Figure 4.7). Because, the lower the amount of cloud cover simulated by the 

model, the more the response to solar heating (Spencer and Braswell, 2008) 

(iii) Other GCMs of concern, CGCM3.1, CCSM3 and MIROC3.2, consider condensation of 

cloud with super-saturation of local relative humidity which can possibly project more or 

less a rational precipitation pattern for a region (Zhang et al., 2003). In addition to that, 
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CGCM3.1 is a ‘flux-adjusted’ model. Consequently, future precipitation pattern in 

Bangladesh as projected by these models comply well with the current trend (Figure 

4.9). 

(iv) While developing the monthly multi-model future precipitation for Bangladesh, large 

variation has been observed between the multi-model average and PRECIS projections. 

The driving GCM of PRECIS is HadCM3 which parameterizes precipitation by 

calculating cloud water and ice content (Dai, 2006). Such parameterization of cloud 

water estimation is very difficult and this might be attributed to the fact that the model-

physics of PRECIS typically overestimates localized precipitation in all the months. 

Some other important factors that are likely to be responsible for such overwhelmingly 

large variation of monthly precipitation projections are (i) size of model domain, (ii) 

process of integrating lateral boundary conditions (LBCs) from the driving GCM, etc. 

4.6 Summary  

There is evidence of increasing temperatures and precipitation levels in Bangladesh from the 

Global Climate Model (GCMs) predictions, as evident from observed meteorological data. 

The long term historical trend in temperature matches fairly well the temperature trends 

predicted by the GCMs for a scenario of emissions arising from a future world of rapid 

economic growth, balanced across energy sources. Again, by developing the projections of a 

particular climate model under different emission scenarios, the extent of increase of 

temperature in Bangladesh is found to be highly sensitive to the extent of emissions to the 

atmosphere. A similar finding exists for precipitation where increases in historically 

measured annual precipitation compares reasonably well with the GCM predictions of future 

precipitation levels. However, the future precipitation is expected to be more intensive as 

large fluctuations in GCM projections are prominent. However, unlike prediction of future 

temperature which showed considerable sensitivity to emissions to the atmosphere, 

predictions of future precipitation are relatively insensitive to different emissions scenarios. 

From the multi-model future average temperature change with respect to 1971-2000, it is 

evident that the winter months in Bangladesh will show relatively more warming in future. 

However, temperatures will continue to increase invariably in every month. As for future 

rainfall or precipitation, increases are likely in individual months. Even if percentage of 

future increase is less in monsoon season months, total amount of possible incident 

precipitation would be much higher in that period. 
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       Chapter 5 
AN ANALYTICAL APPROACH FOR FUTURE WATER QUANTITY 

ESTIMATION IN SMALL DRINKING WATER SYSTEMS 

 
With increasing population and prevailing changes in climate, the drinking water ponds in the 

coastal Bangladesh have already exhibited and left traces of prominent unpredictability 

mainly in terms of water quantity over the recent geologic time. Given the fact that the 

ground waters in the coast contain considerable salinity concentration, these drinking water 

ponds have become the major source of drinking water in significant parts in the coastal 

region of Bangladesh. Climate change and the rise in population together have the potential 

to escalate the current drinking water scarcity problems. Hence, it is essential to comprehend 

the intimate relationship of climate change dimensions and future demand of drinking water. 

The projections of precipitation, surface temperature and evaporation in the future years of 

Bangladesh have already been well documented in Chapter 4. Possible increase or decrease in 

future precipitation rates, rise in temperature and associated increase in evaporation etc. are 

surely going to effect the future water quantity in the surface water bodies, particularly 

drinking water ponds and rain water storage systems, and therefore, these possible climatic 

scenarios have become subject to particular interest in the context of developing future water 

balance estimations. This chapter aims to develop a mathematical algorithm that incorporates 

the projected changes in future hydro-meteorological climate variables and human 

consumption into the geometry of a typical drinking water pond and a household rainwater 

harvesting system in the coastal region of Bangladesh, and quantifies the possible water 

quantity into the pond and the rain water storage in any of the future year upto 2100.    

5.1 Current Status of Small Drinking Water Systems in Coastal Areas of Bangladesh 

Coastal low-lying areas of Bangladesh are lagging behind the rest of the country in terms of 

water supply coverage, primarily because of the water quality problems (McBean et al., 

2009). These regions of Bangladesh have been suffering from very high Arsenic and Iron 

concentration, also significant salinity in ground waters (British Geological Survey, 2001; 

Ahmed and Rahman, 2003; DPHE-Danida-UNICEF, 1999). Given the flat topography of 

Bangladesh, and anticipated gradual sea level rise, it is evident that there will be much greater 

salinity intrusion towards the center of Bangladesh through coastal rivers, hence, increased 

salinity in the groundwater of the coastal zone.  
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Examples of the types of small drinking water supply systems that are currently operating in 

the coastal areas include pond sand filters (PSFs), deep & shallow tubewells, dug well, rain 

water harvesting system (RWHS) and arsenic iron removal plants (AIRP). Not all the 

technologies are successful in every region along the coastal belt. There are certain areas in 

the coastal belt of Bangladesh where the most common system, that is, tube wells are not 

successful, because ground water is mostly saline and suitable freshwater aquifers are not 

available. In addition to this, arsenic contamination of ground water in coastal areas of 

Bangladesh has been recognized as major problem from 1993. It gradually emerged that 70 

million people drank water which exceeds the WHO guidelines of 10 microgram of arsenic 

per liter, and 30 million drank water containing more than the Bangladesh National Standard 

of 50 microgram per liter, leading to chronic arsenic poisoning (Wikipedia, 2010). However, 

even though appropriate techniques have already been installed in the rural areas of the coast 

such as AIRPs, in many situations, user perception and acceptability of existing arsenic and 

iron removal technologies as well as maintenance of the systems are not satisfactory. Hence, 

substitution of tube well water by an alternative safe and reliable source of water supply 

gradually became necessary for these areas. 

A detailed survey has been conducted within this research work under the auspices of the 

British Council Funded Higher Education Link Programme for assessing the general 

performance-condition of the common small drinking water systems in different parts of the 

coast including regions like Shymnagar, Kaliganj and Ashashuni in Satkhira, Daakop and 

Koira in Khulna, also Mongla and Morelganj in Bagerhaat. Figure 5.1 below shows on a map 

the places where the survey has been conducted. Focus group discussions (see Annexure G 

for a sample of questions) with the consumers as well as WatSan personnel working in these 

areas revealed the following factors regarding current functionality of different systems: 

1. Tubewells are not at all successful in the coast, especially in the southern fringes of 

Khulna, Bagerhat, Satkhira and Patuakhali districts, due to salinity problems in ground 

water, although some shallow tubewells are seen to be used only for washing & cleaning 

purposes. But there are objections of gradual increase of iron and salinity concentration 

since their year of installation in most of these tubewells.  

2. There are areas like Morelganj, Sharankhola, Mongla, Shyamnagar etc. where no 

tubewells are currently being used for drinking purposes. However, in the south-west, that 

is, in Magura, Narail, Jhinaidah, Jessore and north of Khulna, deep tubwells and dugwells 

are still more prominent.  

http://en.wikipedia.org/wiki/Arsenic_poisoning#Arsenicosis:chronic_arsenic_poisoning_from_drinking_water�
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3. As a sophisticated treatment system is neither practicable for small community water 

supply in rural areas nor economically feasible, it was essential to develop a low cost 

technology for surface water treatment among these areas. Pond Sand Filters (PSFs) were 

introduced by DPHE-UNICEF jointly to overcome the problem since 1984 on a pilot 

basis (UNICEF, 2009). These PSFs are one of the most dominant technologies at present 

which are being prominently used in Satkhira, Bagerhat, Patuakhali, Barguna, Jhalokathi, 

Pirojpur and Khulna regions (NGO Forum, 2010).  

4. However, for issues related with climate change and frequent extreme events like ‘Ayla’, 

surface water system like drinking water ponds having PSFs might prove to possess low 

climate resilience. Therefore, rain water storage, both household and community based 

systems, are recently gaining rapid popularity among the affected people.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Study Areas for Exploring Current Small Drinking Water Systems in the Coast 

5.2 Drinking Water Ponds with Pond Sand Filters (PSF)  

5.2.1 Design Details and General Performance Condition of a Typical PSF  

The Pond Sand Filter or PSF is a community-based drinking water system having manually 

operated treatment units that draws water from adjacent pond. The removal effectiveness of 

the PSF technology is accomplished by coarse sand filters followed by a slow sand filter and 
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chlorination in the wet well (Ahmed and Rahman, 2003).  In this system, pond water is 

discharged by hand pump in a small unit containing filter media and water is collected 

through taps. A simple hand pump is used to lift water from a pond to a concrete tank, the 

pond water passes through different chambers of sand and brick chips, which removes 

bacteria and other pathogens (UNICEF, 2009). Figure 5.2 below shows the sectional details 

of a PSF in Bangladesh. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Sectional Details of a Typical PSF in Bangladesh (WaterAid, 2006) 
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As the PSF draws water from surface water sources, the potential for microbial hazards to be 

present in source waters is very high. In addition to contamination by human faeces, the 

potential for animal faecal contamination is likely to be significant and hazards of particular 

concern will include E.coli O157, Cryptosporidium parvum and Camplyobacter spp. In ponds 

affected by algal blooms or receiving high nutrient loads, the risk from cyanobacteria toxins 

will also be increased (WHO, 2003).  

