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Abstract

:

Historical trends of the annual maximum and minimum depths of groundwater tables (GWTs) that are indicative of sustainability status of groundwater resources still remain inadequately studied in the North-West (NW) hydrological region of Bangladesh. This study aimed at evaluating long-term (1985–2016) trends of GWTs of 350 monitoring wells and their impacts on groundwater development status in that region. The trends of the annual maximum and minimum depths of GWTs were determined and evaluated by using MAKESENS trend model. The functionality of suction-mode pumps was identified based on the annual maximum depth of GWTs. A significant (p ≤ 0.05) falling trend of the annual maximum depths of GWTs in 65.71% of the monitoring wells revealed continuous increase in groundwater abstraction. A significant falling trend of the annual minimum depths of GWTs in 69.71% of the monitoring wells revealed groundwater mining. GWTs remained below the suction limit (≈6 m) for 3 to 6 months in each year in 59.72% of the monitoring wells and for the whole year in 15.14% of the monitoring wells, making suction-mode pumps inoperable and creating domestic water scarcity. Therefore, groundwater extraction in many locations has become unsustainable, and hence, measures such as artificial recharge to the aquifers and water-saving technologies are needed to prevent groundwater mining.
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1. Introduction


Worldwide, groundwater provides over 97% of accessible freshwater, half of the drinking water, and approximately half of the irrigation water for agriculture [1]. In Bangladesh, scarcity of surface water has made groundwater an essential source to supplement dry season water demand to meet urban, industrial, and irrigation requirements [2,3]. Groundwater abstraction has tremendously increased in Bangladesh since the 1980s. Currently, it supplies 79% of the water demand for irrigation, livestock, household, and industrial usages [4]. In the North-West (NW) region of the country, about 95% of irrigation water comes from groundwater, which is extracted, mainly, by shallow tubewells (STW) and deep tubewells (DTW), in addition to some small-capacity pumping technologies, such as hand pumps, popularly known as hand tubewells (HTWs), rower pumps, and treadle pumps. There are now 1.77 million irrigation pumps in the country, of which 1.56 million are STWs [5,6]. In addition to irrigation, most STWs also supply water for domestic usage.



Groundwater in Bangladesh is a renewable and dynamic natural resource. It maintains that dynamism by recharging, mainly in the wet or monsoon season (June–September) through monsoon rainfall and flooding, and receding during the dry season (April–May) due to withdrawal for various usages, especially for irrigation. Irrigated crop fields also contribute to groundwater recharge; especially, for shallow aquifers much of the irrigation water returns to aquifer [7]. Prior to widespread abstraction of groundwater from the mid-1980s and onwards, water tables in the mostly unconfined aquifers of Bangladesh were generally shallow with a weak seasonal fluctuating trend. After the monsoon period, groundwater tables were near, or in some places, very close to the ground surface. At the end of the dry season, GWTs receded, mainly due to evapotranspiration and inter-basin flow out of the aquifers. Much of the potential recharge from rainfall and flooding in the monsoon period was rejected due to the limited storage capacity of the aquifers. However, with increasing abstraction of groundwater, GWTs fall at a greater rate during the dry season, when pumping for various usages and base flow to the rivers deplete the aquifers. The deepest GWTs are now found from April to mid-May and the shallowest GWTs are found in November [8].



Most parts of the NW region of the country are flood-free zones and the main source of groundwater recharge is rainfall, which is also the lowest in this region. Moreover, the expanding presence of plough pans due to the increasing practice of conservation agriculture, and especially, the thick sticky clay surface (6.10−21.34 m) of the Barind Tract act as aquitards and hinder groundwater recharge by increasing surface runoff. As a result, groundwater use in the Barind area has exceeded recharge and GWTs have been successively falling over the years, with increasing withdrawal of groundwater for irrigation [8,9]. Rajshahi, Pabna, Bogura, Dinajpur, and Rangpur were identified as the severely depleted areas, with depletion of GWTs between 2.3 m and 11.5 m [10]. However, it is not clear whether the declining groundwater levels in the rest of the NW region results from excessive use or an observed decline in rainfall, or from a combination of these and possibly other factors. GWTs at many areas in the NW region fall below 8 m during March–May in each year, causing water scarcity for domestic supply [11], agriculture, and secured livelihood [12]. Here, water scarcity implies the lack of access to adequate quantity of water for human, animal, and environmental requirements. Therefore, groundwater use in the Barind area, especially from shallow aquifers, has become unsustainable [13,14]. Population growth, agricultural pollution, urbanization, climate change, and poor water management practices are threatening the water resources in Bangladesh and are challenging to their sustainable management [15,16,17]. Changes in the spatial-time series (1990−2010) of pre-monsoon and post-monsoon groundwater depths in the NW region of Bangladesh suggest that if the current level of groundwater usage continues, the resulting GWTs will decline continuously with a potential long-term threat to the sustainability of irrigated agriculture [18]. Consequently, groundwater research needs to be focused both in its thematic and critical areas, due to the appearance of unexpected or unanticipated problems [19].



