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EXECUTIVE SUMMARY 

Groundwater is used intensively in Bangladesh part of the Bengal Basin but the processes by 

which groundwater recharge (i.e., replenishment) takes place under different hydrogeological 

conditions remain inadequately understood. In Bangladesh, municipal water supplies in major 

cities (e.g., Dhaka) derive primarily from deep groundwater at depths greater than 150 m 

below ground level (bgl) whereas supplies for dry-season irrigation mostly use shallow 

groundwater (< 150 m bgl). Shallow groundwater occurs in two dominant depositional 

environments: (i) permeable alluvial deposits of the Holocene that occupy about 80% land 

area of Bangladesh, and (ii) terrace deposits of the Plio-Pleistocene age that cover about 8% 

land area that are overlain by relatively impermeable clay and silty-clay deposits (i.e., Barind 

and Madhupur Clay). 

This study, for the first time, characterises groundwater recharge to shallow alluvial aquifers 

in two geologically contrasting environments in Bangladesh using high-resolution (half-

hourly) records of groundwater levels and rainfall and develops a conceptual model of 

recharge pathways. Responses of intensive abstraction for dry-season irrigation and climate 

change (i.e., high intensity rainfall events) to shallow aquifers were investigated in Bhuanpur 

of Tangail (Holocene) and Savar of Dhaka (Plio-Pleistocene) where automatic data loggers 

were installed in shallow boreholes with co-located rain gauges at each site. In addition, 

weekly monitoring records from the Bangladesh Water Development Board were analysed to 

characterise long-term impacts of intensive abstraction for irrigation and of climate 

variabilities. These high-frequency, short-term (2009-2011) and low-frequency, long-term 

(1987-2014) observations reveal both high-frequency (e.g., irrigation pump on and off, earth-

tide response) as well as longer-term changes (e.g., seasonality, declining trends) in 

hydrographs.  Hydrograph analyses also reveal contrasting responses to high intensity rainfall 

at Bhuanpur and Savar sites. At Bhuanpur, groundwater levels rise rapidly due to high 

intensity rainfall indicating rain-fed, diffuse recharge. At Savar groundwater levels do not 

respond to high intensity rainfall and recharge is restricted to indirect (i.e. focused) recharge 

occurring where the incision of river channels through low-permeability clays permits flow 

from rivers to shallow groundwater (or alluvial aquifers). A clear lag between surface water 

and groundwater levels suggests that there is no discernible ‘poroelastic’ effect (i.e. 

groundwater level responses arising from compression) in these two sites. The compiled, 

evidence-based insight into recharge processes highlights the importance of indirect recharge 

and implies that there are areas in the Bengal Basin where the estimation of recharge cannot 
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meaningfully be based on the assumption that disregards indirect recharge and is 

unreconciled surface geology.  

A cluster analysis of 464 BWDB borehole hydrographs (1994-2013) reveals characteristics 

(i.e. typologies) of groundwater regimes at the national-scale in Bangladesh and shows where 

‘Bhuanpur’ and ‘Savar’ type responses of irrigation abstraction and climate change in 

groundwater levels can be expected. In addition, the cluster analysis has identified four 

dominant types of aquifer characteristics depending on their long-term groundwater level 

trend and seasonality. The reason behind the behaviours of the aquifer typologies were 

explained using three dominant factors namely, abstraction, surficial silt-clay thickness and 

local topography of the lands. For example, long-term hydrograph analysis reveals that 

shallow groundwater depletion is pronounced in areas (13% of total 484 boreholes) where 

low hydraulic conductivity of surficial soils (Savar-type Plio-Pleistocene environment) 

inhibit rainfall-fed recharge and leads to reduced seasonality in hydrographs. Here, situation 

of high abstraction, relatively higher lands and thick (upper) silt-clay cause unsustainable 

groundwater level condition. In contrast, one of the typologies of aquifer in Holocene that 

comprises high permeable surficial geology (20% of total 484 boreholes) at relatively low 

lands under moderate/high abstraction can be a potential source of increased (induced) 

groundwater recharge where potential recharge exceeds actual (pre-development) recharge. 

This concept of capturing additional recharge from rainfall, floodwater and surface water 

through increasing storage in shallow aquifers by pumping during the dry-season is referred 

to as the “abstraction-induced recharge (A-IR)”- an untested concept found in literature. 

Moderately high lands when come under moderate abstraction exhibit moderately declining 

groundwater level (both in terms of trends and fluctuations) but further increase in abstraction 

volumes may lead to unsustainable ‘Savar-like’ fluctuation pattern in future. The local lateral 

groundwater flow contribution (i.e., lateral replenishment from neighbouring higher grounds) 

from mixed type of local relief with low to moderate abstraction situation are mostly 

responsible for displaying slightly declining-type groundwater level pattern. 

Testing the popular assumption that increased rainfall (i.e., projections for future climate 

scenarios) will only favour groundwater recharge in Bangladesh, this research challenges the 

widely applied assumption that all recharge occurs directly through the direct infiltration of 

rainfall and reveals that groundwater recharge may only increase through greater rainfall in 

certain areas of Bangladesh under projected climate change where AI-R concept is observed 

to operate. From a basin-wide perspective, the research also shows clearly that there are areas 
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in the Bengal Basin where the A-IR concept does not operate. Example of such areas include 

but not limited to Savar-type Plio-Pleistocene environments where increased abstraction and 

projected climate variabilities may further decline groundwater storage. Considering the 

impacts of future climate projections on low-flows in major rivers, this study proposes four 

potential sub-basins or areas in Bangladesh where piloting of the A-IR concept as a potential 

climate-adaptation strategy can be implemented. Specifically, areas along the upper River 

Brahmaputra and the north of the Teesta floodplain have the highest capacity to induce 

greater recharge. As the annual cropping intensity of the north of Bangladesh has already 

risen to more than 220%, it is proposed that the areas within few kilometres of the buffer 

zone along the River Brahmaputra can be considered as pilot projects for the tests of the A-IR 

concept.   
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Chapter 1 

INTRODUCTION 

Bangladesh is dependent on groundwater to satisfy her enormous demand for domestic and 

agricultural water supplies. ‘Shallow groundwater’ (<150 m depth in the sediments of Bangladesh 

aquifer) is increasingly being developed by public authorities and private abstractors as a water 

source free of pathogenic microorganisms for drinking as well as for agricultural production as 

pumped water is easily available at low cost. In future, pressure is expected to increase on shallow 

groundwater due to the massive irrigation demand across the rural floodplain areas. To make better 

and sustainable utilization of such an important resource in future, quantification of groundwater 

availability at present situation and how availability may change in future is extremely important. 

The dynamics of groundwater movement and storage is a complex phenomenon as it depends on 

many factors such as geology, hydrogeology and anthropogenic influences. These are seldom fully 

captured in the existing models. The broad goal of this dissertation is to advance the state of the 

art knowledge of the mechanism of groundwater response to the hydrological system of Bengal 

Basin in Bangladesh, which will help overcome the shortcomings of the existing methods and 

models as well as to project the uncertain response to changes in climate and large-scale 

anthropogenic interventions. 

1.1 The Physical Context 

Bangladesh being situated in the Ganges-Brahmaputra-Meghna (GBM)  basins (as seen in Figure 

1.1a) represents the world’s largest fluvio-deltaic system draining a total area of 1.75 million km2 

(FAO, 2016). About 8% of the GBM catchments are located within Bangladesh and 82% of 

Bangladesh (~140,000 km2) lies within the larger GBM basins. Presently, the GBM basins show 
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peak discharges of 100,000 m3/s from the Brahmaputra, 75,000 m3/s from the Ganges, 20,000 m3/s 

from the Upper Meghna and 160,000 m3/s from the Lower Meghna (FAO, 2016). Cumulative 

riverine discharge (on an average 8,000 ~100,000 m3/s) through the Lower Meghna to the ocean 

is the fourth largest in the world (Milliman and Meade, 1983). This part of the basin is extremely 

low relief (0-20 m above sea level) with a gentle topographic gradient that decreases from north 

(i.e., 15 to 20 m above sea level) to south (i.e., 1 to 2 m above sea level) on a regional scale but 

Pleistocene terraces in the middle (orange coloured portion in Figure 1.1b) are locally raised up to 

20 m above the adjacent floodplains.  

The rivers are an essential part of the lifeline of Bangladesh. But the availability of surface water 

is not consistent because of the great disparity between the monsoon floods and the low flow during 

the dry season. Places where surface water is easily accessible it is seen as the first choice to fulfil 

irrigational demands. But in places where surface water has become difficult or practically 

impossible, which is the situation in most cases, groundwater has emerged as the next best 

alternative. Surface water irrigation, however, has not been fully exploited, due to historical 

negligence in the maintenance and management of existing surface water infrastructures. 

Conversely, groundwater irrigation has increased dramatically over the last three decades. As a 

result, the importance of groundwater for the existence of human society cannot but 

overemphasised. 

Bangladesh experiences a tropical monsoon climate with significant variations in rainfall and 

temperature. Average annual rainfall varies from 1,200 mm in the extreme west to over 5,500mm 

in the northeast. Rainfall is extremely unreliable in the pre-monsoon (March–May) period when 

the evaporation rate and temperature is the highest. On an average about 10% of the annual rainfall 

occurs during this period and about 80% of the same occur during the monsoon (June to 
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September). During the post-monsoon (October–November) and winter period (December–

February), only 10% of the annual rainfall is available (Chowdhury, 2010). Therefore, facing a 

situation of too much and too little water in different seasons is common for Bangladesh. In 

northern Bangladesh, surface water shortages and the easy access to groundwater through shallow 

tubewells have prompted farmers to extract groundwater for irrigation, industrial and domestic 

purposes. In southern Bangladesh, however, surface water is abundant with low drainage facilities. 

These factors cause low groundwater abstraction in these areas as compared to other parts of the 

country (Qureshi et al., 2014).  

1.2 Aquifer Typologies of the Bengal Basin  

According to Bonsor et al. (2017) the GBM regions’ aquifer system can broadly be categorised 

into seven major typologies among which the Bengal Basin aquifer contains three typologies, 

namely, (a) the Lower Ganges and Mid Brahmaputra, (b) the fluvial influenced deltaic area of the 

Bengal Basin, and (c) the marine-influenced deltaic areas. Additionally, a distinctive variation is 

observed at the Sylhet trough which can be categorised as a minor typology. Figure 1.2 shows the 

conceptual diagrams of each aquifer typology that is described by Bonsor et al. (2017). 
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 (a) 

 (b) 

Figure 1.1: (a) General location of the Asian Mega-Deltas including the GBM region is shown on 

a shaded relief map as a background image, major rivers are also shown as blue lines, international 

political boundaries are given with country names; (b) Simplified geology and geomorphological 

features of Bengal basin located in Bangladesh (BGS and DPHE, 2001). 
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Figure 1.2: Conceptual diagrams of aquifer typologies, namely, (a) the Lower Ganges and Mid 

Brahmaputra, (b) the fluvial influenced deltaic area, (c) the marine-influenced deltaic areas, and 

(d) the Sylhet basin as was described in Bonsor et al. (2017).  

  

(a) (b) 

(c) (d) 
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The majority of the lower Ganges and mid Brahmaputra basin is composed of the Quaternary 

alluvial deposits except for the Pleistocene clay in the central and northwestern parts. The surface 

geology of Typology (a) has recently deposited coarser Holocene Piedmont in the mountain front 

fan deltas of the northwestern part (green coloured portion in Figure 1.1b) and has Holocene-aged 

fine-medium sand-sized fluvial floodplain in the middle (pink coloured portion in Figure 1.1b) 

with Pleistocene Clays (i.e., more consolidated than the Holocene, with lower vertical permeability 

and lower specific yield) of Madhupur Terrace and Barind Tract in the central and northwestern 

part, respectively (orange coloured portion in Figure 1.1b).  The Holocene aquifer grain sizes are 

fine towards the top- from coarse sands and gravels at the base to fine and very-fine sands towards 

the top of the aquifer (Majumder et al., 2013; MPO, 1987). Silts and clays are predominant in the 

upper few meters, forming a surficial aquitard, generally less than 10 m thick, with typical specific 

yield values of 0.02–0.03, and vertical permeability values in the range of 3–8×10-3 m/d. This 

aquitard is extensive, but may not be continuous across active and recently abandoned riverbeds. 

The aquifers have mostly medium-to-fine and medium-to-coarse sands (MPO, 1987). The 

Pleistocene Dupi Tila Aquifer is overlain by the Madhupur and Barind Clay. The yellowish-brown 

Dupi Tila sand aquifer is tens of metres to more than a hundred metres thick. 

The surface geology of Typology (b), i.e., the fluvial influenced deltaic area of the Bengal Basin, 

has finer Holocene instream deposits in the Delta plain. Relative to upstream typologies, the 

Holocene alluvium is composed of a significantly higher proportion of silt and clay (50–70%), and 

the overall bulk hydraulic conductivity of the aquifer typology is lower. Here, permeability is 

found in the range of  5-65 m/d from aquifer tests conducted by the Bangladesh Water 

Development Board (Hussain and Abdullah, 2001). 
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Typology (c) is the tidal estuarine plains of the southern delta where salinity greatly limits the fresh 

groundwater potential of the Holocene alluvial aquifer. Therefore, abstraction is less in this coastal 

region. This marine-influenced deltaic areas has the highly stratified nature of the silt and clay 

sediments that resulted in the lowest hydraulic conductivity and specific yield.  

The Sylhet trough/basin is a minor typology (Typology (d)) located at the region of tectonic 

subsidence. The aquifer system here has significantly lower hydraulic conductivity (<10 m/d) and 

specific yield (<5%).  Alluvium within the basin is composed of a high proportion of silts, muds 

and clays (>60%). Higher-permeability channel deposits are typically separated by significant 

thicknesses (tens of metres) of muds. Depth to groundwater is very shallow (<3 m bgl), with water 

logging characteristic at its wetland setting, called Haor. Lower aquifer units are semi-confined or 

confined (BGS and DPHE 2001). Groundwater abstraction is limited because of the location of a 

major gas field and due to the abundance of surface water from high rainfall.  

1.3 Groundwater Availability: Timing and Depths  

The GBM basins lie in the shadow of the Himalayas and experiences a sub-tropical climate. Heavy 

monsoonal rainfall and associated surface water discharges replenish a regional groundwater 

system (WARPO, 2000a). Mean rainfall ranges from 1000 mm/yr in the northwest to 5500 mm/yr 

in the northeast. The majority of the yearly rainfall falls during the monsoon season and natural 

replenishment of the groundwater aquifers occurs via (direct) rain-fed recharge and indirectly 

through flood inundations and high-stage river discharges. The shallowest aquifers are typically 

found within 10-60 m depth while the deepest ones being more than 300 m deep (Ravenscroft et 

al., 2005). Shallow aquifers are replenished annually, except for the ones beneath Dhaka city 

(characterised by a significant cone of depression with water table elevations of -15 to -35 m), 

where groundwater abstraction now exceeds recharge.  
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Figure 1.3: Timing of occurrence of (a) lowest ground water level, (b) highest groundwater-

level (Source: Shamsudduha et al., 2009a).  

Outside of Dhaka, groundwater-levels (in GBM) typically are within a few meters of the ground 

surface. Seasonal fluctuations of up to 8 metres are observed but vary considerably both at spatial 

and temporal scales depending on local hydrogeology and groundwater withdrawal (Figure 1.3). 

In general, fluctuations are higher in the north and lower in the south. The water table is the deepest 

at the end of the dry season (April – May) and the shallowest during the monsoon and immediately 

afterward (July – October) as shown in Figure 1.3(a) and Figure 1.3(b). Shallow water table 

elevation (in meters above the mean sea level) exhibits a general decline from the northwest to 

southeast reflecting the direction of regional groundwater flow. Elevations are the highest in the 

northwestern region of Bangladesh, ranging from 15 to 70 m. The elevation in the central portion 
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of the country, excluding Dhaka, ranges from 3 to 15 m. Sylhet Basin of the northeast and the 

coastal delta of the south can be characterised by lower and lowest (<3 m bgl) water table 

elevations respectively as compared with other parts of the delta with a maximum of 3.75 m near 

Khulna city.  

1.4 History of Groundwater Usage 

In Bangladesh after independence, a major switch from the continued use of biologically polluted 

surface water to that of groundwater occurred during the “Drinking Water Decade” (1980-1990) 

to avoid waterborne and water related diseases. But, since 1996 things have been further 

complicated by the widespread contamination of shallow (<150 m) groundwater by arsenic. Later, 

arsenic in drinking water was officially confirmed to be a threat to national public health. The 

Government marked 41 (out of 64) districts where with an estimated 27 million and 50 million 

people exposed to arsenic through drinking water containing over 50 µg/L and 10 µg/L 

respectively (Ravenscroft and Rahman, 2003). In Bangladesh, the focus unfortunately has however 

been on the ‘resource development’, whereas ‘resource management’ has not received much 

attention (Qureshi et al., 2014). A “Green Revolution” based on dry season irrigation of high 

yielding Boro rice that began in the late 1960s was enabled by the easy availability of groundwater 

at low cost both in terms of well construction and pumpage.  As a consequence, rapid and massive 

development of shallow irrigation tubewells took place enabling Bangladesh to become self-

sufficient in food production. Currently, 9% (by volume) of groundwater withdrawals are used for 

domestic and industrial purposes, 12% for the environment (i.e. base flow), and 79% for 

agriculture (WARPO, 2000a). The share of groundwater to total irrigated area was 78.7% in 2007-

08, of which about 80% was derived from shallow (i.e., centrifugal) tube wells and 20% from deep 

(i.e., submersible or turbine) tube wells (BBS, 2012). Such anthropogenic influences intensify 
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natural seasonality (Shamsudduha et al., 2011). However, the growing demand of groundwater 

abstractions threaten to over-exploit groundwater resources (Shamsudduha et al., 2012) beyond its 

safe yield limit, exceeding (vertical and lateral) replenishment.  

  

Figure 1.4: Median groundwater-levels with respect to mean sea level for April (end of dry 

season) and September (end of monsoon season) over the period 1985 - 2005 (Source: 

Shamsudduha et al., 2009a). 

Following the development of shallow groundwater-fed irrigation that started in the 1970s, areas 

with higher groundwater-fed irrigation have been experiencing greater rise in net annual recharge 

in shallow aquifers. Greater pumpage induced more recharge which was previously rejected due 

to ‘aquifer full’ condition (Shamsudduha et. al, 2011). Moreover, declining trends in groundwater 

level are noticeable particularly in the northwest and north central regions of Bangladesh, although 
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the magnitudes of these trends vary spatially. Groundwater depletion rate estimated from borehole 

time-series hydrographs is -0.52 ± 0.30 km3 per year and satellite-derived GRACE (Gravity 

Recovery and Climate Experiment) data shows -0.44 to -2.04 km3 per year associated with 

uncertainty (Shamsudduha et. al, 2012).  Substantial declining trends are attributed to high rate of 

groundwater abstraction by the large number of tube wells for irrigated agriculture.  

Across the typology, abstraction is widely focused to the upper shallow aquifer at 0–50 m bgl. 

Water tables are shallowest in the south coastal delta with low potential recharge zone and in the 

northwestern mountain front plain. As per the study of (WARPO, 2000b), this mountain area has 

high potential recharge (defined as the annual maximum possible recharge that is taken as the 

upper limit of resource potential). Here, specific yield values of the very-fine and fine sands in the 

dry season water-table-zone are high (in the range of 0.15 to 0.20) (WARPO, 2000a). In contrast, 

water table is generally deeper under the Pleistocene terrace where groundwater-level recovery is 

mostly partial (Figure 1.4) (Shamsudduha et al., 2009a).  

1.5 Recharge Process 

Bangladesh Aquifer System comprises of lithologies that are highly complex in nature exhibiting 

substantial variability in time and space at local scales (MacDonald et al., 2016). Prior to the onset 

of widespread groundwater use for irrigation that began in the 1980s, recharge processes have been 

correlated to surface soil composition (i.e. silt-clay thickness) (Aziz et al., 2008; Shamsudduha et 

al., 2009a). A number of studies (for example Karim, 1984; MPO, 1987; Shamsudduha et al., 

2011; UNDP, 1982) on the availability of groundwater at national scale were made by various 

public organizations, donor agencies and academic researchers. These studies gave widely varying 

estimates of groundwater availability, primarily because of the lack of uniformity in assessment 

methodology. For instance, UNDP (1982) estimated potential recharge using a simplified 
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hydrologic balance. Here, potential recharge was taken as the excess of rainfall over runoff and 

potential evapotranspiration. It did not consider physical and hydraulic characteristics of the 

topsoil, which govern the infiltration rates (Saleh and Nishat, 1989). Karim (1984) and 

Shamsudduha et al. (2011) used the same water-table-fluctuation method to assess available and 

net recharge, respectively. They calculated recharge by multiplying the difference between the 

highest and lowest groundwater table by the specific yield. However, the value of specific yield 

varied widely even in the tables or maps presented by the researchers themselves. Such wide 

variations in the value of specific yield made a great deal of differences in recharge estimates. In 

1987, Master Plan Organization (MPO) under the National Water Plan (NWP) of the Ministry of 

Water Resources developed a groundwater recharge (i.e., soil-water-balance) model and updated 

the groundwater resources assessment during the NWP Phase–II in 1991 (WARPO, 2000a). 

Taking into account the low confidence limit for the potential recharge (i.e., the maximum limit of 

the aquifer storage), MPO (1987) took 75% of the mean annual potential recharge as usable 

recharge. The conceptual basis and the methodology of the recharge model developed by MPO 

(1987) were considered to be valid and appropriate by most of the researchers, but reservations 

had been expressed from many quarters about the parameters and database used in the model 

(Saleh and Nishat, 1989). Table 1.1 presents a brief comparative recharge estimates reported in 

MPO (1987) and WARPO (2000a).  
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Table 1.1 Regional estimates of annual groundwater recharge by National Water Plan (NWP) 

phase-I (MPO, 1987) and NWP phase-II (WARPO, 2000a). 

Region Area (million ha) Usable recharge 

(million m3) 

Available recharge 

million m3) 
NWP-I NWP-II NWP-I NWP-II 

Northwest - NW 3.0 13400 12100 9480 9786 
Northeast - NE 3.6 17800 23100 9615 9594 
Southeast - SE 3.0 9000 9800 1538 1498 
South Central - SC 1.4 3600 3500 1801 1249 
Southwest - SW 2.6 3900 5600 1980 1961 
Total 13.6 47700 54100 24414 21088 

  
(Source: FAO, 2016) 

1.5.1 Current Understanding 

Recharge process is a complex phenomenon, dependent upon a range of factors including rainfall, 

soil geology and anthropogenic influences (e.g., abstraction), with a high degree of non-linearity.  

Lack of basic (local process) understanding has meant that explicitly quantifying recharge still 

remains a very difficult challenge. Out of the national scale recharge studies (e.g., Karim, 1984; 

MPO, 1987; Shamsudduha et al., 2009a, 2011, 2012; UNDP, 1982) conducted so far, the ones by 

MPO (1987) and Shamsuddhuha et al. (2011) represent two most noteworthy efforts. These 

approaches typically sought to determine long-term groundwater recharge either as a function of 

only rainfall or changes in groundwater fluctuations and storage-coefficient.  Besides, there were 

a number of studies (Hoque et al., 2014; Islam et al., 2014b; Kanoua and Merkel, 2015; Mondal, 

2005; Zahid et al., 2008), which looked at recharge process at local scales as case studies.  As 

mentioned in the previous section, MPO (1987) considered ‘usable recharge’ as 75% of the 

‘potential recharge’ to avoid uncertainty with computation.  However, such quantification without 

having any physical basis was later shown to be an underestimation of recharge by other scientists 

(Ravenscroft and Rahman, 2003). Later, Shamsudduha et al. (2011) used water table fluctuation 
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method (Scanlon et al., 2002) to estimate recharge nationally. As argued by Shamsuddhuha et al. 

(2011), a change in groundwater recharge can, in part, be explained by a change in the groundwater 

response behaviours in wells across Bangladesh. However, the calculation of ‘actual (net) 

recharge’ by Shamsudduha et al. (2011) also appeared to be an underestimation as the impact of 

groundwater discharge on water-table fluctuations was not accounted for.  Moreover, neither the 

MPO (1987) study nor the study by Shamsuddhuha et al. (2011), identified influences in observed 

groundwater recharge as a function of both rainfall and groundwater extraction. 

Apart from rainfall and abstraction influences, another phenomenon called mechanical poroelastic 

aquifer response (Anochikwa et al., 2012; Sophocleous et al., 2006), if exists in water table 

hydrograph, would influence the accuracy of recharge estimation. This monsoonal (or mechanical) 

loading phenomenon due to flood water (or wet soil), having a direct impact on the fluctuation of 

groundwater-levels, appears to be widespread throughout the confined aquifer system at greater 

than 150 m depth of Bangladesh (Burgess et al., 2017). The premise is this: if seasonal groundwater 

levels at different depths respond simultaneously to the rainfall inputs, seasonal responses result 

from mechanical loading (not advective flow). If there is a time lag, the seasonal oscillations in 

groundwater levels result from flow (Burgess et al., 2017). This implies that rising heads are not 

indicators of recharge in such confined environment and falling heads do not necessarily indicate 

aquifer drainage. Whether such poroelasticity effect plays an important role in the case of shallow 

aquifers with lithologies comprising thick consequences of impermeable (i.e., clay) profile on top 

of unconfined sediments, has not been explored.  