Although some reports suggest that PSFs are efficient in removing microbes (e.g., WaterAid, 

2006; JICA, 2004), this has only addressed thermo-tolerant coliforms (WHO, 2003). Other 

results indicate that in practice, microbial contamination of final output water of a PSF is 

common. Concerns have been raised about the ability of pond-sand filters to remove 

pathogen loads in very heavily contaminated ponds and might require a further disinfection 

stage to be effective.  

Generally, the performance of the PSFs suggests that these have significant potential for risk 

substitution but can be a preferred solution in most cases, only if the pond is protected from 

outer pollution indulgence and the PSF is maintained well (WHO, 2000). 

Typical consumption of water is 20 liters per capita per day for purposes of drinking, cooking 

and personal hygiene needs (McBean et al., 2009; WaterAid, 2006), which can be taken as 

7.5 liters only for drinking purposes. Typical populations served by the PSFs at present as 

well as in future years are such that the volumes of water needed might exceed the direct 

precipitation on the surface of the pond. However, the water in the pond of a PSF usually 

involves significant groundwater inputs to the pond water. But if the groundwater is impacted 

by arsenic and salinity, then the result may be significantly elevated levels of their 

concentrations in the water being consumed from the pond (McBean et al., 2009).   

5.2.2 Recent Modifications in the Pond System of a PSF  

As discussed in section 5.1, Pond Sand Filters (PSFs) are one of the mostly used drinking 

water sources in major parts of the coastal area of Bangladesh. However, these pond portion 

of the PSFs, which is actually the source, are currently facing challenges due to the various 

dimensions of climate change in last few years like more intensive precipitation events with 

decreased rainfall in most of the months, high evaporation from pond water surface, salt 

water intrusion due to sea level rise through ground water seepage and above all, more 

frequent extreme events like cyclone, storm surge etc. 

These phenomena have caused some detrimental effects upon the pond water, such as: 
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I. Extreme rainfall events result into surface erosion and huge runoff coming into the 

pond from its surroundings carrying significant concentration of suspended solids and 

organisms. 

II. Cyclones which are more frequent in recent years cause saline surge water to come 

and overflow the pond, thereby leading to an un-usable drinking water since PSFs are 

not designed for de-salination.  

III. Ground water may get discharged into the pond depending upon their relative 

hydraulic gradient, that is, the relative levels of ground water table and pond water 

stages. Since the groundwater in many parts of the coastal region has been impacted 

by salinity due to sea level rise and shrimp culture, this salinity concentration is 

gradually getting into the pond water through seepage of baseflow since many years.   

All these experiences have led to the following two major modifications in the pond portion 

of the PSFs: 

I. Raised Banks: The huge concentration of suspended matter and organisms flowing 

into the pond with runoff ultimately lead to an ineffective filter media and hence, an 

un-successful treatment. Again, the saline surge-water overflowing the ponds during 

cyclonic storm events makes the pond un-useable for an indefinite period. To restrain 

the runoff and external pollution load flowing in with any rainfall event and also to 

protect the pond from surge-water, it has become a recent practice to raise the pond-

banks by permanent earthen polders upto the height of maximum observed 

submergence level. For a pond with such raised bank, only the runoff from the inside 

area of the four sides can flow to the pond water. 

II. Pond Lining: Since the PSF is only designed for turbidity and micro-organism 

removal, the saline water seepage into pond as baseflow from ground water turns the 

PSF to be ineffective and the pond water to be undrinkable. That is why some PSF-

pond-sides are lined with appropriate clay liner and other impermeable material to 

prevent seepage of saline ground water. Also it helps to retain pond water from 

seeping into ground when the ground water table subsides particularly in dry months. 

5.2.3 Example of a Particular Modified Pond with PSF 

Modifications for the pond portion of the PSFs as discussed in previous section are already 

evident in many parts of the coastal area of Bangladesh. Such a modified pond is currently 

under operation solely as a drinking water reservoir in the Mongla region. This particular 
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pond was visited during the detailed survey which has been conducted within this research 

work under the auspices of the British Council Funded Higher Education Link Programme. 

Geographic and geometric details of this particular pond are given below: 

1. Geographic Location: The pond is named as ‘Padma Pukur’ (caretakers: Kartik Dhali 

and Amit Mondol), located in Joikha village under Sonailtala union of Mongla in Khulna 

district, having the GPS co-ordinate N 22o 30.427′ and E 089o

2. Geometric Dimensions: 

 37.223′. 

 Pond’s approximate longitudinal area 290 ft x 210 ft at top and 230 ft x 150 ft at bottom 

 Side slope is in 45 o 

This particular pond is considered to be ‘modified’ in a sense that its banks are raised as per 

the maximum experienced flood level (during ‘Ayla’ in May 2009) and also preliminary 

explorations are under way to examine the scopes of action for lining the pond in a certain 

proposed method. A schematic diagram providing the cross-sectional details of the pond is 

shown in Figure 5.3 below. Apart from that, the water sample was randomly collected from 

the pond during the survey work and tested in the BUET laboratory. This water quality test 

results are provided in Table 5.1 below. Also, Figure 5.4 represents the current conditions of 

the pond-site along with the evidences of particular modifications being made to the pond, 

protective raised banks as an example, and the PSF as well.  

 

 

 

 

 

 

 

 
 

 

Figure 5.3 Cross-sectional Details of ‘Padma Pukur’ at Mongla (N 22

approximately (1:2) 

 Total Depth including elevated pond banks is 20 ft (approx.) 

 Width of elevated pond banks is 6 ft; Pond shoulder width is 15 ft (approx.) 

o 30.427′ E 089o 37.223′) 
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Figure 5.4 Pond-Site of ‘Padma Pukur’ at Mongla (N 22o 30.427′ E 089o

 

 37.223′) 

Table 5.1 Water Quality Parameters for the Padma Pukur at Mongla ** 

 
 
 
 
 
 
 
 
 
 
   

     ** date of sampling: 21 July 2010 

5.3  Development of an Analytical Model for  
Future Pond Water Quantity Estimation  

The typical design volumes of water in the pond of the PSFs are insufficient by themselves to 

respond to the water consumption and hence require significant input from precipitation, 

consequent runoff and ground water. So, in months with little or no rainfall together with 

Parameters 
BECR ’97 

Limit 
Raw Water Quality 

(at Source) 

pH 6.5~8.5 7.10 
Turbidity 10 NTU 7.04 NTU 
Chloride 1000 mg/L 58 mg/L 
TC 0 18 CFU/ 100 ml 
FC 0 7 CFU/ 100 ml 
COD 4 mg/ L 8 mg/L 
BOD 0.2 mg/L 5 7.04 mg/L 
EC -- 418 µS/cm 
TDS (from EC) 1000 mg/L 350 mg/L 
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higher evaporation and continuous consumption lead to insufficient storage volume in the 

pond. Possible change in future precipitation pattern like increase or decrease in future 

precipitation rates, rise in temperature and associated increase in evaporation etc. are surely 

going to effect the future drinking water quantity in the ponds of PSFs (McBean et. al., 2009). 

The following section features the development of an analytical model, based on the 

hydrologic water balance principle, through which water quantity, in terms of ‘available 

storage volume’, in every month of future years upto 2100 can be calculated for a surface 

water system like a pond having any regular geometrical size and shape.    

5.3.1 Hydrologic Water Balance Approach for Water Availability Computations  

The main principle of ‘Water Balance’ is to calculate the change in volume of a permanent 

storage resulting from the total inflow minus the total outflow (actual or potential). The 

output of this approach, that is, the ‘storage volume’ is actually the net quantity of water 

available from a given water system like a pond over a specified duration of time, normally a 

month. The concept of water balance encompasses the consideration of the following 

‘Hydrologic Water Balance Equation’: 

                             

 

 

 

Subramanya (1994), Thomann and Mueller (1987), Mutreza (1986), Linsley et al. (1958) all 

showed the various components of the continuity equation as a general review of hydrologic 

balance for a given water body, such as: 

    
dt

dV
= P As + QR + Bi – Bo – E As – QC  – Of    ………. (5.1) 

where: 

V= pond volume at the start of time-step [L3] 

P = precipitation directly falling on the pond [L] 

As = pond water surface area at a particular time step [L2] 

QR = runoff coming from surrounding area into the pond resulted from incident P [L3/T] 

Bi = baseflow into the pond from ground water seepage (ground water discharge) [L3/T] 

Bo = ground water recharge from the pond [L3/T] 

E = evaporation from free pond water-surface [L] 

QC = water consumed for drinking and irrigation purpose [L3

O

/T] 

f = overflow from the pond [L3

Input to 
the system 

/T] 

 
Change in 
storage of 
the system 
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But the ground water in the coastal area of Bangladesh has already been seriously threatened 

by significant salinity concentrations, which will gradually get worse with sea level rise. 

Seepage of saline ground water will turn the pond water to be undrinkable. Also the ground 

water recharge from the pond water, particularly when ground water table is lower than the 

pond water level, reduces the potential drinking water storage volume in the pond of a PSF.  