Continuous monitoring of groundwater is required [20] to know the dynamic equilibrium or non-equilibrium nature of the groundwater resources in the aquifers and the associated sustainability issues of the groundwater resources. Trend analysis of hydrological and meteorological data is needed to explain the dynamic behavior of GWTs [21]. The trend of GWTs, indicating general direction of their change or development, reveals the condition of groundwater resources in terms of sustainability. Since GWTs in the NW region of Bangladesh have been successively falling over the years [11], the trend of GWTs and associated sustainability status of groundwater availability in the region are important topics for investigation. The trend of GWTs, especially with latest data sets, is needed to adjust groundwater development and management policy. The locations of critical depth of GWTs for operating suction mode pumps can identify the places with water scarcity for irrigation and domestic needs. The goal of this study was to know the long-term trend of the yearly maximum and minimum depths of GWTs from ground surfaces in the NW region of Bangladesh over the past 32 years (1985–2016). The specific objectives were: (i) to identify and quantify the trends of GWTs over the years from 1985 to 2016, (ii) to infer sustainability status of groundwater extraction from the aquifers based on their recharge and depletion magnitudes, and (iii) to identify locations where suction-mode pumps are now an inappropriate technology for groundwater extraction.




2. Materials and Methods


2.1. Study Area


Bangladesh has eight Hydrological Regions, which are mainly characterized by surface water flow processes and major rivers as boundaries (Figure 1). These regions are North West (NW), North Central (NC), North East (NE), South East (SE), South Central (SC), South West (SW), Eastern Hills (EH), and the active flood plains and char lands of the main rivers and estuaries [22]. It is noted that although usually the boundaries of watersheds or water region coincide with water divides, the hydrological regions in Bangladesh were delineated based on appropriate natural features for planning of the development of their water resources. Accordingly, in defining the hydrological regions, the principles adopted [22] were: (i) the entire country should be covered; (ii) the principal rivers and natural features should form the boundaries; (iii) the principal rivers themselves should form a region; and (iv) effective use should be made of previous studies. The Barind Tract and its surrounding areas have been divided into three major physiographic units and fifteen sub-units. The major units are the Barind Tract, Channel-floodplain complexes, and Himalayan piedmont plain (Tisa Fan). The elevation of the Barind Tract ranges from about 11–48 m above mean sea level (AMSL), the floodplain is about 8–23 m AMSL, and the Tista Fan is about 30–45 m AMSL. There is a wide variation in the sub-surface lithology of the NW hydrological region. The upper-most layer of Rajshahi area (Figure 1) comprised a 2.5 to 35 m thick clay to silty clay layer, but in Pabna, the upper-most clay to silty clay layer varies from 1 to 20 m. The aquifers in these areas are generally unconfined. In the northern half of NW region (Rangpur area), the upper layer of soil comprised coarse and medium sand and gravel and the aquifers are unconfined. This study focused on the NW hydrological region, which covers the administrative divisions of Rajshahi and Rangpur. Rajshahi division, consisting of 8 districts and 70 upazillas, has an area of 18,174.4 square kilometers and a population of 18,484,858, and Rangpur division, which consists of 8 districts and 58 upazillas, has a population of 15,665,000 [23]. In the NW region, the mean maximum temperature is 32 °C in summer, mean minimum temperature is 10 °C in winter, annual average rainfall is 1927 mm, and potential evapotranspiration is 1309 mm [9].



Groundwater irrigation is crucial to the recent attainment of rice grain food security in Bangladesh [24]. The NW region alone supplies about 35 percent of the irrigated Boro rice and about 60 percent of the wheat of the whole country [9,25]. The use of groundwater in this region is the most intense; over 97% of the total area (85% of net cultivable area) was irrigated by groundwater during 2012–2013 [26]. The increased irrigation coverage associated with increased extraction of groundwater from the aquifers over the last three decades has contributed to decline in groundwater levels. Therefore, the NW region, especially, the Barind area, is of greatest concern over falling groundwater levels [14], which lead to a lack of access to water for drinking and irrigation in some areas. Sustaining groundwater irrigation in the NW region is, therefore, vital for the domestic water supply and future food security of Bangladesh. In this context, investigation of the groundwater table dynamics in the NW region to evaluate the nature of equilibrium of the groundwater resources is crucial, since this can dictate policies for future groundwater use in the region.




2.2. Data Collection and Preparation


Bangladesh Water Development Board (BWDB) maintains an extensive groundwater monitoring database, which contains time series of groundwater table depth recordings of about 1200 monitoring wells across the country. Although some wells have GWT data from the mid-1960s onwards, most wells have weekly GWT data from 1985. The NW region has a total of 437 monitoring wells, and their water table data from 1985 to 2016 were analyzed in this study. First, by plotting the observed GWT data against time in scatter plots, the important features of the data, such as trends, seasonality, discontinuities, and outliers, were identified. The monitoring wells with more than 5 years discontinuous data and irrational or erratic distribution of water tables, and also the wells with identification problems, were discarded. In total, 350 monitoring wells had good quality GWT data and these were selected for trend analysis and critical GWT depth identification. Because of the large-size information, the geographical distribution of these monitoring wells is provided as supplementary material in Table S1. From the weekly GWT data of the monitoring wells, annual maximum and minimum depths of GWTs from ground surface were identified and recorded in a MS Excel spread sheet separately for each well.




