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ABSTRACT 
 

In a coastal region and the regions where the fresh water aquifer domain is overlain or underlain 
by saline water domain, the availability of usable water is limited due to the presence of salinity 
and unpl anned us e o f t he a quifers. In t he current s tudy, concepts and t echnologies have be en 
developed for augmentation of usable water by combined use of saline and non-saline aquifers 
where t he non -saline a quifer dom ain i s unde rlain or  ove rlain b y s aline aquifer dom ain. T he 
developed technologies are the multi-well and the multi-strainer models that evaluate the design 
criteria f or f ormulation of mul ti-well a nd multi-strainer w ell f ield development s chemes. The 
models require salinity concentration data f rom non-saline and saline aquifer domains, salinity 
concentration of mixed discharges from saline and the non-saline aquifer domains, and the pre-
determined acceptable l evel of  c oncentration b ased on t he pur pose of  well f ield d evelopment 
schemes. These data ar e generated by ins tallation of moni toring wells in saline and non-saline 
aquifer domains and the monitoring well screening both the domains at the area where the well 
development schemes a re required. T he mul ti-well m odel generates the design criteria t o 
formulate a  mul ti-well f ield development scheme and t he m ulti-strainer m odel g enerates the 
design criteria to formulate a  mul ti-strainer w ell f ield development s cheme. B oth t he m odels 
have been applied at two locations in the southwest coastal region of  Bangladesh to formulate 
the schemes for i rrigation water supply. The saline and the non-saline geologic formations are 
identified in the two selected locations of the region at a depth 10 m to 110 m at one location and 
140 m  t o 300 m  a t a nother l ocation. In the f irst loc ation, the non -saline a quifer dom ain i s 
overlain by saline aquifer domain and the salinity varies from 0.56 dS/m to 1.18 dS/m in the non-
saline a quifer dom ain a nd f rom 1.8 dS /m t o 5. 01 dS /m i n t he s aline a quifer dom ain. In t he 
second l ocation, t he non -saline aqu ifer dom ain i s unde rlain b y s aline a quifer dom ain a nd t he 
salinity varies from 0.75 dS/m to 1.18 dS/m in the non-saline aquifer domain and from 1.6 dS/m 
to 5.38 dS /m in the saline aquifer. In both locations, the salinity in the saline aquifer domain is 
significantly higher than the salinity limits  recommended for agriculture in the region. At both 
locations, t he pH  a nd t he S AR a re f ound t o b e g ood t o e xcellent f or c rop pr oduction. T he 
recommended design ratio of discharges between saline and non-saline aquifer domains for the 
multi-well scheme is 1:4 at the first location and 2:5 at the second location. The design ratio of 
discharges can be maintained either by adjusting the well numbers of equal capacity or different 
capacity o r c ombination of  bot h i n s aline a nd n on-saline a quifer dom ains. T he r ecommended 
design ratio of  s trainer lengths b etween s aline and non -saline a quifer d omains f or the  mul ti-
strainer scheme is about 1:2 at the first location and about 2:1 at the second location. At the first 
location, only about 37 % of the traditionally designed length of the saline aquifer domain can be 
screened using the traditionally designed full length of strainer in non-saline aquifer domain to 
maintain the di scharge of the  mul ti-strainer s cheme w ith salinity at a cceptable l evel. At the 
second location, the scenario is reverse where full length of the traditionally design well can be 
screened with screening less than 50 %  of the traditionally designed screen length of the  non -
saline a quifer dom ain to ma intain the discharge of  t he m ulti-strainer s cheme w ith salinity at 
acceptable l evel. Evaluation of  a n e xisting water r esources management p roject in s outh w est 
region s hows t hat introduction of  m ulti-well and the  mul ti-strainer w ell s chemes can augment 
availability of usable w ater s upply t o he lp e liminate t he c onflict a mong t he f armers due  t o 
limited usable water. The current relevant policies enforced in Bangladesh should be modified to 
introduce the concepts and technologies for conjunctive use of saline and non-saline aquifers to 
achieve the full benefit of the developed schemes. 



 
CHAPTER 1 

1.1 Background 

INTRODUCTION 

 
Coastal aquifers, the geological formations that are capable of storing and conveying water, are 

often of great importance because of the volume and strategic nature of the water resources they 

contain. Such aquifers are characterized both by the value of their resources for human use and 

by t heir relation w ith t he w etlands a nd n atural e cosystems, t he conservation of  w hich 

groundwater m ost of ten pl ays a  ve ry s ignificant role ( López-Geta, 1995) . C oastal a quifers a re 

vital sources of fresh water throughout the world. Half of the world’s population live in coastal 

areas and 8 of  t he 10 l argest c ities i n t he world are l ocated a t t he coastline (Post and Lundin, 

1996; Post, 2005). So, population growth and agricultural and industrial development in coastal 

areas has increased the demand of aquifer development for freshwater supply. The increasing use 

of aquifers as source of water supply for agricultural, drinking, and industrial needs is severely 

limited in these r egions. T he ma jor f actors th at limit the  us able groundwater from t he co astal 

aquifer are the threat of saltwater intrusion (Bear et al., 1999; Charbeneau, 2000; Khaushal et al., 

2005). Intrusion of  s altwater o ccurs when s altwater di splaces f resh w ater i n a n aquifer. T he 

phenomenon can occur in deep aquifers with the advances of saline waters of geologic origin, in 

shallow a quifers f rom s urface w aste di scharge, and i n c oastal aquifers from t he i nvasion of  

seawater (Todd, 1980). Although saltwater encroachment is common in coastal aquifers, it often 

presents a problem in inland aquifers as well, where the fresh water is underlain or overlain by a 

body of salt water.  

 
Aquifers hydraulically connected with saline or  sea water may contain saltwater in one part of  

aquifer dom ain w hile other pa rt of  aquifer do main may cont ain f resh w ater ( Rahman and 

Bhattacharya, 2006) . The possibility of  saline water intrusion in the f resh water domain exists 

when g roundwater t ables or  pi ezometric l evels are l owered b y hum an activities ( Dam, 1986;  

IWMI, 2007). The examples are the Llobregat and Besos areas near Barcelona (Custodio, 1981), 

the Gdansk region (Kozerski, 1981 and 1983), Sicily (Aureli, 1983), Jakarta (Djaeni et al., 1986), 

and B angladesh a nd India ( Kijne e t a l., 1998) . In t he c oastal a rea of  B angladesh, t here e xists 

saline and non-saline aquifer with various thickness and degree o f concentration (MPO, 1987;  

FAP-4, 1993; SWAIWRPM, 2004; Sarker, 2005; Islam and Hoque, 2009).  
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The negative impact of existence of saline water in an aquifer system has been reported in many 

areas of the worlds (Rahim and Ghani, 2002). The utilization of fresh groundwater resources is 

being limited due to uncontrolled and unregulated use of groundwater; the problems of overdraft 

of the aquifer and saline water intrusion have emerged in many areas of the Indus Basin (Kijne, 

1999). Secondary salinization through leaching from the irrigated field associated with the use of 

saline groundwater and or surface water for irrigation has further compounded the problem. To 

some extent this s ituation is s imilar to the southwestern part of  Bangladesh. Therefore, coastal 

regions face serious hydrological problems such as: scarcity of fresh water, seawater intrusion, 

and contamination of groundwater (SWAIWRPM, 2005; Islam and Hoque, 2010). The growing 

in global population and raising standards of living have increased water demands and eventually 

pumping f rom a quifers. S aline c ontamination of f reshwater r esources c an c ause s ignificant 

social, e conomic and environmental c osts. A  3 % of  s eawater m ixed w ith t he f reshwater i n a 

coastal aquifer would render the freshwater resource unsuitable for human consumption (Sherif 

and Singh, 2002). 

 
Many studies have been reported in relation to the saltwater intrusion in the coastal aquifers and 

the management of aquifer salinity. For example, Collins and Gelhar (1971), Bear (1979), Hoque 

(1982), M otz ( 1992), H uyakorn et al . (1996), Bear e t a l. ( 1999), and B ower et al . (1999) 

presented num erical m odels f or s imulation of  s alinity f ront as s harp i nterface w ith upc oning 

below the pumping well. They consider that the saline water and the freshwater in an aquifer are 

immiscible f luids. O n t he ot her ha nd, R eilly a nd G oodman ( 1985), V oss ( 1987), N usret e t al. 

(1996), C raig a nd Narayan ( 1998), A harmouch a nd Larabi ( 2001), a nd P apadopoulou e t a l. 

(2005) s tudied t he pr oblems a s t he de nsity de pendent m iscible f low. B ear ( 1979) a nd Hoque 

(1989) described the limitations of withdrawal of fresh water due to interface upconing below a 

pumping well in an aquifer with the introduction of dispersion above the interface. Some authors 

(Sufi et al., 1998;  Saeed et al., 2002;  Ashraf et a l., 2007) also reported various skimming well 

techniques i ncluding c onventional s hallow w ells, m ulti-strainer ( multi-point) w ells, r adial 

collector wells, scavenger wells, and dug wells to extract f reshwater f rom the overlying saline 

water. H owever, w ork o n c ombined us e of  s aline a nd non -saline aquifers dom ains w hich can 

significantly increase the production of usable water for agricultural, domestic, and other uses in 

the coastal areas is  completely missing f rom literature. The current s tudy focuses on e xploring 
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the c ombined us e of  s aline a nd non -saline aquifers f or au gmenting t he water s upply with the 

development of a model and application of the model for formulation of conjunctive use schemes 

with reference to agriculture in the coastal areas. The southwest region of Bangladesh has been 

selected for formulation of the schemes from the considerations of the nature of the aquifers and 

the need of water for agriculture. 