As such, while developing the hydrologic water balance model for a drinking water pond 

under these conditions, the ground water interaction (Bi and Bo

dt

dV

) is taken to be negligible 

assuming to have surrounding impervious liner, and also the runoff only from the pond banks 

is considered for a pond with raised banks as well. Therefore, the hydrologic water balance 

equation is modified as: 

= P As + QR – E As – QC – Of      ………. (5.2) 

Where, QR = runoff coming only from inside area of four sides of the pond [L3

dt

dV

/T] and other 

terms have their usual meaning.  However, the term denotes the change of volume within 

the time step dt with respect to the initial volume, Vi-1 and therefore, to calculate the net 

storage volume, Vi at the end of the time step, which is a month in this case, Equation (5.2) 

can be used as following: 

Vi = Vi-1
dt

dV
 + = Vi-1 + P As + QR – E As – QC – Of

Incorporation of the precipitation projections into the water balance algorithm needs some 

hydrologic manipulation. Precipitation or rainfall is the major input to the hydrologic system 

of the pond. For calculating storage volume, rainfall is taken as the direct amount that falls on 

the pond surface for the ‘period’ in question. Average monthly amount of precipitation 

(millimeters) for each of the future years upto 2100 are obtained from the multi-model 

      ………. (5.3) 

A schematic diagram showing different components of hydrologic water balance of a pond is 

shown in Figure 5.5 below. 

5.3.2 Water-Balance Components for a Modified Pond  

Any type of input-output formulation like the water balance approach requires interpretation 

of input data in a way ‘as required’ for the analysis. This section illustrates the determination 

procedure for water balance components of a modified pond portion of a PSF according to 

Equation (5.3) for future storage volume estimation. 

5.3.2.1 Precipitation (P) 
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Precipitation directly falling on the pond, P 

Evaporation from water-surface, E 

Runoff Input, QR 

Ground Water 
Interaction, Bo and Bi  

Water Consumption, QC  

Hydrologic Water Balance of a Pond: V = fnc (P + QR – E – QC  – Bo + Bi ) 

PSF 

outputs (average of the projections being developed from four GCMs and an RCM) as 

documented in Chapter 4. This multi-model projections of future average monthly 

precipitation values are used here for calculation of pond-storage volumes in each of the 

month over a future year. When multiplied by the pond-water surface area (in sq. meters) at 

that particular time step (individual month), it turns into the unit of volume. Noteworthy that, 

the pond water surface area, upon which the rain water gets added by directly falling into it, 

varies in each of the time steps with increase or decrease of precipitation amount. However, 

the two major assumptions underlying the application of future rainfall projections in a water 

balance formulation like this are: 

i. Average monthly precipitation is considered as a constant-intensity storm event over a 

month regardless of the possible individual storm-durations, being unknown. 

ii. Rainfall is uniform over the pond area. 

Incident precipitation at a current time step (a month) is multiplied by the free water-surface 

area (along the longitudinal section of the pond) obtained after the previous time-step, to get 

the volume-change during current time step resulted from precipitation. 

 

 

 

 

 

 

 

 

Figure 5.5 Different Components of Hydrologic Water Balance of a Pond System 

5.3.2.2 Runoff Input to Pond Water (Ro) 

Runoff or the Surface Runoff is that part of ‘Rainfall Excess’ which travels over the ground 

surface to the channel after the demands of interception, infiltration, depression and 

evaporation are met. While quantifying the possible future storage in a drinking water pond 

on monthly basis, the average monthly runoff ‘virtually’ resulting from the climate model-
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projected average monthly rainfall is to be calculated.   

Mutreja(1986) shows that depending upon the type of data available, various methods like 

Kuichling’s Rational Method, US Natural Resources Conservation Service (NRCS) Peak 

Discharge Method etc. are available for estimating peak rate of runoff resulting from  a 

rainfall event, provided that sufficient rainfall intensity-duration-frequency (IDF) 

relationships are available for the location in question. Also, Subramanya (1994) lists some 

other empirical methods to quantify runodd volume from a rainfall event, such as, Binnie’s 

Percentages, Barlow’s Tables, Strange’s Tables, Inglis and DeSouza Formula, Khosla’s 

Formula etc. Of these, ‘Kuichling’s Rational Method’ is one of the earliest and best known 

techniques for estimating peak runoff flows for small water sheds. Despite its age and 

considerable criticism about its accuracy, it is still widely used for estimating peak flows of 

runoff in small rural watersheds. However, there are other ensemble methodologies in 

support of applying the Kuichling’s Rational Formula such as Johnstone and Cross Method 

(1949), Dooge Method (1973), Morgali and Linsley Method (1965), Kirpich Equation 

(1940), Kerby-Hatheway Method (1959) and Probabilistic Rational Method ( e.g., Sikka and 

Selvi, 2005) etc.  

Application of the Kuichling’s Rational Method is based on a simple formula that relates 

runoff producing potential of the watershed, the average intensity of rainfall for a particular 

length of time (the time of concentration), and the watershed drainage area contributing to the 

runoff volume (Thompson, 2006). The formula is as follows: 

QR = C i ARo  

where: 

QR = Calculated Runoff Volume resulted from i [L3/T], 

C = Runoff coefficient (dimensionless), 

i = Average precipitation intensity [L/T], and 

ARo = Runoff contributing area [L2

(i) The variable i in the Kuichling’s formula has got some underlying assumptions. The 

intensity (i) is the average rainfall rate for the period of maximum rainfall of a given 

]. 

The underlying assumptions, methodology of applying the above mentioned elements of 

Kuichling’s runoff formula while incorporating it into the water balance algorithm of a pond 

system are discussed below: 

Average Precipitation Intensity, i  



 117 

frequency or return period, with duration equal to the ‘Time of Concentration, tc’ 

(Mutreza, 1986; Subramanya, 1994; ISMM, 2008). The time of concentration is defined 

as the time required for water falling on the hydraulically most remote point of the 

drainage area to reach the outlet point in question. That is, at tc

(ii) Therefore, the runoff volume calculated by using such rainfall intensity (i) turns into a 

peak or maximum runoff for a storm event with chosen return period or frequency of 

occurrence, being used as a design criteria. This relationship between the three 

components involved in the assumption regarding the i in Kuichling’s formula, that is, 

rainfall duration, rainfall intensity, and return period, is represented by a family of curves 

called the intensity-duration-frequency curves, or IDF curves (Thompson, 2006).  

However, such site-specific IDF curves are generally not available for the small rural 

drinking water systems in Bangladesh like ponds. Hence, the basic assumptions 

regarding the precipitation intensity, i for applying the Kuichling’s formula need to be 

modified for applying in a pond system’s water balance formulation.  

, the drainage area is fully 

contributing.  

(iii) As the system-input to the proposed water balance algorithm for ponds is the future 

average monthly precipitation being projected by climate models, which has no relation 

with individual possible storm durations rather taken as the average amount of 

precipitation through out the time step, that is, a month, and also the incident rainfall in 

the algorithm is assumed to be uniform over the pond area at any time step, the climate 

model projected future average monthly precipitation values are therefore, needed to be 

directly used in Kuichling’s formula to get the average monthly runoff volume virtually 

resulted from model-projected average monthly precipitation.  

(iv) Although the runoff from pond banks apparently has very little contribution in monthly 

net storage volume of a pond system compared to direct precipitation input, a better 

method rather than applying empirical formulations would be to perform long-term 

simulation using observed rainfall records into a rainfall-runoff hydrological model and 

validating the model at future projected rainfall or precipitation amounts. 

Runoff Contributing Area, ARo

Runoff contributing area for a typical drinking water pond is considered to be the exposed 

area of the pond sides above water level which varies in each of the time step with fluctuation 

in water level due to variation in precipitation and evaporation quantities. Such runoff 
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contributing area for a particular modified drinking water pond as in Mongla, into which the 

water balance model has been induced, is shown in Figure 5.8 under Section 5.3.3.3.  

Runoff Coefficient, C 
 
The Runoff Coefficient represents the fraction of precipitation converted to runoff. The 

designer must use judgment to select the appropriate C value within the range for the 

appropriate land use and surface characteristics. Generally, larger areas with permeable soils, 

flat slopes and dense vegetation should have lower C values. Smaller areas with slowly 

permeable soils, steep slopes, and sparse vegetation should be assigned highest C values.  

Mutreza (1986) lists the Runoff Coefficients for different drainage area-type as per the 

American Society of Civil Engineers (ASCE), where for heavy soil (clay) with steep slope (> 

7%) C value is 0.25 – 0.35. Also the US Natural Resources Conservation Service (NRCS) 

soil scientists have developed Runoff Coefficients for a particular classification of hydrologic 

soil groups as described in ISMM (2008). The pond site that has been selected for model-

intervention has grass cover on pond banks and also clay liner on bank-surface, which 

apparently belongs to ‘Group C’ of NRCS soil characterized with moderately-fine to fine 

texture and slow infiltration rate. Such soil surface has a NRCS Runoff Coefficient of 0.23 – 

0.31.  Also, for flat grassy land like pond shoulder as in this case, C is taken as 0.11-.17 both 

by ASCE and NRCS. However, within similar land uses, it is often desirable to develop a 

composite runoff coefficient based on the percentage of different types of surface in the 

drainage area. However, for the case of pond-banks and pond shoulders herein, C=0.25 is 

considered as an average Runoff Coefficient. 