2.3. Trend Analysis


In determining trends and drift of time-series data, Mann-Kendall-Sens (MAKESENS) statistics is a well-adopted method. This statistics is based on non-parametric Mann-Kendall tests to identify the trend and non-parametric Sen’s method to quantify the trend [27]. This type of trend statistics is applicable for both monotonic and non-monotonic trends. MAKESENS utilizes two statistics, called S-statistics and Z-statistics [28], to estimate trend. For time series with less than 10 data points, S-statistics is used, and for time series with ≥10 data points, Z-statistics is used. If x1, x2, x3, …, xj represent n data points, where xj is the data point at time j, Mann-Kendall statistics “S” is expressed by


S=∑k=1n−1∑j=k+1nsgn(xj−xk)



(1)







In Equation (1), sgn(xj − xk) = 1 for xj − xk > 0, or sgn(xj − xk) = 0 for xj − xk = 0, or sgn(xj − xk) = −1 for xj − xk < 0. The normalized Z-statistics is given by


Z=S−1[VAR(S)]1/2if S>0Z=S+1[VAR(S)]1/2if S<0Z=0if S=0



(2)







The MAKESENS model provides trends of the annual maximum and minimum depths of GWTs in terms of Z-statistics (Equation (2)), slope, and intercept of the trend line. It also provides statistical significance of the GWT trends. This information for each monitoring well is provided as supplementary material in Tables S2 and S3 for the annual maximum and minimum depths of GWTs, respectively. The Z-statistics is a deterministic index of the trend. The intercept and slope together provide the trend lines. The slope of the trend lines determines magnitude and direction of the trend. Based on data type, especially sensitivity of change, the MAKESENS model determines statistical significance of the trend at p ≤ 0.05.




2.4. Water Scarcity Identification


All suction-mode pumps, including STW and HTW, utilize atmospheric pressure to lift water. The standard atmospheric pressure is 1.034 kg/cm2, which is equivalent to 10.34 m of water column. Therefore, the maximum theoretical lift for suction-mode tubewells for abstraction of groundwater is 10.34 m, which reduces to 8 m due to frictional head losses in the piping system. A further reduction in suction lift occurs due to dynamic drawdown of GWT during the pumping period, which depends on aquifers’ water transmitting properties and pumping rate. We determined specific drawdown (drawdown per unit discharge) from discharge-drawdown data of 31 DTWs of 19 upazillas of the North-West region. The specific drawdown varied from 0.14 to 15.24 m/m3/s, with a mean of 5.69 m/m3/s. This implies that a dynamic drawdown of 0.14 to 15.24 m per cubic meter per second of well discharge will occur at the well face during pumping. The design capacity of most STWs in the North-West region is 0.5 m3/s (14.3 L/s). Therefore, an average dynamic drawdown of 2.85 m will occur at the well face during the pumping period. The actual capacity of STWs is, however, smaller than the design capacity, and hence the dynamic drawdown will be smaller than the observed values. In this study, we used an average 2 m dynamic drawdown in calculating the suction lift limit of STWs. Thus, considering frictional head losses in the piping system and a dynamic drawdown of GWT (≈2 m) during pumping, practically, 6 m was considered as the critical depth (maximum suction lift) for pumping groundwater by the suction-mode pumps. However, the low-capacity suction-mode pumps, such as HTWs, do not create considerable drawdown of the GWT during pumping and they can operate up to 8.0 m suction lift or even a bit more in case of low frictional head loss. If GWT resides below the suction limit, it makes the suction-mode pumps inoperative.



The groundwater monitoring wells were categorized into three groups based on their GWT depths over the study period (1985–2016): (i) wells with GWTs below critical depth (6 m) during the whole year, (ii) wells with GWTs below critical depth for certain months of the year, and (iii) wells with GWTs above critical depth during whole year. The locations (up to village level) of these three categories of monitoring wells were identified to reveal the conditions of groundwater availability of the places from suction-mode pumps, especially for domestic water supply.