 
1.2 Objectives  

The aim of the current study is to develop a scheme for combined use of saline and non-saline 

aquifers for increased production of usable water to bring more agricultural land under irrigation 

in the  area where fresh water aquifer domain is underlain or overlain by saline aquifer domain. 

To achieve this aim focus will be given to the following specific objectives 

 
1. To develop model for formulation of schemes for conjunctive use of fresh and saline aquifers  
 
2. To investigate the aquifers geo-structural and hydraulic characteristics 
 
3. To formulate schemes for conjunctive use of saline and fresh coastal aquifers for irrigation 
 
4. To assess the potential of conjunctive use schemes in a coastal water development project  
 

1.3 Rationale  
 
In a coastal region and the regions where the fresh water aquifer domain is overlain or underlain 

by the  s aline w ater dom ain, the a vailability of  u sable w ater is  limite d due to the pr esence of  

salinity and unpl anned use of  t he a quifers. P resence of  salinity in the aquifers is  a  c ommon 

problem for agricultural, domestic, and the other water uses. Irrigation use of  saline water can  

increase t he pot ential f or s oil de gradation a nd l imit c rop pr oduction in t he l ong-term. T he 

southwest coastal region of Bangladesh is suffering from aquifer salinity problems which cause 

non-availability of  i rrigation water, poor i rrigation coverage, and poor crop yield. The s tudy is 

very important in the sense that it will introduce a concept and technology for combined use of 

saline a nd fresh aquifers w here f reshwater a quifer dom ain i s unde rlain or  ove rlain b y s aline 

aquifer domain for augmentation of usable water for any purposes or use from such an aquifer 

system. The research w ill f urther c larify the  s tructural s ettings, flow pr ocess, a nd t he s alinity 

distribution in the coastal aquifer system of the southwest region of Bangladesh. The study will 
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formulate schemes for augmentation of usable water from combined use of saline and the non-

saline a quifers f or i rrigation i n the two selected locations i n the coa stal aquifer s ystem of  t he 

southwest r egion. T he r esearch w ill f urther e valuate t he pot ential of  t he de veloped s cheme t o 

resolve t he p roblems r elated to irrigation water scarcity i n an ex isting c oastal w ater r esources 

development project.  

 
1.4 Limitations  
 
Non-availability of long term data particularly on salinity and other irrigation quality parameters 

is one  of  the  major limitations of  the  s tudy. Due to the prevailing s ituations, the pr imary d ata 

were monitored in only two locations with installation of observation wells to study the hydraulic 

connectivity, i dentification of  s aline a nd f reshwater a quifer dom ains, m odel r equired da ta 

collection, and generalization of the model. Further, access to the required laboratory facility to 

analysis irrigation water quality parameters was limited.  

 

 

 



CHAPTER 10 

CONCLUSIONS AND RECOMMENDATIONS 

10.1 Conclusions  
 
Based on the study the following conclusions are made: 
 

1. The concept a nd t echnology ha ve be en de veloped f or a ugmentation o f us able w ater b y 

combined use of saline and the non-saline aquifer domains in an aquifer formation where the 

non-saline aquifer domain is underlain or overlain by saline aquifer domain. The developed 

technologies are the multi-well and the multi-strainer models to generate the design criteria 

for formulation of multi-well and multi-strainer well field development schemes.  

 
2. Introduction of  multi-well and the multi-strainer well f ield development schemes to coastal 

water resources development project would augment the usable water supply which would 

also help eliminate the conflict among the different categories of users due to limited usable 

water.  

 
3. Introduction to multi-well a nd the mul ti-strainer w ell s chemes is  us eful in the Southwest 

Area Integrated Water Resources Planning and Management project areas and incorporation 

of the concept and technology for conjunctive use of saline and the non-saline aquifers will 

help achieve the full benefit of developed models. 

 
4. The developed models can be used for well development schemes for any kind of  crops as 

well as  for other uses for augmentation of us able water for any pr e-determined acceptable 

limit of respective purposes by combined use of saline and non-saline aquifer domains.  

 
5. The a quifer ge o-structural a nd h ydraulic c onsiderations support t hat t he t otal de pth of  t he 

aquifer in the southwest coastal aquifer of Bangladesh can be developed for increased water 

withdrawal. 

 
6. In the southwest coastal region the non-saline aquifer domain may be found to be underlain 

by the saline aquifer domain in one location and overlain by saline aquifer domain in another 

location. In either situation the s alinity i n t he s aline a quifer dom ain i s s ignificantly hi gher 
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than the salinity limit for agriculture. The pH and the SAR are found to be good to excellent 

for crop production in the region.  

 
7. The time required t o a ttain e quilibrium c oncentration in multi-strainer monitoring wells is 

about 2 times mor e tha n the time  r equired to attain equilibrium in a single s trainer well 

discharging from a s aline aquifer.  The required times to attain equilibrium concentration in 

multi-strainer observation wells are more when the saline water domain is underlain by fresh 

water domain. 

  
8. The design ratio of discharges from saline and the non-saline aquifer domains in multi-well 

schemes can be m aintained either by adjusting t he well num bers of equal capa city or  

different capacity or combination of both in saline and the non-saline aquifer domains. The 

design ratio of di scharges f rom saline and the non-saline aquifer domains in multi-strainer 

schemes can be  maintained by adjusting the  s trainer lengths in s aline a nd the non-saline 

aquifer domains within the conventionally designed strainer lengths. 

 

9. The design criteria K w and K s 

 

vary almost linearly at the  beginning of  irrigation limit but  

gradually th e va riation is exponential w ith inc rease in acceptable limit of  s alinity. The 

adjustment r atio between the s trainer le ngths in  s aline a nd the non -saline a quifer dom ains 

increase e xponentially with increase in acceptable limit of  s alinity w hich shows tha t the  

relation between the ratio of strainer lengths and the ratio of corresponding discharge is non-

linear.  

10. For irrigation water supply the recommended design ratio of discharges between saline and 

non-saline aquifer domains for the  mul ti-well s cheme is 1:4 at the  f irst location where the 

non-saline aquifer domain is overlain by saline aquifer domain and 2:5 at the second location 

where non-saline aquifer domain i s underlain b y saline aquifer domain. The recommended 

design ratio of strainer lengths between saline and non-saline aquifer domains for the multi-

strainer scheme is about 1:2 at the first location and about 2:1 at the second location. 
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11. Only 37 % of the traditionally designed length of the saline aquifer domain can be screened 

using t he f ull l ength i n non-saline a quifer dom ain to maintain the di scharge o f the  mul ti-

strainer scheme with salinity at pre-determined irrigation acceptable level for a study location 

where the non-saline aquifer domain is overlain by saline aquifer domain. However, in the 

other location, the scenario is reverse where full length of the traditionally design well can be 

screened with screening less than 50 % of the traditionally designed screen length of the non-

saline aquifer domain to maintain the discharge of the multi-strainer scheme with salinity at 

pre-determined irrigation acceptable level. 

 
12. The formulated well development schemes would save the leaching requirement significantly 

when compared with if the saline water aquifer domain is used and the increases in leaching 

requirement is insignificant when compared with the use of freshwater domain. 

 
13. For mul ti-well s cheme a m ixing t ank w ould be  r equired bu t in the case of  m ulti-strainer 

scheme such arrangement w ould not  be  ne cessary. As s uch, the costing for mul ti-well 

scheme may be more than that of multi-strainer scheme; however, the multi-strainer scheme 

would possibly require more technical skill in implementation. 

 
14. Role of  s trainer de pth a nd t he di stance be tween t he s trainers i n non -saline and the saline 

aquifer domains are not explicitly incorporated in terms of distance and depths in the multi-

strainer m odels. However, the i mpact w hatsoever i s r eflected in the s alinity concentration 

and successively in the design criteria. This limits the application of the multi-strainer model 

to the location where the multi-strainer monitoring wells are installed. 

 
15. The strainer lengths of  the multi-strainer monitoring well should preferably be the same as 

the lengths of the strainers of the conventionally designed monitoring wells  and the designed 

strainers of  the  mul ti-strainer w ell s cheme must be pl aced w ithin the strainer le ngths of  

multi-strainer monitoring wells to ensure the mixed concentration of the scheme at designed 

level.  

 
16. The m ult-well s chemes a re much simpler than the mul ti-strainer s cheme in  implemention 

and m anagement. H owever, the mul ti-well s ystem g ets  c omplicated with the num ber of  

wells i ncreases in terms of  manageability o f c onstruction and t he pos t c onstruction 
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maintenance. Therefore, if the  scheme requires mor e tha n three w ells, the mul ti-strainer 

schemes may be preferred. 