Low frequency record of fluctuations of water table, as often has been the case in Bangladesh, 

cannot capture the various stresses on the aquifer system (e.g., high intensity rainfall under 

permeable soil geology, fluctuations in river stage, diurnal tidal variations in rivers, etc.).  Without 
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high resolution record, it is difficult to differentiate between relative roles of rainfall and river 

stage in recharge process or of natural drainage and pumping drawdown in discharge process. Very 

few studies (Aziz et al., 2008; Burgess et al., 2017; Harvey et al., 2006; Stute et al., 2007) assessed 

short-term in situ groundwater head records to describe dynamic responses in groundwater heads 

for different distinct case studies across Bangladesh.  Moreover, no study in Bangladesh aquifer 

has yet been conducted using in situ data to characterise changes in groundwater response to high 

intensity rainfall.  

1.5.2 Hypotheses for Future 

The current consensus among climate scientists is of global warming world and an intensification 

of precipitation particularly over sub-tropical regions (IPCC SREX, 2011). Models and scenarios 

for GBM basins consistently indicate (i) enhanced variability in the date of onset of summer 

monsoon, (ii) seasonal increase in rainfall intensity and/or extremes and number of wet spells 

(Agrawala et al., 2003; Islam, 2009; Islam and Hasan, 2012 etc.), and (iii) increased frequency and 

intensity of cyclones and consequent flooding in the downstream delta of GBM basins (Agrawala 

et al., 2003; Fung et al., 2006; Karim and Mimura, 2008). These changes may contribute to more 

frequent flooding, with the flood discharge increasing up to 6 – 19% combined with higher depth 

of inundation in many parts of Bangladesh (Gain et al., 2013; Mirza et al., 2003; Yu et al., 2010).  

On the one hand, increase in inconsistency of the climatic variables (e.g., erratic and intensified 

rainfall events, increased evaporation associated with higher temperature), and higher frequency, 

magnitude and extent of flooding are expected to have direct impact on the groundwater recharge. 

On the other hand, as argued by Döll (2002), irrigational requirement may be greater for the 

increased crop water requirement under the projected future of increased evapotranspiration 
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associated with higher temperature. Such indirect effects due to higher irrigation demand can be 

greater than the direct impacts of climate change (Taylor et al., 2013). Therefore, the aquifer 

system is expected to respond to the combined stresses of climate change and anthropogenic 

influences. But little is known about the future impacts on the hydraulic character of the Bengal 

aquifer system at those depths where abstraction is rapidly accelerating, as well as about the 

contribution of high intensity erratic rainfall distribution for groundwater recharge. It is anticipated 

that the number of challenges instigated by the climate change will cause significant modifications 

on recharge. These may also have a potential impact on the rate of groundwater recharge or on the 

possible timing of the recharge periods during a year (Burgess et al., 2002; Green et al., 2011; 

Michael and Voss, 2009). Further, climate change may indirectly necessitate more irrigation 

contributing to more groundwater pumping, which may lead to higher hydraulic head differences 

in many aquifers between the dry and the wet seasons. The resulting rise in the vertical gradients 

during the dry season may provide extra space for capturing additional recharge in the subsequent 

wet season and increase net recharge thereby. 

1.6 Rationale of the Study 

Under pre-groundwater development conditions, recharge would rapidly replenish the naturally 

depleted groundwater reservoir, generally before the end of July. Subsequently, all surplus rainfall 

(the portion that are not evaporated or consumed by vegetation) would contribute to flooding. With 

extensive groundwater development, the groundwater reservoir becomes considerably depleted 

during the dry season, and recovery to ‘aquifer full’ conditions may be considerably delayed. Thus, 

as per the assumption made in WARPO (2000a),surplus rainfall will contribute to flooding and 

therefore the extent, depth and duration of flooding will be affected. Similarly, as evidenced from 

Shamsudduha et al. (2011), an increase in irrigation activity is likely to increase pumping-induced 
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subsurface storage and surface geology has a strong influence on the sustainability of shallow 

groundwater use (Shamsudduha et al., 2009a, 2011, 2012). Consequently, in areas with permeable 

surficial sediments (i.e., sand), more induced groundwater storage can decrease immediate runoff 

generation from overland flow. Lowering dry season water table through pumpage provides extra 

space to capture more water from main river channels and tributaries in the subsequent wet season. 

This groundwater abstraction strategy is referred to as ‘abstraction-induced recharge’ (A-IR) in 

what follows. Groundwater abstraction induces recharge and this is well known in many 

environments. In India, AI-R is popularly referred to as the ‘Ganges Water Machine’ concept, 

which was originally proposed by Revelle and Lakshminarayana (1975). Later, several studies, 

such as, Khan et al. (2014), Amarasinghe et al.(2016) and Chinnasamy (2016), examined its 

efficacy using numerical model for GBM basins and GRACE (Gravity Recovery and Climate 

Experiment) storage exercise. However, while the strategy is expected to work perfectly for 

ephemeral rivers (Chaturvedi and Srivastava, 1979), for perennial rivers it is a different story. In 

the latter case, the strategy will work if significant proportion of pumped water is returned to the 

river to maintain distributaries or downstream dry season flow (Khan et al., 2014). 

Under a changing climate, seasonal extremes such as rainfall (Islam and Hasan, 2012) and river 

floods (Mirza et al., 2003), and supply–demand imbalance (Gain and Wada, 2014; Gain et al., 

2011, 2013) are likely to increase in the Bengal basin. But, the most difficult challenge is to 

separately quantify the induced recharge that will occur from water (abstraction) demand and 

direct recharge for future seasonal (rainfall or surface water) availability, which is threatened due 

to global warming.  

Therefore, the overall approach in this research is to conduct a regional scale (Bengal Basin) 

dynamic process study for a) hydrologic (such as, extreme rainfall events), b) geologic 
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(characterised broadly for two contrasting soil surfaces, namely, Holocene and Pleistocene) and 

(c) anthropogenic (i.e., groundwater abstraction) factors in a holistic manner. In addition, sub-daily 

(hourly) time series records of rainfall and groundwater-levels collected at two sites of contrasting 

surficial geology (silt versus sand) in central Bangladesh (Savar, Bhuanpur) are used to examine 

the relationship between high-resolution rainfall time series and groundwater recharge. Such 

climatic analysis at a local scale is expected to enhance understanding of the contribution of 

climatic extremes, in particular, the high intensity rainfall contribution to groundwater recharge. 

This research also explores the A-IR concept of pumping-induced subsurface storage of 

monsoonal river flow along large rivers and their tributaries. This work is expected to provide 

insights into the feasibility of the application of A-IR in combination with high intensity rainfall 

(as found in future projections) for suitably permeable soil (i.e. sand) surface. 

1.7 Research Objectives 

The above discussion provides a motivation to use high resolution local database on both rainfall 

and groundwater observations for two distinct dominant soil typologies, viz. Holocene and 

Pleistocene, with a view to developing a conceptual basis of recharge process for the aquifer 

systems.  The most difficult challenge here is to quantify the isolated contribution between induced 

recharge that will occur from abstraction demand and direct recharge for future seasonal (rainfall 

or surface water) availability which is in fact threatened due to global warming. An improved 

understanding of the soil typology specific groundwater response in the aquifers (e.g., due to 

intensified rainfall and withdrawals) as well as of the temporal variability in recharge mechanism 

on the groundwater flow system is essential here. Hence, the motivation for this research was to 

systematically explore the concept at the local scale, and scaling up its use subsequently at the 

national level. 
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This research was conducted with an aim to fulfil the following objectives: 

i. To develop conceptual basis of recharge process at the local scale focusing on in situ 

observations – both new high-frequency (short-term) measurements and long-term 

(weekly) monitoring; 

ii. To apply the local scale concept to quantify recharge at the national scale explicitly 

accounting the impact of current abstraction and natural groundwater discharge; 

iii. To analyse possible implications of climate change on groundwater recharge process under 

different hydrogeological conditions. 

1.8 Limitations and Scope of the Study 

The scope as well as the limitations of this research are identified in this section. The main focus 

was only on the shallow aquifers of the Bengal basin. In the rest of the thesis, ‘Bangladesh’ is 

frequently used, which in effect refers to the Bengal basin. Since aquifers beneath Chittagong 

coasts or hills are geologically very different from the Bengal basin, the eastern part of Bangladesh 

(i.e., Chittagong division) was excluded from this study. 

At this point, a brief discussion on the limitations of this research work is in order. Most of the 

research work previously done have some limitations mostly due to lack of validation of the 

conceptual frameworks for groundwater abstraction-recharge process using field based 

observations. This research was also not immune to this issue and hence, in this section, the 

possible limitations are identified. 

Firstly, sample size of high resolution field-based experiments was only two with two years records 

due to the lack of budget and time constraints. Hence, this study was only able to explain two 
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categories of cluster behaviours in detail. Multi-sites long-term observations would have captured 

the recharge processes better than two short-term records used here. 

An important qualification is warranted here that the analyses reported in the study is done with a 

‘quantity perspective’ not ‘quality’; the implicit assumption is that heavy abstraction through 

pumping will not induce the downward migration of arsenic and saline water in coastal regions.  

Potential influence of poroelastic compression (i.e. surface-water load) may have some impact on 

groundwater-levels. Burgess et al.  (2017) suggested that such mechanical loading response could 

be true in some parts of coastal Bangladesh. But measuring the poroelastic response and applying 

it during the analyses were out of scope of this research. This perhaps may have introduced some 

errors in the results. 

According to WARPO (2000a) early and prompt rise in groundwater levels in hydrograph may 

have been caused by aquifer self-recovery following cessation of pumping at the end of dry season 

irrigation. The subsequent and gradual rise in groundwater-levels, as opposed to the sharp rise 

earlier, is due to recharge. However, the second limitation here is that the analysis made in this 

thesis did not consider removing the initial recovery component while calculating recharge. This 

may have resulted in higher recharge values if the hypothesis of WARPO (2000a) is true.  

The issues of regional small scale ‘recovery’ in groundwater-levels following the cessation of 

pumping and the related influences are not well resolved. This regional small-scale recovery is 

likely to be associated with the (horizontal) flow from surrounding areas driven by change in 

localised head gradients as well as with the contribution from irrigation return flow. 

The thesis used different time frames for different analyses depending on the data availability of 

the information concerned. For example, cluster analysis and the estimation of groundwater 

availability involved use of groundwater level monitored data of 1994-2013 (Chapter 3), while 
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calculation of the recessionary gradient and the irrigational abstraction involved use of irrigation 

census data for the period 1985-2007 etc.  

Lastly, while depicting the linkages between climate change and extreme weather events (Chapter 

6), only one particular indicator (i.e., 90th percentile) of rainfall is used for future scenario 

development. However, use of one indicator for future extreme events may risk proceeding in the 

wrong direction of future climate projections or analyses.  

1.9 Organization of the Thesis 

The rest of the thesis is organised as follows. 

Considering the first objective, Chapter 2 employs new high-frequency (half-hourly time step) 

data of rainfall and groundwater-levels under two distinct hydrogeological environments, namely, 

Plio-Pleistocene beneath the thick layered Madhupur Clays and Holocene that has no low-

permeability confining unit. It reveals the relationship between high-resolution rainfall time series 

and the direct groundwater response, surface water level time series and indirect groundwater 

response, and the impact of extreme rainfall and pumping on water table (in-situ) hydrograph. In 

the sequel, the conceptual mechanism occurring for localised recharge-discharge phenomenon are 

presented for two locations of contrasting nature, namely, Bhuanpur (Holocene sediment) and 

Savar (Pleistocene deposit). 

Chapter 3 portrays spatial representativeness (at national scale) of the two types of field-scale 

groundwater level time-series hydrograph patterns that are discussed in Chapter 2. In addition, it 

unveils few sub-groups of time-series hydrographs under Holocene deposits that show different 

sets of time-series patterns depending on several combinations of recharge-discharge 

phenomenon. Consequently, it recognises the need to evaluate how changing abstraction (e.g. 
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increased groundwater irrigation) may impact groundwater recharge rates and to identify the areas, 

where the rate of recession (i.e., groundwater discharge) is not related to pumpage and may be 

considered to be effectively constant.  

To achieve the second objective, a key question that Chapter 4 addresses and resolves is whether 

the dry-period recessionary gradients of water table time-series hydrographs are the outcome of 

intensive irrigational abstraction. Here the premise is the following: if recessionary gradients have 

significant (positive) correlation with intensification of abstraction, induced recharge results from 

irrigational abstraction. Chapter 4 shows this to be true in some parts of Bangladesh. But at the 

same time it raises an important question of whether areas with increased seasonality that reflect 

increased pumping, are able to be better recharged during the monsoon.  

As a consequence, Chapter 5 opens up a discussion on “abstraction-induced recharge” (A-IR) 

concept which advocates the hypothesis that dry season pumping induces greater monsoonal 

recharge (as discussed in Section 1.5). Next, it identifies locations where amplified seasonality 

reflects intensified pumping combined with an increased recharge. Towards the end, Chapter 5 

raises a question whether areas where AI-R type aquifers exit will have the potential to capture 

extra recharge in future under climate change challenges. 

To achieve the third objective, changes in rainfall projections, relative to the later part of the 20th 

century (1970-1999), is investigated and discussed at 0.5° resolution including four sub-domains 

of the whole Bangladesh for 2 future time-slices representing the early (2021-2050) and late (2070-

2099) twenty-first century. Both annual and monthly distributions are compared for the projections 

of AR4 (Emissions Scenario A1B) and AR5 (Emissions Scenarios RCP4.5 and RCP8.5) of IPCC 

(Intergovernmental Panel on Climate Change). Finally, first-hand suggestions are made for some 
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selected areas of Bangladesh where the combined effect of climate change projections and 

scenarios of pumpage will have potential for the applicability of ‘abstraction-induced recharge’ 

concept.  

Finally, Chapter 7 suggests an improved conceptual modelling framework to water resources that 

offers meaningful estimation and projections on groundwater recharge in Bangladesh. The chapter 

also includes recommendations of some potential areas where underground storage is applicable 

as an adaptation option to offset some of the ill effects of climate extremes and change. 
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Chapter 2 

GROUNDWATER RECHARGE PROCESSES IN THE BENGAL BASIN: 

EVIDENCE FROM HIGH-FREQUENCY MONITORING  

2.1 Introduction 

Thick sequences of unconsolidated sediments occur in Mega-Deltas throughout Asia and comprise 

the termini of major drainage basins that include the Ganges-Brahmaputra-Meghna (GBM), Indus, 

Irrawaddy, Chao Phraya, Mekong, Red (Song Hong), Pearl (Zhujiang), Yangtze (Chiangjiang) and 

Yellow (Huanghe) Rivers (Figure 1.1a). Coarser sediments within the Quaternary deposits, 

alluvial and estuarine sequences form productive aquifers from which shallow groundwater is 

drawn intensely for dry-season irrigation (Alauddin and Quiggin, 2008; Shamsudduha et al., 2011, 

2012) as well as rural and urban domestic water supplies (Hardoy et al., 2013; Hoque et al., 2007; 

Naik et al., 2008; Ravenscroft et al., 2005; Zahid and Ahmed, 2006). The sustainability of 

groundwater withdrawals and the processes by which groundwater is replenished, remain 

inadequately resolved. This knowledge gap constrains not only the modelling of groundwater 

recharge in response to global climate change but also the general understanding of the 

vulnerability of shallow groundwater resources in Bangladesh to contamination (e.g. Burgess et 

al., 2011; Fendorf et al., 2010; van Geen et al., 2013) and depletion (e.g., Bui et al., 2012; 

Shamsudduha et al., 2009b, 2011). 

The dramatic rise in shallow groundwater withdrawals in Bangladesh have greatly influenced 

seasonal oscillations in groundwater-levels and amplified previously low vertical hydraulic 

gradients that had persisted for millennia (BGS and DPHE, 2001; Goodbred and Kuehl, 2000).  

Where surface geologies are permeable, dry-season groundwater abstraction for irrigation now 
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induces greater recharge during the subsequent monsoon (Shamsudduha et al., 2011, 2015).  

Revelle and Lakshminarayana (1975) in their work termed this process as the “Ganges Water 

Machine”. This critical influence of abstraction on recharge was disregarded in simplistic 

characterizations of the terrestrial water balance in lumped-parameter models (e.g. Kirby et al., 

2016) and land-surface models (e.g. Rodell et al., 2009).  In contrast, where surface geologies are 

comparatively impermeable, intensive groundwater withdrawals lead to a net depletion in 

groundwater storage, which was recently estimated to be ~1 km3·year-1 in Bangladesh 

(Shamsudduha et al., 2012). 

Estimation of groundwater recharge in Bangladesh has, to date, relied upon tools or models that 

assume recharge derives solely from the direct infiltration of rainfall (MPO, 1987; UNDP, 1982).  

Master Plan Organization’s (MPO, 1987) estimation of potential recharge using a lumped-

parameter, soil-water balance model was regarded as conceptually appropriate (Saleh and Nishat, 

1989b) and later revised by WARPO (WARPO, 2000a). MPO (1987) considered ‘usable recharge’ 

simply to be 75% of the ‘potential recharge’. Quantified recharge via this approach has, however, 

been shown to be substantially different from observed recharge in Bangladesh computed using 

the water-table fluctuation method (Shamsudduha et al., 2011), which is independent of recharge 

pathways or processes.  Based on water quality data, Burgess et al. (2011) concluded that indirect 

recharge of groundwater underlying Dhaka occurs via polluted rivers, which represent a key threat 

to the continued use of groundwater for domestic water supplies.  Similar to locally developed 

recharge estimation tools, current large-scale models including both Land-Surface Models such as 

NOAH (e.g. Rodell et al., 2009) and Global Hydrological Models such as PCR-GLOBWB (Wada 

et al., 2010) estimated recharge or ‘subsurface runoff’ that resulted solely from the direct 

infiltration of precipitation at the soil surface (i.e. direct, rain-fed recharge). 
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The Ganges-Brahmaputra-Meghna (GBM) basins of Bangladesh represent one of the most 

intensively monitored hydrological systems on the Earth featuring large networks of dedicated 

monitoring stations for recording daily rainfalls (~300), weekly groundwater-level boreholes 

(~1200) and sub-daily to daily river stages (~300) throughout the country. Groundwater-level 

monitoring network is managed by the government’s agency, Bangladesh Water Development 

Board (BWDB) and data were collected at a weekly interval since early 1970s. Observations of 

this frequency are, however, unable to represent diurnal processes that include pumping regimes, 

terrestrial responses to high intensity rainfall, tidal fluctuations, and the potential influence of 

poroelastic compression (i.e. surface-water load) on groundwater-levels (Burgess et al., 2017).  

Here, high-frequency (hourly) in-situ measurements of both groundwater-level and co-located 

rainfall records, rarely collected in Bangladesh, are examined together with a large body of lower-

frequency (daily to weekly) measurements of rainfall, surface water and groundwater-levels, to 

investigate recharge processes in two principal depositional settings of Bangladesh. This analysis 

builds upon a few previous studies employing short-term but high-frequency groundwater-level 

records from localised observations at two locations in Bangladesh (Aziz et al., 2008; Harvey et 

al., 2006; Stute et al., 2007). 
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Figure 2.1: (a) location of case study sites (Buapur, Savar) is shown on a simplified physiological 

map of Bangladesh where two major surficial geological units: Holocene and Plio-Pleistocene 

areas are shown; A-B-C is a transect line for which a subsurface geological map is shown in panel 

(b), major rivers are shown as blue polylines; (b) a simplified hydrogeological cross-section along 

the A-B-C transect (panel a) shows the Holocene (grey) and Plio-Pleistocene (brown) sedimentary 

deposits (Source: Ravenscroft, 2003) and the major physiographic features (e.g. Brahmaputra 

floodplains, Madhupur Tract) along the transect line. 
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2.2 Hydrogeological Regimes of the Bengal Basin 

The surficial geology of Bangladesh (Figure 2.1a) is primarily characterised by the Quaternary 

unconsolidated sediments that cover ~85% of the land surface. Pre-Quaternary older sediments 

occur primarily in hills located in the eastern part of Bangladesh (Figure 2.1a). The Quaternary 

deposits can be further divided into two broad classes: Holocene alluviums (91%) and Plio-

Pleistocene and terrace deposits (9%) located in the northwest (Barind Tract) and northcentral 

(Madhupur Tract) Bangladesh (Alam et al., 1990; Reimann, 1993). Both the Quaternary deposits 

consist of sands, silts and clays that form aquifers throughout the basin. Groundwater generally 

occurs at shallow depth (<10 m below surface level, bgl) over most of Bangladesh within the 

Holocene alluviums, alluvial fan deposits, floodplains and delta plains but at comparatively deeper 

depths (>10 m bgl) in Plio–Pleistocene fluvio-deltaic sediments of the Madhupur and Barind 

Tracts in the Bengal Aquifer System (Ahmed et al., 2004; Burgess et al., 2011; Shamsudduha et 

al., 2011). These two dominant hydrogeological regimes or typologies, namely the Holocene and 

Plio-Pleistocene, feature surficial covers with contrasting permeabilities, relatively higher and 

lower respectively.  The Holocene aquifers are commonly unconfined or semi-confined with 

higher transmissivity (2000-5000 m2/day) whereas the Plio-Pleistocene aquifers are confined to 

semi-confined with lower transmissivity (300−3000 m2/day) (BGS and DPHE, 2001; Ravenscroft, 

2003). Plio-Pleistocene aquifers typically occur below a clay unit, stratigraphically known as the 

Madhupur Clay Formation (Figure 2.1b),  that varies in thickness from ~8 m to 45 m; the 

underlying aquifer is known as the Dupi Tila (Ravenscroft et al., 2005; Shamsudduha and Uddin, 

2007). It is noteworthy that lithologies within Holocene sediments are highly variable both in 

horizontal and vertical directions producing localised (100s m to 10s km), highly heterogeneous 

aquifers at very shallow depths (<50 m bgl) throughout Bangladesh (BGS and DPHE, 2001).  
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Figure 2.2: General hydrology and surficial geological features of the two study sites: (a) Bhuanpur 

and (b) Savar. Maps also show the location of high-resolution (red and blue circles) and long-term 

(red and blue triangles) groundwater-level, river-stage monitoring sites (yellow stars), and daily 

rainfall stations (purple crosses). 
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2.3 Description of Study Sites 

Two study sites were established in central Bangladesh (Figure 2.1a) that are located in two 

contrasting surface-geological units: (1) site A (latitude: 24.468° N and longitude: 89.875° E) in 

Bhuanpur Upazila of Tangail District located in the Holocene environment (Figure 2.2a), and (2) 

site B (latitude: 23.879° N and longitude: 90.274° E) in Savar Upazila of Dhaka District located 

in the Plio-Pleistocene environment (Figure 2.2b). 

The Bhuanpur site is located in a rural setting where the landscape is dominated by irrigated 

agricultural lands with a few rural settlements. Being close to the Capital City of Dhaka (20 km) 

and a major peri-urban town of Savar (4 km), the landscape surrounding the Savar site is dominated 

by manufacturing industries, garment factories, business facilities and settlements. At Bhuanpur 

site, groundwater is predominantly used for dry-season rice cultivation and domestic use supplied 

respectively through shallow irrigation pumps and hand-operated tubewells. Boro (dry-season: 

December to April) and transplanted Aman (wet-season: July to November) rice are produced in 

>80% of the total cultivable land in Bhuanpur Upazila. In contrast, in and around Savar site, 

groundwater is widely used for industrial, municipal and domestic water supplies throughout the 

year. 
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Figure 2.3: Detail stratigraphy of the monitored sites, i.e., (a) Bhuanpur and (b) Savar 
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Table 2.1 Summary statistics of BWDB groundwater-levels, BIWTA and BWDB surface water 

levels and BMD rainfall records from Bhuanpur and Savar monitoring locations representing the 

Holocene and Plio-Pleistocene hydrogeological typologies. 