3. Results


3.1. Trend of Annual Maximum Depth of GWT


The trend of time-series of GWTs revealed the pattern of change of GWTs over the time period from 1985 to 2016; it revealed both the direction and magnitude of the changes. Among 350 monitoring wells with consistent GWT data, the annual maximum depths of GWTs from ground surface revealed falling/increasing trend in 300 wells, rising/decreasing trend in 48 wells, and no trend in 2 wells. Table 1 provides distribution of the monitoring wells with the three trend-types of the annual maximum depth of GWTs of 350 wells over sixteen districts in the NW region. Dinajpur and Joypurhat districts have the highest proportion (100%) of the monitoring wells, with falling trends of the annual maximum depth of GWTs. Nilphamari district has the largest number (8 out of 24) of monitoring wells with a rising trend of the GWTs. Only Chapai Nawabganj district has two wells with no trend of GWT. The falling water-table trend outnumbered the other two trend-types (rising and no trend) for the maximum depth of GWTs (Table 1). Among 300 monitoring wells with a falling trend of the annual maximum depths of GWTs, 244 (81.33%) wells showed significant (p ≤ 0.05) falling rate. Out of 48 monitoring wells with a rising trend of the annual maximum depths of GWTs, only 17 wells (35.42%) showed a significant rising trend. The distribution of the monitoring wells among 16 districts based on significance level of their GWT trends is given in Table 2.




3.2. Trend of Annual Minimum Depth of GWT


The annual minimum depths of GWTs revealed falling trends in 315 monitoring wells, rising trends in 31 wells, and no trend in only 4 wells over the years under investigation (1985–2016). Table 3 provides the distribution of the monitoring wells with different trend-types among 16 districts of the NW region. The majority of the monitoring wells showed falling trends of the annual minimum depths of GWTs, implying that recharge deficit in the aquifers had been increasing in the wet season over the study period (1985–2016). Rajshahi had the highest proportion (100%) of the monitoring wells with falling trend of the GWTs, while Nilphamari had the highest number (9 out of 15) of the monitoring wells with a rising trend of the GWTs. The number of monitoring wells with a falling trend of GWTs outnumbered the number of wells with a rising trend and no trend of GWTs (Table 3). Among 315 monitoring wells (Table 3), the annual minimum depths of GWTs in 230 (73%) wells dropped significantly (p ≤ 0.05) over the years. The GWTs in only 6 wells rose significantly. The distribution of the monitoring wells in different districts, based on significance level of their GWT trends, is given in Table 4.




3.3. Critical Depth of GWT


The annual minimum and maximum GWTs in some monitoring wells never dropped below 6 m (limiting or critical depth for operating suction-mode pumps) during 1985–2016, while the GWTs in some monitoring wells always remained below this depth. In another group of the monitoring wells, GWTs remained below 6 m during 3 to 6 months in most of the years during 1985–2016. Accordingly, the monitoring wells, regardless of their GWT-trend types, were divided into three groups based on the depth of GWTs in the wells. The numbers of monitoring wells having their GWTs always greater than critical depth, those that maintained critical depth for 3 to 6 months, and those having GWTs always above the critical depth in each district is given in Table 5. Identification of the individual monitoring wells of each group is provided as supplementary material in Table S4.



A large number of the monitoring wells (209 out of 350) had their GWTs below the suction lift limit for several months of the year. These wells maintained an annual cycle of their GWTs with the water table remaining below critical depth (6 m) in the dry season. The GWTs in 88 monitoring wells remained above the critical depth throughout the year, keeping STWs and other suction-mode pumps operational throughout the year. Fifty-three (53) monitoring wells had their GWTs always below the critical depth, demonstrating STWs and other suction-mode pumps as the technically infeasible technologies at those locations. Due to dominating number of the STWs over DTWs, water scarcity occurs when the STWs fail to operate because of the suction-lift limitation.





4. Discussion


4.1. Groundwater Abstraction Status


The falling trend of the annual maximum depths of GWTs in 300 monitoring wells (Table 1) implies steadily increased annual abstraction of groundwater from the aquifers for various usages and that the GWTs had been declining in the dry season over the years from 1985 to 2016. The rising trend of the annual maximum depths of GWTs in 48 monitoring wells indicates continual reduced annual abstraction of groundwater or continual annual increase in recharge to the aquifers, or some combination of these, while the GWTs with no trend in 2 monitoring wells suggest stable annual abstraction of groundwater from the aquifers over the years. Statistical significance in the variation of the annual maximum depths of GWTs is important for planned management of groundwater resources in the study area. In areas where the falling rates of GWTs are not significant (p ≤ 0.05), the observed changes in GWT trends are not currently concerning. However, the vast majority (244) of the monitoring wells (Table 2) in the NW region showed falling trends for the annual maximum depths of GWTs and a persistent decline in GWTs in the dry season that were statistically significant.