 
17. In rapidly va riable s aline aqui fers the s ustainability o f the  conjunctive u se s cheme will be  

shorter as the design criteria will change with changes in salinity level in the aquifers. 

 
10.2 Recommendations 
 
The following are the key recommendations based on the present study: 
  

1. Further study is required to evaluate the process of variation in design parameters and to 

see the sustainability of formulated schemes with locations and time. 

 
2. The resultant Cmix_s

 

 will vary with time in this case salinity monitoring is advisable for the 

locations where the schemes are implemented to evaluate the sustainability of implemented 

schemes. 

3. Role of strainer depths, length, and distance between the strainers and the aquifer properties 

on Cmix_s

 

 may be studied in the laboratory as well as in the field. 

4. Operational strategy of the formulated schemes for exploitation of usable water should be 

demonstrated to the farming community. 

 
5. The potential of application of the developed concepts and technologies may be studied in 

the arsenic affected aquifers where arsenic affected and arsenic free aquifer layers exist. 

 
6. Concept for conjunctive use of saline and non-saline groundwater in areas where the non-

saline aquifer domain is underlain or overlain by saline aquifer domain should be added to 

the Irrigation Water Resources Policy, National A griculture P olicy, and water and 

agriculture section of the National Water Policy.  
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Appendix -A 
 

Specification of Monitoring Wells 
 
Well No. Depth 

(m)  
Elevation from 
MSL  (m) 
 

Screen depth 
(m) 

Type of 
screen 

KAL 1  300 8.8 
 

290-300 Single 

KAL 2 300 8.8 (a) 100-110 
(b) 290-300 

Double 

KAL 3 110 9.1 100-110 Single 

KAL 4 240 9.1 230-240 Single 

TLP 1 300 11.2 290-300 Single 

TLP 2 80 11.2 70-80 Single 

TLP 3 300 10.9 (a) 90-100 
(b) 290-300 

Double 
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Appendix- B 
 

Weekly Water Level from Monitoring Wells at Kalia 
 
Week Depth-110m Depth-240m Depth-300m 
Nov-10-Week1 6.88 6.87 6.84 
Nov-10-Week2 7.21 7.21 7.24 
Nov-10- Week3 7.50 7.49 7.48 
Nov-10- Week4 7.62 7.67 7.65 
Dec-10- Week1 7.30 7.29 7.25 
Dec-10- Week2 7.68 7.66 7.65 
Dec-10- Week3 7.79 7.77 7.73 
Dec-10- Week4 7.84 7.87 7.83 
Jan-11- Week1 7.88 7.89 7.85 
Jan-11- Week2 7.85 7.87 7.89 
Jan-11- Week3 7.78 7.75 7.75 
Jan-11- Week4 7.81 7.85 7.86 
Feb-11- Week1 7.77 7.76 7.79 
Feb-11- Week2 7.51 7.54 7.56 
Feb-11- Week3 7.17 7.07 7.00 
Feb-11- Week4 6.79 6.77 6.75 
Mar-11- Week1 6.71 6.46 6.49 
Mar-11- Week2 6.52 6.44 6.47 
Mar-11- Week3 6.67 6.59 6.48 
Mar-11- Week4 6.34 6.29 6.28 
Apr-11- Week1 6.16 6.04 6.17 
Apr-11- Week2 6.13 6.04 6.09 
Apr-11- Week3 6.16 6.12 6.09 
Apr-11- Week4 6.06 6.02 5.98 
May-11- Week1 5.88 5.82 5.84 
May-11- Week2 5.51 5.45 5.40 
May-11- Week3 5.22 5.12 5.29 
May-11- Week4 5.23 5.12 5.22 
May-11- Week5 5.54 5.48 5.43 
Jun-11- Week1 5.86 5.75 5.76 
Jun-11- Week2 5.83 5.76 5.78 
Jun-11- Week3 5.81 5.76 5.77 
Jun-11- Week4 6.05 5.98 6.07 
Jul-11- Week1 6.07 5.99 6.17 
Jul-11- Week2 6.20 6.13 6.17 
Jul-11- Week3 6.55 6.48 6.58 
Jul-11- Week4 7.19 7.16 7.21 
Aug-11- Week1 7.24 7.19 7.21 
Aug-11- Week2 7.29 7.26 7.31 
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Aug-11- Week3 7.45 7.43 7.49 
Aug-11- Week4 7.67 7.62 7.67 
Sep-11- Week1 7.75 7.62 7.70 
Sep-11- Week2 7.77 7.67 7.77 
Sep-11- Week3 7.57 7.54 7.54 
Sep-11- Week4 7.54 7.47 7.54 
Sep-11- Week5 7.44 7.34 7.37 
Oct-11- Week1 7.58 7.62 7.60 
Oct-11- Week2 7.60 7.58 7.64 
Oct-11- Week3 7.54 7.60 7.60 
Oct-11- Week4 7.54 7.59 7.62 
Nov-11- Week1 7.40 7.45 7.48 
Nov-11- Week2 7.32 7.39 7.34 
Nov-11- Week3 7.49 7.47 7.42 
Nov-11- Week4 7.39 7.35 7.37 
Dec-11- Week1 6.97 7.01 7.05 
Dec-11- Week2 6.95 6.91 7.00 
Dec-11- Week3 6.94 6.88 6.91 
Dec-11- Week4 6.97 6.89 6.91 
Jan-12- Week1 6.45 6.48 6.44 
Jan-12- Week2 6.43 6.44 6.41 
Jan-12- Week3 6.45 6.40 6.39 
Jan-12- Week4 6.35 6.31 6.28 
Feb-12- Week1 6.45 6.43 6.39 
Feb-12- Week2 6.31 6.35 6.28 
Feb-12- Week3 6.15 6.12 6.02 
Feb-12- Week4 6.14 6.10 5.98 
Mar-12- Week1 5.89 5.97 5.91 
Mar-12- Week2 5.75 5.81 5.74 
Mar-12- Week3 5.74 5.78 5.76 
Mar-12- Week4 5.65 5.72 5.64 
Apr-12- Week1 5.18 5.08 5.11 
Apr-12- Week2 5.16 5.03 5.05 
Apr-12- Week3 5.18 5.08 5.08 
Apr-12- Week4 5.18 5.13 5.08 
May-12- Week1 5.83 5.71 5.51 
May-12- Week2 5.88 5.68 5.72 
May-12- Week3 5.93 5.73 5.85 
May-12- Week4 5.96 5.78 5.70 
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                                   Appendix- C 
 

Weekly Water Level from Monitoring Wells at Tularampur 
 

Week Depth-80 m Depth-300 m 
Mar-11- Week1 5.28 5.24 
Mar-11- Week2 5.26 5.22 
Mar-11- Week3 5.31 5.33 
Mar-11- Week4 5.16 5.10 
Apr-11- Week1 5.18 5.13 
Apr-11- Week2 5.16 5.11 
Apr-11- Week3 5.64 5.72 
Apr-11- Week4 5.82 5.76 
May-11- Week1 5.91 5.87 
May-11- Week2 5.97 5.92 
May-11- Week3 6.10 6.08 
May-11- Week4 6.07 6.04 
Jun-11- Week1 6.22 6.28 
Jun-11- Week2 6.46 6.51 
Jun-11- Week3 7.59 7.55 
Jun-11- Week4 7.80 7.78 
Jul-11- Week1 8.52 8.53 
Jul-11- Week2 8.50 8.56 
Jul-11- Week3 8.53 8.52 
Jul-11- Week4 8.32 8.39 
Aug-11- Week1 8.64 8.71 
Aug-11- Week2 8.66 8.72 
Aug-11- Week3 8.81 8.78 
Aug-11- Week4 9.28 9.33 
Sep-11- Week1 9.32 9.39 
Sep-11- Week2 9.19 9.27 
Sep-11- Week3 9.39 9.45 
Sep-11- Week4 9.42 9.42 
Oct-11- Week1 9.65 9.60 
Oct-11- Week2 9.37 9.32 
Oct-11- Week3 9.22 9.28 
Oct-11- Week4 8.97 8.91 
Nov-11- Week1 8.89 8.82 
Nov-11- Week2 8.76 8.72 
Nov-11- Week3 8.66 8.60 
Nov-11- Week4 8.56 8.49 
Dec-11- Week1 8.34 8.31 
Dec-11- Week2 8.23 8.18 
Dec-11- Week3 8.12 8.10 
Dec-11- Week4 7.97 7.92 
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Jan-12- Week1 7.68 7.62 
Jan-12- Week2 7.59 7.55 
Jan-12- Week3 7.48 7.43 
Jan-12- Week4 6.86 6.87 
Feb-12- Week1 6.65 6.61 
Feb-12- Week2 6.66 6.68 
Feb-12- Week3 6.15 6.05 
Feb-12- Week4 6.02 5.98 
Mar-12- Week1 6.02 5.99 
Mar-12- Week2 5.26 5.21 
Mar-12- Week3 5.12 5.09 
Mar-12- Week4 5.33 5.28 
Apr-12- Week1 5.41 5.40 
Apr-12- Week2 5.54 5.49 
Apr-12- Week3 5.79 5.77 
Apr-12- Week4 6.22 6.20 
May-12- Week1 6.45 6.37 
May-12- Week2 7.03 6.98 
May-12- Week3 7.29 7.21 
May-12- Week4 7.55 7.49 
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                                                   Appendix- D 
 