Station Type 

(Station ID) 

 

Data  

Period 

Data 

missing 

(% ) 

Mean 

(m PWD 

[bgl]) 

 

SD 

(m) 

Trend 

(m/yr) 

Surface 

Geology 

Well Type 

(Screen Depth 

[m]) 

Distance from 

the study site 

(km) 

BHUANPUR 

GWL (TA013) 
1987-2014 

(weekly) 
7 

13.51 

[4.02] 
1.79 -0.03 

Alluvial Silt 

and Clay 

Piezometer 

 (33.23) 
10.5 

GWL (TA014) 
1987-2014 

(weekly) 
9 

10.09 

[4.08] 
1.94 -0.04 

Alluvial Silt 

and Clay 

Piezometer 

 (34.44) 
7.7 

Rainfall  

(BMD Tangail) 

1987-2014 

(daily) 
0 1.80 0.35 -0.01 - - 24.8 

SWL 

(BIWTA-2730) 

1987-2014 

(hourly) 
5 9.68 2.30 -0.05 - - 4.8 

SWL (SW342) 
1997-2014 

(daily) 
5 8.46 2.30 -0.10 - - 4.8 

SAVAR 

GWL (DH073) 
1987-2014 

(weekly) 
16 

2.87 

[6.34] 
2.07 -0.14 

Madhupur  

Clay Residuum 

Piezometer 

(32.93) 
3.8 

GWL (DH115) 
1987-2015 

(weekly) 
16 

0.94 

[9.23] 
4.18 -0.50 

Madhupur Clay 

Residuum 

Piezometer 

(57.30) 
5.9 

Rainfall  

(BMD Dhaka) 

1987-2014 

(daily) 
0 2.00 0.47 -0.02 - - 15.3 

SWL  

(SW69) 

1987-2014 

(daily) 
4 3.30 1.74 -0.03 - - 5.7 

SWL (SW14.5) 
1987-2014 

(daily) 
3 3.21 1.78 -0.04 - - 5.7 
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A number of weekly groundwater-level and sub-daily to daily river-level monitoring sites of the 

Bangladesh Water Development Board (BWDB), and an automatic, hourly river-gauging station 

of the Bangladesh Inland Transport Authority (BIWTA) are located within a short distance from 

Bhuanpur and Savar sites (Figure 2.2). Two rainfall monitoring stations of the Bangladesh 

Meteorological Department (BMD) are located at a distance of 15 km (BMD Headquarters in 

Dhaka) and 25 km (BMD Station in Tangail Town) from Savar and Bhuanpur sites respectively. 

Summary statistics of long-term hydro-meteorological observations (i.e., groundwater-levels, 

river-levels, rainfall) are presented in Table 2.1 that provide a broad hydrogeological context in 

which high-frequency (half-hourly) records were collated in the two study sites over a period of 

two hydrological years (2009−2011). In addition, borehole lithological columns of the study 

locations were recorded during the drilling and borehole installation in the field that are presented 

as stratigraphic columns (see Figure 2.3). Borehole columns and lithological records illustrate how 

the hydrogeology at these two sites is distinctively different from each other. At Bhuanpur site, 

which is located within the Holocene environment, the monitoring aquifer is very shallow (<5 m 

bgl) whereas, in Savar site, the aquifer is relatively deep (>10 m bgl) and overlain by a thick clay 

layer (i.e. Madhupur Clay Formation), located within the Plio-Pleistocene environment. 

2.3.1 Surficial Geology and Hydrogeology of Bhuanpur Site 

Surficial geology in and around Bhuanpur Upazila is mainly Young and Old Brahmaputra 

Floodplains according to the National Geological Map of Bangladesh (Alam et al., 1990). The 

Brahmaputra floodplain sediments feature a complex relief of broad and narrow ridges, inter-ridge 

depressions, partially filled cut-off channels and localised depressions. Bhuanpur is covered by 

permeable silt loam to silty-clay loam soils on ridges and impermeable clays at low-land 

depressions. General soil types predominantly include gray (un-oxidised) floodplain soils with 
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generally thin and permeable surficial silt and clay unit (WARPO, 2000a).  At the specific study 

site in Bhuanpur, the near-surface lithology is predominantly light-brown sand with some silt 

having a thickness of ~3m (Figure 2.3a). Below the surficial sand layer there is a thin (<1 m) silty-

clay layer and the shallow aquifer occurs just below that layer. The main part of the shallow aquifer 

is composed of medium gray sand with little fine sand.  Aquifers at Bhuanpur site occur at shallow 

depth and, generally, are unconfined in nature with dry-season groundwater-levels occurring at <8 

m bgl and wet-season levels at ~1 m bgl. 
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Figure 2.4: Line plots showing long-term (1987 to 2014) weekly groundwater-levels and river-

stage records in (a) Bhuanpur and (c) Savar, and bar plots showing annual total rainfall in (b) 

Tangail station of BMD for Bhuanpur and (d) Dhaka station of BMD for Savar over the same 

period. Note that from 2004 Savar piezometer at DH115 is remarkably degrading and no longer 

synchronises with other monitored levels.  
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Figure 2.5: Line plots showing seasonal (monthly) fluctuations in weekly groundwater-levels 

and daily and sub-daily river-stage records aggregated over a period of 1987 to 2014 in (a) 

Bhuanpur and (c) Savar, and bar plots showing monthly total rainfall in (b) Tangail station of 

BMD for Bhuanpur and (d) Dhaka station of BMD for Savar aggregated over the same period. 

Names within the brackets of the legend denote the nearby station IDs considered for the study. 
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2.3.2 Surficial Geology and Hydrogeology of Savar Site 

Savar site is located on the southern side of the elevated Madhupur Tract, which covers ~3500 km2 

land area.  The Madhupur Tract is slightly elevated than the surrounding floodplains and, therefore, 

is less prone to seasonal flooding.  The main soil type of the Madhupur Tract is red-brown coloured 

lateritic terrace soil that is rich in clay. Consequently, vertical hydraulic conductivity of the 

surficial material of Plio-Pleistocene terrace deposits is low (0.05−1.0 mm/day) (Michael and 

Voss, 2009) and thus direct, rain-fed recharge to the underlying aquifer (i.e. Dupi Tila sand) is 

slow and restricted. The National Hydrochemical survey of Bangladesh reports (BGS and DPHE, 

2001; Hussain and Abdullah, 2001) suggest that recharge in Plio-Pleistocene aquifers occurs 

indirectly, primarily via incised antecedent drainage channels that cut through near-surface clay 

into the underlying sandy deposits. 

At the monitoring site, the thickness of the surficial silty-clay deposits is ~12 m (Figure 2.3b). 

Although dry-season Boro rice is cultivated in Savar Upazila, there is no groundwater-fed 

irrigation for dry-season Boro rice specifically at the monitoring site. However, groundwater is 

used at the nearby factories and manufacturing industries, and for irrigating grass at the Central 

Cattle Breeding and Dairy Farm within which the monitoring site is located. Groundwater-levels 

in the BWDB monitoring boreholes near Savar site are relatively deep, 5-8 m bgl during the wet 

season and 10-12 m bgl during the dry season.  

2.4 Methods 

Two monitoring stations to record high-resolution (half-hourly) observations of groundwater-

levels and rainfall were established in 2009, for the first time, in central Bangladesh (Bhuanpur 

and Savar). Both sites were equipped with automatic data loggers that include 1 groundwater-level 

logger (Solinst Gold LT M30 at Bhuanpur & LT M100 at Savar) and 1 barometric-level logger 
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(Solinst Gold Baro-logger M1.5), and an automatic rain logger (AR-DT2) installed with an 

aerodynamically designed tipping bucket rain-gauge (ARG100). Half-hourly groundwater-level 

data for the period of February 2009 to April 2011 were recorded by the automatic data loggers 

from both Bhuanpur and Savar sites. However, rain-loggers at both sites failed after recording 

hourly rainfalls until June 2010. 

In addition to high-frequency groundwater-level records, weekly time-series records (1987 to 

2014) at four Bangladesh Water Development Board (BWDB) boreholes were collated in order to 

analyse long-term trends and seasonality. Daily rainfall records for the period of 1987 to 2015 

were collated from two BMD stations (Tangail and Dhaka). Additionally, hourly surface-water 

level records from a BIWTA gauging station (Bhuanpur-2730) and daily records from three 

BWDB river-gauging stations (SW342 on River Jhenai near Bhuanpur site; SW14.5 on River 

Bangshi near Savar site; SW69 on River Dhaleshwari near Savar site) were collated. 

All collated data were  thoroughly checked for any spurious records and all statistical analyses  

were conducted in R programming language platform (R Development Core Team, 2013). At both 

sites, atmospheric or barometric pressure (Patm) is removed from measured total pressure (Ptot) by 

level-loggers in order to derive observed water levels (Wobs= Ptot - Patm) in monitoring boreholes. 

Despite heavy influence of pumping on groundwater-level observations at both sites attempts were 

made to calculate barometric efficiency (BE) in the measurement. BE is calculated at both sites as 

the slope of a linear trend line fitted through changes in measured water levels (∆Wobs) and changes 

in concurrent atmospheric pressure (∆Patm) over the same period of time (Spane, 2002). BE is 

calculated simply as an indicator for considering the possible influence of poroelastic response in 

measured water levels but records are not corrected for it. In addition, Fourier frequency analysis 
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was conducted on the high-resolution records of barometric pressure, groundwater-levels and 

river-stage levels in order to identify any dominant signal (e.g. earth tides) in the time-series data. 

2.5 Results and Discussion 

2.5.1 Long-term Hydrograph Analysis 

Four weekly time-series (1987 to 2014) records collated from the BWDB monitoring network 

illustrate (Figure 2.4) long-term patterns in groundwater-level (GWL) fluctuations in Bhuanpur 

and Savar Upazilas. Detailed monitoring information on long-term GWLs of these BWDB 

boreholes is provided in Table 2.1. Two time-series hydrographs (TA013 and TA014) in Bhuanpur 

show no discernible change in seasonality and trend in long-term mean GWL fluctuations (Figure 

2.4a). These time-series hydrographs, however, reveal substantial inter-annual variations in GWL 

with some years being wetter (e.g. 1998, 2007) or drier (e.g. 1994, 2006, 2012) compared to mean 

GWL fluctuations. The median annual GWL fluctuations (difference between annual minima and 

maxima) in observed time-series records in Bhuanpur hydrograph and Savar hydrograph are ~ 5 

m and ~1.5 m, respectively. Weekly groundwater monitored levels (TA014 and TA014) and hourly 

(BIWTA-2730) river levels at Bhuanpur show fluctuations of similar magnitudes throughout the 

period of monitoring (See Appendix Figure A-1) suggesting that both shallow groundwater and 

surface-water levels are hydraulically connected. 

At Savar, two time-series hydrographs (DH073 and DH115), located on the Pleistocene Madhupur 

Tract, show a dynamic temporal response over nearly three decades (1987 to 2014) (Figure 2.4b). 

GWL time-series records at both sites were dominated by strong seasonality until early 2004-05 

when GWLs in borehole DH115 started to decline with progressively reduced seasonality in recent 

years; borehole DH073 only started to decline gradually since 2009-10 with little change in 

seasonality. Mean decadal (1990 to 2000) GWL fluctuations in DH073 and DH115 were ~4.5 m 
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and ~7.5 m respectively. Interestingly, the deeper borehole DH115 (depth 57 m bgl) showed 

greater annual fluctuations compared to DH073 that is screened at shallower depth (~33 m bgl) till 

2002-03, suggesting a variation in storage coefficients in the underlying aquifer with increasing 

depth: the deeper part of the aquifer has lower storage coefficient than the shallower part and thus, 

responds more with GWL fluctuations. Seasonality reduces dramatically in the deeper borehole 

after 2003-04 suggesting a gradual change in hydraulic conditions – transition from a confined to 

essentially an unconfined condition with lowering of the hydraulic head in recent time. This 

phenomenon is common in boreholes across the Plio-Pleistocene terraces, Madhupur and Barind 

Tracts, where piezometric surface drops below the upper silt & clay layer due to intensive 

abstraction and the aquifer behaves as unconfined where storage is an order of magnitude greater 

than the confining condition (Shamsudduha et al., 2011; WARPO, 2000a). 

Long-term monitoring records are aggregated by month to illustrate seasonal patterns of 

groundwater-levels and associations with seasonal rainfall at Bhuanpur and Savar (Figure 2.5). In 

both Bhuanpur and Savar Upazilas, GWLs reach the deepest levels in March-April at the end of 

dry-season Boro rice cultivation when seasonal rainfall is low (~100 mm/month). Groundwater-

levels start rising rapidly in May and reach their peak levels in July-August (Bhuanpur) and 

September-October (Savar) respectively. Surface-water levels (SWLs) reach their peaks in July 

(Bhuanpur) and August (Savar) respectively, suggesting an approximate ~1 month lag between 

peak GWLs and SWLs in both areas. A consistent 1-month lag between peak levels of shallow 

GWLs and SWLs is commonly observed in the monitoring boreholes in Madhupur and Barind 

Tracts where direct rain-fed recharge to underlying Plio-Pleistocene aquifers is constrained by a 

low-permeable surface geology (Shamsudduha et al., 2011). Furthermore, a longer and slower rise 

in GWLs (Figure 2.5b) that peaks at the end of peak monsoon period and beyond (September-



41 
 

October) suggests that aquifers are replenished mainly through indirect recharge and lateral 

groundwater flow from distant areas. 

2.5.2 Evidence from High-resolution Groundwater-level Monitoring 

High-frequency (half-hourly) monitoring of shallow groundwater-levels in Bhuanpur and Savar 

sites over a period of two years (February 2009 to April 2011) show characteristic hydrogeological 

features of shallow aquifers in two contrasting geological units: Holocene alluvium and Plio-

Pleistocene terrace deposits. High-frequency monitoring covers two complete hydrological cycles, 

and illustrates diurnal to seasonal responses to earth tides, rainfall, natural discharge and pumping 

(i.e. dry-season irrigation abstraction).  

In the Holocene environment at Bhuanpur site, annual fluctuation patterns from half-hourly GWLs 

(from high-frequency monitoring) and weekly-monitored GWLs (by BWDB) (TA013, TA014) 

are remarkably similar (Appendix Figure A-1a). Both BWDB boreholes are located within a 

distance of ~10 km from the high-resolution monitoring site in Bhuanpur that is considered to be 

under a strong influence of the River Brahmaputra – a key hydrological feature in the region. 

Seasonal fluctuations in weekly-monitored GWLs in BWDB boreholes match well with the high-

resolution hydrograph; particularly borehole TA013 shows a remarkable similarity in phase and 

annual amplitude. However, BWDB boreholes fail to capture short-term, low-frequency 

fluctuations (i.e. rise in GWLs associated with high intensity rainfall events) over the monsoon 

period and high-frequency fluctuations (i.e. diurnal events associated with irrigation pump-on and 

pump-off) during the dry-season Boro rice cultivation. These features are well-recorded in high-

resolution hydrograph at Bhuanpur site that are described in detail in the following section.    

In the Plio-Pleistocene environment at Savar site, seasonal patterns in GWL fluctuation exhibited 

in weekly records (DH073, DH115) and high-resolution (i.e. half-hourly interval) records are 
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vastly different (Appendix Figure A-1b).  Amplitude and phase of seasonal GWLs differ 

considerably between BWDB and high-resolution time-series hydrographs at Savar site. However, 

a commonly observed feature in all three time-series hydrographs over a short period of time (2009 

to 2011) is that the seasonality is markedly reduced with a declining trend in groundwater levels.   
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Figure 2.6: (a) High-resolution (half-hourly) field observations of normalised (i.e. subtracting 

the mean) groundwater-levels (red) and hourly surface water levels (black) in River 

Brahmaputra at Bhuanpur site; (b) daily (i.e. sum of half-hourly records over 24 hours) rainfall 

observations (blue) and daily rainfall (pink) from nearby BMD station to fill in gaps in field 

monitoring records; (c) hourly fluctuations in groundwater-levels, calculated by subtracting a 1-

hr moving average from the observational records; and the inset (d) on the top panel (a) is shown 

in Appendix A-5. 
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2.5.2.1 Groundwater-level dynamics in the Holocene environment 

 A national-scale study of BWDB groundwater time-series hydrographs under the Ministry of 

Water Resources, Bangladesh (WARPO, 2000a) reveals that during the monsoon season rises in 

GWLs are slow but steady (see Figure C6.4.4 in the WARPO, 2000a Report) in the Holocene 

aquifers resulting primarily from diffused recharge. In contrast, any rapid rise in GWLs following 

the cessation of dry-season irrigation pumping (see Figure C6.4.5 in the WARPO, 2000a Report) 

indicates an early recovery from an intensive abstraction-driven drawdown. Located within the 

Holocene environment, the annual hydrograph in Bhuanpur site (Figure 2.6a) can be dissected into 

three distinctive categorical responses: (a) a direct, rain-fed  recharge throughout the monsoon 

(May to September), (b) a natural groundwater discharge in the absence of rain-fed recharge 

starting from the peak of the annual hydrograph (September to early November), and (c) a sharp 

change in recessionary trend in time-series hydrographs suggesting the onset of groundwater 

abstraction for dry-season Boro rice cultivation between late November to early May.  These 

annual features in Bhuanpur time-series hydrographs are described further below: 

(a) Responses to monsoon rainfall events and surface water levels 

It is evident from the high-resolution records that groundwater-levels at Bhuanpur site respond to 

high intensity rainfall events and large surface-water fluctuations. An analysis of daily rainfall 

records (1987 to 2014) from a Bangladesh Meteorological Department weather station (Tangail 

Town) near Bhuanpur site reveals that the 95th percentile and 50th percentile of 1-day maximum 

rainfall varies from 251 mm·day-1 to 120 mm·day-1 respectively (Appendix Table A-1). During 

the field monitoring from 2009 to 2011, Bhuanpur study site experienced less extreme daily 

rainfall events (e.g. highest recorded rainfall of 54 mm·day-1 on 22th September, 2009 and 6th June, 

2010) than previously recorded daily events. GWLs responded to every large rainfall events that 
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were greater than the Simple Day Intensity Index (SDII) of 17 mm·day-1. Response to individual 

rainfall events during the monsoon period was, however, masked by the steadily rising GWLs as 

diffuse, rain-fed recharge was taking place more regionally. As illustrated in Appendix Figure A-

4, high intensity rainfall events were able to produce a sharp, immediate rise in GWLs at Bhuanpur 

site.  

Rapid responses in GWLs corresponding to peak levels of the adjoining River Brahmaputra 

(Figure 2.6a) suggest that the shallow aquifer may be hydraulically connected to large surface-

water bodies.  The seasonal pattern of surface-water levels (SWL) at the nearby monitoring stations 

(BIWTA Station number 2730 on River Brahmaputra and BWDB station number SW342 on River 

Jhenai) show a peak around July during the monsoon season (Figure 2.5).  

Again, the occurrence of individual peaks in GWL and SWL (BIWTA-2730) over the monsoon 

season is not synchronous (Appendix Figure A-7). There is 8-10 hour lag between major peaks in 

GWL and SWL (where SWL is leading GWL) and GWL shows high barometric efficiency 

(=0.85). Similarly, Ravenscroft and Rahman (2003) recognises that the stream bed sediments of 

Brahmaputra river are in good hydraulic continuity with the nearby aquifers. In summary, 

Bhuanpur site’s GWL fluctuations respond quickly to local, direct as well as regional, indirect 

recharge and have insignificant poroelasticity effect that was explained by Burgess et al. (2017).  

(b) Natural discharge till the on-set of Boro rice cultivation 

Groundwater is discharged naturally through baseflow into surface water bodies such as streams, 

canals, and wetlands and also via evapotranspiration by phreatophytic plants.  At Bhuanpur site, 

amplitude of hydraulic head oscillations increases at the onset of irrigation pumping for Boro rice 

cultivation (Appendix Figure A-5). Natural discharge (25-60 mm·day-1), which starts from 

September is also affected by sporadic pumping for supplemental irrigation around Aman 
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harvesting period (late November - late December). Therefore, incidents of spiky head drops (~20-

30 mm plus) are observed in late December and ends with increasing frequency (up to 3 times per 

week) during early January for land preparation of the next season crop named Boro. Note that the 

major cropping pattern in this region is Boro – Fallow –Transplanted Aman.  

(c) Groundwater abstraction for dry-season irrigation 

Groundwater abstraction for dry-season irrigation is widespread in Bangladesh that accounts for 

~80% of all groundwater use for irrigation at shallow depth (<50 m bgl). In Bhuanpur site, 

groundwater-fed irrigation for Boro rice cultivation (from mid-January to mid-May) is common. 

At the peak (March/April) of the irrigation season of 2012−13 an estimated 2638 shallow (35-55 

m) pumping boreholes and 18 deep (90-150 m) operated in Bhuanpur Upazila according to a field 

survey. Hence, accumulated effect of regional groundwater abstraction during the irrigation season 

produces daily perturbations in groundwater heads. For example, Appendix Figure A-5 shows 

higher daily fluctuations commencing from the end of January until mid- May. Similar findings 

were also previously reported by Harvey et al. (2006). Abstraction rates become high in March 

and April with a diurnal variation in hydraulic head of ~100 mm. Similar observations are evident 

for lean periods in 2009. With the onset of monsoonal rainfall, the amplitude of change in hydraulic 

head drop gradually decreases and during May the amplitude becomes ~80 mm·day-1.   



47 
 

 

Figure 2.7: (a) High-resolution (half-hourly) field observations of normalised (i.e. subtracting 

the mean) groundwater-levels (red) and hourly surface water levels (black) in River Dhaleshwari 

at Savar site; (b) daily (i.e. sum of half-hourly records over 24 hours) rainfall observations (blue) 

and daily rainfall (pink) from nearby BMD station to fill in gaps in field monitoring records; (c) 

hourly fluctuations in groundwater-levels, calculated by subtracting a 1-hr moving average from 

the observational records; inset (d) on the top panel (a) is shown in supplementary; and (e) on 

the middle panel (b) highlights an extreme rainfall event. 
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2.5.3.1 Groundwater-level dynamics in the Plio-Pleistocene environment 

High-frequency (half-hourly) monitoring (February 2009 to April 2011) at Savar site, located in 

the Plio-Pleistocene environment, illustrates diurnal to seasonal fluctuation patterns in observed 

groundwater-levels (GWLs). Hourly GWLs are subjected to regular high-frequency variations 

other than the seasonal signal (Figure 2.7). Frequency analysis on the observed GWLs at Savar 

site reveals (Appendix Figure A-9 and Appendix Figure A-10) two dominant signals: (i) once daily 

(~24 hourly) S1 or solar diurnal signal and (ii) twice daily (~12 hourly) S2 or principal solar 

semidiurnal signal. Additionally, a near-daily (23.92 hourly) signal is also apparent that 

corresponds to K1 or lunar diurnal signal. Barometric pressure records also show strong S1 and 

S2 signals. These are earth-tide signals associated with periodic fluctuations of barometric pressure 

resulting from fluctuations in solar radiation (Acworth et al., 2014). However, the amplitude for 

these earth-tides, particularly S1 and S2 signals vary noticeably between dry and wet seasons (see 

Appendix Figure A-9 and Appendix Figure A-10).  

However, surface water levels in the nearest rivers (River Dhaleshwari, BWDB station number 

SW-69; River Bangshi, BWDB station number SW-14.5) (Figure 2b) are influenced by tides, 

particularly during the dry-season low-flow condition. In particular, 14.76 daily cycles 

corresponding to lunisolar synodic fortnightly (Msf) signal is associated with spring and neap tides 

at Savar for both the rivers, namely, Bangshi and Dhaleshwari (Appendix A-12). Although the 

adjacent SWLs are influenced by smaller tidal range, the semi-confined aquifer appears to have 

no lunar impact on GWLs. In general, zero mean head oscillations in Figure 2.7 (c) do not show 

any significant variations over the seasons or years. There are few episodic spikes which are 

detected to be associated with the sudden rise of piezometric levels but cannot be clarified during 

this study.   
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Groundwater at Savar occurs under semi-confined condition getting towards unconfined condition 

over the years. On the first year of high-frequency observations on 2009, maximum GWL is found 

to fluctuate within semi-confined environment during the monsoon but later during the lean period 

minimum GWL gets down to unconfined aquifer system. However, next year on 2010 both 

maximum and minimum heads are found to vary within unconfined aquifer system alone with 

suppressed seasonality. Such cases are typically true for GWL of DH115 after 2004 becoming 

semi-confined to unconfined in nature with mining situation. As a result, almost no seasonality 

signal has been found in recent time-series hydrographs of DH115 (see Figure 2.4b). Cases with 

loosing seasonality signals were observed by Shamsudduha et al. (2011) and cases with similar 

transition in storage (confined to unconfined) were also mentioned in Figure C6.4.7 of WARPO 

(2000a).  

On an annual scale, Savar shows more gradual and smoother seasonal rise (0.5 to 1 m) in hydraulic 

head. The barometric efficiency estimated for this site is low (77%). But it appeared in Figure 

2.5(c) that the hydraulic response to nearby SWL at Savar is smoothed and delayed by one and 

half months. In particular, cross correlation between annual time-series (2009-2011) of SWL and 

GWL is ~0.7 with a maximum lag of nearly 2 months. Over the period of two consecutive years 

in Figure 2.7(a), the second peak in hydraulic head in 2010 is lower (by ~1.5 m) and delayed by 

one month (from October to November) relative to 2009. Similar features are also noticeable in 

the Figure 2.5 (c) and Appendix Figure A-1b.  

These seasonal pulses of GWLs may occur due to the indirect / focused recharge through the 

incised antecedent drainage channels that cut through the overlying surface clays into the 

underlying sands (BGS and DPHE, 2001). In some places, such fault-controlled rivers may be 

connected with the aquifer by semi-permeable materials. Lateral discontinuity in clays and silt 
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may also exist in this particular location allowing hydraulic connection between the river channels 

and shallow aquifers. Indirect, focused recharge of Plio-Pleistocene terrace deposits were 

documented in Burges et al. (2011) which claimed such mechanism is the dominated source of 

pollution of groundwater in Dhaka. Similar process was also speculated in Ravenscroft and 

Rahman (2003) and by Zahid et al. (2008).  