The declining trend of the annual maximum depths of GWTs in the dry season over the successive years for most of the monitoring wells was largely due to increased abstraction of groundwater for increased cultivation of irrigated crops [29], since most of the areas were used for intensive Boro cultivation. The declining trend of GWTs might also be due to reduced recharge caused by low rainfall, an expanding plough pan resulting from increasing conservation agriculture practices, and a thick clay surface in the Barind Tract. In the study area, the rainfall has decreased 10−45 mm/year over the last decade, which will likely lead to reduced natural recharge [30]. There is also evidence [7] of the reduced vertical hydraulic conductivity in irrigated rice fields due to the presence of plough pans. Inefficient use of water for domestic and irrigation purposes leads to over-extraction of groundwater and also contributes, to some extent, to declining GWTs. The falling trend of the annual maximum depths of GWTs, thus, indicates an ever-increasing extraction of groundwater in most parts in the NW hydrological region. Globally, agriculture accounts for the majority of freshwater withdrawals, with some water sources being drawn down faster than they are being replenished, as evidenced by the groundwater resources in NW Bangladesh. Given the necessity of increasing crop production, increased water requirement in irrigated agriculture is inevitable [24,31], although changing cropping patterns to lower water usage of crops may mitigate this risk to some degree. Therefore, the prevailing situation in most parts of the study area is likely a push to exploit more water for food security in the face of a changing and more variable climate [32]. In line with global high expectations for improved water management to drive agricultural growth and poverty reduction [33], further development of yet unexploited water sources is the most plausible option of satisfying increasing future water demand in Bangladesh. Exploiting underutilized rivers and streams, estimating aquifers’ safe yields, recharging the aquifers by natural and artificial means, harvesting rain water, and utilizing wastewater are the possible scopes for this option. Also, practice such as mulching can increase water-holding capacity of field soils and decrease evaporation [34]; organic mulching, by increasing soil organic matter, can also facilitate groundwater recharge.




4.2. Groundwater Replenishment Status


The falling trend of the annual minimum depths of GWTs in 315 monitoring wells (Table 3) suggests that the depth of GWTs from ground surface had been increasing in the wet season (recharging period) over the years (1985–2016). The falling rates of the GWTs were statistically significant (p ≤ 0.05) (Table 4). Therefore, due to a deficit in the amount of recharge during the main recharging period, the depleted aquifers were not replenished completely, resulting in the effective mining of the aquifer. The NW region of Bangladesh has the lowest amount of average annual rainfall (1927 mm) of all hydrological regions in Bangladesh, and the region has a thick (6.10−21.34 m) clay layer [9]. Both these factors hindered recharge to the aquifers, and consequently, contributed to the declining trend of the annual minimum depth of GWTs obtained in the wet season. Also, both the monsoon rainfall and annual total rainfall in the region have been experiencing a decreasing trend for most of the districts in the NW region [35], making the available water for recharging the aquifers limited. The average annual rainfalls (n = 21) of Bogra, Dinajpur, Ishurdi, Rajshahi, Rangpur, and Sayedpur stations in the NW region are 1759, 2012, 1466, 1428, 2262, and 2118 mm, respectively. The overall average annual rainfall (1985–2015) of these six stations shows a declining trend (Figure 2), with a slope of 9.2 mm/year.



The rising trend of the annual minimum depths of GWTs in 31 monitoring wells indicated full replenishment of the aquifers during monsoon after depletion in the dry season. These GWTs also indicated the possibility of recharge rejection when the aquifers were fully replenished before the end of the recharge period. This result is in support of a previous study [36], which reported that the actual recharge in some areas of the NW region was still less than potential recharge, except in the western extreme of the country.



Our results emphasize the necessity of taking corrective decisions and measures to prevent further mining of GWTs and suggest implementing techniques to increase groundwater recharge to obtain sustainability in groundwater usage. To ensure that the aquifers are replenished adequately, artificial recharge can be introduced. Rainwater harvesting in the existing ponds and depressions can contribute to groundwater recharge. Greater attention to demand-side adaptive strategies that seek to reduce crop-water requirements is needed. Introduction of water-saving techniques (e.g., mulching) that reduce soil surface evaporation or evapotranspiration, which can reduce groundwater abstraction from the aquifers or increase recharge to the aquifers, are also important. Increasing irrigation efficiency by adopting water-conserving management practices (e.g., buried pipe for water distribution, alternate wetting and drying (AWD) irrigation method) can reduce cost of irrigation and may increase irrigation command area, but does not actually contribute to water saving at the watershed or national scale [37]. This is especially important for areas such as the North-West region of Bangladesh, where water is scarce, and aquifers are being over-drafted and surface water sources dry up during the dry season. Higher water use efficiency may eventually reduce recharge to the aquifers by minimizing seepage and percolation loss of water from the canals and crop fields, since a considerable part of the lost water in an irrigation project replenishes the underlying aquifer [38]. However, the water-conserving management practices can contribute to groundwater sustainability by reducing groundwater abstraction when irrigation is applied by surface water. The major water-conserving management practices being used or considered suitable in Bangladesh include conservation agriculture (reduced or zero tillage), direct-seeded rice or aerobic rice cultivation, raised-bed planting, deficit irrigation, lower water-demanding crops and cropping patterns (e.g., replacing rice with less water-demanding wheat), partial shifting of agricultural development from the NW to the South-West region [39], and efficient irrigation methods, such as the AWD irrigation method (20–30% water saving), micro-irrigation, sprinkler irrigation, and drip irrigation. Other water-saving measures, such as high-velocity low-flow showerheads, dual-flush toilets, and sensor-activated faucets, can also be practiced at the household level. However, although conservation agriculture is regarded as a water-saving management practice, there is clear evidence of reduced recharge to aquifers under this practice due to the expanded and prolonged existence of a plough pan with lower permeability [9]. In the context of Bangladesh, conservation agriculture can help save water by reducing soil surface evaporation in the dry season, but may have a negative effect in the wet season, since it reduces recharge to the underlying aquifers. The advantages of conservation agriculture in saving water may, however, be exploited by breaking the plough pans through deep ploughing at the beginning of the wet season.