           Monthly EC (dS/m) from Monitoring Wells at Kalia and Tularampur 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Month Kalia Tularampur 
Aquifer Depth 

110 m 
Aquifer Depth 

300 m 
Aquifer Depth 

80 m 
Aquifer Depth 

300 m 
Nov-2010 1.8 0.56   
Dec-2010 2.1 0.78   
Jan-2011 2.8 0.81 0.75 1.60 
Feb-2011 3.1 0.88 0.78 2.90 
Mar-2011 3.31 0.96 0.97 3.51 
Apr-2011 3.86 1.01 1.13 4.69 
May-2011                    4.16 1.05 1.18 5.10 
Jun-2011 4.87 1.05 1.00 5.38 
Jul-2011 5.01 1.18 1.00 5.08 
Aug-2011 4.76 1.11 1.00 4.68 
Sep-2011 4.66 1.05 0.83 4.56 
Oct-2011 4.15 1.00 0.98 4.14 
Nov-2011 3.89 1.13 1.02 3.86 
Dec-2011 3.84 1.17 1.05 3.58 
Jan-2012 3.68 1.26 1.15 3.40 
Feb-2012 3.78 1.35 1.18 3.58 
Mar-2012 3.81 1.46 1.22 3.64 
Apr-2012 3.86 1.48 1.28 3.68 
May-2012 4.16 1.54 1.28 3.74 
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Appendix- E 
 

Monthly SAR and pH from Monitoring Wells at Kalia and Tularampur 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Month SAR_Kalia SAR_Tularampur Average pH 
Aquifer 
depth 
110 m 

Aquifer 
depth 
300 m 

Aquifer 
depth 
300m 

Aquifer 
depth 
80m 

Kalia Tularampur 

Mar-2011 11.24 3.34 4.90 8.75 7.65 7.71 
Apr-2011 11.72 3.27 5.10 10.52 7.66 7.72 
May-2011 12.46 1.21 4.76 11.7 7.75 7.75 
Jun-2011 8.45 1.46 0.51 5.87 7.85 7.79 
Jul-2011 5.63 0.89 0.29 3.56 7.87 7.87 
Aug-2011 7.05 0.55 0.41 5.92 7.98 7.98 
Sep-2011 7.36 1.04 0.51 7.35 7.99 8.01 
Oct-2011 7.21 1.36 0.45 6.85 8.04 8.08 
Nov-2011 6.86 1.24 0.64 7.14 7.98 7.98 
Dec-2011 

 
   7.88 7.82 

Jan-2012 
 

   7.82 7.78 
Feb-2012 

 
   7.79 7.68 

Mar-2012 
 

   7.78 7.67 
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Appendix- F 
 

        EC (dS/m) from Monitoring Wells of Multi-Strainer Scheme  
 

Month Kalia Tularampur 
C Cs Cns Cmix_s Cs Cns mix_s 

Mar-11 3.31 0.96 2.09 3.51 0.97 1.48 
Apr-11 3.86 1.01 2.28 4.69 1.13 1.65 
May-11 4.16 1.05 2.36 5.10 1.18 1.75 
Jun-11 4.87 1.05 2.45 5.38 1.00 1.88 
Jul-11 5.01 1.18 2.62 5.08 1.00 1.81 
Aug-11 4.76 1.11 2.64 4.68 1.00 1.69 
Sep-11 4.66 1.05 2.51 4.56 0.83 1.54 
Oct-11 4.15 1.00 2.44 4.14 0.98 1.42 
Nov-11 3.89 1.13 2.32 3.86 1.02 1.41 
Dec-11 3.84 1.17 2.42 3.58 1.05 1.44 
Jan-12 3.68 1.26 2.46 3.40 1.15 1.52 
Feb-12 3.78 1.35 2.36 3.58 1.18 1.58 
Mar-12 3.81 1.46 2.29 3.64 1.22 1.61 
Apr-12 3.86 1.48 2.31 3.68 1.28 1.68 
May-12 4.16 1.54 2.34 3.74 1.28 1.79 
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Appendix- G 
 

Guidelines in Formulating Multi-Well and the Multi-Strainer Schemes for 
Conjunctive Use of Non-Saline and Saline Aquifer Domains 

 
Step 1: To identify model data requirement. The m ulti-well mode l r equires s alinity 

concentration data of the monitoring wells in saline (Cs) and the non-saline (Cns) aquifer 

domains, their average (Cmix_w), and the pre-determined acceptable level of concentration 

(Ca) based on the purpose of water use. The purpuse of the multi-well field development 

scheme is to br ing t he a verage c oncentration, Cmix_w at a l evel of  Ca by adjusting t he 

discharges from the saline(Qs) and  the non-saline(Qns) aquifer domains.   The Cmixa used 

in the multi-well model is to be substituted by the value of C a. The multi-strainer model 

requires s alinity concentration data of  the  moni toring w ells in saline (Cs) and the non-

saline ( Cns) a quifer do mains, t he m ix c oncentration da ta ( Cmix_s), t he pre-determined 

acceptable level of concentration (Ca) based on  the purpose of water use, and the strainer 

lengths ( ds and dns) i n saline and  the non-saline a quifer dom ains of  m ulti-strainer 

monitoring wells. The purpuse of the multi-strainer well field development scheme is to 

bring the mix concentration, Cmix_s at a l evel of  Ca by adjusting the strainer lengths, ds 

and d ns in saline and the non-saline aquifer domains, respectively. The C mixa used in the 

multi-strainer model is to be substituted by the value of Ca

  

. 

Step 2: To evaluate aquifer hydraulic potential. The hydraulic potential of the aquifer 

is the primary requirement for its development for water supply. Evaluation of hydraulic 

potential should be  done  in the s elected area to see the s ustainability of  a quifers 

developments from hydraulic considerations.  

 
Step 3: To identify aquifer types. This is required for conventional well design and this 

should be  done  b y a nalysis of  a quifer geo-structural characteristics of t he a quifers and 

with t he he lp of  pr ofessional e xperts a nd the f irst ha nd experience of  the l ocal w ell 

drillers.  

 
Step 4: To identify non-saline and  saline aquifer domains. This should be done with 

bore logs analysis and by local people from participatory approach.  
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Step 5: To install monitoring wells. The moni toring wells a re to be in stalled in both 

non-saline and saline aq uifer dom ains t hat h ave been a lready i dentified i n s tep 2. T he 

monitoring wells should preferably be as per the conventional well design criteria.  

 
Step 6: To confirm non-saline and saline aquifer domains identified in Step 4.  This 

should be  done  w ith c ollection of  w ater s amples f rom t he m onitoring w ells and by 

analysis them in terms of EC. The analysis can be done  in situ or in the laboratory or by 

both for cross checking. 

 
Step 7: To install a multi-strainer monitoring well. Following t he conventional well 

design criteria t he m onitoring w ells s hould be  i nstalled s creening bot h s aline a nd non -

saline aquifer domains a t the  c lose vicinity of the mul ti-well scheme monitoring wells. 

This i s r equired w hen t he m ulti-strainer well d evelopment s chemes a re r equired to be 

formulated.  

 
Step 8: To collect water samples. At l east on ce a m onth water s amples s hould be 

collectd from all the  monitoring wells. The collected samples should be analyzed in the 

laboratory f or s alinity concentraion and ot her w ater qua lity pa rameters depending on the 

purpose. Record t hem w ith the av erage s alinity v alues o f monitoring w ells i ndependently 

installed in non-saline and the saline aquifer domains.  

 
Step 9: To attain equilibrium concentration before sample collection from a 

monitoring well. At l east 30 m ins a nd 1 hr  of  c ontinuous pum ping i s r equired, 

respectively f rom mul ti-well a nd the mul ti-strainer w ells. H owever, i t i s s uggested t o 

evaluate these criteria for individual case before water samples collection for model data 

generation starts. 

 
Step 10: To continue sample collection. For model r equired i nput da ta ge neration 

including  water level, sample collection and laboratory analysis should be continued for 

each of the monitoring wells for at least one crop season for agricultural water use or one 

year for any other purpose. For irrigation water, in addition to EC, the primary chemical 

parameters such as  pH , boron, and sodium adsorption ratio (SAR), and soluble sodium 

percentage ( SSP) ar e t o be  che cked to see t hat t hey m eet t he i rrigation water qua lity. 
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Similarly for a ny ot her pur pose i ncluding dom estic us e, t he r elevant data s hould be  

monitored. But these data are not required to  be used in the models.  