5.3.2.3 Evaporation Loss from Free Pond Water-Surface (E) 

Alike precipitation, evaporation here is also in the form of average monthly projections 

developed from climate models. Incident evaporation at a current time step (a month) is 

multiplied by the free water-surface area (along the longitudinal section of the pond) after the 

previous time-step, to get the volume-change during current time step resulted from 

evaporation loss. 

5.3.2.4 Ground Water Interaction (Bo and Bi

The ‘Ground Water Interaction’ is a very important parameter for water balancing of a 

surface water system like pond. The position of ground water table relative to the pond water 

level determines whether the pond contributes water to the ground water or vice versa 

(Subramanya, 1994). Two possible opposite conditions need to be addressed in this regard: 

) 
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Pond 

Pond 

I. As discussed earlier, the volumes of water needed from a drinking water pond with PSF 

very often exceed the direct precipitation on the water surface, which is supposed to be 

the only atmospheric input to the pond. Therefore, the water in the pond of a PSF 

usually involves significant groundwater inputs to the pond water. During periods of 

little or no rainfall particularly in dry season (November to February), since water is 

simultaneously consumed from therein at a particular rate, the pond water surface may 

go down below the general water table elevation in adjacent soil stratum and hence, 

ground water contributes to the storage volume of the pond. 

II. If however, the water table is below the pond-bed, the pond water percolates to the 

ground water storage, allowing the pond to be null in some instants.  

These two conditions are illustrated in Figure 5.6 below. Baseflow components (inflow, Bi 

and outflow, Bo) can be estimated from observations of some specific experimental protocols 

or through theoretical estimates. Methods of estimation and baseflow separation can be found 

in most hydrology textbooks. But the ground water in the coastal area of Bangladesh has 

already been seriously threatened by significant salinity concentrations, which will gradually 

get worse with sea level rise. Continuous interaction of such ground water with surface water 

system like a pond is detrimental. For this reason, the water balance Equation (5.3) is applied 

assuming a pond system with modifications like liners to avoid ground water interaction 

components (inflow, Bi and outflow, Bo

 

 

 

 

 

 

 

 

 

 

). 

Figure 5.6 Effluent and Influent Stream Conditions (Subramanya, 1994) 
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5.3.2.5 Water Consumption (QC

Water consumption from a typical pond portion with PSF is usually for drinking and cooking 

purpose and it is generally taken as 45 liters per family per day assuming a 6 person average 

family size, which becomes 7.5 liters per person per day or 0.225 m

)  

3 per person per month. 

This per capita water consumption multiplied by present population being served by the pond 

gives away total monthly demand in present year. As population increases through time and 

demand is proportional with population, therefore, the total monthly demand after any 

number of years from present (2010) can be calculated by multiplying the assumed per capita 

monthly consumption with the incremented population at the end of a specific design or 

service period. That means, 

Monthly per person consumption, wc = 0.225 m3/month 

Now, if Present population = po, 

Then, Future population= po (1+ i)n; i = population increment rate and n= number of years,  

Therefore, Monthly Total Water Demand at nth year from present = po (1+ i) n. w

5.3.2.6 Overflow (O

c 

f

Overflow is considered as excess runoff, and in water balance design it is considered lost for 

all volumes above the maximum pond storage. Contrary to that, the overflow amount beyond 

existing pond storage capacity resulted from large storm events might play an important role 

in increasing the potential water availability. 

5.3.3 Basic Steps in Developing Future Water Balance Model for a Pond System 

The algorithm developed for future pond water quantity estimation is actually an input-output 

system computer model which is generated by computational software MATLAB. For a brief 

illustration of the steps of the algorithm development, the flow diagram in following Figure 

5.7 can be considered. 

) 

A particular modified pond in the coastal region of Bangladesh (in Joikha village of Mongla, 

N 22o 30.427′ E 089o 37.223′) as discussed in Section 5.2.3 has been selected as an ideal case 

for applying the proposed water-balance algorithm in this thesis. The sectional details of this 

particular pond-geometry are shown in Figure 5.3. This particular pond was commissioned 

for drinking purposes in the year 2000 without having any specific water demand calculation 

or geometric design parameters, and as such, recently suffering from water shortage problems 
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Input A: Climate Variables 

Climate model projections for precipitation and evaporation 
on monthly or annual basis in future years from 2011 to 2100 

Input B: Geometric and Topographic Parameters of a Pond 

1) Pond-bottom dimensions: bb x lb 
2) Side slope horizontal component: s 
3) Runoff coefficient for pond banks: c 
4) Initial pond water depth and storage volume: Ho and Vo  

Input C: Water Consumption 

1) Present target population: po 
2) Per capita consumption: wc (assumed to be constant) 
3) Population increment rate, i 

Output: Future Pond Water Quantity  

1) Storage deficit from required monthly design storage 
volume at the end of each time step (a month) 

2) Monthly water storage hydrographs for future years 

+ 

+ 

= 

both due to ‘unaccounted for’ increased human consumption as well as climate change 

effects. In this stage, some specific design parameters and the proposed analytical model of 

hydrologic water balance are intercepted into it starting from ‘present condition’, in order to 

quantify its future possible water storage volume under the ongoing processes of climate 

change and simultaneous gradually increasing drinking water demand. The ‘present 

condition’ hence is referred to as the year 2010 and involves incorporation of specific water 

demand, an assumed probable service life and geometric design parameters into the water 

balance algorithm at first time step commencing from January 2011.    

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.7 Steps of Algorithm Development for Future Pond-water Quantity Estimation 
 
The basic steps that are followed for developing the water balance algorithm for future pond 

water quantity estimation through programming software MATLAB, are illustrated below:   

1. Average Water Surface Area in the Pond 

To start with the problem, the first parameter needed is the average water surface area at the 

start of 1st time step, Aso which is taken as the average of pond bottom area, Asb and top water 
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surface area at ‘present condition’ i.e. at the start of 1st time step, Asto. Asb

2. Required Design Storage Depth  

 is considered 

constant through time since it is actually the pond bottom longitudinal area (see Figure 5.8 

below), although there might be some changes with time due to gradual sedimentation. 

On the other hand, top water surface area at present condition i.e. at the start of 1st time step, 

Asto is a function of Ho. Ho is the ‘Required Design Storage Depth’ before the start of first 

time step, being derived from dividing the design demand volume for a particular service 

period by the Average maximum water retaining longitudinal area, Aw, having known the 

pond geometrical parameters. Required design storage depth, Ho and design demand volume, 

Vo is denoted as the Average Design Storage depth and Volume respectively at the start of 1st 

time step. Design Demand Volume or Average Design Storage at the start of 1st time step, Vo

3. Monthly Human Consumption  

 

is defined as the average monthly amount of water to be demanded by the ultimate future 

population at the end of a specific design service period of the pond system. 

Monthly Human consumption, QC1 is calculated following Section 5.3.2.5. QC1 is considered 

as a constant parameter within a year resembling that the same amount of water will continue 

to be withdrawn from the pond at every month of any year. po

4. Change of Water Surface Area with Variability in Precipitation and Evaporation  

 is increased as per the annual 

population increment rate when time step forwards from one year to next year.  

The two hydrologic parameters in the water balance system are precipitation and evaporation. 

To calculate the average increase or decrease in pond-storage volume during a particular time 

step by applying Equation (5.2), average monthly precipitation and evaporation within that 

time step are multiplied by the average water surface area of the previous time step. As 

average storage depth changes in each time step with change in precipitation and evaporation 

quantities, top water surface area as well as the average water surface area also change 

whenever the algorithm proceeds from one time step to another (from one month to the 

consecutive next month). 

5. Change of Runoff Contributing Area in Consecutive Time-Steps  

Runoff Contributing Area from pond banks is a variable in each time step. Only the four 

trapezoidal sides of the pond banks are supposed to contribute in runoff volume resulted from 

an average monthly precipitation amount. Runoff contributing area is inversely proportional 
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to the pond storage depth or volume at any time step and hence, calculated using the 

formulation of trapezoidal area being applied for four non-wetted sides of the pond at any 

instant. Even though soil cover along the pond banks might change with time and also change 

of side slopes has huge effect on runoff coefficient, it is assumed as constant.  

The model principle is illustrated by a flow diagram in Figure 5.9. Design parameters and 

equations involved in the model-algorithm for two consecutive time steps are as follows: 

5.3.3.1 Design Parameters  

i. Pond bottom dimensions, bb x lb

ii. Average side slope horizontal component, s = 2 (45

 = 150 ft x 230 ft = 45.75 meter x 70 meter 

o

iii. Top dimensions ( max. water retention level) = 210 ft x 290 ft = 64 meter x 88.3 meter 

 slope) 

iv. Total depth of the pond including pond banks, H = 6 meter = 20 ft  

v. Maximum water retention depth,  H′ =  H – Height of protection bank = 20-5 = 15 ft 

vi. Pond shoulder area within the protection bank, Ash = 1450 m2

vii. Maximum average water retaining longitudinal area, A

 (approx.)   

w = 4426.85 m2

viii. Runoff coefficient for pond banks, c = 0.25 

  (approx.)   