4.3. Domestic Water Scarcity


In the NW region of Bangladesh, household water is mostly supplied by groundwater, which is abstracted predominantly by STWs. The suction lift limitation of the STWs restricts groundwater abstraction. Figure 3 shows the locations having GWTs below the suction lift limit during 3 to 6 months of the dry season of the year, below the suction lift limit during the whole year, and always above the suction lift limit. Bogura, Rajshahi, Naogaon, Joypurhat, and Chapai Nowabgonj districts, forming the Barind track, have GWTs below the suction lift limit during the whole year, and thus demonstrate severity of water scarcity due to failure of the STWs. The Barind track has low rainfall and high runoff due to a thick clay layer starting from the ground surface, which largely explains the observed GWT distribution. The locations with GWTs always above the suction lift limit amassed in Rangpur, Gaibandha, Kurigram, Dinajpur, Nilphamari, Panchagor, and Thakurgaon districts (Figure 3) reveal the good condition of the groundwater resource in those areas. The locations having GWTs below the suction limit for 3 to 6 months are found distributed all over the NW region, indicating areas with dry season water scarcity. Based on trends of the annual maximum and minimum depths of GWTs, the groundwater monitoring wells in Bangladesh were categorized into four types [11]: Type 1 wells—both the annual minimum and maximum depths of GWTs are declining with little recovery; Type 2 wells—both the annual minimum and maximum depths of GWTs are declining with some recovery; Type 3 wells—dry season maximum depths of GWTs are declining but wet season minimum depths of GWTs remain steady; and Type 4 wells—both the dry season maximum and wet season minimum depths of GWTs are steady. In the northern sub-region of NW hydrological region (north of Joypurhat and Bogura, Figure 1), GWTs remain relatively stable, with large numbers of type 3 and type 4 wells, only a few type 2 wells, and no type 1 well in this sub-region [11]. In the southern sub-region of this hydrological region, trend types 1 and 2 dominate most of the monitoring wells.



During the 1980s and 1990s, STWs were adopted as a widespread irrigation technology in most parts of the North-West region, especially to support year-round rice production. However, this technology no longer remains technically feasible in most parts of Rajshahi division and some parts of Rangpur division due to declining groundwater levels (Figure 3). The non-functioning of STWs has created a number of negative impacts. In most parts of Rajshahi, Naogaon, and Chapai Nawabganj districts, and some parts of Bogura and Joypurhat districts, GWTs remain below suction lift limit throughout the whole year (Figure 3). Consequently, STW users can no longer provide supplementary irrigation for aman rice in case of inadequate rainfall. The non-functioning of STWs for a few weeks or months in most parts of the North-West region reduces yields of the rabi crops by hindering adequate irrigation. When declining water tables approach the suction lift limit, this can cause a reduction in the discharge of many STWs, requiring more time to irrigate the same land area, leading to higher production cost, which often constitutes over 50% of the total production cost [40]. Many farmers as well as households depend entirely on DTWs located close by their localities; many of the DTWs also struggle to supply water during peak water demand in the rabi season. The groundwater unsustainability situation is most advanced in some districts of Rajshahi division, where STWs do not function (Figure 3). In some districts of Rangpur division, increasing STW failure is significantly curtailing the crop production and income of the farmers [40]. It is noted that for the NW region, water quality is generally not a major issue, and also not within the scope of this study; the major issue in the region is the quantity of water, specifically from groundwater source during the dry season.



Water crises affect both men and women in different ways. Millions of women carry a double burden of disadvantage from the water crisis [41,42]. In rural Bangladesh, men are mainly engaged in irrigation, and women are primarily responsible for the collection of water for domestic use [43]. DTWs and STWs are exclusively used for irrigation, whereas some STWs and all HTWs are used for domestic water supply. In the dry season, when STWs and HTWs become non-functional due to declining GWTs, women have to walk a significant distance to DTWs to collect water for domestic usage. The increased workload for women often causes delays or failure to perform their household obligatory activities, such as cooking, due to additional expense of both time and energy to collect water. Such situations often bring risks of normative marital male violence against women as a punishment for not performing their obligatory activities in a timely manner [44].