It can be also checked from the zero mean head oscillations (see Figure 2.7c) that no significant 

response of rainfall to piezometric level is noticed. Hence, it can be implied that for Pleistocene 

surface geology, vertical contribution of recharge from direct rainfall is absent. On 28th July 2009, 

333 mm·day-1 rainfall in Dhaka was found to be the second highest one-day rainfall in the past 60 

years period (Ahammed et al., 2014; Murshed et al., 2011). At the same day Savar study site 

experienced similar extreme rainfall event of ~90 mm·hr-1 that led to ~320 mm·day-1. But even 

under such extreme rainfall event, no hydraulic head response was observed (Figure A4).  

2.5.3 Discussion 

GWLs responses at Bhuanpur are the proof of direct, localised recharge and discharge occurring 

for Holocene surface under a high hydraulically conductive surface geology. Here, vertical 

contribution of local rainfall is direct along with significant influence from nearby hydrological 

regime having a fast catchment response time. Likewise, extensive irregular hydraulic head 

oscillation during the discharging period distinguishes localised irrigation period from the natural 

regional recession. In addition, no trend in long-term groundwater level fluctuations at nearby 

GWL monitoring sites also implies the area to be a potential source for capturing increased 

recharge. These may allow more extraction of groundwater during the lean period.  
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Figure 2.8: Conceptual diagrams summarizing shallow groundwater recharge processes in the (a) 

Holocene (e.g., Bhuanpur site) and (b) Plio-Pleistocene environments (e.g., Savar site) in 

Bangladesh. On both diagrams, blue and red horizontal lines indicate general position of 

groundwater-levels during the monsoon and dry seasons, respectively. 
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On the contrary, rainfall reflection is null for Savar i.e., where comparatively impermeable surface 

geology produces confining conditions suggested by the strong diurnal and barometric oscillations. 

GWLs at Pleistocene do not reflect a water balance (recharge/discharge) even under extreme 

rainfall events. However, small seasonal (i.e., monsoon) pulses can be explained by the presence 

of hydraulically connected loosing streams that gain relative positive head differences during the 

wet season only. Overall, presence of a time-lag between SWL and GWL also suggests that there 

is no obvious poroelastic effects in both Savar and Bhuanpur sites. In summary, Savar’s semi-

confined aquifer has regular barometric pressure responses largely dependent on the diurnal and 

semi-diurnal solar frequencies. But head oscillations at Bhuanpur are assigned to pump on/off 

cycles not due to barometric or diurnal signals. GWL fluctuations at Bhuanpur can be assumed to 

result primarily or entirely from advection (groundwater flow/movement) whereas Savar responds 

in part to barometric pressures and perhaps mostly to indirect poor hydraulic regional connections. 

The results of this evaluation demonstrates that compared to all physical processes for recharging 

Holocene deposits, one of the major component, i.e., direct rain-fed recharge is missing for 

Pleistocene soil (Figure 2.8).  

Groundwater depletion is pronounced in areas where low hydraulic conductivity of surficial soil 

typology inhibits rainfall-fed recharge. On the contrary, higher permeable surface geology in 

Holocene deposits is a higher potential source of capturing more induced recharge through 

allowing more extraction of groundwater during the lean period. This evidence based analysis is 

expected to reinterpret (or improve) precision in the quantification of recharge analyses in 

Bangladesh.  

Although previous researches (Burgess et al., 2011; Ravenscroft and Rahman, 2003; WARPO, 

2000a) in the Bengal Basin hypothesised groundwater recharge regimes for such typologies, this 
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study provides a detailed explanation of recharge mechanism using high-frequency observations. 

Recharge assessments that assume direct rain-fed process will consequently be proved inadequate 

to explain the magnitude and nature of recharge in the deltaic environment. Fundamentally, this 

research highlights the importance of indirect (focused) recharge more widely. Consequently, 

changes in river discharge are critical in understanding the direct impact of climate change and 

human use on recharge in Asian mega deltas.  

2.6 Summary 

Groundwater is used intensively in Bangladesh but the processes by which groundwater is 

replenished in these deltaic systems remain inadequately understood. Shallow groundwater in 

Bangladesh, similar to other Asian Mega-Deltas, primarily occurs within two dominant 

depositional environments comprising permeable surficial deposits of the Holocene age and the 

Plio-Pleistocene terrace deposits overlain by a thick relatively impermeable clay formation 

(Madhupur Clay). Drawing insight from hourly monitoring of groundwater and rainfall in these 

two contrasting settings and longer-term, lower-frequency records of groundwater-levels, river 

stage and rainfall, an evidence-led conceptual model of recharge processes in these two 

environments is described. Based on the observational records and analysis thereof, one can realise 

that both direct and indirect recharge process occur in Holocene deposits (e.g. at Bhuanpur site); 

on the other hand, indirect linkage from river channels is believed to dominate recharge in Plio-

Pleistocene deposits (e.g. at Savar site). The latter belief can be attributed to the fact that incision 

has enabled a direct hydraulic connection between river channels and the Plio-Pleistocene aquifer 

underlying the Madhupur Clay. Seasonal cycles of recharge and discharge including the onset of 

dry-season groundwater-fed irrigation are well characterised by compiled observational records. 

Since, direct recharge is prevented by the impermeable Madhupur Clay, groundwater depletion is 
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pronounced in Plio-Pleistocene environments and this is evident from declining groundwater-

levels with a diminished seasonality. On the contrary, Holocene environments are characterised 

by a more permeable surface geology which enables intensive shallow groundwater abstraction to 

enhance direct and indirect recharge in this environment. Now, simple soil-water balance tools and 

large global-scale models for estimating groundwater recharge only consider direct, rain-fed 

recharge and exclude indirect recharge derived from surface waters. The vital contributions of 

indirect recharge of shallow groundwater identified in both depositional settings in the Bengal 

Basin crucially highlight the critical limitation of applying these models for estimating 

groundwater recharge in Asian Mega-Deltas in general and Bangladesh Delta in particular.  
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Chapter 3 

DEFINING AQUIFER TYPOLOGIES IN BANGLADESH FROM LONG-TERM 

TIME-SERIES OF HYDROGRAPH CHARACTERISTICS  

3.1 Introduction 

The local-scale conceptual model derived in Chapter 2 argues that the shallow groundwater-levels 

underlying a permeable surface geology respond to vertical components of (local) direct, rain-fed 

recharge and pumpage for irrigation whereas in case of the Pilo-Pleistocene deposit, vertical 

groundwater movement is, on a local scale, unrelated to direct rainfall but seasonal fluctuations 

might be influenced by well-connected regional flux, in particular, by cut through incised river 

channels. This new insight into recharge process provides a motivation to systematically 

investigate definite categories of time-series hydrographs that exhibit similar aquifer 

characteristics (like Savar and Bhuanpur in Chapter 2) at the national level in Bangladesh delta 

environment. However, acquiring massive body information, observations and variables requires 

much lengthier analysis time and a big budget. In order to simplify hydrologic complexity, 

therefore, an attempt was made to cluster the hydrologic phenomenon from the univariate time 

series of groundwater level data that are observed at the national scale in Bangladesh. 

Subsequently, using the national scale groundwater level database the types of aquifer 

characteristics in Bangladesh have been clustered based on the long-term time-series hydrographs, 

which represent manifestation of the responses to the recharge-discharge phenomenon. The main 

objectives of the research presented in this chapter are as follows: (i) to identify the distinguishable 

dominant regular patterns of time-series hydrographs, if any (ii) to interpret the characteristics 
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responsible for such regular patterns of responses of aquifers and (iii) to cluster Bangladesh part 

of the Bengal aquifer based on similarities of aquifer responses. 

Spatial and temporal variations in groundwater hydrographs represent the aquifer’s response to the 

recharge–discharge phenomenon. Comparison of time-series hydrographs therefore provides an 

insight into the nature of the aquifer. In fact, the interpretation of a particular set of long-term series 

groundwater level plays a significant role in explaining the recharge process of a particular area or 

aquifer. With this backdrop, this chapter aims to identify different dominant aquifer characteristics 

categorised by the patterns exhibited in long-term hydrograph patterns. .  

3.2 Theory on the Time-series Clusterization  

Clustering is an unsupervised machine learning method for partitioning dataset into a set of groups 

or clusters. The literature on representations for time series clustering was extensive (Liao, 2005; 

Wang et al., 2013). Briefly, there are two basic representation types, namely, (a) instance-based 

and (b) feature-based (Fulcher and Jones, 2014) representation. When a fixed/part of a time series 

shows meaningful patterns that are compared by matching those to the similar instances of time, 

the approach is referred to instance-based. If such matching is done between equal length parts of 

the two time series datasets in the same time frame, then it is called as whole sequence similarity 

search. Another approach, known as the sub-sequence similarity search, matches a particular 

extracted part (or instance) of the first time series data to the segments from a second dataset. 

Clustering based on flood hydrograph by Mishra et al. (2015) and Yuelong et al. (2008); surface 

runoff  by Dunne (1983) were the examples of sub-sequence similarity search. Feature-based 

clustering involves representing time series using a set of derived properties, or features, and 

thereby transforming the temporal problem to a static one. Clustering process for time series 
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involves proper selection of linkages and distance algorithms as discussed in the following 

subsections:  

3.2.1   Clustering Algorithms  

Clustering algorithms can be broadly classified into two categories, namely, non- hierarchical 

(partitioning method) k-means and hierarchical (agglomerative or divisive) methods. A detailed 

description on different clustering methods are beyond the scope of this thesis. Interested readers 

are therefore referred to the relevant literatures (e.g., Romesburg, 2004) for details. Only a brief 

on commonly used methods is discussed below:  

The k-means clustering procedure splits a set of objects into a selected number of groups by 

maximizing between-cluster variation and minimizing within-cluster variation. This method is 

efficient for large datasets, and results are often sufficiently accurate. However, the subjectivity of 

the initial cluster centroids may introduce bias which should be taken into consideration. Further, 

the method is sensitive to the presence of outliers. Often other common algorithms, namely, PAM 

(Partitioning around medoids) and CLARA (Clustering LARge Applications) are also used as non-

hierarchical methods. PAM is similar to k-means, but considers other dissimilarities besides 

Euclidean distance. CLARA is a sampling-based algorithm that implements PAM on a number of 

sub-datasets. 

In Hierarchical Clustering, initially, each object (i.e., case or variable) is considered as a separate 

cluster. Clusters are combined based on their “closeness” using one of many possible definitions 

thereof until all objects are combined into one single cluster. The term ‘closeness’ is computed 

using linkage methods. Commonly used hierarchical linkage methods are mentioned below: 

(i) Single linkage (nearest neighbour) groups according to the smallest distance between 

objects in two groups (Sokal and Sneath, 1963);  
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(ii) Complete linkage (furthest neighbour) use the largest distance (Sørensen, 1948);  

(iii) Simple Average (Weighted Pair-Group) linkage is based on the average distance 

between all pairs of objects, each of which comes from a different group (Michener 

and Sokal, 1957);  

(iv) Group Average (Unweighted Pair-Group) linkage follows a similar process like 

average linkage where the distances between the newly formed cluster and the rest are 

weighted based on the number of data points in each cluster;  

(v) In Centroid (Unweighted Pair-Group Centroid) linkage the centroid is computed as the 

mean of all points in a cluster (Michener and Sokal, 1957);   

(vi) Median linkage is similar to the centroid linkage, except for that equal weight is given 

to the clusters to be merged (Gower, 1967).  

(vii) In Mcquitty linkage, the distance depends on the combination of clusters instead of 

individuals within each cluster. When two clusters are joined together, the distance of 

the new cluster to any other cluster is calculated as the average distance between the 

two clusters that are being joined and the other clusters. 

(viii) Density or k-linkage uses nonparametric probability density estimation (Wong and 

Lane, 1983); and  

(ix) In Ward’s minimum variance algorithm, the distance between two clusters is the 

ANOVA sum of squares between the two clusters added up over all the variables 

(Ward, 1963).   

Hierarchical clustering proceeds first by computing a dissimilarity matrix. As the measure of 

dissimilarity either of the following distance functions can be used:  
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1) Euclidean distance is the root sum-of-squares of differences, which is most commonly used 

and can be written as follows: 

𝑑𝑟𝑠
2 = ∑ (𝑥𝑟𝑘 − 𝑥𝑠𝑘)2, … … … … … … … (𝑖)

𝑛

𝑘=1
 

where  rth  and  sth  rows  of  the  data  matrix X is  denoted  by  (xr1,  xr2,  ..., xrn)  and  (xs1,  

xs2,  ...,  xsn), respectively.  These two  rows  correspond  to  the  observations  on two  

objects  for  all  n variables.  The quantity  𝑑𝑟𝑠
2  will be referred to as the squared Euclidean 

distance. 

2) Maximum distance is the maximum difference,  

3) Manhattan distance is the sum of absolute differences in each dimension,  

4) Canberra distance is similar to the Manhattan distance; except for the fact that here, the 

absolute difference between the variables of the two objects is divided by the sum of the 

absolute variable values prior to summing. 

5) Dynamic Time Warping Distance (DTW) generalises the classical algorithms to compare 

discrete sequences to continuous value sequences and is expressed as follows: 

𝑚𝑖𝑛𝑖𝑚𝑢𝑚
√∑ 𝑊𝑘

𝑘
𝑘=1

𝑘
… … … … … … … … … (𝑖𝑖) 

where, Wk is the within-cluster variation for the kth cluster. 

For any given time series clustering application, the key is to understand the unique characteristics 

of the subject data and then to design an appropriate similarity/ dissimilarity measure accordingly. 

Subsequently, the dissimilarity matrix is used with any of the linkage clustering algorithms 

(mentioned above) to group similar objects and object-groups successively into a hierarchy of 

clusters which are represented in a dendrogram (i.e., a tree diagram). A dendrogram in fact shows 

the sequence in which the objects are combined into groups. The lengths of the branches on a 
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dendrogram indicate the degree of dissimilarity between the objects in the cluster (McGarigal et 

al., 2000). Objects or groups of objects that are more similar are connected by shorter branches. A 

scale on the dendrogram shows the dissimilarity (distance) among object groups.  

3.2.2   Methods for Determining the Optimal Number of Clusters  

There are different approaches to fix the number of clusters. Among those techniques most widely 

used traditional methods are: 1) Elbow/knee method 2) Silhouette method and 3) Gap statistics. 

They are briefly explained as follows: 

1) Elbow/knee method: The basic idea behind partitioning methods, such as k-means clustering, 

is to define clusters such that the sum of squares (𝑑𝑟𝑠
2  in equation (i))within a group is 

minimised as shown below: 

𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∑ 𝑊(𝐶𝑘), … … … … … … … … (𝑖𝑖𝑖)
𝑘

𝑘=1
 

where, Ck is the kth cluster and W (Ck) is the within-cluster variation.  

Then, the total within-cluster sum of square is plotted against the number of clusters (k). The 

location of a bend (knee) in the curve plotted is generally considered as an indicator of the 

appropriate number of clusters. 

2) Silhouette method: This approach measures the quality of a clustering by determining how 

well each object lies within its cluster. A high average silhouette width indicates a good 

clustering. Average silhouette method computes the average silhouette of observations for 

different values of k (i.e., the number of clusters). The optimal value of k is the one that 

maximises the average silhouette over a range of possible values for k  (Kaufman and 

Rousseeuw, 1990). 
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3) Gap statistics method: This method compares the total within intra-cluster (W (Ck) in equation 

(iii)) variation for different values of k with their expected values under null reference 

distribution of the data, i.e. a distribution with no obvious clustering (Tibshirani et al., 2001). 

It  takes  a  range  of  k  values  and  finds  minimum of equation (iv) as Wk for  each  k.  To 

model  the  reference  values,  a  number,  B,  of  uniform  random  reference  datasets  over  

the  range  of  the  observed  data  are  generated  so  that  the values  WKb  for  each  b=1,...,B  

in equation (iv) can be obtained.  The Gap statistic is defined as 

𝐺𝑎𝑝(𝑘) = 1/𝐵 ∑ 𝑙𝑜𝑔(𝑊𝑘𝑏) − 𝑙𝑜𝑔(𝑊𝑘) … … … (𝑖𝑣)

𝑏

 

Then the average  Gk =
1

B ∑ log(𝑊𝑘𝑏)𝑏
… … … … … … … (𝑣) 

and its standard deviation  𝑠𝑑𝑘 = [
1

B ∑ (log(𝑊𝑘𝑏)𝑏
− 𝐺𝑘)2]

1

2 … … … … … (𝑣𝑖)  

are computed leading to  𝑠𝑘 = 𝑠𝑑𝑘√1 + 1/𝐵 … … … … (𝑣𝑖𝑖) 

The  estimate  of  k*  is  the  smallest  k  such  that  Gap(k) ≧Gap(k+1)-sk+1 

NbClust package in R language platform provides several such indices including 28 others (as 

described by Charrad et al., 2014) for determining the relevant number of clusters. The package 

functions also proposes the best clustering scheme from the different results obtained by varying 

all combinations of number of clusters, distance measures, and clustering methods. The function 

assumes the data are scaled. The package (usually) automatically finds the "correct" number of 

components. The function then goes about calculating the cluster centres for the dataset, for 

varying number of clusters.  
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3.2.3 Clustering Validation 

Clustering methods will return clusters even if the data do not contain any meaningful clusters. 

Note here that the term ‘meaningful’ varies drastically from domain to domain or even across 

problems / instances within a domain. Therefore, a big issue is to validate the quality of the result 

after clustering. The approaches discussed in Section 3.2.2 for determining the optimal number of 

clusters can also be used as the procedure for the clustering validation. When these methods are 

applied to evaluate the clustering structure by varying the number of clusters, k, for the same 

algorithm, it is referred to as the ‘relative clustering validation’. Another widely used approach is 

the internal clustering validation. Internal clustering validation uses the internal information of the 

clustering process to evaluate the ‘goodness’ of a clustering structure without any reference to the 

external information. It can be also used for estimating the number of clusters as well as for 

selecting the appropriate clustering algorithm without any external data. Internal validation 

measures often reflect the compactness, the connectedness and separation of the cluster partitions. 

These terms are discussed below. 

Briefly, connectivity indicates to what extent items are placed in the same cluster as their nearest 

neighbours in the data space. The connectivity has a value between 0 and infinity and should be 

minimised. The compactness measure evaluates how close are the objects within the same cluster 

and the separation measure determines how well-separated a cluster is from other clusters.  A lower 

within-cluster variation is an indicator of a good compactness (i.e., a good clustering). Silhouette 

width and Dunn index combine measures of compactness and separation of the clusters. The values 

of Silhouette width range from -1 (poorly clustered observations) to 1 (well clustered 

observations). The Dunn index is the ratio between the smallest distance between observations not 

in the same cluster to the largest intra-cluster distance. It has a value between 0 and infinity and 
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should be maximised. Generally most of the indices used for internal clustering validation combine 

compactness and separation measures as follows: 

Index = 𝛼×𝑆𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛

𝛽×𝐶𝑜𝑚𝑝𝑎𝑐𝑡𝑛𝑒𝑠𝑠
, … … … (𝑣𝑖𝑖𝑖) 

where α and β are weights. 

3.3 Data and Methods Applied  

The primary objective of this analysis was to cluster groundwater-level hydrograph observations 

exhibiting similar fluctuations into homogeneous groups so that there is a high degree of 

association within groups and a low degree of association among groups (Anderberg, 1973).  There 

were no absolute date restrictions for the cluster analysis, but stations (or objects) were required 

to have non missing continuous water level records for the concurrent-period analysis. Therefore, 

first, quality assured longer records of 786 monitored wells were picked out of a total of 1265 

wells that are monitored by the Bangladesh Water Development Board (BWDB). In particular, 

station records that show less than 10% missing values were finally selected for the cluster 

analysis. This also ensures that there cannot be two maximum consecutive missing years. This 

resulted in time series data of 464 stations available for analysis. Subsequently, data in each row 

(i.e., each station record) were standardised by subtracting the row mean. Each of these stations 

has an explanatory time series spanning over the exactly same time period (i.e., recent 20 years 

between 1994 and 2013). Hence, this concurrent-period analysis in clustering can be considered 

as the whole sequence similarity search where data (i.e., variables) of the groundwater level time-

series hydrographs are seen as multidimensional time series known as geo-referenced time series 

(Kisilevich et al., 2009).  
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As cluster analysis is an exploratory data analysis technique, no single method- simple or complex- 

exists that can set the right number of clusters for any particular dataset. This implies that in 

clustering often the correct number of clusters in unknown. One clustering may be better than 

another by one metric, and the reverse may be true using another metric. And in some situations 

two different clustering could be equally probable under the same metric. In this study, at first, 

attempts were made to find the optimal number of cluster solutions following the three traditional 

methods described in the Section 3.2.2. Subsequently, nine other indices were computed using the 

‘NbClust package’ in R programming language platform. Finally, frequency analysis for all model 

solutions were done to get the best result. However, the best result always differs depending on 

the target application. Evidently,  if  there  is  no visual  perception  of  the  clusters  it  is  impossible  

to assess  the validity  of  the  partitioning.  It  is  important  then  to  be  able  to  choose  the  

optimal partitioning of a data set as a result of applying different algorithms with different linkage 

methods. Hence, for both non-hierarchical and hierarchical methods of clustering (see details in 

Section 3.2.1), different results were observed by varying all combinations of number of clusters 

(considered from 2 to10), distance measures (i.e., Euclidean, Maximum, Manhattan and Canberra) 

and clustering methods (i.e., Mcquitty, Complete, Ward, Average, Median and Centroid).  

3.4 Previous Studies 

Most of the hydrological clustering exercises were undertaken for regionalizing hydrologic 

phenomena such as rainfall (e.g., Gong and Richman, 1995; Hong-fa, 2012; Nourani et al., 2014; 

Soltani and Modarres, 2006; Zhang et al., 2001), streamflow (e.g., Armstrong et al., 2008; Chen 

et al., 2016; Corduas, 2011; Lian and Chen, 2008; Ouyang et al., 2010; Rodrigues et al., 2008), 

groundwater (e.g., Bloomfield et al., 2015; Vernieuwe et al., 2007) etc.. Feature based groupings 

were commonly found in most of the clustering unlike in Hannah et al. (2000) where combination 
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of both feature and instance based time series was used. Several feature based clustering examples 

considered flow regime components of a single river (e.g., Parsons et al., 2003) or rivers in a 

catchment (e.g., Leigh and Sheldon, 2008; Pegg and Pierce, 2002) or catchments (Olden et al., 

2012; Sawicz, 2013) at a variety of spatial scales. Most of these groupings measured statistics of 

possible hydrological indices (see list suggested by Yadav et al., 2007) with/without diverse 

combinations of geological characteristics, such as, soil type, land cover, vegetation, topography 

etc. Among such works, clustering by grouping soil texture (Bormann, 2010); climate, topography 

and geology (Winter, 2001); physical features, e.g., area, channel length, channel slope (Rao and 

Srinivas, 2006) etc. were noteworthy. A discussion on choosing the right combination to discern 

clusters is relevant to a classification (i.e., supervised machine learning) system but is omitted here 

since such discussion are easily available elsewhere (e.g., Wagener et al., 2007; Yadav et al., 

2007). Again, different cases of clustering use different mathematical techniques to detect groups 

of similar metrics. Some examples are briefly mentioned below: 

Mishra et al. (2015) used k-means clustering, Dynamic Time Warping (DTW), Agglomerative 

Hierarchical Clustering (AHC), Ward’s criterion to apply sub-sequence similarity measure on 

daily discharge time series data  to analyse the behavioural characteristics of rivers discharge 

during the rising of high floods. Rao and Srinivas (2006) employed eight common linkage 

algorithms (as described in Section 3.2.1) to identify groups of similar catchments according to 

their flow regimes using the k-means. Whole sequence similarity search by Corduas (2011) used 

the Euclidean distance clustering among Autoregressive weights for a set of daily streamflow 

series recorded at sites in Oregon and Washington State. Kahya et al. (2007) considered results of 

a hierarchical, average-linkage algorithm to help identify an optimal number of clusters for 

subsequent flat classification of streamflow patterns in Turkey using k-means clusterings.  
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3.5 Results and Discussion 

3.5.1 Assessment on the Optimal Number of Clusters (k) 

The exact number of groups is a subject to constant evaluation. Also, the dynamic behaviour of 

the time-series hydrographs makes it more complex. Therefore, this research discusses and 

compares both clustering methods, namely, non-hierarchical and hierarchical ones with a goal to 

choose optimal number of clusters. This assessment of choosing optimal number of clusters was 

performed mainly in three steps.  