(as discussed in Section 5.3.2.2) 

ix. Present target population, po

x. Population increment rate, i = 1.292% (as per CIA World Fact Book, 2010)  

 = 3000 families x average family size of 6 =18,000; 

 Target population at the end of design period, pn = po (1+i)n

xi. Water consumption only for drinking and cooking, w

, parameters having their 

 usual meanings as discussed in Section 5.3.2  

 Target population to be served by the pond service period upto year 2100 = 57,050  

 = 45 liters per family par day  

c  

 = 0.225  m
3

xii. Monthly Total Water Demand in year 2100 from present = p

 per person per month 

100. wc

 = Design Demand Volume, V

  

o  

 = Maximum Monthly Storage Volume  

 = Reference initial water volume at the start of 1st

 = 12, 836 m

 time step   

 = 57,050 * 0.225 
3/ month  
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5.3.3.2 Reference Initial Water Volume 

 Required Design Storage Depth, Ho = Vo / Aw 

 = Average Design Monthly Storage Depth  

 = Reference initial water level at the start of 1st

(i) Although, H

 time step   

 = 2.90 m for a month = 9.5 ft for a month 

The consideration of this ‘Reference Initial Water Volume’ can be analyzed in the following 

manner:  

o is obtained from dividing Design Demand Volume, Vo by the Maximum 

average water retaining longitudinal area of the pond, Aw, which ultimately gives away 

Ho= 9.5 ft for a month, this Ho is taken as the reference initial water level. Because, for 

running the computer algorithm continuously upto the desired service period of the pond 

from a calculation-baseline, a reference initial water level or storage volume must be 

required at the onset of 1st time step. That is why, consideration of Required Design 

Storage Depth, Ho

(ii) This Ho is actually the monthly total demand for the future target population at the end 

of the service period of the pond in question and therefore, it is highly superfluous for 

the actual monthly demand in current as well as years in near future.  

 is necessary for applying a water budget or water balance model-

algorithm into a drinking water pond in order to calculate a ‘critical climate-resilient’ 

design demand volume.  

(iii) Although monthly consumption from the pond will continue to increase through time 

with increase in population, assuming monthly total demand for the future target 

population as the initial water level (Ho ) allows the gradual increase of monthly 

consumption to be incorporated into the Ho or Vo itself at the onset of very 1st

(iv) If an analogy is drawn assuming climatic influence and other relevant natural factors to 

be absent and the pond virtually retaining the water volume needed to serve the future 

target population upto a designated service period in form of H

 time step 

of the model.  

o or Vo, then 

hypothetically it would happen that the pond will never face lack of volume below the 

average monthly demand at any of the future year until the end of service period. 

Therefore, while calculating the change of volume within any time step dt with respect 

to the initial volume, as per Equation (5.2), necessity for subtraction of the monthly 

demand within that particular dt does not arise. 
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bto = bb+ 2sHo 

bt1 = bb+ 2sH1 

Asb = bb x lb 

Asb = bb x lb 

Ho 

H1 Ho 

H′ 

H′ 

lto = lb+ 2sHo 

lt1 = lb+ 2sH1 

Asto = bto x lto   

Ast1 = bt1 x lt1   
Ast1 > Asto 

ARo 

AR1 < ARo 
 

(a)1st Time-Step   

(b)2nd Time-Step   

s =2 

s =2 

5.3.3.3 Model Algorithm in Consecutive Time-Steps towards Future 

At the start of 1st time step from a computation-baseline: 

Bottom water surface area, Asb = bb x lb 

Ho or Average design storage depth at the start of 1st time step results into top water surface 

dimensions such as bto = bb+2sHo and lto = lb + 2sHo 

Top water surface area, Asto = bto x lto 

Average water surface area, Aso 2
1= (Asb + Asto) 

Runoff contributing area from pond banks, ARo 

= 2 [{bto + s(H - Ho)} (H - Ho) + {lto + s(H - Ho)} (H - Ho)] + Ash 

= 2 (H - Ho) [bto + lto + 2s (H - Ho)] + Ash 
Average runoff within the particular time step, QR1 = cP1 ARo 
 
At the end of 1st time step:  

Change in average storage volume with respect to Vo
dt

d
, (V1) = P1 Aso + QR1 - E1 Aso

 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 

Figure 5.8 Pond Geometric Parameters in Consecutive Time-Steps of Water Balance Model 
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At the start of 2nd time step: 

If V1 > Vo, then changed pond water depth, H1 > Ho and H1 is a function of changed top 

water surface area at the end of 1st time step, Ast1 

Now, for calculating H1

• Assume H

, following two different approaches can be adopted: 

1 and make trial and error with the following two equations to find out Ast1

 V

: 

1 = H1
2

1
 x (Asb + Ast1)  

 Ast1 = (bb+2sH1) x (lb + 2sH1)  

 If the calculated Ast1 are similar to a certain level of significance, then the assumed 

H1

• By putting the value of A

  is correct, otherwise further trial is required. 

st1 into the equation of V1

 V

, we get 

1= H1
2

1
 x [Asb + (bb+2sH1) x (lb + 2sH1)]  

 or, 2s2 H1
3 + s (bb + lb) H1

2 + Asb H1 - V1 = 0 

 The above 3rd order polynomial equation can be solved for H1  

For this calculated H1, now, average water surface area, As1 
2

1
= (Asb + Ast1) 

Changed top water surface dimensions, bt1 = bb+2sH1 and lt1 = lb + 2sH1 
 
Runoff contributing area from pond banks, AR2 = 2 (H – H1) [bt1 + lt1 + 2s (H – H1)] + Ash 
 
Average runoff within the particular time step, QR2 = cP2 AR1 
 
At the end of 2nd time step: 

Change in average storage volume with respect to V1
dt

d
, (V2) = P2 As1 + QR2 – E2 As1  

5.3.4 Water Balance Model Results for a Pond System 

5.3.4.1 Monthly Pond Water Storage and Deficit Simulation  

As discussed earlier in this chapter, a computer model has been developed (see Appendix E) 

using the programming software MATLAB, which can calculate the change in average 

storage volume of the pond both due to water consumption and climate change effects 

(variability in precipitation and evaporation) with respect to any reference initial water 

volume in continuous consecutive time steps (in month) upto the future year 2100. 

Model-simulated ‘Monthly Storage Deficit or Surplus’ with respect to a ‘Reference Initial 

Water Level’ in individual month upto year 2100 are shown in Figure 5.10 (a) and (b) below. 
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Figure 5.10(a) Model-Simulated Monthly Storage Deficit or Surplus (m3

Year (2010-2100) 

) in the Pond with 
respect to an Initial Reference Storage due to Variability of Climatic Factors (Precipitation 
and Evaporation) in future years (January to May). See Appendix E for Details. 
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Figure 5.10(b) Model-Simulated Monthly Storage Deficit or Surplus (m3
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) in the Pond with 
respect to an Initial Reference Storage due to Variability of Climatic Factors (Precipitation an 
Evaporation) in future times (July to December). See Appendix E for Details. 
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The storage deficits or surpluses as shown in Figure 5.10(a) and (b) above are basically 

resulted due to climate change effects in terms of variability in precipitation and evaporation 

pattern, not for the water consumption. Incorporation of total monthly water demand of a 

service period into the initial reference water volume has been thoroughly explained in 

Section 5.3.3.2, which allows the computer model being developed herein to quantify water 

shortfall or surplus only because of climate change effects. And it is observed that the pre-

monsoon months, particularly April and May are showing greater shortfall in the storage 

volume with respect to the initial reference storage. This is quite obvious as the total 

precipitation in the monsoon months is generally much greater than the free water surface 

evaporation, and thus more water is available beyond what is withdrawn. This excess of 

water feeds the pond in dry season also, when there is literally little or no rainfall. As such, 

the impact prolongs to the pre-monsoon months when monthly average evaporation is 

projected to be almost equal or higher than the precipitation quantities as shown in Chapter 4.  

Figure 5.11 below shows the model-simulated 30-year period Available Average Storage due 

to variability of climatic factors (precipitation and evaporation) with respect to an initial 

reference storage in the pond in three future periods 2011-2040, 2041-2070 and 2071-2100. It 

is seen that the monthly Available Average Storage as calculated by the model is quite lower 

at the end of this century (2071-2100) compared to the immediate next period (2011-2040) as 

a result of climate change.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.11 Model-Simulated 30-year period Available Average Storage (m3) due to 
Variability of Climatic Factors (Precipitation and Evaporation) with respect to an Initial 
Reference Storage in the pond 
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Figure 5.12 is the ‘Time-Deficit Curve’ showing the model-simulated maximum monthly 

deficit from an initial reference volume of 12, 836 m3 as a result of climate change effects 

(precipitation and evaporation) at every year upto 2100. A possible linear trend of maximum 

monthly deficits has also been plotted here, which indicates that the amount of deficit from 

monthly design storage volume of the pond is going to increase through time.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 5.12 Model-simulated Maximum Monthly Deficit (m3

Table 5.2 below shows the model-simulated maximum monthly deficit within any future year 

from an initial reference volume and compares the ‘Monthly Net Storage after Consumption’ 

with ‘Monthly Net Critical Storage after Consumption & Climate Change Deficit’ 

(precipitation, P and evaporation, E) at every future year upto 2100. As discussed in Section 

5.3.3.2, design demand volume for a specific service period is taken as the initial reference 

storage (V

) due to Variability in 
Precipitation and Evaporation with respect to an Initial Reference Storage in the Pond 
 