5. Conclusions


The dynamic nature of groundwater resources in the North-West hydrological region of Bangladesh was characterized through historical (1985–2016) trends of the annual maximum and minimum depths of groundwater tables (GWTs) of 350 monitoring wells. Three features of the GWTs’ trend—falling, rising, and stable—revealed the impact of past abstraction and replenishment status of the groundwater resource. The falling trend of the annual maximum depth of GWTs in 300 monitoring wells (mostly statistically significant at p ≤ 0.05) suggests a cumulative increase in abstraction of groundwater over the study period, coupled with reduced recharge from lower rainfall. The falling trend of the annual minimum depths of GWTs in 315 monitoring wells (mostly significant) supports this result by revealing that the aquifers were not completely replenished in the wet season and mining of GWTs was occurring. In 60% of the monitoring wells, GWTs stayed below the suction lift limit (<6 m) of the suction-mode pumps (e.g., STWs and HTWs) during 3 to 6 months of the dry season in each year. Most of the NW parts of the study area encounter such GWTs and face water scarcity during those months. In 15% of the monitoring wells, located in Bogura, Rajshahi, Naogaon, Joypurhat, and Chapai Nowabgonj districts, GWTs remained below 6 m throughout the year. These districts, comprising the Barind track, face severe water scarcity, especially for domestic supply, due to failure of STWs and HTWs. Therefore, it is inevitable that the currently practiced groundwater development and use policy in those areas need to be revised to make groundwater use more sustainable. Strategies such as artificial recharge to the aquifers and rain water harvesting along with water-saving technologies and integrated water resources management need to be adopted. Special attention needs to be given in areas where GWTs drop below the critical suction limit of suction-mode pumps. Alternate technology for pumping groundwater needs to be made available to provide household water.
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Figure 1. Hydrological regions of Bangladesh, with the major river network, cities, and elevation above mean sea level. 
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Figure 2. Variation of average annual total rainfall of six stations of the North-West Bangladesh and its trend over the years from 1985 to 2015. 






Figure 2. Variation of average annual total rainfall of six stations of the North-West Bangladesh and its trend over the years from 1985 to 2015.



[image: Water 11 01182 g002]







[image: Water 11 01182 g003 550]





Figure 3. Distribution of the groundwater table (GWT) monitoring well-types based on suction lift limit in 16 districts in the North-West hydrological region of Bangladesh. 
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Table 1. Number of groundwater table (GWT) monitoring wells in 16 districts of the North-West hydrological region of Bangladesh with falling, rising, and no trends of the annual maximum depths of GWTs from ground surface.






Table 1. Number of groundwater table (GWT) monitoring wells in 16 districts of the North-West hydrological region of Bangladesh with falling, rising, and no trends of the annual maximum depths of GWTs from ground surface.





	Districts
	No. of Wells with Falling GWT Trend
	No. of Wells with Rising GWT Trend
	No. of Wells with No Trend of GWT
	Total Number of Wells





	Rajshahi
	35
	1
	0
	36



	Bogura
	20
	7
	0
	27



	Dinajpur
	38
	0
	0
	38



	Gaibandha
	12
	5
	0
	17



	Joypurhat
	8
	0
	0
	8



	Kurigram
	6
	1
	0
	7



	Lalmonirhat
	13
	1
	0
	14



	Naogaon
	32
	1
	0
	33



	Natore
	9
	4
	0
	13



	Chapai Nawabganj
	18
	1
	2
	21



	Nilphamari
	16
	8
	0
	24



	Pabna
	21
	6
	0
	27



	Panchagarh
	18
	4
	0
	22



	Rangpur
	8
	4
	0
	12



	Shirajganj
	22
	2
	0
	24



	Thakurgaon
	24
	3
	0
	27



	Total wells
	300
	48
	2
	350
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Table 2. Distribution of groundwater table (GWT) monitoring wells based on statistical significance (p ≤ 0.05) of their annual maximum GWT trends in 16 districts of the North-West hydrological region of Bangladesh.
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Districts

	
No. of Wells with Falling GWT Trend

	
No. of Wells with Rising GWT Trend

	
No. of Wells with No Trend of GWT

	
Total Number of Wells




	
Sig.

	
Insig.

	
Sig.

	
Insig.

	
Sig.

	
Insig.






	
Rajshahi

	
33

	
2

	
0

	
1

	
0

	
0

	
36




	
Bogura

	
16

	
4

	
4

	
3

	
0

	
0

	
27




	
Dinajpur

	
38

	
0

	
0

	
0

	
0

	
0

	
38




	
Gaibandha

	
10

	
2

	
2

	
3

	
0

	
0

	
17




	
Joypurhat

	
8

	
0

	
0

	
0

	
0

	
0

	
8




	
Kurigram

	
3

	
3

	
0

	
1

	
0

	
0

	
7




	
Lalmonirhat

	
9

	
4

	
0

	
1

	
0

	
0

	
14




	
Naogaon

	
30

	
2

	
0

	
1

	
0

	
0

	
33




	
Natore

	
6

	
3

	
0

	
4

	
0

	
0

	
13




	
Chapai Nawabganj

	
15

	
3

	
0

	
1

	
0

	
2

	
21




	
Nilphamari

	
14

	
2

	
7

	
1

	
0

	
0

	
24




	
Pabna

	
14

	
7

	
1

	
5

	
0

	
0

	
27




	
Panchagarh

	
9

	
9

	
1

	
3

	
0

	
0

	
22




	
Rangpur

	
5

	
3

	
0

	
4

	
0

	
0

	
12




	
Shirajganj

	
13

	
9

	
2

	
0

	
0

	
0

	
24




	
Thakurgaon

	
21

	
3

	
0

	
3

	
0

	
0

	
27




	
Total wells

	
244

	
56

	
17

	
31

	
0

	
2

	
350
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Table 3. Number of groundwater table (GWT) monitoring wells in 16 districts of the North-West hydrological region of Bangladesh with falling, rising, and no trends of the annual minimum depths of GWTs from ground surface.