 
Step 11: To prepare model input data. Input data as described in step 1, such as salinity 

concentration in saline (Cs) and the non-saline (Cns) aquifer domains from the generated 

salinity concentration data, and the pre-determined acceptable level of concentration (Ca) 

based on the purpose of water use for multi-well model, Equation (4.7)  to be arranged by 

months or  f ortnight f or one  year or  f or one  i rrigation s eason. S imilarly, t he i nput da ta 

such as salinity concentration in saline (Cs) and the non-saline (Cns) aquifer domains, the 

mix c oncentration da ta (Cmix_s) for  m ulti-strainer monitoring well f rom the  g enerated 

salinity concentration da ta, t he pr e-determined acceptable l evel of  con centration (Ca) 

based on  the purpose of water use, and the strainer lengths (ds and dns

  

) in saline and non-

saline aquifer dom ains of m ulti-strainer moni toring wells for the  mul ti-strainer mode l, 

Equation ( 4.30) t o be  arranged by m onth or  f ortnight for whole year o r t he i rrigation 

season.  

Step 12: To evaluate design criteria Kw and Ks. The design criteria Kw and Ks 

 

are then 

generated with the mul ti-well m odel, E quation ( 4.7) a nd t he m ulti-strainer  m odel, 

Equation ( 4.30) f or t he whole year o r t he i rrigation s eason t o f ormulate the m ulti-well 

and the multi-strainer well field development scheme, respectively. 

Step 13: To select critical design criteria Kwc and Ksc. These values are to be selected 

from  the generated year r ound or  t he s easonal multi-well a nd multi-strainer s chemes 

design criteria. The   f ormulated scheme based on the selected Kwc and Ksc should cover 

the whole year or  i rrigation season so that the mixed concentration will not exceed the 

limit of the purpose of the scheme any time during the season. Mostly the least values of 

Kw and K s

 

 from the generated values for the irrigation period or for the round the year 

are selected to design the well field development scheme.  

Step 14: To determine proportion of saline and non-saline water. Saline a nd non -

saline water to be mixed in a  supply tank to maintain the mixed water concentration at 

acceptable limit. The proportion of saline and the non-saline water of multi-well scheme 
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can be maintained either by the number of wells or by capacity of the well in each aquifer 

domain depending on the field situations and the users choice. 

 
Step 15: To design conventional well. The l ithological information, aquifer t ype, and 

the depths of saline and the non-saline aquifer domains are to be considered to design the 

conventional wells for f ormulation of  both multi-well and  the  mul ti-strainer well f ield 

development schemes.  

 
Step 16: To adjust strainer lengths. Based on the design criteria, Ks

 

 the strainer lengths 

at saline and the non-saline aquifer domains will be  adjusted within the conventionally 

designed strainer lengths of multi-strainer monitoring wells. 

Step 17: To select an appropriate scheme.  From the designed multi-well and the multi-

strainer schemes for well field development for an area. This selection can be done after 

obtaining the design criteria for both multi-well and the multi-strainer schemes. With the 

increase in the number of wells in multi-well scheme virtually increases the complexity 

in  implementation and management of the scheme and thus possibly increases the cost of 

the s cheme. Therefore, it i s advi sable t o select the  mul ti-strainer s cheme w hen the 

discherge proportion between saline and non-saline water or non-saline and saline water 

is more than 2:1.  

 



 
CHAPTER 2 

 
LITERATURE REVIEW 

2.1 Introduction 
 
To f ind t he s pecific t opic w ithin t he br oad s pectrum of  s altwater i ntrusion i n c oastal 

aquifers or the inland aquifers where freshwater domain is under by saline water domains 

extensive review of literature was done. This chapter presents a review of literature which 

helped i n finding t he current t opic a nd di rection to t he pr esent study. The review i s 

presented under t he five broad h eadings: (i) Groundwater i n C oastal E nvironment, ( ii) 

Upconing in Saline Aquifers, (iii) Aquifers Salinity and Agriculture, (iv) Saline Aquifers 

Development, and (v) Conjunctive Use of Saline and Non-saline Water. 

 
2.2 Groundwater in Coastal Environment 
 
The i ntrusion of s aline waters i nto coastal aqui fer occurs in m any areas i n t he w orld 

including B angladesh. Saltwater int rusion refers t o the r eplacement of  fresh water i n 

coastal aqui fers b y s altwater du e t o the m otion of a s altwater bod y i nto the f reshwater 

aquifer. Unplanned exploitation of  groundwater by pumping is one of  the major causes 

for s alt w ater i ntrusion i n t he c oastal regions. A t pr esent, m any coastal aquifers i n t he 

world, especially s hallow one s, experience an intensive s altwater i ntrusion caused by 

both natural and human-induced processes. This section summarizes some of the recent 

works reported on the state of groundwater in the coastal environment. 

 
Mao e t a l. ( 2005) described that seawater i ntrusion oc curs i n t wo w ays. One i s t he 

advancement of  t he s eawater at  the bot tom of  t he a quifer r esulting f rom t he de nsity 

difference between the seawater and the freshwater. The other way is  the  infiltration of 

seawater through the beach. The major reason for this phenomenon is the abstraction of 

groundwater exceeding t he limit of  na tural equilibrium be tween the freshwater and the 

seawater that merged together in a coastal aquifer. 

 
Gassama et al. (2003) studied the multi-layered aquifer where salinity increases together 

with a drastic decline in groundwater levels that have been recorded for several years in 
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the ma in exploited aquifer of  the  a rea. T hey inv estigated tha t s alt or iginated from t he 

seawater i ntrusion t hrough t he upp er a quifer bor dering t he c oast, l ateral s eawater 

migration due  t o i ncrease of  t he pum ping r ate, brackish w ater f rom t he s wamp dur ing 

seasonal m onsoon, upw ard l eakage o f hi ghly mineralized w ater from t he unde rlying 

aquifer c aused b y m odification of  t he he ad gradient due  t o t he increased pumping, 

vertical downward movement of salty irrigation water, and enhancement of  leaching of  

sediment beds due to drainage increase. 

 
Miller (2002) studied that the factor that directly affects coastal aquifer depletion is land 

use planning and management. Different activities such as irrigating crops and industrial 

processing can require a  substantial amount of freshwater resources to be withdrawn. If 

certain wells are relying on these coastal aquifers to provide enough freshwater to support 

agricultural, industrial, municipal, and residential demands, then the recharge rate of the 

aquifer m ust be  a ble t o ke ep up. T he ove r-pumping of  t hese c oastal a quifers ha s 

decreased t he groundwater l evel, t he a bundance, pr essure, a nd s torage capacity o f t he 

freshwater aquifer causing the zone of dispersion to move inland. This would drastically 

reduce the freshwater availability from the well resulting contamination of the freshwater 

aquifer and eliminating potential freshwater source. 

 
Moore (1999) described a coastal aquifer where groundwater derived from land drainage 

dilutes sea water that has invaded the aquifer through a free connection to the sea. Several 

mechanisms have been proposed to explain the interaction between sea water and fresh 

groundwater in coastal sediments. Interactions between fresh water and sea water through 

coastal aquifers may be driven by a seaward hydraulic gradient.  

 
Appelo a nd P ostma ( 1994) explained t hat i n t he c ase of  confined aquifers, t he n atural 

geo-chemical e volution of gr oundwater a long a pa rticular flow-path m ay result i n a  

progressive increase of salinity. If the aquifer is made of partly flushed marine sediments, 

groundwater m ay acquire a  c hemical c omposition s imilar t o t he obs erved t rend i n t he 

case of seawater intrusion. They further explained that refreshing of aquifers may lead to 

important changes in water chemistry due to cation exchange in coastal aquifers. 
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Petalas a nd D iamantis ( 1992) a nd D iamantis a nd P etalas ( 1989) studied t hat s eawater 

intrusion to occur, a permeable formation must be in hydraulic connection with seawater. 

Another necessary condition i s that there must be a  t endency for water t o move inland 

from the seawater sources due  to w ater pumping at r ates hi gher than the ability of the  

aquifers to supply fresh water from some inland source. Seawater intrusion occurs in the 

coastal pa rt of  t he aquifer s ystem as a r esult o f w idespread and dramatic de cline i n 

groundwater levels relative to mean sea level.  

 
Richter and K reitler ( 1993) e xplained t hat na tural s aline gr oundwater, generally, i s t he 

regionally occurring saline groundwater that underlies fresh-water aquifers. Salinization, 

indicated by an  i ncrease i n TDS, is t he m ost w idespread form o f water contamination. 

Natural p rocesses a nd human activities a re po tential s ources of  s alinity. Mixing of  

different waters is often enhanced by human activities such as improper drilling and well 

construction. Pumping of fresh water may change the direction of groundwater flow and 

cause s alt-water en croachment i nto the pum ped w ell. The pr esence of  na tural s aline 

groundwater may generally be attributed to residual water from the time of deposition in 

a saline environment, solution of mineral matter, intrusion of seawater, or any mixture of 

the above. 

 
Reilly and Goodman (1985) described that the fresh groundwater aquifers overlies more 

dense salty or brackish water in many parts of the world. In response to pumping from a 

well in the freshwater zone, the saltwater/fresh water interface moves vertically upward 

toward the pumping w ell. Under some conditions, a  s table cone in t he i nterface would 

develop at some depth below the bot tom of the well and the well would still discharge 

fresh w ater. B ear ( 1972) de scribed t hat unde r ot her c onditions, t he c one w ould be 

unstable a nd t he i nterface w ould rise abruptly to t he bot tom of  t he well c ausing t he 

discharge to become salty.  