0) in the pond. Also, monthly human consumption for drinking water is assumed to 

be constant within a year and incremented yearly with the increase in population under 

service at a referred growth rate. In this regard, ‘Monthly Net Storage after Consumption’ at 

any individual year is defined as the amount of storage volume available in any month after 

subtracting only the amount of extraction for human consumption for that month from the 

design demand volume or initial reference storage. However, at any instant, net storage in the 

pond is a cumulative effect of consumption plus the variation in precipitation and evaporation 

quantities. Therefore, ‘Monthly Net Critical Storage after Consumption & Climate Change 

Deficit’ within a year is the net ‘minimum’ monthly storage available considering both the 

loss for consumption and the model-simulated maximum monthly deficit of that year.  
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Table 5.2 Monthly Net Storage in Future Years due to Consumption & Climate change 
 

Year 

Monthly Human 
Consumption 
for Drinking 

Water, Qc (m
3

Monthly Net 
Storage after 

Consumption ** 
= V)* 

 
0 –Qc  

(m3

Model-simulated 
Maximum Monthly 
Deficit with respect 

to  V
) 

0, 
∆max (m

3

Monthly Net Critical 
Storage after Consumption 
& Climate Change Deficit  

= V
) 

0 –  Qc -∆max 
 (m3) 

2011 4102.25 8734.25 349.37 8384.87 

2012 4155.16 8681.33 325.77 8355.56 

2013 4208.77 8627.73 491.68 8136.04 

2014 4263.06 8573.44 1138.50 7434.94 

2015 4318.05 8518.44 835.92 7682.52 

2016 4373.75 8462.74 983.29 7479.45 

2017 4430.18 8406.32 486.52 7919.80 

2018 4487.33 8349.17 278.96 8070.20 

2019 4545.21 8291.28 913.49 7377.78 

2020 4603.85 8232.65 360.82 7871.83 

2021 4663.24 8173.26 461.13 7712.13 

2022 4723.39 8113.10 1333.28 6779.82 

2023 4784.32 8052.17 535.05 7517.12 

2024 4846.04 7990.45 556.11 7434.34 

2025 4908.55 7927.94 912.13 7015.80 

2026 4971.87 7864.62 415.77 7448.84 

2027 5036.01 7800.48 280.41 7520.07 

2028 5100.98 7735.52 824.70 6910.81 

2029 5166.78 7669.72 804.95 6864.77 

2030 5233.43 7603.06 346.33 7256.73 

2031 5300.94 7535.55 440.91 7094.63 

2032 5369.32 7467.17 811.82 6655.35 

2033 5438.59 7397.91 270.74 7127.16 

2034 5508.75 7327.75 1045.46 6282.29 

2035 5579.81 7256.69 963.26 6293.42 

2036 5651.79 7184.71 440.69 6744.01 

2037 5724.70 7111.80 732.67 6379.12 

2038 5798.54 7037.95 339.78 6698.17 

2039 5873.35 6963.15 535.01 6428.14 

2040 5949.11 6887.38 274.65 6612.73 

2041 6025.86 6810.64 349.56 6461.08 

2042 6103.59 6732.90 706.99 6025.91 

2043 6182.33 6654.17 544.18 6109.98 

2044 6262.08 6574.42 572.34 6002.08 

2045 6342.86 6493.64 578.66 5914.98 

2046 6424.68 6411.81 670.35 5741.46 

2047 6507.56 6328.93 557.78 5771.15 

2048 6591.51 6244.99 358.29 5886.70 

2049 6676.54 6159.96 706.64 5453.31 

2050 6762.66 6073.83 508.01 5565.82 

* Present target population x per person water demand = 18000 x 0.225  m3 / person = 4102.25 m3/month 
** Initial Reference Volume, V0 = 12, 836  m3 
Note: All the values are model-simulated. 
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* Design target population x per person water demand = 57,050 x 0.225 m3 / person = 12,836 m3/month 
** Initial Reference Volume, V0 = 12, 836  m3 

 Table 5.2(cont.) Monthly Net Storage in Future Years due to Consumption & Climate change 

Year 

Monthly Human 
Consumption 
for Drinking 

Water, Qc (m
3

Monthly Net 
Storage after 

Consumption** 
= V

)* 
 0 –Qc (m

3

Model-simulated 
Maximum Monthly 
Deficit with respect 

to  V
) 0, 

∆max  (m
3

Monthly Net Critical 
Storage after Consumption 
& Climate Change Deficit  

= V
) 0 –  Qc -∆max (m

3) 

2051 6849.90 5986.59 627.25 5359.34 
2052 6938.27 5898.23 863.82 5034.40 
2053 7027.77 5808.72 576.40 5232.32 
2054 7118.43 5718.07 760.93 4957.13 
2055 7210.26 5626.24 746.91 4879.32 
2056 7303.27 5533.23 700.66 4832.56 
2057 7397.48 5439.01 691.12 4747.89 
2058 7492.91 5343.59 1390.00 3953.59 
2059 7589.57 5246.93 1471.36 3775.56 
2060 7687.47 5149.02 401.23 4747.79 
2061 7786.64 5049.85 840.80 4209.05 
2062 7887.09 4949.41 941.82 4007.58 
2063 7988.83 4847.66 367.51 4480.15 
2064 8091.89 4744.61 872.16 3872.44 
2065 8196.27 4640.22 632.54 4007.67 
2066 8302.01 4534.49 533.56 4000.92 
2067 8409.10 4427.39 594.31 3833.08 
2068 8517.58 4318.92 497.72 3821.19 
2069 8627.46 4209.04 524.26 3684.78 
2070 8738.75 4097.74 362.68 3735.06 
2071 8851.48 3985.01 465.90 3519.11 
2072 8965.66 3870.83 428.05 3442.78 
2073 9081.32 3755.17 504.76 3250.41 
2074 9198.47 3638.02 889.81 2748.21 
2075 9317.13 3519.36 836.06 2683.30 
2076 9437.32 3399.17 1191.45 2207.72 
2077 9559.06 3277.43 486.41 2791.02 
2078 9682.37 3154.12 362.07 2792.04 
2079 9807.28 3029.22 1133.60 1895.61 
2080 9933.79 2902.70 574.72 2327.98 
2081 10061.94 2774.56 782.10 1992.46 
2082 10191.74 2644.76 1288.40 1356.36 
2083 10323.21 2513.29 752.79 1760.49 
2084 10456.38 2380.12 1026.74 1353.37 
2085 10591.27 2245.23 1006.27 1238.95 
2086 10727.89 2108.60 727.82 1380.78 
2087 10866.28 1970.21 738.17 1232.04 
2088 11006.46 1830.04 1034.72 795.31 
2089 11148.44 1688.05 1238.19 449.86 
2090 11292.26 1544.24 434.15 1110.08 
2091 11437.93 1398.57 806.16 592.40 
2092 11585.48 1251.02 935.23 315.79 
2093 11734.93 1101.57 362.97 738.59 
2094 11886.31 950.19 1098.41 0 
2095 12039.64 796.85 498.54 298.31 
2096 12194.95 641.54 719.54 0 
2097 12352.27 484.23 605.03 0 
2098 12511.61 324.88 569.58 0 
2099 12673.01 163.48 812.49 0 
2100 12836.00 0.00 417.63 0 
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Monthly Net Critical Storage after Consumption (m3) 
= Calculated Monthly Storage 
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5.3.4.2 Critical Climate-Resilient Design Storage Calculation Model 

Figure 5.13 below shows the method for calculating ‘Critical Climate-Resilient Design 

Storage’ of the pond using the proposed equation which can be used in determination of 

critical design storage volume, sufficient enough to meet a range of consumption in the 

particular pond and variability of hydro-meteorological parameters due to climate change.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5.13 Critical Climate-Resilient Design Storage Calculation Model 
 

Usual practice in Bangladesh for calculating the storage volume of a drinking water pond is 

only to consider the consumption of the target population under service. Hypothetically, 

storage volume considering only human consumption as discussed in Section 5.3.3.1 and 

5.3.3.2 should be the amount sufficient to meet the required demand volume within the 

designated service period. But a separate approach is presented in this thesis, based on 

hydrologic water balance incorporating climate model outputs on precipitation and 

evaporation, where it is shown that apart from withdrawal for consumption, there might be 

significant deficits in the pond water volume in any of the month as a result of climate 

change. And this storage-deficit is found to be much more severe in pre-monsoon months.  

In this regard, Figure 5.13 features a unique methodology demonstrating an equation of 

‘Critical Climate-Resilient Storage’ which can be considered as the design storage volume 
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prior to the pond installation instead of considering only human consumption. This equation 

is obtained by plotting Monthly Net Storage after human consumption against Monthly Net 

Critical Storage after Consumption & Climate Change Deficit as given in Table 5.2 for each 

of the future year from 2011 to 2100 (total 90 data sets) and considering a 2nd order 

polynomial trend in between them having R2 = 0.9783. 