Firstly, for non-hierarchical methods commonly used partitioning functions, namely, k-means, 

PAM and CLARA were applied (results are shown in Figure 3.1). Here, the indicators for the 

optimal number of clusters (k) are the total within sum of square in the ‘Elbow/Knee’ method, the 

average silhouette width in the  ‘Silhouette’ method and gap statistics (K) in the ‘Gap-stat’ method, 

respectively. Graph for the Elbow method in all partitioning functions shown in Figure 3.1a does 

not show any clear indication of sharp turning. On the contrary, the Silhouette method has 

consistently suggested two as the optimal number of clusters. However, the Gap statistics method 

proposes different cluster numbers (k) ranging between 5 to10 for different partitioning functions.  
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(a) 

 

(b) 

 

(c) 

 

Figure 3.1: Graphs suggesting optimal number of clusters (k) estimated by Non-hierarchical 

partitioning functions namely k-means, PAM and CLARA.   

Subsequently, to generate the optimal scores the internal validation experiment was done over the 

dataset by varying the number of clusters. The plots of Connectivity, Silhouette width and Dunn 

index are given in Figure 3.2. As already discussed in Section 3.2.3, the ideal number of clusters 

would be the point where the connectivity index is the minimum, the Silhouette width is the 

maximum and the Dunn index is the maximum. So by interpreting the graphs, the optimal number 

of clusters for the 465 time series dataset was identified to be k=3 by Dunn index and k=2 by the 

other two indices, namely, Connectivity index and Silhouette width. Notably, all cases show 

hierarchical method as the optimal method for clustering of the given dataset.  
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Figure 3.2: Graph plots for internal cluster validation to choose optimum cluster numbers. 



69 
 

Finally, NBClust package in R programming language was used to calculate and compare various 

hierarchical solutions. But, various combinations of hierarchical methods resulted in various 

number of clustering solutions. Figure 3.3 presents the frequency diagram for clustering numbers 

being between 1 and 10 considering both non-hierarchical and hierarchical clustering methods. 

Most of the methods proposed two clusters as the best solution for the time series dataset. A 

number of methods also suggested k = 3, 6 and 10 as the number of clusters. Note that, the correct 

number of clusters is always subjective.  

 

Figure 3.3: Frequency graph with the count of the indices estimated using the NBClust Package. 

 

3.5.2 Assessment on Clustering  

To explore the variability of aquifer responses, the cluster analysis was used to characterise 

groundwater level hydrograph based on features of magnitude and time series. Both non- 

hierarchical (k-means) and hierarchical cluster analysis methods are used for different cluster 
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numbers, k, ranging from the suggested best solution (i.e., k=2) to a maximum of 10 for the same 

said period (1994-2013). For each of the distance measures all the linkage methods described in 

the Section 3.2.1 were applied during this analysis.  

Decision upon the optimal number of clusters can be achieved by asking an expert on the system 

in question and there should always be an objective attached to the system under consideration. 

For example, Bloomfield et al. (2015) used  a rule-based approach in identifying the number of 

clusters based on observations and knowledge of the spatial variation of the general hydrogeology 

of the study area with a specific target in mind. Similarly, this study used the outcome knowledge 

on the conceptual recharge-discharge phenomenon that is gained in Chapter two. The target was 

to identify the smallest number of clusters that (i) broadly defines the aquifers across Bangladesh 

depending on the recharge-discharge phenomenon and (ii) distinguishes the physical patterns of 

the ground water time-series hydrographs in terms of trends and fluctuation amplitudes. 

Finally, clusters are settled at more physically interpretable groupings where patterns of all time-

series hydrographs are comparable to each other. Visual verification is also used in order to ensure 

that each selected pattern of the group is visibly different from the other patterns. Because, it is 

important that two or more patterns of the clusters do not overlap. The results of the finalised 

Hierarchical Clustering is displayed in Figure 3.4 in the form of a dendrogram using Canberra 

distance as the measure of dissimilarity and Ward.D2 method as the primary clustering algorithm 

with the cluster numbers fitted at k = 5. A dendrogram consists of many U-shaped lines (referred 

to as U in what follows) that connect data points in a hierarchical tree. The height of each U on the 

vertical axis, represents the distance between the data points being connected. The higher the 

height of the branch (i.e., U), the less similar the observations are. Note that, the proximity of two 

observations along the horizontal axis cannot be taken as similarity criteria.  
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Figure 3.4: Cluster dendrogram formed by the hierarchical method (i.e., Canberra dissimilarity 

measure for Ward.D2 Linkage cut at cluster numbers k=5) of groundwater time series for the 

period 1994-2013. 

3.5.3 Characteristic Features of the Clustered Time-series Hydrographs 

Five clusters were derived in the previous section. Each of the members of a cluster shares a similar 

pattern in terms of shape. The groundwater level hydrograph time series for each cluster is plotted 

against the long-term mean in Figure 3.5, which helps characterise features of each group. Table 

3.1 shows the overview of the time-series records for each group and their corresponding statistics. 

In general, all time-series of groundwater-level hydrograph have been experiencing somewhat less 

or more declining (linear) trends for both dry and wet periods. These declining features are 

indicative of an increase in the ground water usage.  These five groups have varied among 

themselves in differences in seasonality and water level trend conditions in dry and/or wet seasons. 

The main qualitative observations on the clusters are outlined below in terms of groundwater-level 

(GWL) trends and annual fluctuations (referred to as seasonality interchangeably) of the time-

series hydrographs: 
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- CL1 cluster has an overall form showing common patterns with slightly declining mean GWL 

trends, albeit, with no change in seasonality. These characteristics could mean any one or more of 

the following: (i) shift in seasonality may have occurred prior to the census period (1994-2013); 

(ii) pumping is limited in the specific locations of these monitoring wells; and (iii) pumping is 

insufficient to amplify seasonality in these locations. Hence, a quick manual check with this 

category of time-series hydrographs was made for the period prior to 1990s. A total of 55 time-

series hydrographs (33%) belonging to CL1 were visually observed with a shift in seasonality 

since late 80s. In essence, this cluster can be considered as temporally coherent with the category 

of TA014 of Bhuanpur (shown in Chapter 2). 

- CL2 appears to show slight decline in GWLs and seasonality (compared to CL1) trend. 

Otherwise, CL1 and CL2 appear mostly similar in other aspects.  

- CL3 demonstrates reduced (to diminishing) seasonality and (highly) declining trends with both 

the characteristics being stronger relative to other clusters. In essence, this cluster can be 

considered as temporally coherent with the category of DH115 of Savar (shown in Chapter 2). 

Spatial distribution of CL3 cluster (displayed in the Figure 3.6) is found to be located under the 

overlying low-permeability formation (i.e., Pleistocene) that predominantly shows semi-confined 

behaviour (Ravenscroft and Rahman, 2003). The spatial and temporal coherence in this cluster 

exhibiting suppressed seasonality with downward trends may be interpreted as indicating the 

presence of more discharge over recharge including a potential transition of groundwater table 

from confined to unconfined. Details on similar abrupt step changes in seasonality are explained 

previously in the Section 2.5.1 of Chapter 2. Additionally, such transition in groundwater-levels 

are found to be valid for aquifers under Madhupur tract and Barind Clay (WARPO, 2000a; 

Shamsudduha et al., 2011).  
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- CL4 represents suppressed seasonality with moderate declining trends in both wet and dry 

seasons. CL4 exhibits greater annual fluctuations over CL1 through CL3. These features are 

indicative of greater ground water use. Further, the properties (e.g., suppressed seasonality) of CL4 

have similarities to the early year records of CL3, which subsequently changed to diminishing 

seasonality. Therefore, CL4 can be categorised as the transitional borehole records before 

transforming into CL3.  

- CL5 appears to show an increase in seasonality and has similar slightly declining trends as CL1. 

Notably, CL5 exhibits very high annual fluctuations compared to other groups, albeit, with a 

minimal effect on the wet-period replenishment rate. These features can be attributed to the 

increased induced recharge.   

Table 3.1 Overview on each clusters in general. 

Group 
Mean: 
Trend, 
cm/yr 

Dry-period: 
Trend, 
cm/yr 

Wet-period: 
Trend, 
cm/yr 

Annual 
Fluctuation: 
Trend, cm/yr 

Annual 
Fluctuation: 

Mean, m 
[Range] 

Total 
Station 
records 

Remarks 

CL1 -3 -5 -1 0 
3.3 

[1-12] 

165 

(34%) 

Slight  GWL 
declination with 

no change in 
seasonality 

CL2 -2 -3 -1 -1 
3.5 

[1-7] 

106 

(23%) 

Slight GWL 
declination with 
slight decrease 
in seasonality 

CL3 -9 -11 -7 -3 
2.9 

[1-12] 

60 

(13%) 

High GWL 
declination with 

diminishing 
seasonality 

CL4 -6 -8 -4 -2 
4.0 

[2-9] 

72 

(16%) 

Moderate GWL 
declination with 

moderate 
decrease in 
seasonality 

CL5 -3 -5 -1 1 
4.0 

[2-14] 

61 

(13%) 

Slight GWL 
declination with 

increase in 
seasonality 
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Figure 3.5: (a) Time series of all groundwater level hydrograph against the long-term mean for 

each of the five hierarchical clusters using Ward.D2 Linkage with pre-defined Canberra function 

(b) Mean groundwater-level time series of each of the said clusters.   



75 
 

 

 

Figure 3.6: Map showing the distribution of sites by clusters presented in Figure 3.5 
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3.5.4 Interpretation of the Results from the Clustering Analysis 

In this section, an attempt is made to further explain the physical basis or processes behind the 

groundwater level fluctuation behaviours seen in the five derived clusters. While the long-term 

hydrograph pattern for CL3 cluster is similar to that of the Savar study site considered for detailed 

analysis (Chapter 2) and are mostly located in similar geographical setting (i.e., in Plio-Pleistocene 

deposits), the behaviour of other clusters, mostly found in Holocene environment, cannot be 

explained fully by the behaviour observed in the Bhuanpur study site.  The Holocene geological 

setting represents about 80% of the country and is not expected to exhibit the same pattern 

everywhere. The behaviour observed in Bhuanpur site can explain only the patterns seen in CL1.   

Table 3.2 Dominant factors that are considered for the physical interpretation of cluster patterns. 

Factors / Categories Low Moderate High 
Abstraction (Q), mm  (depth per unit area) Q ≤ 150 350 > Q > 150 Q ≥ 350 

Upper Silt-clay thickness (d), m d ≤ 10 20 > d > 10 d ≥ 20 
Land Classification by Flood Phase 
(FAO-UNDP, 1988) 

F3: 1.8 - 3m 
F4: > 3m 

F2:  0.9 -1.8m F0: < 0.3m 
F1: 0.3 - 0.9m 

 

As discussed in the previous section, groundwater levels in Bangladesh fluctuate with annual 

recharge-discharge conditions, which are influenced by local geology and groundwater 

abstraction.  The fluctuations may also be influenced by local topography where local relief is 

relatively high to influence local groundwater movement. In the case of low relief, regional 

groundwater movement becomes the more dominant process.  Accordingly, all three phenomena 

- groundwater abstraction (Figure 3.7), lithology of the soil (Figure 3.8) and local topography 

represented by inundation land types (FAO-UNDP, 1988; Figure 3.9) – are considered in 

combination to present a process-based description of the clusters. Three ranges of these factors 
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were considered for interpretation of clusters: low, medium and high (Table 3.2), to help explain 

the relative degree of impact these factors may have on groundwater level fluctuation. Notably, 

manual checks of individual GWL data show that around 10% clusters display different patterns 

that were wrongly placed in different cluster categories. Majority (> 80%) of the data for each 

cluster shows definite combinations of factors (as shown in Table 3.3) dominating the specific 

pattern of that cluster. The reason behind the behaviours of the rest (i.e., < 20%) may be considered 

as anomalies. 
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Figure 3.7: Map showing the distribution of estimated abstraction (Source: Shamsudduha et al., 

2015) and clusters presented in Figure 3.5 
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Figure 3.8: Map showing the distribution of (upper) silt-clay thickness (Source: Shamsudduha 

et al., 2011) and clusters presented in Figure 3.5  
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[  

Figure 3.9: Map showing the distribution of land types according to the flood depth (Source: 

SRDI, 2007) and clusters presented in Figure 3.5 

  



81 
 

Table 3.3 A plausible physical interpretation of the cluster patterns with respect to the dominant 

factors mentioned in Table 3.2. 

Cluster Category 
(Most common 

pattern) 

Statistics 
of 

Agreement 

Irrigational 
abstraction 

Upper 
Silt-Clay 
thickness 

Land types by 
Flood Phase 

Generalised 
Comment 

CL1 
(Slight  GWL 

declination with no 
change in seasonality) 

15% Low Low 
Mixed  

(F0/F1 dominates 
50% of wells)  

1.low to moderate 
abstraction 

2.Any thickness 
of silt-clay 

3.Mixed land 
types 

12% Low Moderate Mixed  

10% Low High Mixed 

27% Moderate Low  
Mixed  

(F0/F1 dominates 
55% of wells) 

18% Moderate Moderate  Mixed  

15% Moderate High  Mixed 

CL 2  
(Slight GWL 

declination with slight 
decrease in 
seasonality) 

15% Low Moderate 
Mixed  

(F0/F1 dominates 
40% of wells) 

1.Low to 
moderate 
abstraction 

2.Any thickness 
of silt-clay  

3.Mixed land 
types 

12% Low High Mixed 

22% Moderate Moderate Mixed 

32% Moderate Low Mixed 

CL 3  
(High GWL 

declination with 
diminishing 
seasonality) 

25% High High F0 1.Moderate to 
high abstraction 

2.Moderate to 
high thickness 
of silt-clay  

3.F0 type land 

9% High Moderate F0 

16% Moderate Moderate F0 

32% Moderate High F0 

CL 4 
(Moderate GWL 
declination with 

moderate decrease in 
seasonality) 

12% High Low F0 mixed with F1 1.Moderate 
abstraction 

2.Any thickness 
of silt-clay 

3.Mostly F0 
mixed with F1 
type land 

36% Moderate High F0 mixed with F1 

38% Moderate Low F0 mixed with F1 

CL 5 
(Slight GWL 

declination with 
increase in seasonality) 

22% High Low Mixed 1.Moderate to 
high abstraction 

2.Low thickness 
of silt-clay 

3.Mostly F2 or 
mixed type of 
land 

16% Moderate High F2 mixed with 
F3/F4 

60% Moderate Low F2 Mixed with F1 
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CL 1 (Slight GWL declination with no change in seasonality):  

CL1 is found in the Holocene environment, where irrigation abstraction is low to moderate, upper 

silty clay thickness is mostly low to moderate and land type is mixed (i.e., combination of F0, F1, 

F2, and F3, with proportion of F0/F1 higher in some areas, while more or less similar in other 

areas). Clearly, the upper silty-clay layer thickness and land type have influenced the groundwater 

level fluctuation pattern for moderate abstraction.  Low thickness seems to be the dominant factor 

in areas in extreme northwestern region (e.g., Panchargarh, Nilphamari, Thakurgaon, Rangpur, 

Lalmonirhat and Kurigram districts) and areas adjacent to major rivers such as Brahmaputra and 

Teesta, where substantial opportunities for vertical rainfall-induced recharge exist.  Here the 

proportion of F0 and F1 lands is much higher; however, land slope in the extreme northwest region 

is high compared to other areas of Bangladesh, indicating opportunities for considerable 

replenishment of through lateral groundwater flow.  Mixed land type appears to have played 

greater role in some areas with high upper silty-clay thickness (e.g., Rajshahi, Mymensingh, 

Khulna and Rajbari districts) and as well as with moderate upper silty-clay thickness (e.g., 

Jhenaidaha, Faridpur, Netrokona, Kishoreganj, Tangail and Manikganj districts).  Presence of F2 

and F3 lands in a mixed setting is expected to allow lateral replenishment from higher grounds as 

groundwater flow gradient increases with lowering of water table. In areas with low abstraction 

rate, the probability of CL1 behaviour is even higher as has been the case in some areas in the 

south central region (e.g., Gopalganj, Madaripur and Barisal districts).  

CL 2 (Slight GWL declination with slight decrease in seasonality):  

The groundwater level fluctuation behaviour found for CL2 is mostly similar to that for CL1 under 

similar abstraction rates and upper silty-clay thickness.  Most of the wells identified as CL2 during 

clustering exercise fall in almost the same locations of CL1. Hence, they exhibit more or less 
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similar behaviour, albeit slight decrease in seasonality for CL2.  However, this small difference 

cannot be explained from this analysis.  In reality, dissimilarities in local-scale phenomenon, such 

as, localised pumping, less or more differences in contribution of lateral replenishment from 

nearby higher grounds in a mixed land type settings, location of an adjacent focused-recharge point 

etc. may cause slight variations in groundwater-level patterns between CL1 and CL2.   

CL3 (High GWL declination with diminishing seasonality):  

Majority of the CL3 shows the combination of moderate to high abstraction with moderate to high 

type of silt-clay thickness for F0 land types.  Such high abstraction rates in areas with high upper 

silty-clay thickness have meant that vertical recharge has not been enough to replenish dry season 

irrigational discharge.  Dominance of F0 land means low local relief and hence very little or no 

opportunities for lateral recharge from neighbouring areas. The outcome has been severe 

declination of groundwater level, with diminished seasonality owing to changed depth-averaged 

specific yield or change in aquifer condition from confined to unconfined in the case of high 

abstraction rate and high silty-clay thickness. As mentioned in previous section, CL3 behaviour is 

predominantly found in Pliestocene terrace areas of Barind and Madhupur Tracts.   

CL 4 (Moderate GWL declination with moderate decrease in seasonality):  

CL4 exhibits groundwater level fluctuation behaviour in between those exhibited by CL2 and CL3.  

Moderate (e.g., Chuadanga, Comilla and Dinajpur districts) to high (e.g., Bogra, Gaibanda and 

Sirajganj districts) abstraction volumes in relatively low thickness of upper silty clay could not be 

fully replenished neither by vertical rainfall-induced recharge nor by the local lateral recharge 

because of low relief (manifested by dominance of F0 land).  Similar phenomenon is observed in 

the case of moderate abstraction in areas (e.g., Naogaon, Pabna and Jessore districts) with high 
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silty-clay thickness and low relief. Clearly, further increase in abstraction volumes in these areas 

may create situations as in CL3 in future.     

CL 5 (Slight GWL declination with increase in seasonality):  

This behaviour is found mostly in areas with low upper silty-clay thickness under moderate (e.g., 

Tangail, Sirajganj, Kishoreganj, Dinajpur, Rangpur and Thakurgaon districts) to high (e.g., 

Joypurhat, Lalmonirhat and Kurigram districts) abstraction rates.  Increase in seasonality as a result 

of increase in abstraction has not been associated with significant decline in wet-season 

groundwater level, as low silty-clay thickness favoured rainfall recharge.  Further, mixed land type 

may also favour lateral recharge induced by local topographic relief even for high silty-clay 

surficial geology under moderate abstraction (e.g., Narail and Mymensingh districts).  

3.6 Summary 

In this chapter, the aquifer behaviour of Bangladesh is elucidated based on the graphical 

representations of the groundwater level long-term hydrographs representing the temporal 

variation of groundwater flow. Here, first, Hierarchical methods were applied to cluster station 

records (or objects) into groups with similar hydrograph time-series patterns. However, more 

cluster numbers suggested by non-hierarchical (i.e., k-means) methods indicated that more 

distinguishable factors can be found at finer levels of classification. Finally, five large clusters 

were identified following the dendrogram obtained by the Canberra algorithm with Ward.D2 

linkage method, Among those two groups (i.e., CL1 and CL3) 165 and 60 time series’ were 

detected respectively, that can be considered similar respectively to the TA014 of Bhuanpur and 

the DH115 of Savar described in Chapter 2. In other words, around 34% and 12% of total (i.e., 

484) monitored wells in Bangladesh represent Bhuanpur-type and Savar-type long-term time series 

GWL pattern. Spatial coherence in CL3, exhibiting more prominent downward trends in GWL 
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with higher decreasing annual fluctuations, may be interpreted as indicating the presence of 

potentially unsustainable abstraction. In general, the summary features of the five broad groups of 

time-series hydrographs are as follows:  

(1) Slight change in mean GWL trend with no change in seasonality: This represents nearly 

balanced annual contribution from recharge and discharge. This CL1 type pattern is predominantly 

found in mixed type of lands that experience low to moderate abstraction; 

(2) Slight change in the mean GWL trend and seasonality: This represents more or less comparable 

features like the first cluster group (i.e., CL1) with little imbalanced situation in recent years. This 

CL2 type pattern is observed in almost the same locations of CL1; 

(3) High decreasing trend in GWL with diminishing seasonality; This represents less direct 

recharge/replenishment with a possibility of transition in aquifer properties (e.g. from confined to 

unconfined). This CL3 type pattern is commonly found in high abstraction area and high lands 

(i.e., F0 type) that have moderate to high (upper) aquitard thickness; 

(4) Moderately decreasing trend in GWL with suppressed seasonality: This represents less 

replenishment and higher discharge. This CL4 type pattern mostly has similar conditions like CL3 

mentioned above except that the land’s flood depth is comparatively higher (i.e., F0 type are mixed 

with F1). Further increase in abstraction volumes in CL4 may create situations as in CL3 in future; 

(5) Slight change in the mean GWL trend with increasing seasonality: This represents more annual 

contribution from induced recharge and extensive discharge. Medium low land (i.e., F2 type) or 

mixed type of lands under the condition of moderate to high abstraction exhibits this CL5 type 

pattern when the (upper) aquitard thickness is sufficiently low to encourage more abstraction-

induced-recharge.   
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Comparison of long-term hydrographs plotted on a standardised scale (i.e., GWL fluctuations 

against long-term mean) and groups thereof based on trends and seasonal changes as elements of 

clustering has provided a good relative picture of aquifers and their status.  Such grouping of 

aquifer response to volume of abstraction under different surficial geological setting and local 

topographic relief has not been attempted previously in groundwater studies. In the next chapter, 

further discussion is presented on the potential application of grouping of time-series hydrographs 

in a wider range of hydrological settings.  
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Chapter 4 

RECESSIONARY GRADIENTS AND TRENDS OF GROUNDWATER LEVEL 

FLUCTUATION 

4.1 Introduction  

 Chapter 2 identified two different recharge-discharge phenomenon for two different geological 

settings, i.e., Pleistocene and Holocene.  This understanding helped further extension of this 

analysis, presented in Chapter 3, to aquifer responses over wider regions under similar soil settings, 

but with differing groundwater abstraction regime and local topographic relief. Five different 

clusters of aquifer responses were identified, with specific time series patterns in hydrograph in 

terms of seasonality and trends of groundwater-level showed a particular type of aquifer 

characteristics. The evidence indicated that suppressed seasonality had often been the case for 

aquifers under Pleistocene soil, e.g., as is evident from Cluster 3 reported in Chapter 3. 

Furthermore, amplified seasonality in groundwater level time-series hydrographs revealed that 

intensification in irrigational abstraction occurs in aquifers in Holocene deposits where some wells 

show decline in overall trend (e.g., Cluster 5). This chapter systematically explores local direct 

responses of groundwater level hydrograph at the regional scale and scales up its use at the national 

level, 80% area of which is confined by Holocene lowlands.  

The initial focus was on the impact of abstraction on the regional (thana based, i.e., third 

administrative unit in Bangladesh) groundwater fluctuations over the long-term (1985 – 2009) 

development phase of groundwater-fed irrigation (referred to as LGI by Shamsudduha et. al., 

2011). Here, groundwater head recessionary gradients, that is change in groundwater-levels (∂h) 

over time (∂t), were estimated for the falling stage (dry period). In addition, historical (1985 – 
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2009) trends of the recessionary gradients were also assessed. However, substantial analyses can 

be carried out only to some specific regions (or subsets) of Bangladesh where recessionary 

gradients of each monitoring well were significantly correlated with corresponding historical 

records of abstraction data (i.e., depth per thana/area). The ultimate aim of this work is to quantify 

recessionary trends as these will lead inform improved and robust recharge estimation.  

4.2 Theory on Recessionary Gradients 

The principal assumption of the water-table fluctuation (WTF) method (Scanlon et al., 2002) is 

that changes in groundwater storage over time (∂h/∂t) are balanced by both recharge (R) and 

drainage (D) from a monitoring well where specific yield (Sy) is the storage coefficient (Equation 

4.2).  

Change in Storage = Recharge (Input) – Discharge (Output) 

𝑜𝑟,
𝜕ℎ

𝜕𝑡
=

𝑅

𝑆𝑦
−

𝐷

𝑆𝑦
   ⋯ ⋯ ⋯   (4.2) 

Here, D occurs both as a result of natural gradients toward nearby base-level of drainage (e.g. river 

or pond) and groundwater abstraction. D/Sy is estimated from recessionary trends in groundwater-

levels (-∂h/∂t) during dry periods when no recharge (R = 0) is assumed to occur. 

=>          
−𝜕ℎ

𝜕𝑡
=

𝐷

𝑆𝑦
=

𝑄
𝐴⁄

𝑆𝑦
       𝑤ℎ𝑒𝑛, 𝑅 = 0 

Here, abstraction record (Q) is assumed to be uniformly distributed across the well site area (A).  

For further (reasonable) simplification of this study, the term recessionary gradient is taken to 

mean the one that follows the linear recession theory of Cuthbert (2014). It should be noted that 
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Cuthbert (2014) considers groundwater head recession can often be approximated as a straight 

line, which means that the rate of change of head with respect to time is constant.  