 
Frind (1982) investigated idealized configuration of  continuous coastal aquifer-aquitard 

system a nd t he i nfluences of a quitard w ithin a  continuous s ystem of  a quifer-aquitard 

numerically. The system consists of a confined aquifer which is the main water bearing 

unit, a  l eaky a quitard, a nd a  t hin of  unc onfined a quifer. B oth aquifer a nd a quitard a re 
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continuous a nd e xtended unde r t he s ea. P ermeability contrast be tween a quifer a nd 

aquitard i s a ssumed a t least t wo or ders of  m agnitude, w ith r echarge from l andward 

boundary. In simulation of this multi-layer aquifer system, Frind showed that the aquitard 

in a  c ontinuous a quifer-aquitard s ystem e xerts a n i mportant i nfluence i n c ontrolling 

dynamics of the entire system. The influence is most apparent in the large extent of the 

freshwater discharge face along the aquitard under the sea. The influence of the aquitard 

also manifests itself in the magnitude of the leakage flux at recharge boundary. Thus, the 

increase of the hydraulic conductivity of the aquitard resulted in an increase in the total 

fluid mass circulated through the system. 

 
Oude E ssink ( 2001) summarized the coa stal aquifer c ould be a ffected by tw o ma in 

processes, na tural pr ocesses, a nd hum an i ntervention. N atural pr ocesses i nclude 

sedimentation, t ectonic movement, and c limate change. Human intervention consists of  

reclamation of coastal a reas, impoldering, extraction of groundwater, artificial recharge 

of groundwater, lowering of groundwater tables, irrigation and drainage, construction of 

canals, mining etc. In addition, coastal aquifers within the zone of influence of mean sea 

level (MSL) are cautioned by an accelerated rise in global MSL that may more vulnerable 

than they are threatened today. 

 
Sherif and Singh (2002) stated that the population growth is one of the reasons for coastal 

regions be ing m ore de nsely popul ated. T he r esulting i ncrease i n the us e of  f resh 

groundwater in these regions tends to upset the long ex isting dynamic ba lance between 

fresh groundwater f low to oceans and saline oc ean water. A coa stal aq uifer c ould be 

threatened by saline water if it is in direct hydraulic contact with any saline water source. 

Saline w ater m igrates t o the bot tom of  t he aq uifer and displaces t he fresh water. A 

dispersion or transition zone exists where the flow of water and salt ions is coupled.  

 
2.3 Upconing in Saline Aquifers 
 
In saline aqui fers, the salt w ater f resh water i s always in dynamic state. When t he 

external pressure is exerted on the freshwater which are normally overlain by saline water 

the saltwater m oves upward restricting t he w ithdrawal of  f resh water. T his upw ard 

movement of saltwater body intruding the fresh water has been studied by many authors 
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around t he world based on the assumptions of  b oth m iscible and immiscible f luids. In 

immiscible fluid assumptions there exists a mixing zone between two fluids, sometimes, 

is c alled the zone of  di ffusion or t he interface between the f reshwater and the s aline 

water. The mixing zone is the result of molecular diffusion together with mixing caused 

by f luctuations of  t idal a nd of  f resh w ater he ads. In miscible f luid assumptions t he 

density varies from saline to non-saline water. Many studies have been conducted   on the 

freshwater- saltwater interface and density dependent flow of salt water and fresh water, 

some of them are reviewed in connection with the present study.   

 
Gallardo and Marui (2007) developed numerical model at the coastal plain of Tokaimura, 

Japan where exists the fresh-saltwater interface. They evaluate the f low of  groundwater 

and the s alt-transport mechanisms w ith t he application of  num erical m odel, giving 

particular attention t o t he s hallow a quifer. Undisturbed conditions w ere ini tially 

simulated a nd va lidated against f ield obs ervations a s a  pr erequisite f or t he a nalysis o f 

predictive scenarios. G roundwater h eads and t he s hape of  t he s altwater i nterface were 

appropriately d escribed b y t he m odel, although it te nded to underestimate s alinity 

concentrations.  

 
Hamza ( 2004) presented a  num erical m odel c onsidering t he di spersion zone be tween 

freshwater and saltwater. The model was used to predict the effect of saltwater upconing 

on the salinity of pumped water from a pumping well. The effect of velocity dependent, 

hydrodynamic dispersion, and density-dependant flow was considered in the study.  

 
Zhou e t a l. ( 2004) investigated the de tailed mechanisms of  f low a nd salt tr ansport 

involved in the upconing problem and the effects on the upconing and decay processes of 

different d ensity di fferences be tween t he f resh and s alt w ater and of  t he m agnitude of  

transport parameters (dispersivity).  

 
Volker et al. (2002) and Glover (1959) analyzed the perspective of  coastal groundwater 

flow a m ajor cons equence t hat r esults f rom t he pr esence of  a  s altwater-freshwater 

interface. Both t he num erical a nd experimental r esults s uggest t hat t he neglect of  t he 

seawater interface does not noticeably affect the  horizontal migration rate of the plume 
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before it reaches the interface. However, the contaminant will travel further seaward and 

part of  t he s olute m ass w ill e xit unde r t he s ea i f t he hi gher s eawater de nsity i s not  

included. If the seawater density is included, the contaminant will travel upwards towards 

the beach al ong t he f reshwater-saltwater i nterface as  shown experimentally. Neglect of  

seawater de nsity, therefore, will r esult in an underestimate of  s olute ma ss r ate e xiting 

around the coastline. 

 
Gingerich and Voss (2002) expanded a  cross-sectional 2-D model developed by (Voss, 

1984) to 3-D. The developed model showed the effect of variable-density flow and solute 

transport on groundwater flow, freshwater and saltwater zone and salinity distribution.  

 
Aharmouch and Larabi (2001) presented a numerical model, based on the sharp interface 

assumption, t o pr edict t he l ocation, s hape, a nd ex tent of  t he i nterface t hat oc curs in 

coastal a quifer due  t o gr oundwater pum ping. The cr itical r ise i n the i nterface due  t o 

pumping, above which an unstable saltwater aquifer can exist, was also analyzed and the 

critical pumping rate was calculated. 

 
Bear e t a l. ( 2001) us ed t he FEAS-SWIT code (Zhou 1999; Bensabat e t al ., 2000) t o 

simulate s eawater upc oning t o a  pum ping well i n a  r egional coastal aquifer. Local 

upconing of salinity contours occurs and the salinity of the pumped water depends on the 

rate of pumping, on the fresh water flow regime, and on the location of the well's screen. 

The code FEASi-SWIT has been developed to simulate coupled density-dependent flow 

and s alt t ransport. T his c ode w as applied t o t he combination of  r egional s eawater 

intrusion and local upconing. In t his code, t he flow equation i s solved by the G alerkin 

finite element method (FEM). SWIT was applied to pumping from the transition zone in 

a phr eatic coastal a quifer. Simulation results s how tha t the  w ell c an pump essentially 

fresh water when the pumping rate is relatively small.  

 
Bower e t a l. ( 1999) pr esented a n a nalytical m odel f or s altwater upc oning i n a  l eaky 

confined aquifer. The model as sumed the ex istence of  a s harp interface b etween 

freshwater and saltwater. They modified the critical interface rise based on an analytical 

solution, w hich a llows t he c ritical pum ping r ate t o be  i ncreased. In t his s tudy i t i s 
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assumed that an abrupt interface exists between freshwater and saltwater and its location, 

shape, and extent must be determined under upconing conditions due to pumping well. 

 
Khalid (1999) analyzed the recent and future trends in water availability in Gaza Strip, 

with a special focus on s altwater intrusion and groundwater recovery.  T he groundwater 

model M ODFLOW (McDonald a nd H arbaurgh, 1988)  w as a pplied t o qua ntify t he 

availability of  groundwater c onsidering the  r egional a quifer s ystem a nd ultimately to  

predict the long-term groundwater behavior and the corresponding perennial yield under 

various s trategies. T hen he studied the hi storical move ments of  the  s altwater int erface 

and the future consequences of excessive local pumping. The main objective of this study 

was t o de termine a  pe rennial yield pum ping and t o de termine t he movement of  

freshwater-saline water interface and the corresponding threat to both freshwater storage 

and deterioration of water quality. 

 
Izuka and Gingerich (1998) presented a method to calculate vertical head gradients using 

water he ad measurements ta ken during dr illing of a  pa rtially p enetrating w ell. The 

gradient w as t hen used to estimate i nterface de pth based on t he w ell know n Ghyben-

Herzberg relation.  

 
Huyakorn et al . ( 1996) developed a numerical model to simulate saltwater int rusion in 

multi-layered coastal aquifer s ystem. The m odel w as based on t he sharp i nterface 

approach a nd t aking i nto a ccount t he flow d ynamics of  s altwater a nd freshwater. The 

proposed formulation is based on a Galerkin finite element discretization (Huyakorn and 

Pinder, 1983) . Comparison of  num erical and analytical solution i ndicates that the  

numerical schemes are efficient and accurate in tracking the location, lateral movement, 

and upconing of the freshwater-saltwater interface.  