To apply the equation, the average monthly water demand as calculated in Section 5.3.3.1 for 

only human consumption is taken as the input in the equation which gives away its equivalent 

‘Critical Climate-Resilient Storage’. For Example, 

If the required design monthly storage = 3000 m3/month (calculated for only consumption), 

Then, Critical Climate-Resilient Storage equation: y = - 1x10-5 x2 + 1.0654 x + 645.57 

       = -1x10-5(3000)2+1.0654(3000)+ 645.57 

       = 3,752 m3/month 

That means, when calculated water demand is 3000 m3/month, the pond should be designed 

to have storage capacity of 3,752 m3

Rain Water Harvesting Systems (RWHSs) are typically rain-fed systems and as human 

consumption being the only output, loss due to evaporation is not considered as an element 

into its water balance. A household RWHS gets input of precipitation from a roof-catchment 

area of any size as shown in Figure 5.14 below. A typical household RWHS in Bangladesh 

/month, therefore making the storage volume to be 

sufficient enough both to convey consumption needs as well as climate change deficits. 

Noteworthy that, the equation is for the best-fitted trend condition between the two variables 

as discussed above and some scatters are prominent from the trend line, hence it can not 

adequately describe the whole set of observations. Rather it is necessary to describe the 

variability or dispersion of the observations to get a significant and more representative result 

from the equation (Gupta and Gupta, 2005). Instead of estimating Critical Climate-Resilient 

Storage by a discrete value as provided by the equation, an interval statistically called 

‘Confidence Interval’ or ‘Range’ likely to include the parameter can be developed. Increasing 

the desired reliability of confidence level of the estimate will widen the confidence interval. 

Thus, appropriate statistical interventions should be applied to indicate the reliability of the 

estimate.          

5.4 Water Balance Model as applied to a Rain Water Harvesting System 

5.4.1 Model Principle 
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has a maximum storage capacity of 3200-4000 liter (3.2 - 4.0 m3

1. Typical house area = 12 ft x 18 ft = 3.65 meter x 5.5 meter 

) (NGO Forum, 2010) and 

on the contrary, it has been found that monthly precipitation in almost every month except in 

the dry season are sufficient by themselves to supersede the total storage capacity of a RWHS 

even meeting the monthly average household consumption. With a view to these, the water 

balance model-algorithm for a household RWHS is developed as follows: 

Basic Design Parameters  

2. Roof slope, α = 30o

3. Roof catchment area (as shown in Figure 5.15 below), A

 slope 

s = 360 ft2 = 33 m2

4. Max. water retention capacity of RWHS, V

 (constant) 

s = 3200-4000 liter = 3.2 - 4.0 m

5. Present target population of a household, p

3 

o

6. Population increment rate, i = 1.292% (as per CIA World Fact Book, 2010)  

 = average family size of 6 

 Target population at the end of design period, pn = po (1+i)n

7. Service period = 15 years from the start of time step 

, parameters having their 

 usual meanings as discussed in Section 5.3.2 

8. Water demand per person only for drinking and cooking, w

 = 45 liters per family par day  

c  

 = 0.225  m
3 per person per month 

9. Water Consumption, Qc = pn x wc  

 Change of Qc as a function of population increment in a 15 year service period of a 

 household RWHS is negligible 

10. Reference initial water volume at the start of 1st time step, Vo = 0 (nil)  

At the end of 1st time step:  

Changed water volume in the storage tank with respect to Vo,  

V1 = Vo + P1 As – Qc , (V1≥ 0) 

If Qc >> P1 As such that V1 < 0, then the resultant negative volume has no physical 

significance. So considering V1< 0 resembles that all the stored water in a particular time step 

has been consumed leaving the tank empty. 

At the end of 2nd

Changed water volume in the storage tank with respect to V

 time step:  

1, V2 = V1 + P2 As – Qc , (V1≤ 
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Appendix F features the model-algorithm for RWHS and Figure 5.15 shows a flow diagram 

of model principle. Also Figure 5.14 illustrates some specific design parameters and 

schematic cross-section of a typical household RWHS having capacity of 3200 liter.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

)  
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Figure 5.14 Cross-section of a Typical Household RWHS with Roof-Catchment Dimensions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.15 …..RWHS…. flow diagram 
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5.4.2 Model Results for Future Potential Storage in a RWHS 

The model has been segmented in six 15-year periods such as 2011-2025, 2026-2040, 2041-

2055, 2056-2070, 2071-2085 and 2086-2100, and then, the model separately runs in 

continuous time steps (a month) for each of these periods, starting from January of the first 

year of a particular period. 

Figure 5.16 below shows the model-simulated average monthly storage and the minimum 

monthly storage at any of the year within the periods of 2011-2025, 2026-2040 and 2086-

2100 for a 6-person household RWHS having 3200 liter (3.2 m3

i. Figure 5.16 (a) demonstrates that in any of the year within next 15-year period, i.e. 2011-

2040, after delivering the average monthly consumption of a six person family, the 

minimum monthly net potential storage volume in the RWHS in dry and pre-monsoon 

months could be nil.  

) storage capacity. Here, the 

model-simulated storage volumes (both monthly average and minimum) are the net potential 

storages after allowing for human consumption. Following observations can be made from 

these model-simulations: 

ii. This is significant in a way that in some of the months in any of the year within the 

designated 15-year service period, with the variation in projected precipitation quantities, 

the RWHS may not have sufficient storage to meet average monthly water-consumption. 

This pattern of minimum monthly net potential storage is prominent in other 15-year 

periods like 2086-2100 as shown in Figure 5.16 (c), except in 2026-2040. 

iii. As for the average monthly storage, it is expected that except in the next 15-year of 

2011-2040, average potential monthly storage will be close to or even higher than the 

monthly consumption in almost all the months. 

iv. As discussed in Section 5.4.1, the model algorithm has a cut-off level at the maximum 

water storage capacity of the RWHS in calculating net potential storage in individual 

months.  So, water available in excess of this capacity level is considered as ‘storage-

surplus’ and neglected from water balance calculation. 

v. Hypothetically, if there was no cut-off level at the maximum water storage capacity of 

the RWHS (3.2 m3 in this case), the potential storage even after providing for human 

consumption, could be much higher than 3.2 m3, particularly in monsoon months. This is 
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further explained by Figure 5.17. 
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Figure 5.16 Model-simulated Average Monthly Storage (m3

Since the projected precipitation in monsoon months are considerably higher compared to dry 

season months, it is hypothetically possible that the water available in some months from the 

same roof-catchment is quite greater than the average monthly consumption as well as 

maximum storage capacity of a typical household RWHS. The water balance model for 

RWHS, being developed herein, conceives the resultant water volume from a time step as the 

input reference water volume into the consecutive next time step. As a result, once a larger 

amount of water is virtually obtained in a month which is much higher than the monthly 

consumption, then few consecutive heavy precipitation quantities can obviously effect the 

storage characteristics as is observed in Figure 5.17 below.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.17 Water Balance Model-simulated Hypothetical 15-year Period  
Water Availability Curve for a Typical Household RWHS roof-catchment  

 
From the above figure it is understandable that if there is no cut-off level in the potential 

storage capacity of a household RWHS, there could be as much as 60 m

) after Consumption, in a Typical 
3200 liter -Household Rain Water Harvesting System. See Appendix F for Details. 

3 water available in a 

month even in the year of installation which can increase upto 1000 m3 through continuous 

water budgeting upto a designated service period of 15 years, whereas average monthly 

drinking water demand for a 6-person family is only 1.35 m3

Such hypothetical analysis of the potential for water availability in a typical household 

RWHS reveals the fact that sufficient water could be available which is quite superseded in 

comparison with the consumption. However, such hypothetical analysis as presented in above 

figure aids the scope to find out the potential for total water availability through time and an 

.  
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optimum geometric dimension from a household rain water harvesting systems, which can be 

considered as ‘climate-resilient' in terms of water availability in future times. 
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Chapter 6 

CONCLUSIONS AND RECOMMENDATIONS 

 

The attribute of this chapter is to summarize all the important findings in this research work 

and put it in a form so that the product helps the readership to receive a clear overview as 

well as understanding about the future dynamics of climate change in Bangladesh and 

therefore, to relate it with the contexts of future water availability in an analytical mode. This 

chapter also unwraps some specific potential scopes of further research work within the 

approach of incorporating climate change projections into the hydrologic water modeling and 

provides some recommendations on specific adaptation-drives for making particular small 

drinking water systems climate-resilient in future times.     

7.1 Conclusions and Summary of Findings 

Trends in Current Climate Conditions in Bangladesh 

Findings from the analysis of observed trend conditions of climate variables like temperature, 

precipitation and evaporation can be summarized as follows: 

(i) The rate of temperature increase is found to be relatively high in recent years since 1990 

to 2009 (about 0.4 0C per decade). It can be revealed that there has been almost 10

(ii) An increase of 4.26% was observed in the percent difference between the average total 

annual precipitation of the past 20 years (1953-1972) and the recent 20 years on record 

(1985-2004).  

C 

increase in average annual temperature since 2000. 

(iii) In Bangladesh higher rates of average total monthly evaporation is found to occur in pre-

monsoon months (March to May) having a magnitude of about 150 mm. From the 

monthly evaporation versus temperature (E-T) trend models, it is notified that all of the 

individual monthly trends of evaporation show an increasing pattern through time. 