4.2.1 Different Concepts on Recessionary Gradient Estimation 

To estimate rates of recession (Figure 4.1), each water year (a complete cycle of annual 

hydrograph) was selected from two consecutive maximum heads of the groundwater time series 

data. Consequently, the lowest level record in between a water year is considered as the minimum 

head of that particular water year. Hence, the period between the first maximum head and the 

minimum head becomes the recession period for that particular water year and the gradient (-∂h/∂t) 

in the recession period is called the recessionary gradient. However, there are likely to be errors in 

gradient computation mostly due to the missing data or (manual) input errors in the time series 

records of the hydrograph. To minimise such errors, two different approaches are employed to 

compute recessionary gradients (Figure 4.1). The first approach (referred to as the amplitude-based 

gradient henceforth) relies on the slope of a straight line that connects the annual maximum and 

minimum head. The second concept (referred to as the regression-based gradient henceforth) 

estimates the slope from a linear regression line from the straight-line recession period between 

the maximum and minimum points of the time-series hydrographs. Figure 4.1 shows the theoretical 

diagram explaining both concepts that are used in this study.  
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Figure 4.1: Theoretical diagram explaining both recessionary gradient concepts (i.e., regression 

based and amplitude based) described in the Section 4.2.1. 
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4.3 Data and Methods 

To estimate recessionary gradients weekly groundwater level data of BWDB were used.   Notably, 

no centralised database exists in Bangladesh to record groundwater abstraction.  A simplified 

equation (Equation 4.3), presented in Shamsudduha et al. (2015), was used in this study to estimate 

annual irrigation abstraction volume. The equation considers thana (third administrative unit in 

Bangladesh) based records on number of irrigational wells and their command areas that are semi-

regularly reported by Bangladesh Agricultural Development Corporation (BADC).  

 

Groundwater abstraction = [groundwater area x proportion of rice area x {rice water requirement 

+ (90 x deep percolation)}] / irrigable area + [groundwater area x (1 - proportion of rice area) x 

220 x 1] / Irrigable area … … … … … … … … … … … … … … … … … … … … … … … … … … … … … (4.3) 

 

The equation takes into consideration both rice and non-rice areas, the data for which were 

compiled from Bangladesh Bureau of Statistics (BBS) published annual data series. Thana-wise 

deep percolation rates were used from data reported in MPO (1987) study.   

Subsequently, abstraction discharge (Q) is documented as a unit depth (under a particular thana in 

consideration) of groundwater withdrawal in a year. A total of 180 (having quality controlled 

groundwater-level observations) stations was manually selected for recessionary gradient 

estimation in 130 thanas (that have long-term BADC abstraction records). Although groundwater-

fed irrigation in Bangladesh started much earlier, the rapid development phase had started since 

1985 (Shamsudduha et al., 2011).  The analysis period was thus set to 1985-2007. Note that, if 

data are missing either in the average driest (i.e., median of minimum months) or the wettest (i.e., 

median of maximum months) months for a particular year for a particular well, that year is 
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excluded from the calculation of the recessionary gradient. For example, in Figure 4.2 (a), GWL 

is found to be missing in 1988 for the month of August, which is the wettest month for that 

particular observational station. So the estimated recessionary gradient for that particular year, 

1988 is omitted. Notably, this is not done manually but automated using code in R statistical 

package. Similarly, GWL is missing in 1988 for the month of April, which is the driest month for 

that particular observational station. Therefore, estimated recessionary gradients of 1987 (i.e., the 

previous year of 1988) were not considered in further analysis. This procedure is done to avoid 

problems associated with outliers and data errors. Furthermore, automatically calculated annual 

recessionary gradients at each monitoring site are then manually selected through visual inspection 

of each graph (Figure 4.2c). Seasonal and Trend decomposition using Loess (STL) decomposition 

method was used to provide an initial impression of seasonality and nonlinear trends in the 

groundwater well records (Figure 4.2b). It is of particular interest to characterise trends (Figure 

4.2b) in the series so that the sustainability of current (thana wise) abstraction levels (Figure 4.2e) 

can be examined and compared. A similar procedure was followed for groundwater-level 

amplitude (i.e., difference between the maximum and minimum head) calculations (Figure 4.2d).  
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Figure 4.2: Plot shows (a) the original groundwater time-series (green) and calculated annual 

recessionary gradients (pink) per year (b) seasonal (purple) and trend (red) components as 

decomposed from time series by STL method (c) calculated rate of change of recessionary 

gradients by both concepts and straight (red) line represents linear trend for regression based 

concept only (d) annual amplitude (by points) and linear trend with the straight (red) line. 

Notably, the trend analysis period is 1985–2009 and the picture presents the calculations only 

for one station record namely, DI074. 
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Subsequently, thana-wise available abstraction (depth) data are plotted against the corresponding 

estimated D/Sy values and associated degree of correlation was estimated for each thana (Figure 

4.3). If more than one monitoring wells fall inside the same thana, arithmetic average (per annum) 

of D/Sy was considered. Where moderate (0.5 < r < 0.7) to strong (r > 0.7) correlation exists (as 

defined in Moore et al., 2013), corresponding slope was computed (as seen in Figure 4.3a and 

Figure 4.3b). 

 

Figure 4.3: Scatter plots between thana wise abstraction (depth) and in (a) regression based 

recessionary gradient, in (b) amplitude based slope, and in (c) amplitude. Notably, in (a) and (b) 

slope of the straight (red) line represents the specific yield (Sy) values where moderate to strong 

correlation (r > 0.5) exists.   
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For instance, Figure 4.2 shows the calculated linear trends (annual rate of change) of recessionary 

gradients and amplitudes of the station DI074 for the period of 1985–2009. In addition, Figure 4.3 

presents scatter plots for correlation calculation for the same (DI074) station. Here, a (red) straight 

line in the correlation graph denotes that the corresponding variables have moderate to strong 

degree of correlation (r > 0.5). Notably, in case of DI074 station, this degree of correlations exist 

for both recessionary gradient concepts, namely, regression-based and amplitude-based, as 

described in Section 4.2.1. The plots for the rest of the stations are provided in Appendix B that 

also includes plots for the wells that were rejected (total 16 out of 196) during this analysis. Finally, 

spatial distribution of recessionary gradients as well as their correlations with irrigational 

abstractions are plotted.   

4.4. Results and Discussion 

Several authors (e.g., Harvey et al., 2006; Klump et al., 2006; Michael and Voss, 2009; 

Shamsudduha et al., 2015) suggest that perturbed natural hydraulic gradients in shallow aquifer of 

Bangladesh arise from intensive groundwater pumping for irrigation over the last few decades. 

According to the minor irrigation survey report (BADC, 2016), 76.5% of total irrigated area 

(55,000 km2) use groundwater to irrigate. In 2016 the number of shallow tubewells (i.e., the major 

mode of groundwater irrigation in Bangladesh) has increased to 1417,000 which is 16 times more 

than the number of shallow tubewells used in 1981. Figure 4.4 shows a spatial distribution of 

irrigational abstraction that has been estimated by Shamsudduha et al. (2015). Groundwater based 

irrigation is particularly intensive in the northwestern Bangladesh.  

Recessionary gradients (D/Sy) are mostly controlled by groundwater-fed abstractions. As shown 

in Figure 4.5 (a), 25th, 50th and 75th percentile of the area shows on average 5, 8 and 11 metre of 

discharge, respectively. Most of the irrigation dominant areas of Bangladesh exhibit maximum 
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average discharge (>13 metre). However, maximum discharge areas (red coloured thanas in Figure 

4.5) also show highest discharging trends (>50 cm·year-1) except for Dhaka (purple coloured thana 

in Figure 4.5(b)). Figure 4.5(b) also shows that the northern most part of Bangladesh has an 

increasing discharging trend (~ 25 cm·year-1 on average), whereas, low abstraction areas (white 

coloured points in the Figure 4.4) in southern Bangladesh have a declining discharging trend (~ -

25 cm·year-1). In addition, thanas near the main Brahmaputra river channel indicate average 

discharge (8 metre) and average discharging trends (25 cm·year-1) having an average abstraction 

of 0.2 metre depth. These findings are also consistent with the changes in groundwater abstraction 

(map) presented at a national scale by Shamsudduha et al. (2015).  
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Figure 4.4: Irrigational abstraction distribution on overall Bangladesh  

(Source: Shamsudduha et al., 2015) 
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Figure 4.5: Average discharge (a) and discharging trends (b) in groundwater fed irrigation areas 

of Bangladesh, where polygon thana symbolises trend estimated by regression based slope 

concept and circle (point) stands for trend estimation using amplitude based slope concept. 
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However, as discussed in Chapter 2, different geological settings can be reflected in groundwater 

level time-series hydrographs. In addition, localised changes to pumping (i.e., local abstraction) 

can have local-scale influences on recessionary gradients. Therefore, a correlation check between 

irrigational abstraction records and recessionary gradients turns out to be important. Here, Figures 

4.7 and 4.8 show correlations between thana-wise (where BADC data are available) abstraction 

(depth) and recessionary gradient (D/Sy) calculated by both regression and amplitude based 

concepts, as described in Section 4.2.1. Figure 4.6 shows a similar plot with correlation values for 

the groundwater amplitude. Out of 180 wells located in 130 thanas (representing an area of 38269 

Sq. km), regression-based recessionary gradients (D/Sy) are better correlated with the maximum 

number of thana wise abstraction records (as presented in Table 4.1).  
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Table 4.1 Details on correlation statistics between different variables and the irrigational 

abstraction records of BADC presented in Figure 4.6, 4.7 and 4.8. 

Correlation 

variables 

Details Correlation Coefficient 

> 0.5 0.49 -  (- 0.49) < -0.5 

Amplitude Number of thanas 25 98 4 

Total Area (Sq. km) 7,501 29,431 1,338 

% of  area w.r.t. Bangladesh 5 20 1 

% of  area w.r.t. thanas under study 20 77 3 

Regression 

based D/Sy 

Number of thanas 49 73 5 

Total Area (Sq. km) 14,895 21,922 1,453 

% of  area w.r.t. Bangladesh 10 15 1 

% of  area w.r.t. thanas under study 39 57 4 

Amplitude 

based D/Sy 

Number of thanas 37 87 3 

Total Area (Sq. km) 11,340 26,082 847 

% of  area w.r.t. Bangladesh 8 18 1 

% of  area w.r.t. thanas under study 30 68 2 
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However, Table 4.1 shows that there are lack of strong correlations between estimated abstraction 

record and all the variables considered for the study. More than half of the study region (more than 

50% by area) suggests the existence of other controlling factors, e.g., localised pumping, over 

irrigational abstraction etc. As discussed in Chapter 2, varied storage coefficients for contrasting 

geological settings (e.g., Holocene and Pleistocene) can also prevent long-term hydrographs from 

reflecting similar patterns for the same amount of discharge. Therefore, the conceptual model of 

recessionary trends for groundwater-levels underlying impermeable surface geologies may be less 

sensitive to local (thana wise) discharge. The other probable causes may be related to (1) recharge 

occurring at a steady state (e.g., when recharge rate is equal to the discharge rate, as is the case for 

long, slow indirect seepage from the nearby river or surface storage), (2) other causes of abstraction 

unrelated to irrigation (e.g., industrial pumping, city water supply, etc.), and (3) use of regionalised 

abstraction records that may significantly reduce the accuracy of the calculated discharge because 

groundwater fluctuations measured in a well are only representative for a small area of a 

heterogeneous aquifer (Healy and Cook, 2002). However, the 3 or 4 thanas showing negative 

correlations challenge the argument that recessionary gradients are representative of abstraction 

for surrounding area of a pumping well. 
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Figure 4.6: Thana wise correlation between amplitude (i.e. difference between maximum and 

minimum head) and estimated irrigational abstraction (depth). 

 



103 
 

 

Figure 4.7: Thana wise correlation between amplitude based discharging slope and estimated 

irrigational abstraction (depth). 
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Figure 4.8: Thana wise correlation between regression based discharging slope and irrigational 

abstraction (depth). 
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4.5 Summary 

This chapter has two major outcomes. Firstly, it demonstrates discharging trends of long-term 

groundwater level hydrographs at the national scale over the long-term (1985 – 2009) development 

phase of groundwater-fed irrigation. Evidently, 30% of the thana correlates well with estimated 

discharge, which indicates the impact of groundwater usage on groundwater storage. The overall 

increasing trend of recessionary gradient confirms Bangladesh’s rising dependency on 

groundwater over time. With few exceptions, this phenomenon is also observed with increasing 

abstraction evident from records presented in earlier studies. Secondly, this chapter identifies areas 

with strong direct associations between groundwater recessionary gradients and abstraction 

(depth) amount. These regional scale studies suggest that regression-based specific yield derived 

values can well explain not only surface geology but also the combined effect of surface geology 

and groundwater abstraction. However, this statistical analysis is applicable only where abstraction 

records are significantly correlated with recessionary gradients (>=0.5). 
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Chapter 5 

THEORY AND APPLICABILITY OF ABSTRACTION-INDUCED RECHARGE 

5.1 Introduction  

In Chapter four, areas were identified where recessionary gradients in groundwater level time-

series hydrographs are indicative of intensive regional irrigation (i.e., groundwater abstraction). In 

addition, some clusters found in Chapter 3 also suggest a rising number of time-series hydrographs 

showing varying amplitudes over time. Compared to suppressed seasonality, the number of time-

series hydrographs were greater for ‘no change’ or ‘amplified annual fluctuation’.  Previously, 

several other studies (Michael and Voss, 2009; Shamsudduha et al., 2011) also highlighted that 

this increase in seasonality can be attributed to induced recharge predominantly by intensive 

groundwater abstraction. Recognition of this fact thus demands a discussion on a concept known 

as the ‘abstraction-induced recharge’ whereby increasing seasonality in long-term groundwater-

level hydrographs reflects increased dry-season pumping that induces increased monsoonal 

recharge. In this chapter potential locations are identified where this phenomenon is evident.     

5.2 Abstraction-induced Recharge Concept 

Looking underground and creating more subsurface storage (SSS) is considered to be a potential 

solution to unmet water demand when subsequent recharge through monsoon rainfall and runoff 

replenishes the aquifers. This groundwater abstraction strategy or ‘abstraction-induced recharge’ 

(A-IR) concept was originally proposed by Revelle and Lakshminarayana (1975). The study listed 

several possible ways to store water in the subsurface storage (SSS), as well as, to accelerate the 

surface-subsurface water exchange. Suggested interventions include:  
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(a) increasing direct recharge by spreading flood water over the land area by constructing  

bunds and increasing seepage from irrigation canals by spreading the canal network 

(referred to as intervention ‘A’ henceforth);   

(b) pumping out groundwater from the aquifers during the dry period in the vicinity of natural 

drains that carry water during the monsoon and along certain tributaries of the main river 

channel (referred to as intervention ‘B’ henceforth).  

The overall goal of intervention ‘B’ mentioned above is to create sufficient underground storage 

and subsequently recharging the aquifer by natural or artificial means during the monsoon period. 

Intervention ‘B’ uses un-met water demand as a reason for pumping out large volume of 

groundwater primarily for irrigation.  

For the recommended interventions to be effective, the A-IR concept requires the following: 

(a) good interaction must exist between surface and subsurface or potential for using artificial 

recharge methods; 

(b) groundwater must be available for pumping before the monsoon season; 

(c) there must be adequate monsoon rainfall and runoff to replenish the aquifer. 

Notably, its efficacy has been proven in some soil environments in Bengal Aquifer System by 

several studies that include: (a) numerical GBM basins’ modelling particularly for Uttar Pradesh, 

India by Khan et al. (2014); (b) GRACE derived ground water storage exercise by Chinnasamy 

(2016) for the Ramganga sub-basin, India; (c) semi-coupled modelling using MODFLOW and 

SWAT by Amarasinghe et al. (2016) for the Ganges Basin of India and Bangladesh. A study 

conducted by Sadoff et al. (Sadoff et al., 2013) also supported A-IR to be a potential solution to 

un-met water demand issues of the Ganges basin.  
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Figure 5.1: A schematic diagram of ‘abstraction-induced recharge’ approach. Here, the section 

views show the dry season water table with some wells, and the map views show the rivers 

(wide lines), canals (narrow lines) and wells (yellow dots). Rivers and canals in blue carry water 

throughout the year; others are dry during dry season and carry water during the monsoon only 

(Source: Khan et al., 2014). 

A schematic diagram of A-IR approach, presented by Khan et al. (2014), is illustrated in Figure 

5.1. Here, the strategy shows that intensive dry season pumping along rivers lowers the water table 

(Figure 5.1b). Infiltrating river water raises the water table during the following monsoon season. 

This induced storage will be pumped out during the following dry season, creating a cycle of 

storage and release that eventually reaches a dynamic equilibrium. According to Revelle and 

Lakshminarayana (1975), not only will this meet the increasing water demand, but it will also 

generate an additional baseflow to the river. However, the strategy is expected to work perfectly 

for ephemeral rivers that are dry during the dry season (Chaturvedi and Srivastava, 1979) and 

significant proportion of pumped water needs to be returned to the perennial river to maintain 

distributaries or downstream dry season flow (Khan et al., 2014). Otherwise, additional 

groundwater pumping creates environmental concerns rather than benefits. On one hand, large 

surface storages in the basin are difficult to construct due to space constraints as well as for the 

associated costs. Further, surface reservoirs are subject to evaporative loss. Conversely, the A-IR 
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could be easily implemented through the adaptation of existing water use practices. As a matter of 

fact, Khan et al. (2014) argued the latter option to be a promising and potentially more time and 

cost-effective national-level alternative to upstream water storage reservoirs. According to Sadoff 

et al. (2013), there is a great potential to augment low-season flows by increasing groundwater 

utilization, within an appropriate energy-pricing and policy environment and in conjunction with 

a well-managed surface water system.  

5.3 Overview on Groundwater across Bangladesh 

The aforementioned examples show the potential of A-IR structures to store monsoonal water in 

a seasonally flooded Ganges Brahmaputra Meghna basin. Some studies even included the western 

part of Bangladesh in their modelling as a part of Ganges basin and pointed out the basin-wide 

potentialities where more irrigation can be allowed. Bonsor et al. (2017) also indicated that Ganges 

and Brahmaputra basins of Bangladesh have high potential rain-fed recharge but actual recharge 

is limited either by available aquifer storage (Shamsudduha et al. 2011) or by low-permeable soils 

in some places (Shamsudduha et al., 2015). It is argued here that if there is any place in Bangladesh 

where groundwater can be deployed without significant impact of long-term sustainability of the 

resource, it is in the water-rich areas where almost ‘aquifer full’ condition exists. Indeed, previous 

Bengal aquifer studies, such as, Michael and Voss (2009); Shamsudduha et al. (2011) show that 

higher level of abstractions cause higher net recharge over the years in Bangladesh. Some of their 

analyses are revisited in this chapter with updated national scale groundwater-level records up to 

2013 to develop a recent picture of the groundwater level condition across Bangladesh. For 

instance, Figure 5.2 presents the changes of the average (i.e., mean bgl) and 5th percentile (i.e., wet 

season bgl) for the same census period (i.e., 1994-2013) considered in Chapter 3 albeit only for 

the 786 selected wells. Here, groundwater-levels below the ground surface is denoted as bgl. In 
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addition, overviews on annual fluctuations in maximum and minimum groundwater-levels, are 

presented in Figure 5.4 for the average and linear trends that occurred over the same census period 

mentioned above. It is evident from Figure 5.2 that annual declining trend in mean groundwater-

level does not necessarily represent less annual replenishment and it is found true for many parts 

of Bangladesh. The rate of change in annual replenishment is not as high as the change in mean 

groundwater-level. It clearly points out the annual imbalance between recharge and discharge. 

Furthermore, wet-period replenishment rate is found to be increasing (blue coloured portion in 

Figure 5.2b) proximate to main river channels (due to high seepage rate) with an exception in the 

northwestern Bangladesh where there is high groundwater pressure gradient which causes lateral 

in-flows recharging the shallow aquifers in general for that area. For instance, the groundwater 

gradient, particularly, in the north of the Teesta River floodplain area is around 0.0006 (or 0.6m 

per 1km), which is relatively steep for Bangladesh conditions (WARPO, 2000). Here, lateral 

groundwater flow influences groundwater-levels and locally significant due to significant 

topographic gradients. 
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Figure 5.2: Trends in groundwater-levels between 1994 and 2013. The panel (a) shows linear 

trends in annual means and the panel (b) shows linear trends in the wet-period groundwater-levels 

(5th percentiles of observations in each year). Groundwater-levels are measured below the ground 

surface referenced as bgl. 
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Figure 5.3: (a) Annual use of total irrigational tubewells and (b) irrigated area by groundwater 

across Bangladesh reported in Minor irrigation survey report 2008-09 of Bangladesh 

Agricultural Development Corporation (Source: BADC, 2010). 

Bangladesh has witnessed a steady rise in the number of irrigation wells (Figure 5.3a) and land 

under groundwater-fed irrigation (Figure 5.3b). However, groundwater abstraction intensity 

locally varies and depends on recharge-discharge phenomenon; annual groundwater-level 

fluctuations show different changes over time. Figure 5.4 (a) also supports that fluctuation 

differences vary spatially. In addition, Figure 5.4 (b) shows the variation in changing trends over 

the last two decades. Hence, it is evident that the impact is not same over the whole basin and 

thereby, ‘A-IR concept’ is not universal. Indeed, there are some areas where annual fluctuations 

have increasing trends. An attempt is made here to explain the probable causes for such increment 

focusing on the seven areas as highlighted in Figure 5.4(b) using the letters ‘A’ to ‘G’. Aquifers in 

Area ‘A’, being situated in the high elevated area, have a high hydraulic gradient. Groundwater 

development in Area ‘A’ over the last decade has increased the cropping intensity of the area to 

221 percent resulting the production of almost two to three crops in one calendar year (BBS, 2010).  

As discussed earlier, lateral groundwater in-flow here in the northwest corner is dominant, refilling 

the underground storages. The parts, labelled by ‘B’, ‘C’, ‘F’ and ‘G’ in Figure 5.4(b), basically 
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act as the water accumulated areas seeping water to nearby aquifers. For example, Area ‘B’ is the 

confluence of the tributary river Teesta to the main Brahmaputra channel; Area ‘C’ is the wet land 

depression zone, known as Haor that stays under water for more than 6 months in a year; Area ‘F’ 

artificially holds water around 6 – 8 months to culture Shrimp on an industrial basis; and Area ‘G’ 

is a large inland depression locally known as ‘Chalan Beel/wet land’. Notably, Area ‘C’ and Area 

‘G’ use groundwater to grow 1 crop during the months when the wet-lands get dry. However, Area 

‘’F’ has been using the land only for fishery purposes with saline water and hence cannot be further 

used for any crop production. Further, Area ‘D’ and ‘E’ have declining wet-period groundwater-

levels (see Figure 5.2b) and show increasing annual fluctuation trends. This can be attributed to 

the contribution of accumulated water from surrounding area along with high flooding depth (i.e., 

0.18-0.36 m) for Area ‘D and the regular tidal inundation for Area ‘E’. Notably, the Area ‘D 

contains substantial reserves of natural gas, which is tapped at Brahmanbaria and Comilla. 

According to WARPO (2000), groundwater for the Area ‘D’ is available for more withdrawal but 

is difficult to extract with suction mode pumps, as it often has a high content of gas. But such 

development constraint can be overcome by using force mode pumps (WARPO, 2000). As argued 

in this research, one possible reason behind sufficient availability of groundwater in Area ‘D’ could 

be the cost involvement in using force mode pump that prevents farmers going for extensive 

abstraction. 

Thus, there is a possibility that these areas with increasing annual fluctuations may reflect an 

increase in pumping combined with increased recharge, that is the proposed ‘abstraction-induced 

recharge’ where dry season pumping induces greater monsoonal recharge. However, the maps in 

Figure 5.4 are simply indicative of the changes in annual fluctuations over the last two decades 

only. As has previously been discussed in Chapter 2, other parts of the country, where wells do 
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not show increasing fluctuations as in Figure 5.4 (b) may have already experienced seasonality 

changes before the census period (i.e., 1994-2013). In particular, the cluster groups, except for the 

CL3 in Chapter 3, are likely to fall into this class and hence are speculated to show low declining 

trends in Figure 5.4 (b), such as -1 cm/year or below.  