 
Gupta a nd G aikwad ( 1987) de veloped a  s implified m athematical m odel t o pr edict t he 

equilibrium l ocation of  upconed i nterface due  t o a  hor izontal w ell i n an unc onfined 

coastal a quifer of  finite t hickness. T he m odel was ba sed on Dupit a ssumptions and 

Ghyben-Herzberg approximations with modified boundary conditions along the shoreline 

deducted from available analytical solutions. For a specified natural flow conditions, the 
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amount of fresh water discharging into the sea, interface profile and length of intrusion 

can be determined. With the specification of the permissible extent of upconing from the 

natural interface location at any section, the model provided and estimate of the amount 

of water that can be withdrawn by a horizontal well, the upconed interface profile and the 

additional length of interface. 

 
Gupta (1983) analyzed numerically the upconing problem of the saline water interface in 

an unc onfined c oastal a quifer due  t o w ater w ithdrawal b y and i nfiltration ga llery. T he 

model is two-dimensional. In coastal areas the use of an infiltration gallery is found to be 

feasible i n preventing s evere up coning o f t he i nterface t hat w ould ha ve r esulted f rom 

heavy pumpage by a vertical well. 

 
Chandler and McWhorter (1975) investigated the upconing of saline water in response to 

pumping f rom a nd ove rlying l ayer of  f resh w ater b y num erical i ntegration of  t he 

governing di fferential e quation, t aking f ull c onsideration of  non -linear bounda ry 

conditions on t he w ater t able a nd i nterface s urface f or s teady f low t oward partially 

penetrating pumping wells in both isotropic and anisotropic aquifers. They concluded that 

there exists an optimum well penetration into fresh water layer, which permits maximum 

discharge without salt entertainment. The opt imum penetration increases as the vertical 

permeability is  r educed r elative to the hor izontal pe rmeability. The maximum w ell 

discharge obtained without saline water entrainment is greater for aquifers with a reduced 

vertical permeability than for isotropic aquifers.  

 
Numerical solutions suggested by Mercer et al ., (1980), Polo and Ramis (1983), Essaid 

(1990) based on t he s harp i nterface approximation describe t he s eawater i ntrusion 

mechanism i n c oastal aquifer generally i nvolves a n out  f lowing f reshwater z one 

overlaying a n i nvading s altwater z one. In be tween t hese t wo z ones, t here oc curs a  

transition z one. D epending upon t he relative t hickness of  t his t ransition z one, t wo 

approaches have been used to model the process. When the transition zone is abrupt and 

narrow in thickness, the seawater intrusion phenomenon is modeled as a two phase fluid 

flow separated by a sharp interface. 
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Essaid ( 1990a) studied de nsity d ependent s olute t ransport a  m odel limited t o t wo 

dimensional ve rtical c ross s ections. Three di mensional cas es a re l imited in their 

application t o r egional coastal s ystems b y c omputational c onstraints. S harp i nterface 

models ar e us eful f or ve rtical cr oss s ections as  w ell as  aer ial s imulations and can 

represent the bulk freshwater and saltwater flow characteristics of the system. The sharp 

interface approach, in conjunction with integration of the flow equations over the vertical, 

can be applied aerially to large physical systems. 

 
Reilly and Goodman (1987) analyzed two method of saltwater upconing problem. They 

assumed saltwater and fresh water are immiscible fluids and the mixing of the saltwater 

and fresh water by hydrodynamic dispersion was not considered. The density-dependent, 

solute transport approach assumed that the salt water and fresh water are miscible fluids, 

and a transition zone caused by hydrodynamic dispersion is considered.  

 
Polo and Ramis (1983) and Wilson and Sa Da Costa (1982) presented a Galerkin finite 

element method where they studied t he m ovement of  a n i nterface. They solved t he 

problem i n one  di mension a nd t his s olution i ncludes t he i nvolvement o f one  or  t wo 

moving boundaries and the toe points in which l ayer become absent. A  sharp interface 

model w hich s olves t he c oupled f reshwater a nd s altwater f low e quations ha s be en 

developed and it was successfully applied to evaluate multi-layered aquifer systems.  

 
Custodio and Llamas (1983) stated that under natural steady-state conditions in a coastal 

aquifer, l ow s alinity groundwater flow di scharges i nto t he s ea restricting t he l andward 

invasion of  s eawater. The pos ition of  t he f reshwater-saltwater i nterface depends on the 

difference in densities and hydraulic heads in both liquids. 

 
Strack (1976) developed an analytical solution for regional interface problems in coastal 

aquifers ba sed on s ingle-valued pot entials with the D upuit a ssumptions and t he well 

known Ghyben-Herzberg formula, in the c ontext of  s teady s tate. T he c ritical pum ping 

rate ha s be en a lso c omputed i n t he cas e of  a fully pe netrating w ell. The s eawater-

freshwater interface in this cr itical case i s uns table because an infinitesimal increase of  

the pum ping r ate m ay l ead t o s altwater upc oning. B ased on t he potential t heory, t he 
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implicit a nalytical s olution was g iven for t he m aximum pu mping r ate f or t he constant 

recharge boundary condition. 

 
Analytic ( Glover 1959;  B ear a nd D agan 196 4) a nd the numerical ( Rivera et  al ., 1990; 

Calvache a nd P ulido-Bosch 1994 ; Zhou e t a l., 2000) a pproaches were attempted to 

ascertain the position of the freshwater-saltwater interface, and to propose a prediction of 

changes i n w ater l evels and salinity concentration resulting from di fferent e xtraction 

schemes.  

 
2.4 Aquifers Salinity and Agriculture 
 
Irrigation with saline water increases the salinity of agricultural soils which consequently 

decreases t he p roductive cap acity of  t he s oil. As a r esult, the crop yield i s r educed 

significantly. Giving due  impor tance to this a spect r elating w ith the significance o f 

current s tudy, the relevant literature mostly with reference to Bangladesh was reviewed 

and presented. 

 
SRDI (2009) reported that high salt content is limiting crop intensification in the coastal 

zones of Bangladesh. Salt enters inland through rivers and channels during the later part 

of the dry season when the downstream freshwater flow becomes low. Salt also enters the 

soils by flooding with saline river water to concentrate in the surface water layers through 

evaporation. River water causes an increase in salinity of the groundwater and possibly, 

makes i t unf avorable e nvironment ove r pr evailing h ydrological c ondition, t o r estrict 

intensive crop production throughout the year. Thus, the soil and groundwater salinities 

are making winter crop cultivation difficult during November to May.  

 
Hoque ( 2006) e xplained t hat t he s alinity causes un favorable environment a nd 

hydrological s ituation t hat r estrict nor mal crop production t hroughout t he year in t he 

coastal southwest areas of Bangladesh. It was mentioned that the various reasons such as 

tidal flooding during wet season (June-October), direct inundation by saline or brackish 

water and upw ard or  lateral m ovement o f s aline groundwater du ring d ry s eason 

(November-May) is  c ausing the  de velopment o f s oil s alinity. The ma in obstacle to  

intensification of crop production in the coastal areas is seasonally high content of salts in 
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the root z one of  the soil. The salts enter i nland through r ivers and channels, especially 

during the later part of the dry (winter) season, when the downstream flow of fresh water 

becomes very low. During this period, the salinity of the river water increases. The salts 

enter the soil by flooding with saline river water or by seepage from the rivers, and the 

salts be come concentrated in the s urface l ayers t hrough ev aporation. The s aline river 

water may also cause an increase in salinity of  the groundwater and make i t unsuitable 

for irrigation. 

 
Karim ( 2006) s tudied t hat i n t he c oastal region of B angladesh farmers tr aditionally 

cultivate low-yielding (2.0-2.5 t/h) local rice varieties under rain fed condition in the wet 

season.  Some farmers grow rice or raise shrimp in the dry season, but most of the lands 

remain fallow due to high soil salinity and lack of good quality irrigation water. Over 30 

% of the net available cultivable lands of Bangladesh are located in the coastal areas but 

presents of different degree of salinity two times of rice production is not possible. Karim 

et al. (1990) also reported very similar findings. 

 
BRRI (2004) and Rashid (2006) described that groundwater i s intensively used for d ry 

season irrigation in many parts of the Bangladesh, but its use is comparatively much less 

in the case for coastal zone for fear of groundwater depletion and salt water intrusion in 

the coastal aquifers (PDO-ICZMP, 2004). The irrigation coverage in the coastal zone is 

only 30 % of the net cropped area, compared to 50 % of the country.  

 
Miah e t al. ( 2004) r eported t hat ups tream w ithdrawal o f t he G anges w ater i n Farakka 

(built i n 197 5) be yond the bor der of  Bangladesh ha s r educed fresh water di scharge 

causing intrusion of salinity in the main land. The saline aquifer has penetrated upstream 

to 151 km to the western side of the coast and 46.5 km to the eastern side of the coast. 