Development of Future Climate Projections by Climate Models  

Four selected IPCC ensemble GCMs and an RCM called PRECIS have been applied for 

developing future climate change scenarios for Bangladesh. Findings from the climate model 

projections for Bangladesh can be summarized as follows: 

(i) There is evidence of gradually increasing temperature levels in Bangladesh from the 

Global Climate Model predictions, as evident from historical meteorological records.  
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(ii) Also, the extent of increase of temperature in Bangladesh is supposed to be highly 

sensitive to the extent of emissions to the atmosphere.  

(iii) A similar increasing trend exists for precipitation, but the future precipitation is expected 

to be more intensive as large fluctuations in GCM projections are prominent.  

(iv) However, predictions of future precipitation are relatively insensitive to different 

emissions strategies. 

(v) From the multi-model average (average projection of four selected GCMs and a RCM) 

temperature changes, it is evident that the winter months in Bangladesh might show 

relatively more warming in future. For example, average temperature change as 

projected by the models in the period 2071-2100, compared to 1971-2000, is around 3.6- 

4.1 oC in winter season months, which is, on the other hand, close to 2.7- 3.3 o

(vi) Also, the model projected precipitation changes for Bangladesh indicate that the 

precipitation will continue to increase in all the months in future years.  

C in rest 

of the months.  

(vii) Percentage of precipitation increment is expected to be quite higher for dry and pre-

monsoon months compared to the monsoon season. For example, multi-model average 

precipitation increase in the month of January is expected to be 1.91 times around the 

future period of 2071-2100 compared to climatological baseline 1971-2000, and in a 

monsoon season month namely July, the increase is only 1.22 times. But even though the 

percentage of precipitation increase is higher in a dry month like January, the monsoon 

season month like June or July is still going to have extensive precipitation event in 

future times. July is one of the months during which there are predictions of highest 

amount of precipitation quantities in a year (645 mm by 2071-2100).  

(viii) As for evaporation, the pre-monsoon months (March - May) show distinct increase in 

the amount of possible total monthly future evaporation than the dry and monsoon 

months, which can be as high as 225 mm in a month. 

Future Water Availability Computations for Ponds and RWHSs 

A mathematical algorithm has been developed, on the basis of the ‘Hydrologic Water 

Balance’ principle, which incorporates the projected changes in future hydro-meteorological 

climate variables like precipitation and evaporation, with increasing human consumption into 

the geometry of a typical drinking water pond with PSF in the coastal region of Bangladesh, 



 144 

and quantifies the possible water deficit or surplus into the pond, with respect to a required 

storage volume, in any of the future year upto 2100 on monthly basis. However, such 

hydrologic modeling has been modified for a typical household rain water harvesting system 

as well. The outputs of the water balance model aid the following interpretations: 

(i) From model simulations, it is seen that the pre-monsoon months in future, particularly 

April and May might show greater shortfall in the storage of a particular pond, with 

respect to an initial reference volume.  

(ii) The trend of the model-simulated maximum monthly deficits in future years with respect 

to a reference volume in the particular pond, clearly indicates that the amount of deficit 

in the pond is going to increase through time. 

(iii) Also, a mathematical equation for calculating ‘Critical Climate-Resilient Design 

Storage’ of the pond has been proposed, which can be used in determination of critical 

design storage volume for the particular pond, sufficient enough to meet a rang of 

consumption amount as well as variability of hydro-meteorological parameters due to 

climate change.  

(iv) The model-simulations demonstrate that the minimum monthly net potential storage 

volume in a RWHS, after delivering the average monthly consumption of a six person 

family, could be even nil in dry and pre-monsoon months. 

(v) But through continuous water budgeting within an arbitrary designated service period of 

15 years in future, it is found that if there is no cut-off level in the maximum water 

holding capacity of a household RWHS, potential water available in a month can 

increase upto 1000 m3 whereas average monthly drinking water demand for a 6-person 

family is around 1.35 m3

(vi) The model-simulated hypothetical 15-year period future water availability curve for a 

typical household RWHS roof-catchment reveals that sufficient water could be available 

than what is stored, being quite higher in comparison with actual consumption. 

 only.  

7.2 Recommendations 

From the synthesis of the findings and observations from this research, following further 

investigations are recommended:  

(i) In engineering design and modifications of small drinking water systems, site-specific 

projections of climate variables  
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(ii) Impact studies designed to assess the climate change effects on different fields such as 

crop yield, surface and ground water hydrology, watershed management etc., should 

involve fairly accurate mathematical intervention into climate model outputs. 

(iii) With a view to correct climate model bias and validate the model projections for a 

particular region, more research works are recommended in developing better 

understanding and introducing more effective techniques, such as ‘Change Factor’, 

‘Statistical downscaling with transfer functions as regression expressions’ and so on.      

(iv) Rain Water Harvesting Systems (RWHSs) can be converted into large scale systems by 

making them community based and of higher capacity in order to ensure full-proof 

availability of drinking water.  

(v) The drinking water ponds should be well maintained and developed geometrically with 

raised banks to avoid surge water ingression at times of cyclones. Since raising the banks 

is not sustainable in all situations, the community PSFs might be supported with 

conjugal well-protected RWHS at times of extreme events. 

(vi) Experiences of drinking water-scarcity management during recent cyclones along the 

coastal region of the country induce to recommend that pipe water supply in the coastal 

villages from a well-protected central storage should be ensured particularly during a 

disaster period. 

(vii) The approach of incorporating climate model projections into surface water hydrologic 

modeling can be extended for large rivers of Bangladesh, which could essentially assess 

future potential water availability from them, except for trans-boundary withdrawals, 

over which Bangladesh has minimal control.  
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Table 4(A). Possible Range of Future Monthly Temperature (o

 
C) for Bangladesh 

  75% Confidence Range   75% Confidence Range 
  average Maximum Minimum   average Maximum Minimum 
 2011-2040 19.8 22.2 15.4  2011-2040 28.9 32.3 26.4 

January 2041-2070 21.3 23.8 17.0 July 2041-2070 29.9 32.6 27.6 
 2071-2100 22.5 24.9 17.8  2071-2100 30.8 34.6 28.9 
 2011-2040 22.6 25.5 18.2  2011-2040 29.0 31.2 27.1 

February 2041-2070 24.3 26.4 19.8 August 2041-2070 30.1 32.7 28.1 
 2071-2100 25.4 28.5 20.6  2071-2100 31.0 33.0 29.1 
 2011-2040 26.6 30.1 22.2  2011-2040 29.0 31.0 27.2 

March 2041-2070 28.0 32.0 22.9 September 2041-2070 30.1 32.5 28.3 
 2071-2100 29.1 33.0 23.9  2071-2100 31.0 33.6 28.8 
 2011-2040 28.8 32.7 25.9  2011-2040 28.1 30.5 24.9 

April 2041-2070 30.0 34.6 26.5 October 2041-2070 29.6 32.4 27.1 
 2071-2100 30.9 36.2 27.9  2071-2100 30.6 33.3 27.8 
 2011-2040 29.3 33.8 25.7  2011-2040 24.9 27.9 20.9 

May 2041-2070 30.3 34.4 27.7 November 2041-2070 26.7 29.6 22.9 
 2071-2100 31.4 36.0 27.9  2071-2100 27.8 30.9 23.6 
 2011-2040 29.3 33.1 26.8  2011-2040 20.8 22.1 18.8 

June 2041-2070 30.3 34.1 27.8 December 2041-2070 22.4 23.0 17.7 
 2071-2100 31.5 35.9 28.4  2071-2100 23.4 24.7 20.1 
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Table 4(B). Possible Range of Future Monthly Precipitation (mm) for Bangladesh 
 

  
75% Confidence Range 

 
  75% Confidence Range 

average Maximum Minimum  average Maximum Minimum 

 2011-2040 11.5 35.0 0.0  2011-2040 601.0 885.0 112.5 

January 2041-2070 14.2 80.0 0.0 July 2041-2070 588.1 887.0 79.0 

 2071-2100 14.4 35.0 0.0  2071-2100 645.4 1079.0 88.1 

 2011-2040 29.6 70.5 0.1  2011-2040 475.9 722.4 117.5 

February 2041-2070 33.4 103.7 0.2 August 2041-2070 483.2 703.0 79.2 

 2071-2100 31.6 84.7 0.1  2071-2100 495.0 671.8 74.2 

 2011-2040 54.0 118.8 0.2  2011-2040 354.6 727.0 83.4 

March 2041-2070 67.1 137.9 0.6 September 2041-2070 366.7 829.8 66.5 

 2071-2100 78.2 109.5 0.1  2071-2100 382.1 821.3 90.7 

 2011-2040 156.8 283.6 1.4  2011-2040 195.1 398.2 14.9 

April 2041-2070 165.6 286.7 1.2 October 2041-2070 188.2 356.8 12.7 

 2071-2100 162.6 276.6 51.4  2071-2100 199.3 500.0 19.9 

 2011-2040 327.1 547.7 12.0  2011-2040 64.4 110.3 0.0 

May 2041-2070 348.1 576.2 6.2 November 2041-2070 61.1 123.0 0.0 

 2071-2100 357.2 624.0 9.5  2071-2100 66.2 114.0 0.0 

 2011-2040 505.5 795.5 59.3  2011-2040 11.6 39.9 0.0 

June 2041-2070 527.2 870.4 34.6 December 2041-2070 17.2 80.0 0.0 

 2071-2100 518.2 788.0 33.2  2071-2100 15.9 32.8 0.0 
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