    

  

Figure 5.4: (a) Mean annual fluctuation that is the difference between maximum and minimum 

groundwater-level in one calendar year and (b) linear trends of the annual fluctuations for the 

time series between 1994 and 2013 of the selected 786 well records across Bangladesh. Arrows 

in the panel are the zones that show intensified annual fluctuations. 
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5.4 Applicability in Bangladesh Context 

There is adequate evidence to support that the intensive groundwater usage is actually lowering 

the dry-season groundwater-level in Bangladesh in general (Shamsudduha et al., 2012; Zahid and 

Ahmed, 2006) but may also have a positive impact in line with the A-IR concept. Further, several 

studies, such as Michael and Voss (2009) and Shamsudduha et al. (2011), have presented evidence 

that an increase in irrigation is likely to increase induced recharge in Bangladesh. However, the 

current trend in the amplified annual fluctuations (Figure 5.4b) while maintaining a ‘steady’ wet-

season levels (Figure 5.2b), demands a discussion on the probable locations that have the potential 

of applying the A-IR concept.  Fundamentally, the A-IR concept is about the use of underground 

storage to manage temporal variability of available water resources. Incremental equipment usage 

for irrigation (Figure 5.3) further indicates people’s willingness to increase cropping and irrigation 

intensities which is a prerequisite for the A-IR concept to be effective. However, given the uneven 

water availability patterns, not all aquifers in the GBM basins can actually be tapped in a similar 

manner using the concept of the A-IR. All that potential, where increasing annual fluctuation 

reflects increase in pumping combined with increased recharge, cannot actually be realised until 

proper study of the long-term groundwater-level fluctuations is carried out. Chapter 4 confirms 

that the well hydrograph time-series of Bangladesh are naturally descriptive of the local aquifer 

system response against the intensive groundwater irrigation. Further, previously developed 

cluster groups, except for CL3 in Chapter 3, may have the potential to form a sub-group where the 

A-IR type behaviour exists. Therefore, the analysis in Section 5.4.1 below uses long-term 

groundwater level hydrographs to critically show where this type of behaviour has the potential to 

capture more recharge in future. 
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5.4.1 Characteristic Features of the A-IR type Cluster  

Section 5.3 identified noticeable amplified annual fluctuations in some areas of Bangladesh. In 

addition, there are possibilities of more wells that might have undergone an increase in annual 

fluctuations prior to the analysed period (i.e., 1994-2013). Hence, in addition to the observed wells 

that are showing intensified fluctuations during 1994 - 2013, the rest of the wells with longer 

monitoring records were investigated as well. Subsequently, a total of 88 wells (as shown in Figure 

5.5) were identified with amplified annual fluctuations due to intensive groundwater abstraction.  

On the one hand, Area ‘A’ in Figure 5.5 shows less number of wells mostly because of the missing 

long-term records of its wells. Notably, that same area (‘A’ in Figure 5.5) has previously been 

noticed as the well replenished zone (blue coloured area in Figure 5.2b) during the wet period. 

Thus it may actually have more potential for wells with ‘A-IR type’ behaviour. On the other hand, 

Area ‘B’ in Figure 5.5 shows many number of wells with intensified fluctuation. However, that 

same area is experiencing high declining trend for wet-period groundwater-level (as seen in Figure 

5.2b) as well as for mean water level (as seen in Figure 5.2a) and has a high annual fluctuation (as 

seen in Figure 5.3a) compared to any other part of Bangladesh. Low river water flow during the 

dry period coupled with intensive pumping might be the reason for depleting overall groundwater-

level in this area. Therefore, the research points out that amplified seasonality in the long-term 

hydrographs cannot be the only indicator to suggest any site to be potential for the application of 

AI-R concept in future, particularly, in areas where low river flow is stressed.   
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Figure 5.5: Location of wells that have experienced amplified annual fluctuations in the long-

term; Inset A and B on the panel are the influenced zone of the river Ganges and the river 

Brahmaputra respectively. 
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5.5 Summary 

In Bangladesh, there is already a mismatch between the supply and demand, and water challenges 

are likely to increase with increasing demand. The abstraction-induced recharge (A-IR) shows how 

intensive groundwater abstraction, required to sustain food production, can be sustained in some 

areas of Bangladesh. This potential is not, however, universal. In other words, A-IR concept does 

not have the potential to be applied at the large basin scale. But probable locations are identified 

at the farm scales in this chapter. 

Many wells show very large increases in annual fluctuations suggesting a substantial magnitude 

of groundwater abstraction during the dry-season. By narrowing the possible range of predictions 

on potential A-IR sites across Bangladesh, this analysis provides direct information on 

development potential where this theory can be applied. One of the most challenging aspects of 

reviving the A-IR is to maintain the required flows during the low-flow period. This is particularly 

true, because many stretches of the river already have an unacceptable level of low flows in the 

dry season. Implementation would require testing in pilot projects within limited areas. The 

observations made in this study can provide direct information on potential sites where piloting 

can be attempted.  

However, given the current trend in wet-period groundwater-level and amplified seasonality, all 

the potential for A-IR cannot actually be realised without recharge estimation. Low natural 

groundwater recharge rates, coupled with increasing pumping, leads to continuing groundwater 

depletion. Detailed recharge studies would be needed to assess these concerns. Hence the next 

chapter will determine the potential with an assessment of recharge that can be induced to the 

particular wells identified here.  
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Chapter 6 

ABSTRACTION-INDUCED RECHARGE AS AN ADAPTATION RESPONSE TO 

CLIMATE VARIATION  

6.1 Introduction  

Chapters 3 through to 6 show how human activities over the last four decades have substantially 

affected the shallow groundwater system in Bangladesh. Additionally, population increase, 

irrigation demand and climate change in combination will continue to increase the stress on the 

resource in the future. Demand for irrigation water is projected to be increasing as much as 20% 

based on current irrigational practices for the same crop varieties (Mainuddin et al., 2015) and 

50% of available (dry) water may be used for irrigation by the middle of this century (Faisal and 

Parveen, 2004). Against this backdrop, this chapter systematically examines a number of these 

challenges and proposes possible solutions at the national scale, with a focus on future impacts 

that climate change may cause. In particular, the motivation for this chapter is to develop a 

conceptual basis to evaluate the consequent effects of both climate change and human usage have 

on groundwater.  

6.2 Reviews of Climate Change Studies on Groundwater  

In future, climate variabilities will have direct influence on groundwater systems through 

replenishment by recharge (due to change in rainfall, evapotranspiration etc.) and indirect impact 

through changes in groundwater use (due to increase in irrigation demand, consumptive usage 

etc.). The indirect effects can be greater than the direct impacts of climate on recharge. For details 

feedbacks on the impacts of climate on global ground water system are presented in Section 6.2.1. 

Afterwards, literature reviews are narrow down to the GBM basin in Section 6.2.2. In Section 6.2.3 
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recent researches on the possible opportunities and challenges of using and sustaining groundwater 

resources in climate adaptation strategies are highlighted. Furthermore, this section points out the 

limits of understanding (at present) of the dynamic relationship between ground water and climate. 

6.2.1 Global Perspectives on the Impacts of Groundwater Process 

In general, the importance of groundwater is expected to heighten in future under the need to offset 

the substantial ill effects of climate change (Treidel et al., 2011). This adaptive capacity is 

important because, while more frequent and intense variability of rainfall will rapidly enhance the 

risk of significant reduction in the volume of reliable surface water resources, aquifers are likely 

to be affected much more slowly by the projected climate change fluctuations (Thampi and 

Raneesh, 2012). On the other hand, as argued by several studies (Crosbie et al., 2011; Owor et al., 

2009; Pool, 2005; Taylor et al., 2013), more intensive rainfall enhances groundwater recharge in 

the tropics. To this end, Owor et al. (2009) refer to enhanced direct recharge and the others discuss 

enhanced indirect or focused recharge.  

Furthermore, Döll (2002) argues that irrigational requirement may be exacerbated by the increased 

evapotranspiration associated with higher temperature and the increased crop water requirement 

under predicted conditions of restricted surface water availability. Such indirect effects through 

changes in irrigation demand can have greater effect than direct impacts of climate change on 

recharge (Taylor et al., 2013). As a consequence, climate change may indirectly influence more 

irrigation contributing to more groundwater pumping, which may lead to higher hydraulic head 

differences in many aquifers between the dry and the wet season. The resulting rise in the vertical 

gradients during the dry season may provide extra space for capturing additional rain/flood water 

in the following wet season thereby increasing net recharges. However, climate change will likely 

have different effects on different aquifers and at different locations within an aquifer depending 
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on spatial variability in hydraulic properties and distance from recharge areas (Green et al., 2011). 

However, the increase in recharge of aquifers in the flood prone areas would only be possible 

where soil properties allow good to reasonable transmission and a large (positive) difference exists 

between the actual and potential recharge respectively. 

6.2.2 Projections for Ganges-Brahmaputra-Meghna Basin 

Since the early 1990s climate change projections have a clear consensus on a trend towards 

warming over tropical regions increasing the intensity and frequency of extreme events (Trenberth, 

2011), with potential for increased flooding during periods of high rainfall, and droughts during 

periods of low rainfall (Bates et al., 2008). The higher temperature projections for the Ganges, 

Brahmaputra and Meghna (GBM) basins show increase in (a) evapotranspiration (Masood et al., 

2015; Mulligan et al., 2011), (b) the amount of monsoon rainfall (Bal et al., 2016; Immerzeel, 

2008; Kumar et al., 2011; Masood et al., 2015; Mulligan et al., 2011; Pervez and Henebry, 2014) 

with longer monsoon seasons (Sharmila et al., 2015), (c) the intensity of rainfall in the rainfall 

events (Immerzeel, 2008; Pervez and Henebry, 2015a) resulting in increase in dry spells during 

the monsoon (Cruz et al., 2007), and (d) the monsoon river flow as well as flood (Immerzeel et al., 

2013; Lutz et al., 2014; Mulligan et al., 2011; Siderius et al., 2013). However, the importance of 

these scenarios on extra monsoon flow seems rather unimportant in contributing extra surface 

water availability during the dry season. Here, low flows are predicted to fall with prolonged 

drought periods (Whitehead et al., 2015).  

Bangladesh’s geographical position with respect to climate change has promoted numerous 

regional-scale projections of surface water hydrological change such as probable impacts on low 

river flow (Gain and Wada, 2014; Gain et al., 2011, 2013), peak discharge (Mirza et al., 2003), 
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stream flow flood (Mirza, 2011), cyclonic storm surge flood (Ali, 1999; Dasgupta et al., 2014; 

Karim and Mimura, 2008) etc. For example, Table 6.1 below summarises some notable climate 

change studies on stream flows of the major rivers/basins of Bangladesh.  

Table 6.1 Percentage changes of mean river discharge projections for major rivers or basins in 

Bangladesh, where the months May-October and November-April are considered as the High-flow 

season and the Low-flow season, respectively. 

River 
or  

Basin 
Name 

CC Studies 
related to stream 

flow 

Data  
(Baseline period) 

Scenarios 
(projection 

periods) 

Percentage change in discharge (%) 

Mean High-flow 
Season 

Low-flow 
Season 

B
ra

hm
ap

ut
ra

 

Masood et al., 
2015 

5 GCMs 
(1979 -2003) 

RCP8.5  
(21st end) 16 20 3 

(Pervez and 
Henebry, 2015b) 

1 GCM 
(1988 -2004) 

A1B (2070s) 2 -19 – 14 -6 – 21 
A2 (2070s) 4 -20 – 18 -6 – 28 

Mohammed et al., 
2017a 

8 GCMs + 3 RCMs 
(1986 -2005) 

RCP8.5 
(21st end) -19 – 72 -14 – 34 -19 – 72 

Mohammed et al., 
2017b 

8 GCMs + 3 RCMs 
(1980 -2009 

RCP8.5 (2020s) -13 – 41 -8 – 22 -13 – 41 
RCP8.5 (2050s) -28 – 86 -15 – 39 -28 – 86 

RCP8.5  
(21st end) -39 –147 -25 – 44 -39 – 147 

Gain et al., 2011 12 GCMs 
(1961 -1990) 

A1B & A2 
(2020s) 4 – 6 -15 – 23 -2 – 29 

A1B & A2 
(2050s) 13 – 14 -14 – 42 1 – 30 

A1B & A2 
(21st end) 20 – 26 -6 – 56 10 – 33 

Billah et al., 2015 5 GCM + 2 RCM 
(1996) 

(2030s) 
- 

5 - 
(21st end) 9 - 

G
an

ge
s 

Masood et al., 
2015 

5 GCMs 
(1979 – 2003) 

RCP8.5 
(21st end) 33 36 -2 

Billah et al., 2015 5 GCMs + 2 RCMs 
(1996) 

(2030s) 9 10 - 
(21st end) 13 15 - 

M
eg

hn
a 

Masood et al., 
2015 

5 GCMs 
(1979 – 2003) 

RCP8.5 
(21st end) 40 42 24 

Billah et al., 2015 5 GCMs + 2 RCMs 
(1996) 

(2030s) 6 1 
- 

(21st end) 7 6 
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Several other studies have highlighted the possible uncertain consequences of climate change for 

Bangladesh at regional (Ali, 1996; Dasgupta et al., 2014; Hussain et al., 2012; Islam et al., 2016; 

Li et al., 2015; etc.) and national scales (Ahmed and Alam, 1999; Fung et al., 2006; Kirby et al., 

2016). A few studies on future groundwater usage, demand and irrigational requirement are briefly 

presented below.  

Pervez and Henebry (2015b) have predicted increase (i.e., 47% by 2070s) in groundwater recharge 

with the increase in fresh water availability and exacerbation of drought and flooding potentials 

for the Brahmaputra basin. Hydrological variability is expected to have direct impact on the 

severity and extent of salinization of coastal aquifers by Yu et al. (2010) at least up to 2050 in 

Bangladesh. Shahid (2011) has estimated the impact of climate change on irrigation water demand 

of dry season for Boro rice in the northwest region (16% of the country area) and concluded that 

there will be no appreciable change in total irrigation water demand. Notably, Barind Tract in 

northwest region has the surface geology of low permeability and groundwater-level is projected 

to decline partly because rainfall is expected to be more intense with greater runoff and shorter 

periods of recharge (Kirby et al., 2015).  Mainuddin et al. (2015) have extended the irrigation 

demand analysis to the whole Bangladesh and found negligible change in total irrigation demand. 

However, this is unlikely and in contrast with the study of Burgess et al. (2017), where substantial 

increases in demand for water are anticipated in coming decades considering increase in population 

(causing increase in demand for domestic purposes, irrigation and industry). Yet again, due to 

higher temperature resulting increased potential evapotranspiration, all climate change projections 

have suggested increased projected irrigation water demand in all regions, which may lead to 

greater groundwater use (Kirby et al., 2016).   
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During monsoon, climate change is likely to have significant effects on the intensity along with 

duration of hydrological variables and may ultimately lead to more serious floods in Bangladesh 

(Masood et al., 2015; Mirza, 2011; Mirza et al., 2003). Taking intensive rainfall projections into 

consideration, Michael and Voss (2009) and Burgess et al. (2002), based on their groundwater 

modelling, suggested that each year, fresh water will continue infiltrating directly via the soil 

surface or as always the stream flow floods will continue to fill the floodplain depressions thereby 

helping recharge the Bangladesh aquifer adjacent to the ground surface. Taylor et al. (2013) 

emphasised on the capture and storage of monsoonal flows to enhance the sustainability of shallow 

groundwater use. On the other hand, Kirby et al. (2016), considering the increase in the surface 

water usage, projects groundwater-level to rise.  However, it is feared that the upstream diversions 

will have greater impact on flows than the projected climate change impacts.  

There are projections for reduced dry season flow at the Ganges and/or Brahmaputra (Gain and 

Wada, 2014; Gain et al., 2011, 2013; Pervez and Henebry, 2015b). High seasonal concentration 

and variability of rainfall and associated flood are predicted to increase the challenge for water 

management in the basin. Unless there is adequate storage to buffer the variability, most climate 

change scenario projections suggest a substantial increase in the ill-effects of floods and droughts 

on the rapidly expanding population in the basin.  

6.2.3 Hypotheses for Future Recharge Process in Bangladesh 

The combined effect of greater groundwater withdrawals (indirect impact of climate change) 

during the dry seasons and intensified rainfall (direct impact of climate change) may promote 

recharge. When aquifers reach their ‘full condition’, rejected recharge that cannot infiltrate or 

percolate because the water table is at the surface, becomes runoff. If more groundwater storage 
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can be created and made available by lowering the dry season water table, the net/actual recharge 

can be increased during the subsequent wet season. This extra space can provide additional 

available storage for the rainfall/flood peaks and induce dry season recharge from the river, e.g., 

the Brahmaputra. This abstraction-induced recharge may also be useful to augment surface water 

supply during the dry season (MPO, 1987). Groundwater flow modelling in the Bengal Basin by 

Michael and Voss (2009) supports this hypothesis. Additionally, in support of this hypothesis, 

Shamsudduha et al. (2011) have shown that areas with higher groundwater-fed irrigation in 

Bangladesh experienced greater rise in actual recharge with time where soil permeability is greater 

for extra induced recharge to take place. However, the sensitivity of the aquifers to the changes in 

critical inputs such as an increase in rainfall/flood water and recharge has not yet been fully 

analysed and understood (Klump et al., 2006; Stute et al., 2007). Improved understanding of the 

recharge mechanism in the aquifers (e.g., due to intensified rainfall and withdrawals) as well as 

the same with regards to the temporal variability on the groundwater flow system is of crucial 

importance (UNESCO, 2008). 

6.3 Climatic Data Analysis 

6.3.1 Methods 

Major domain used for this study includes a 5° box centred on the Bengal basin (Figure 5.1a). 

Furthermore, the domain was divided into four sub-domains of 2.5° boxes (Figure 5.1 b-e). 

Analysis of historical climate over the domains employed gridded monthly rainfall at 0.5° 

resolution from the GPCC product version 5 from 1955 to 2009. Climate change projections were 

obtained for the late 21st century (2070-2099) from multi-model ensembles (MMEs) compiled 

under the third (CMIP3) and fifth (CMIP5) Coupled Model Intercomparison Projects contributing 
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to the 4th and 5th Assessment Reports (AR4 & AR5) of the Intergovernmental Panel on Climate 

Change (IPCC). In total, the MMEs contain data from 23 General Circulation Models (GCMs) for 

the CMIP3 dataset and 21 GCMs for the CMIP5 archive, of which 8 are newly introduced Earth 

System Models (ESMs). Data from a single greenhouse-gas emission scenario (Special Report on 

Emissions Scenario A1B) from the CMIP3 collection as well as from the two emission 

Representative Concentration Pathway scenarios from the CMIP5 collection (RCP4.5 and 

RCP8.5) were also used. Notably, in RCP4.5, total radiative forcing is stabilised (at 4.5 W m−2) 

shortly after 2100, without overshooting the long-run radiative forcing target level (Thomson et 

al. 2011). RCP8.5 assumes high population and slow income growth with modest rates of 

technological changes and energy intensity improvements, leading to a high energy demand and 

greenhouse gases emissions in absence of climate change policies (Riahi et al., 2011). 
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Figure 6.1: Domains over which climate-change projections were obtained. Here the panel (a) 

shows the main domain which is a 5° box centred on the Bengal basin. Panels (b), (c), (d) and 

(e) present the sub-domains for the North-West (NW), the North-East (NE), the South-West 

(SW) and the South-East (SE) region of Bangladesh, respectively.  
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6.3.2 Output Projections for Different Sub-domains 

The preliminary findings are presented as projected intensification of rainfall in Bangladesh over 

the period 2070–2099 relative to 1961–1990. The analysis of General Circulation Model (GCM) 

projections for the twenty-first century over Bangladesh (Figure 6.2) suggests an increase in the 

mean rainfall which is consistent with projected increases in rainfall across the tropics in general. 

This result is in line with the analysis of GCMs contributing to the IPCC’s AR4 and AR5. At the 

broader scale, this finding is part of a wider quasi-global rich-get-richer pattern in which regions 

of moisture convergence (divergence) are expected to experience increased (decreased) rainfall. It 

is noteworthy that projected changes to extreme (90th percentile) monthly rainfall driving seasonal 

groundwater recharge are of greater magnitude than changes projected for mean monthly rainfall. 

Further annual experiments within the 2.5° domain demonstrate that these results (i.e., increased 

rainfall and preferential intensification of extreme rainfall) are robust irrespective of sub-domain 

locations (Figure 6.4 and Figure 6.5). The sub-domain wise monthly distribution varies little 

except for the monsoon in both, average rainfall (Figure 6.4) and extreme rainfall (Figure 6.5). In 

particular, all models suggest less rainfall in January and that the northern part will have the added 

experience of less rainfall in December.      
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Figure 6.2: Projected changes in rainfall for the major domain (as seen in Figure 6.1a) over the 

period 2070–2099 relative to 1961–1990 for the 5° box (in set) in Bangladesh from multi-model 

ensembles of (a) CMIP3 (AR4) under the A1B emissions scenario from 23 GCMs; (b) CMIP5 

(AR5) under the RCP8.5 scenario from 21 GCMs including 8 ESMs; and (c) CMIP5 (AR5) under 

the RCP8.5 scenario from 13 GCMs without the 8 ESMs. These box plots are of changes in annual 

rainfall for each model in the MME. Dots indicate individual models within the MME sample; 

boxes show the inter-quartile range and median and circles show the mean of the MME sample. 
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Figure 6.3: Similar to the Figure 6.2 except for the changes in monthly rainfall, where red colour 

boxplots show mean monthly changes and blue colour stands for 90th percentile changes. 
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Figure 6.4: Projected changes in mean monthly rainfall for the sub domains (as seen in Figure 

6.1) over the period 2070–2099 relative to 1961–1990 from multi-model ensembles of CMIP5 

(AR5) under both the RCP4.5 and the RCP8.5 scenarios from the 21 GCMs including 8 ESMs. 
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Figure 6.5: Similar to Figure 6.4 except for the changes in monthly rainfall for 90th percentile 

which indicate extreme rainfall events. 

The projected changes in the higher moments of the rainfall distribution are an important 

dimension to non-stationarity in future climate and have important implications for groundwater 

recharge. Some plausible implications on recharge that climate change may cause are already 

mentioned in Section 6.2.2. In addition, recent observational records indicate shifts in rainy season 

(Mondal et al., 2013) and lengthier consecutive dry and/ or wet days (Islam et al., 2014a). These 



133 
 

may largely impact the recharge process in future. As mentioned in Section 2.1, MPO (1987) 

previously quantified ‘actual recharge’ nationwide. The study also established (sub-basin wise) 

rainfall-recharge relationships in terms of several (both exponential and linear) equations. 

Assuming the equations reported in MPO (1987) to be valid up to 2099, Table 6.2 presents mean 

changes in ‘actual recharge’ due to changes in annual rainfall projected by CMIP3 and CMIP5 

models for four sub-domains in Bangladesh. But this approach has some limitations: GCMs 

projected rainfall remains coarse in spatial resolution and is unable to resolve small-scale basin 

features that are required for MPO (1987) recharge equations; GCMs accuracy decreases from 

climate related variables (e.g., wind, temperature, humidity, air pressure etc.) to the variables 

essential for hydrologic regimes (e.g., precipitation, runoff, soil moisture, evapotranspiration) (Xu, 

1999); and the constants reported in the equations may have already shifted to a new path, therefore 

are not valid anymore. Furthermore, wide range of variations are found in the results indicating 

wide range of uncertainties that are imbedded among different projections. The AR4 and AR5 

projections in Table 6.2 produce contrasting outputs for Southwest and Southeast regions. Notably, 

Pervez and Henebry (2015b) projected changes in recharge for Brahmaputra basin varying 

between -52% to 42% with annual average increase of  47% by 2070s under A1B scenario. These 

numbers are much lower compared to the estimated recharge for the northwest region, as shown 

in Table 6.2. 
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Table 6.2 Probable changes in future recharge due to change in projected annual rainfall during 

2070-2099.  The calculations are based on the rainfall-recharge relationship of MPO (1987) and 

the assumption that all other factors remain the same.  

Sub-domains in 

Bangladesh 

Mean change in Actual 

recharge under A1B 

scenario, mm 

Mean change in Actual 

recharge under RCP (4.5 

& 8.5) scenarios, mm 

Northwest - NW 59 43 

Northeast – NE 59 37 

Southwest – SW -22 77 

Southeast - SE -22 52 
 

These findings, together with the outcomes of allied research presented in Chapter 5 on A-IR 

pumping strategies and shallow groundwater dynamics, demands to conduct an analysis of the 

recharge quantification of Bangladesh aquifer as well as an analysis of the likely impact of climate 

change. In particular, especial attention is required at the locations where annual fluctuation is 

rapidly accelerating with the increasing rate of abstraction. Therefore, the major objective of the 

Section 6.3 below is to assess the potential for reviving the A-IR concept in terms of current water 

use and availability at potential locations identified in Chapter 5. 

6.4 Can Applying ‘A-IR’ be an Adaptation Option? 

Numerous options are emerging that are promising from an overall water resources perspective, 

and may provide greater resilience for those exposed to increasing climate-related risks. For 

example, the potential of integrated management of underground and surface water storage, and 

that of using aquifer recharge for multiple beneficial uses including irrigation, present innovative 

adaption options from farm plot to the basin scale. This builds on earlier research conducted by 

the International Water Management Institute (IWMI) on small and large surface storage 
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(McCartney and Smakhtin, 2010), and shallow and Managed Aquifer Recharge (MAR) at the basin 

and sub-basin scale. Their work demonstrated the importance of examining a range of storage 

options for both surface water and groundwater that can manage the variability and provide reliable 

water supplies throughout the year. However, surface storage may become progressively less 

effective as the variability will increase with changing climate which will also cause rise in 

temperature increasing the evaporation losses from surface storages. Furthermore, surface 

reservoirs are costly to maintain particularly if they are built in tropical forest ecosystems that 

typically generate a huge amount of methane. In contrast, underground storage always acts as a 

better option wherever utilization of aquifer is possible. 