Table 3. Number of groundwater table (GWT) monitoring wells in 16 districts of the North-West hydrological region of Bangladesh with falling, rising, and no trends of the annual minimum depths of GWTs from ground surface.





	Districts
	No. of Wells with Falling GWT Trend
	No. of Wells with Rising GWT Trend
	No. of Wells with No Trend of GWT
	Total Number of Wells





	Rajshahi
	36
	0
	0
	36



	Bogura
	27
	0
	0
	27



	Dinajpur
	37
	1
	0
	38



	Gaibandha
	13
	2
	2
	17



	Joypurhat
	8
	0
	0
	8



	Kurigram
	6
	1
	0
	7



	Lalmonirhat
	10
	4
	0
	14



	Naogaon
	33
	0
	0
	33



	Natore
	13
	0
	0
	13



	Chapai Nawabganj
	20
	1
	0
	21



	Nilphamari
	15
	9
	0
	24



	Pabna
	25
	1
	1
	27



	Panchagarh
	20
	2
	0
	22



	Rangpur
	9
	3
	0
	12



	Shirajganj
	22
	2
	0
	24



	Thakurgaon
	21
	5
	1
	27



	Total wells
	315
	31
	4
	350
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Table 4. Distribution of the groundwater table (GWT) monitoring wells based on statistical significance (p ≤ 0.05) of their annual minimum GWT trends in 16 districts of the North-West hydrological region of Bangladesh.
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Districts

	
No. of Wells with Falling GWT Trend

	
No. of Wells with Rising GWT Trend

	
No. of Wells with No Trend of GWT

	
Total Number of Wells




	
Sig.

	
Insig.

	
Sig.

	
Insig.

	
Sig.

	
Insig.






	
Rajshahi

	
35

	
1

	
0

	
0

	
0

	
0

	
36




	
Bogura

	
24

	
3

	
0

	
0

	
0

	
0

	
27




	
Dinajpur

	
22

	
15

	
0

	
1

	
0

	
0

	
38




	
Gaibandha

	
7

	
6

	
1

	
1

	
0

	
2

	
17




	
Joypurhat

	
7

	
1

	
0

	
0

	
0

	
0

	
8




	
Kurigram

	
2

	
4

	
0

	
1

	
0

	
0

	
7




	
Lalmonirhat

	
4

	
6

	
0

	
4

	
0

	
0

	
14




	
Naogaon

	
31

	
2

	
0

	
0

	
0

	
0

	
33




	
Natore

	
11

	
2

	
0

	
0

	
0

	
0

	
13




	
Chapai Nawabganj

	
17

	
3

	
0

	
1

	
0

	
0

	
21




	
Nilphamari

	
6

	
9

	
3

	
6

	
0

	
0

	
24




	
Pabna

	
20

	
5

	
0

	
1

	
0

	
1

	
27




	
Panchagarh

	
11

	
9

	
0

	
2

	
0

	
0

	
22




	
Rangpur

	
4

	
5

	
0

	
3

	
0

	
0

	
12




	
Shirajganj

	
10

	
12

	
0

	
2

	
0

	
0

	
24




	
Thakurgaon

	
19

	
2

	
2

	
3

	
0

	
1

	
27




	
Total wells

	
230

	
85

	
6

	
25

	
0

	
4

	
350
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Table 5. Distribution of the groundwater table (GWT) monitoring wells in 16 districts of the North-West hydrological region of Bangladesh based on suction lift limit (6 m) of GWTs.
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	Districts
	No. of Wells Having GWT always below 6 m
	No. of Wells Having GWT below 6 m Maintaining a Cycle
	No. of Wells Having GWT always above 6 m
	Total Number of Wells





	Rajshahi
	11
	25
	0
	36



	Bogura
	6
	20
	1
	27



	Dinajpur
	0
	27
	11
	38



	Gaibandha
	12
	5
	0
	17



	Joypurhat
	2
	6
	0
	8



	Kurigram
	0
	4
	3
	7



	Lalmonirhat
	0
	0
	14
	14



	Naogaon
	16
	17
	0
	33



	Natore
	0
	13
	0
	13



	Chapai Nawabganj
	6
	15
	0
	21



	Nilphamari
	0
	2
	22
	24



	Pabna
	0
	27
	0
	27



	Panchagarh
	0
	5
	17
	22



	Rangpur
	0
	5
	7
	12



	Shirajganj
	0
	24
	0
	24



	Thakurgaon
	0
	14
	13
	27



	Total wells
	53
	209
	88
	350
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