Bonsor et al. (2017) recognise that the Lower Ganges and Mid Brahmaputra aquifer typology have 

a high recharge potential but actual recharge there is primarily limited by the availability of aquifer 

storage (Shamsudduha et al. 2011) and the permeability of surface geologies (Shamsudduha et al. 

2015). Therefore, it can be argued that in areas with suitably permeable surficial sediments, more 

intensive seasonal rainfall may benefit groundwater recharge if sufficient groundwater storage can 

be made available through dry season abstraction (i.e., ‘abstraction-induced recharge’ concept). 

The underlying and implicit assumption of this A-IR concept is that the underground store can be 

rapidly filled in during the wet season and used up during in the following dry season. As has 

previously been discussed in Chapter 5, A-IR concept has the potential to be applicable not only 

at the basin scale but also at the farm scale. However, all the potential for additional aquifer storage 

cannot actually be utilised without capturing the increased recharge. Therefore, an estimation of 

the recharge for potential A-IR type aquifer locations that were identified in Chapter 5 is in order.  

Here, a key question is whether the A-IR type aquifer locations identified in Chapter 5 (Figure 5.5) 

have the potential for meeting the unmet water demand. Firstly, assessment of recharge for the 

http://link.springer.com.proxy.lib.uwaterloo.ca/article/10.1007/s10040-017-1550-z#CR97
http://link.springer.com.proxy.lib.uwaterloo.ca/article/10.1007/s10040-017-1550-z#CR98
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water use of the Bangladesh is made for the period 1986–2013. This analysis employs the Water 

Table Fluctuation (WTF) method following the calculation process suggested by Shamsudduha et 

al. (2011). Here, Figure 6.6 presents the estimates of induced recharge of the potential A-IR type 

aquifers, by considering difference between the recharge during the initial irrigation period (i.e., 

1986 – 1990) and the same during the current-irrigation period (i.e., 2009-2013). It is evident from 

Figure 6.6 (a) that most of the wells in the northwestern Bangladesh capture more induced recharge 

compared to any other part of the country.  A possible explanation may be that more groundwater 

intensive irrigation is prevalent there since those areas have the highest (>220%) cropping 

intensity, where production depends on two or more crops per year.  In fact, the study by Ara et 

al. (2016) found those districts to have the highest average cropping intensity (as seen in Figure 

6.7) and 18-32% of the total area were found to be groundwater fed for rice production. In addition, 

the spatial distribution of induced recharge throughout Bangladesh has been found to follow the 

distribution of the cropping intensity (Figures 6.6 and 6.7). Further, trends in the annual recharge 

in Figure 6.8 show low values for the low permeable aquifer types. For instance, Ganges dependent 

area under fluvial influenced deltaic aquifer (meaning typology b discussed in Chapter 1) and those 

wells near Pleistocene deposits appear to have low recharge trends (< 5 mm/year). Therefore, given 

the current patterns in increasing trends and amounts of recharges for some coarsely selected wells, 

roughly six areas (called sub-basins interchangeably) are found that have had captured extra 

induced recharge over the last three decades.  
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(a) 

 

(b) 

 

Figure 6.6: Induced recharge that have been captured by A-IR type aquifers. Here, panel (a) 

shows absolute change and panel (b) shows percentage change in mean recharge during the 

periods 1986-1990 and 2009 – 2013, respectively.  
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Figure 6.7: Cropping intensity averaged over the period of 1981–2010; classes represent 

quartiles (Source: Ara et al., 2016). 
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(a) 

 

(b) 

 

Figure 6.8: (a) Trend of recharge for A-IR type aquifers over the historical periods (1986 – 

2013); (b) Potential and non-potential areas suggested for piloting the A-IR concept.   

 

  



140 
 

Therefore, given the current recharge patterns and their corresponding physical interpretations, 

part of which is described in Section 5.3, some areas (as shown in Figure 6.8b) are (de) selected 

where pilot projects on ‘abstraction-induced recharge’ concept can be implemented. Although no 

wells were found to show amplified seasonality or induced recharge therein, the part labelled ‘B’ 

in Figure 6.8 (b) is identified as an A-IR potential area based on the indication received in Chapter 

3. This apparent conflict may be attributed to the lack of long-term hydrograph data set which 

prevented this study from recognizing potential wells in the area. Furthermore, this is the same 

area that was found to have increasing/no-trend in the wet-period groundwater-level in Figure 5.2b 

of Section 5.3.  However, the Ganges-dependent areas (labelled by ‘G’ in Figure 5.2b and Figure 

6.8b) appear to have experienced lowering of groundwater-levels both during wet and dry seasons 

of last two decades. Further, reduction in low flow of the main Ganges river channel and low 

natural recharge rate of the deltaic aquifer (as described in Bonsor et al., 2017) may cause 

significant environmental impact if more pumping is allowed. Notably, heavy exploitation of 

groundwater in the coastal region is specifically discouraged for the Southwest of Bangladesh by 

the Coastal Development Strategy (CDS, 2006). Therefore, even after having probability of 

increasing induced recharge, we excluded this area from conservative policy point of view. The 

area labelled as ‘F’ in Figure 6.8b was also excluded partly because of its aquifer typology that 

shows low permeability soil deposition with slight salinity problem (Bonsor et al., 2017). Notably, 

the land here is used mainly for shrimp production where saline water is artificially trapped by the 

local farms. 
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6.5 Discussion on Future 

Projected climate change for Bangladesh encompasses both possible increases of up to about 38% 

and possible decreases of up to about 8% in rainfall, with the former (i.e., increase) being more 

likely. The AR5 emissions pathway led to greater projected changes than AR4. The projected 

increase in the annual rainfall for the 90th percentile was greater than the projected increase for 

the average scenarios. Thus, while climate change may result in decreased rainfall for few months 

during the dry period, increases appear to be more likely, consistent with the findings of Kirby et 

al. (2016) and Yu et al. (2010) for Bangladesh. The zone wise projected annual average changes 

due to climate change are generally less than the variability of historical rainfall; this is again 

consistent with the previous findings. However, monthly distributions greatly vary except for the 

monsoon period. 

Hence, under increased rainfall projection, it is expected that the changes to rainfall, flood extent 

and duration will have direct impact on recharge and the consumption of surface water mostly by 

irrigation will have indirect impact on aquifers. However, Mainuddin et al. (2015) argue that 

climate change will have negligible impact on the future irrigational water demand for Bangladesh. 

Whatever the case may be, projected intensification of rainfall under climate change (as explained 

above) may enhance direct or indirect recharge in Bangladesh where surficial geology has higher 

permeability. For instance, the Lower Ganges and Mid Brahmaputra aquifer typology (as shown 

in Figure 1.2 of Chapter 1) with greater permeable (e.g., Holocene) deposits may act as a 

groundwater storage to capture extra rainfall/run-off. As shown in Chapter 2 through high 

resolution in-situ groundwater data assessments, Plio-Pleistocene typology in the Lower Ganges 

and Mid Brahmaputra aquifer will have no (i.e., direct) or less recharge (e.g., indirect only) with 

respect to the changing climate (i.e., rainfall/surface water). Applying simple soil-water balance 
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models, which are restricted to direct (i.e., rain-fed) recharge and exclude indirect recharge derived 

from surface waters, thereby, may fail to recognise the vital contributions of indirect recharge at 

national scale in estimating shallow groundwater recharge in Bangladesh. Moreover, future 

increase in recharge (under Holocene deposits) would only be possible where permeable geology 

will have more head/energy difference between the actual and potential recharge. In other words, 

a large (positive) vertical gradient that exists between the groundwater-levels of wet-period and 

dry period, may encourage increase in the available groundwater storage. This implies that the 

recharge is only able to occur where rejected recharge (due to full aquifer condition) or saturation 

(Hewlett) overland flow does not occur because extra space on groundwater storage is available. 

However, the lowering of the low-flows in the main channels (Gain and Wada, 2014; Gain et al., 

2011, 2013) and the possible upstream diversions (Kirby et al., 2016) may result in significant 

drying out of narrow inner channels and depletion of total groundwater storage (Shamsudduha et 

al., 2012). Consequently, the assessment made here proposes some potential sub-basins or areas 

(as seen in Figure 6.8b) where piloting of A-IR concept can be applied. 

Bearing in mind that climate change projections are still associated with uncertainties, the 

projected impacts may not be greater than the impacts of year to year climate variability. The 

extreme dry or wet climate change scenario may lie outside the current experience of extreme 

events, but in most years probably they will not. Given the uncertainties, a far-sighted strategy for 

adaptation (increasing resilience) is to continue enhancing the capacity to manage problems that 

have beset the water sector over the last 50 years. Therefore, with or even without climate change, 

the areas labelled as ‘A’, ‘B’, ‘C’ and ‘D’ have the potential to meet the un-met water challenges 

in future, if A-IR concept can be applied. 
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6.6 Summary 

In general, most of the model projections are indicative towards the wetter climate. Rise in 

monsoon rain and increase in extreme rainfall events seem to be the future for Bangladesh. It 

appears that extremes may well be greater than the mean rainfall variability in future. However, 

similar (i.e., positive) annual change does not mean that it will favour the groundwater recharge in 

a similar manner for Bangladesh. Variations in aquifer typologies along with variations in future 

rainfall patterns will have varied influences for different parts of Bangladesh. In particular, 

evidence from Chapter 2 clearly shows that Pleistocene soil environment is expected to experience 

minimal direct rain-fed recharge.  

However, existing recharge analyses and projections are based on the assumption that recharge 

occurs via direct infiltration of rainwater to soil. New insight into recharge processes from Chapter 

2 shows the importance of indirect or focused recharge and implies that the estimation of recharge 

to the Bengal Mega-Delta cannot meaningfully be based on the assumption that recharge occurs 

solely from direct infiltration of rainfall. Consequently, changes in river discharge are critical in 

understanding the direct impact of climate change and human use on recharge to aquifer in 

Bangladesh.  Although, influence of indirect recharge highly depends on (1) aquifer diffusivity 

(expressed as the ratio of aquifer transmissivity to storativity, T/S) throughout the aquifer system; 

and (2) the distance, x, from the well to the river (or focused-recharge point). That is, what distance 

from the focused-recharge location should be assumed to have infiltrate water far enough that 

further recharge may take place? 

However, it appears that direct rain-fed recharge will certainly favour some areas where high 

permeable soil have the potential room for capturing more induced water. Considering 

uncertainties in climate change projection, there is a need to explore the idea of managing temporal 
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water resources variability through AI-R concept, versus, or in addition to surface storages. This 

recharge will be essential for sustainable groundwater use. However, basin-wide view of the 

‘abstraction-induced recharge’ may not work as continuing groundwater depletion if coupled with 

increasing pumping might affect the hydrology of the basin. This may even lead to a decrease in 

(pre) monsoon head due to the reduction in storage co-efficient and thereby resulting in 

groundwater-level declination. Therefore, this research has revealed some potential locations 

under Holocene depositions where the original A-IR concept could be revisited as a potential 

solution to the emerging water problems in Bangladesh. In particular, Figure 6.6 highlights areas 

along the main Brahmaputra river channel and the northern part of Bangladesh to be the highest 

capacity for capturing induced recharge. As northwestern Bangladesh has already achieved the 

highest yield (> 220 %), areas within few kilometres buffer zone along the Brahmaputra river 

channel could be the first pilot project to test the A-IR concept.  
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Chapter 7 

CONCLUSIONS AND RECOMMENDATIONS 

This thesis primarily focuses on the recharge mechanism of the Bengal Basin in Bangladesh and 

puts forth a probable adaptation strategy in response to factors that include but are not limited to, 

climate change with an overall aim of increasing recharge. In this chapter conclusions are drawn 

and recommendations are presented based on the findings presented in previous chapters. The rest 

of the chapter is organised into two subsections. Section 7.1 briefly highlights the findings of this 

thesis especially including recharge-discharge characteristics for different aquifer typologies in 

Bangladesh. Based on the findings of this research and combining and contrasting those findings 

against the current understanding and policy related issues of Bangladesh, a brief discussion on 

the applicability of ‘abstraction-induced recharge’ (A-IR) is also presented. Under the A-IR, 

monsoonal recharge is enhanced through the increased capture induced by lowering the water table 

through dry-season pumpage. Finally, Section 7.2 concludes with some future directions towards 

enabling a more robust evaluation of the response of groundwater in the Bengal basin to increasing 

development as well as to climate change. These recommendations, if adopted, are expected to 

produce a more robust estimate of current groundwater recharge. 

7.1 Key Findings  

This dissertation reveals critical limitations in past approaches and models for estimating 

groundwater recharge in the Bengal Basin. These are identified and explained in Chapter 1 which 

sets out a revised path for assessing the impacts of pumping and climate change on groundwater 

recharge in Bangladesh. The key messages from rest of the chapters are as follows: 
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 Depending on observed terrestrial responses to (more intensive) rainfall, Holocene and Pilo-

Pleistocene deposits play contrasting roles in controlling recharge. Conceptual models of 

recharge processes developed for these two environments reveal that both direct and indirect 

recharge processes occur in Holocene deposits whereas recharge, however less, in Plio-

Pleistocene deposits is contributed principally by indirect leakage from river channels where 

incision has enabled a direct hydraulic connection between river channels and the Plio-

Pleistocene aquifer underlying the Madhupur Clay.   

 Groundwater depletion, evident from declining groundwater-levels (GWL) with a diminished 

seasonality, is pronounced in Plio-Pleistocene environments where direct recharge is prevented 

by the impermeable Madhupur Clay. In contrast, intensive shallow groundwater abstraction in 

Holocene environments can enhance direct and indirect recharge via a more permeable surface 

geology.  

 The vital contributions of indirect recharge of shallow groundwater identified in both 

depositional settings in the Bengal Basin highlight the critical limitation of applying simple 

soil-water balance tools or large, global-scale models for estimating groundwater recharge in 

the Bengal Basin as these tools are restricted to direct, rain-fed recharge and exclude indirect 

recharge derived from surface waters. 

 At national scale, 12% and 34% of the total monitored boreholes can be explained with Savar-

type and Bhuanpur-type groundwater level fluctuation patterns, respectively. In general, 13% 

form Pilo-Pleistocene aquifer type characteristics and the rest (87%) form three different 

groups based on the clustering of the long-term groundwater level hydrographs. In fact, 

clustering analyses has identified four dominant types of time-series hydrographs depending 

on their long-term groundwater-level trend and seasonality. These are (a) slightly declining 
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mean GWL trend with no/slight change in seasonality (i.e., CL1 and CL2), (b) highly declining 

mean GWL trend with suppressed/diminished seasonality (i.e., CL3), (c) Moderately declining 

GWL trends both during wet and dry periods with suppressed seasonality (i.e., CL4) and (d) 

slightly declining mean GWL trend with the increase in seasonality (i.e., CL5). Although this 

research has identified misclassifications in a few cases, which can be attributed either to the 

missing and/or erroneous records or to the inherent limitation of the employed clustering 

algorithms themselves, it has been able to successfully capture the features of the dominant 

groups and thereby has laid the foundation for future analysis, which will be extremely useful 

for researchers and practitioners alike.  

 The reason behind the behaviours of the clusters can be explained using three dominant factors 

namely, abstraction, lithology of the soil and local topography of the lands. For example, high 

abstraction at relatively higher lands (e.g., F0) with thick surficial geology cause CL3-type 

unsustainable GWL condition whereas moderate/high abstraction area with thin surficial 

geology at relatively low lands (e.g., F2) encourage A-IR (abstraction-induced recharge) 

showing CL5-type pattern. Moderately high lands (e.g., F1) when come under moderate 

abstraction exhibit CL4-type behaviour but further increase in abstraction volumes in CL4 may 

create environments as in CL3 in future. The local lateral groundwater flow contribution (i.e., 

lateral replenishment from neighbouring higher grounds) from mixed (intermittent and 

seasonally flooded) type of lands with low to moderate abstraction situation are mostly 

responsible for displaying CL1 and CL2-type groundwater level pattern.  

 Around 20% of the observational records belong to a specific typology or cluster that 

demonstrate amplified seasonality over the last three decades due to intensive pumping 

combined with increased recharge (i.e., the rates at which aquifer waters are replenished). 
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These areas are expected to have permeable surficial sediments, where more intensive seasonal 

rainfall may enhance groundwater recharge if sufficient groundwater storage is made available 

through dry season abstraction (i.e., ‘abstraction-induced recharge’ concept).  

 Climate change projections project an increase in rainfall for the Bengal Basin. This projection 

has encouraged most contemporary researchers to claim that the recharge in Bengal Delta will 

increase in tandem. This research investigates the applicability of the above hypothesis only 

within the areas where ‘abstraction-induced recharge’ concepts operate. 

 Examining General Circulation Model (GCM) projections over Bangladesh reveals a projected 

increase in monsoon rainfall, longer monsoon seasons and intensification of extreme events. 

The analysis of the Intergovernmental Panel on Climate Change AR4 and AR5 multi-model 

ensembles for the twenty-first century indicates that projected increases in extreme (90th 

percentile) annual rainfall are much greater in magnitude than changes for mean rainfall. 

Changes in annual rainfall are less variable across the different regions; however, they are more 

variable in terms of inter-annual variability of monthly rainfall. 

 Despite the popular assumption that increased rainfall will only favour groundwater recharge 

in Bangladesh, this research shows that this relationship between the former on the latter does 

not hold basin-wide. The findings in this thesis underline the absence of direct infiltration of 

rain-fed recharge from increased rainfall in Plio-Pleistocene surface geologies and provides 

evidence of direct connection with rainfall for permeable Holocene surface. Thus, recharge 

models that assume direct rain-fed recharge occurs everywhere, will misrepresent recharge in 

the Bengal Basin of Bangladesh under projections of climate change.  

 Increased rainfall as a result of climate change may be useful in some areas where soils permit 

greater recharge (through more intensive rainfall and most importantly, increases in available 
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groundwater storage by applying ‘abstraction-induced recharge’ concept). This research 

identifies four potential sub-basins where more pumping can be encouraged for the 

sustainability of current and projected groundwater resources. However, given the concerns 

over the mobilisation of natural occurring arsenic due to heavy abstraction through pumping, 

continuing use/increase of irrigation water should be carefully monitored and managed.  

7.2 Recommendations for Future Study  

One key part of research interpretations relates to the rise in the groundwater-levels in Holocene 

environments during the monsoon. The current understanding is that the rapid recovery is observed 

following the termination of diurnal on/off groundwater-level fluctuations due to irrigational 

pumpage and then a gradual rise occurs which can be attributed to recharge. In line with the 

findings of WARPO (2000), it is argued that the rise derives primarily from recharge. But still a 

quantitative assessment can be made on how much of this rise is due to the cessation of pumping 

and how much due to recharge. 

Furthermore, ‘poroelastic’ responses (i.e., compression effects from surface loading  during the 

monsoon) in groundwater-level time-series hydrographs have been demonstrated for Bangladesh 

at the deep coastal aquifer (Burgess et al., 2017). In shallow groundwater (< 150 m bgl) or shallow 

alluvial aquifer, observed hydrograph responses at Savar and Bhuanpur to surface loading signals 

(e.g., river stage, rainfall) are delayed, which implies that hydrograph response is associated with 

groundwater flow, not compression. The potential contributions of poroelasticity to shallow 

groundwater-level oscillations across the Bengal Basin have not yet been investigated. However, 

it is expected that hydraulic responses are expected to dominate at shallow (< 50 m bgl) 

groundwater depths. Future research may investigate the effect of mechanical loading or unloading 
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on shallow groundwater-levels. If poroelasticity does exist, it can be accounted for and does not 

challenge the fundamental arguments presented in this thesis. 

Finally, the study suggests that, a comprehensive water law should be formulated for proper 

conservation and maintaining sustainable use of groundwater resource especially in areas where 

CL3-type (e.g., Barind, major cities) pattern is observed. In this context, where conjunctive use of 

groundwater and surface water has potential, National Water Policy (NWPo, 1999) also planned 

promoting conjunctive use to offer benefits through significantly increased water use efficiency. 

In addition, the study also recommends piloting of A-IR concept to some specific potential areas 

that have thin and permeable surficial aquitard unit; and show CL5-type patterns to meet the un-

met water challenges in future.  
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Appendix –A 
Supplementary plots of Chapter 2 and field-visit photographs 
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Figure A-1: Hydrographs showing the pattern matching between field observation and nearby 
BWDB monitoring stations respectively for (a) Bhuapur and (b) Savar. 
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Figure A-2: Time-series plots of hourly barometric pressure (top panel), uncorrected groundwater-
level (middle panel) and corrected groundwater-level (bottom panel) records at Bhuapur site over 
a period of 2009-2011. 
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Figure A-3: Time-series plots of hourly barometric pressure (top panel), uncorrected groundwater-
level (middle panel) and corrected groundwater-level (bottom panel) records at Bhuapur site over 
a period of 2009-2011. 
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Figure A-4: Groundwater hydrographs with respect to extreme rainfall events at Bhuapur Site 
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Figure A-5: Discharge period plots highlighted in Figure 2.6 (d) at (a) Bhuapur site for piezometer 
levels (following corrections for barometric changes), and (b) Half-hourly fluctuations in 
groundwater head, calculated by subtracting 30-seconds moving average from the observed 
piezometer levels presented in panel (a). 
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Figure A-6. Field observation plots of piezometer levels with respect to extreme rainfall events 
as shown in Figure 2.7 (e) for Savar site. 
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Figure A-7: Dominant modes or frequencies and their corresponding amplitudes in the observed 
total pressure (water pressure + atmospheric pressure) and corrected (barometric-level subtracted) 
groundwater-level time-series records in Bhuapur site during the dry season have been revealed 
through an analysis of the Fast Fourier transform (FFT) algorithm in R statistical programming 
language.  
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Figure A-8: Dominant modes or frequencies and their corresponding amplitudes in the observed 
total pressure (water pressure + atmospheric pressure) and corrected (barometric-level subtracted) 
groundwater-level time-series records in Bhuapur during the wet season have been revealed 
through an analysis of the Fast Fourier transform (FFT) algorithm in R statistical programming 
language.  
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Figure A-9: Dominant modes or frequencies and their corresponding amplitudes in the observed 
total pressure (water pressure + atmospheric pressure) and corrected (barometric-level subtracted) 
groundwater-level time-series records in Savar site during the dry season have been revealed 
through an analysis of the Fast Fourier transform (FFT) algorithm in R statistical programming 
language.  
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Figure A-10: Dominant modes or frequencies and their corresponding amplitudes in the observed 
total pressure (water pressure + atmospheric pressure) and corrected (barometric-level subtracted) 
groundwater-level time-series records in Savar site during the wet season have been revealed 
through an analysis of the Fast Fourier transform (FFT) algorithm in R statistical programming 
language.  
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Figure A-11: Dominant modes or frequencies and their corresponding amplitudes in the surface 
water-level time-series records in Bhuapur site (top: hourly records from River Brahmaputra; 
bottom: daily records from River Futikjani) have been revealed through an analysis of the Fast 
Fourier transform (FFT) algorithm in R statistical programming language.  
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Figure A-12: Dominant modes or frequencies and their corresponding amplitudes in the surface 
water-level time-series records in Savar site (top: daily records from River Bangshi; bottom: daily 
records from River Dhaleswari) have been revealed through an analysis of the Fast Fourier 
transform (FFT) algorithm in R statistical programming language.  
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Table A-1: Historical (1987-2015) extreme rainfall event statistics of nearby BWDB’s rainfall 

observation stations 

Extreme  
Rainfall 
 index 

Unit Description of index 

Bhuapur 
Rainfall 
station 

(Rajshahi) 
[median] 

Savar  
Rainfall 
station 

(Dhaka) 
[median] 

Bhuapur Site 
Field Test 

Period 
(2009-2010) 

Savar Site 
Field Test 

Period 
(2009-2010) 

RX1day mm 1-day maximum rainfall in a year 120 122 54 320 

RX5day mm 5-day maximum rainfall in a year 222 230 113 365 

PRCPTOT mm Annual total rainfall 1771 1925 - - 

R99p mm Annual total rainfall when rainfall > 99th 
percentile of 1987-2015 daily rainfall 221 263 - - 

R95p mm Annual total rainfall when rainfall > 95th 
percentile of 1987-2015 daily rainfall 474 500 - - 

SDII mm/day Annual total rainfall divided by the number 
of wet days 17 17 - - 

R10mm days Total number of days in a year with rainfall 
> 10 mm 52 57 - - 

R20mm days Total number of days in a year with rainfall 
> 20 mm 30 32 - - 

CWD days Maximum number of consecutive wet days 
(rainfall > 0) in a year 11 12 - - 
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Figure A-13: Field photographs of the Bhuapur site 
 

(a) Google earth image of Savar site 
 

 

(b) Automated data loggers at a dairy farm 
 

 
 

Figure A-14: Field photographs of the Savar site 
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Appendix –B 

Recessionary Gradients and Trends of 180 well-hydrographs 














































































































































































































































































































