Minimum salinity of 0.5 dS/m was recorded at  some places in the month of  October at 

the end of monsoon while maximum salinity of 68.2 dS/m was recorded at the end of dry 

season. P lant g rowth a nd de velopment a re l argely af fected by s alinity. D uring R abi 

season salinity increases as groundwater goes down. As a result, a vast area of land in salt 

affected areas remains fallow owing to inadequate supply of irrigation water.   
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SWAIWRPM (2004) reported that salinity affects groundwater resources in Bangladesh 

coast i n t he r egion s outh of  a n e ast-west line . The uppe r aquifer i s hi ghly s aline and 

presents a significant constraint for all uses. Even shallow tube wells located in or near 

the coastal belt and used primarily for irrigation, if allowed to develop in an uncontrolled 

manner, run risk of contamination through saline intrusion. 

SDNP ( 2004) r eported that w ithdrawal a nd di version of  w ater f rom the G anges a t 

Farakka during the dry season reduced drastically the fresh water flow. Lower river flow 

from ups tream inc reasing the  pus hing effect of  saline w ater f rom the  s ea is  the  ma in 

cause of  increasing salinization in deltaic regions of  Bangladesh. In some coastal ar eas 

60-70 % of arable land is affected by salinity in the dry period and few places about 15 % 

of the arable land are saline.  

 
Halcrow (1993) reported the presence of saline front and lenses of freshwater in the upper 

aquifer, the presence of saline wedge in the deeper aquifer, and the existence of hydraulic 

continuity between groundwater and saline river water in the south west coastal areas of 

Bangladesh. In t he uppe r a quifer t he pos ition of  s aline f ront c an be  c ontrolled b y t he 

regional groundwater f low t owards t he s ea a nd t he pr evailing r echarge c onditions. In 

addition, f reshwater l enses m ay oc cur, ov erlying t he s aline w ater. U nder na tural 

condition only minor seasonal changes take place in this relationship between fresh and 

the saline waters. The groundwater abstraction has the potential to cause adverse change. 

The over abstraction of  the groundwater for ir rigation at ups tream areas will move  the  

saline f ront i nland, r esulting i n m ore w ells be ginning t o pum ping br ackish a nd s aline 

groundwater. Similarly, over abstraction of water from the freshwater lenses would cause 

upconing of saline water, with the effect of turning the wells saline.  

 
Mondal (2001) mentioned that the greater Khulna district alone contributes about 23 % of 

the t otal c oastal e cosystem. O ut of  1.14 m illion he ctares of  coastal and of fshore area, 

about 0.37 m illion he ctares of  a rable land badly af fected in greater K hulna di strict b y 

various degree of salinity in different cropping season. 
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SRDI (1999) reported that most of the land of the southwest coastal region of Bangladesh 

remains fallow in the dry season because of salinity hazard and lack of fresh water. The 

rest of  t he ar ea r emains f allow w here di fferent non -rice c rops a re grown i f r oot z one 

salinity can be kept as minimum as possible by adapting different salinity management 

techniques. 

 
Nishat et al. (1988) studied on the areas where salinity of groundwater constraints its use 

for i rrigation a nd w ater s upplies. T he s tudy r eveals t hat t he pos ition of  s aline 

groundwater f ront i s di ctated b y t he regional groundwater flow f rom up stream. S aline 

water i ntrusion may t ake pl ace b y unba lanced withdrawal i n excess of  r echarge or  b y 

decreased regional groundwater f low from upstream. Freshwater in coastal areas occurs 

in two zones: shallow freshwater from within 10-20 m and deep freshwater from beyond 

200 m. The development of the shallow freshwater requires careful planning. Localized 

pressure reduction b y t ube w ell a bstraction m ay c ause upc oning o f s aline gr oundwater 

over and above the regional saline water interface.  

          
MPO ( 1987) s tudied t hat g roundwater i s c rucial f or agriculture, pot able, and i ndustrial 

use. M ain s ource of  pot able w ater i s g roundwater i n t he c oastal z one b ecause of  hi gh 

surface w ater s alinity. There ar e bot h shallow and deep aquifers be neath the coa st, 

separated by thick clay l ayers. Shallow aqui fer salinity l evels and depths are ex tremely 

variable within short distances. In contrast, the deep aquifer is regionally continuous and 

its salinity levels relatively uniform. 

 
2.5 Saline Aquifers Development   
 
Saltwater int rusion in the coastal aquifer is  a  common problem which l imits the use of  

fresh groundwater for a gricultural a nd dom estic w ater us e i n m any a reas a round t he 

world. So, it is impor tant to adopt ma nagement a ctions to mitigate the  effects of  thi s 

problem. Relevant literature reviewed in connection with the current study is presented in 

this section. 

 
Ganeson and Thayumanavan (2009) described the groundwater flow and solute transport 

in the coastal aquifer of Chennai  using the USGS three dimensional model MODFLOW 
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(McDonald and H arbaurgh, 1988)  and M T3D (Zheng, 1990)  and t hus f easible 

groundwater pumping and recharge strategies are identified and quantified to control the 

seawater intrusion.  

 
Hollander et al. (2007) studied that in the coastal plain of Orissa, India saltwater intrusion 

leads to a  reduction in t he groundwater quality and thus the i rrigation water quality. A 

regional-scale as sessment of  t he g roundwater r esources and a f ield-scale investigation 

was c onducted t o m anage e xcess s urface w ater dur ing t he m onsoon s eason a nd t he 

implication on the regional-scale. The seasonal subsurface water storage by ASR (aquifer 

storage and recovery) wells was used to formulate the groundwater budget.  

 
Hallaji and Yazicigil (1996) developed a density-dependent finite  element model of  the 

Erzin plain in southern Turkey to manage the subsurface water resources and to cover the 

water demand by maintaining the freshwater levels. Their analysis concluded that for the 

minimization of the  pum ping c osts the  w ells w ith low s tatic lif ts s hould be operated 

whereas for the minimization of the total drawdown the wells at highly conductivity areas 

and c lose t o t he h ead b oundaries s hould be  t urned on. A lso, b y i mposing a mini mum 

pumping rate for the production wells, the total pumping cost is increased. The optimal 

management policy suggested the fresh water from the most productive wells should be 

transported to areas w here t he w ater d emand could not be  cov ered b y t he local l ess 

productive wells. 

 
Qahman et al . ( 2005) i nvestigated for t he optimal a nd s ustainable e xtraction of  

groundwater from a coastal aquifer under the threat of seawater intrusion. The objectives 

and constraints of  these management scenarios i nclude maximizing the  total volume of  

water pum ped, maximizing the  pr ofit of  s elling water, mini mizing the  o perational and 

water tr eatment c osts, minimizing the  s alt c oncentration of the  pum ped water, and 

controlling the drawdown limits. The physical model is  based on t he density-dependent 

advective-dispersive solute transport model. Genetic algorithm (Goldberg, 1989) is used 

as the opt imization tool. The models are tested on a hypothetical confined aquifer with 

four pumping wells located at various depths. These solutions establish the feasibility of 
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simulating va rious m anagement s cenarios unde r c omplex t hree-dimensional f low and 

transport processes in coastal aquifers for the optimal and sustainable use of groundwater.  

 
Rao et al. (2004) examined an approach for planning groundwater development in coastal 

aquifers. The seawater intrusion is controlled through a series of barrier extraction wells. 

The mul ti-objective m anagement pr oblem i s c ast a s a  nonl inear, non -convex 

combinatorial model and is solved using a coupled simulation-optimization approach. A 

density-dependent groundwater f low a nd t ransport m odel, S EAWAT (Guo a nd 

Langavein, 2002)  is us ed f or simulating the  d ynamics of  s eawater int rusion. The 

Simulated Annealing algorithm is used for solving the optimization problem. The idea of 

replacing the SEAWAT model with a trained artificial neural network (ANN) to manage 

the computational burden within practical time frames on a desktop computer is explored. 

The ut ility o f the  s tudy is de monstrated through a  tr ade-off c urve b etween pr ioritizing 

groundwater development and controlling seawater intrusion at desired levels. 

 
Mantoglou ( 2003) us ed opt imization to  ma ximize the  tot al pum ping f rom the  a quifer 

under a  s et of  constraints t hat protect t he wells f rom saltwater i ntrusion. Two di fferent 

constraint f ormulations were investigated. The f irst c onstraint c alled the toe  c onstraint 

that protects the wells from saltwater intrusion by not allowing the toe of the interface to 

reach t he w ells. T he s econd one  i s t he pot ential c onstraint t hat pr otects t he w ells b y 

maintaining a potential at the wells larger than the toe potential. This formulation results 

in a linear optimization problem which is solved using the Simplex method. 

 
Narayan et al. (2003) investigated numerical aquifer management practices by including 

large r echarge pi ts to assist w ith a rtificial r eplenishment of  g roundwater a t B urdekin 

Delta, North Queensland. Artificial recharge is used to maintain groundwater levels and 

subsequently c ontrol s eawater i ntrusion. T his t echnique, how ever, i s of ten c ostly a nd 

ineffective in areas where excessive groundwater pumping occurs. The results addressed 

the ef fects of  va riations i n pum ping, a nd a rtificial-and-natural r echarge r ates on the 

dynamics of saltwater intrusion showing that the saltwater intrusion is far more sensitive 

to pumping rates and recharge than aquifer properties such as hydraulic conductivity. 
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Rao e t a l. ( 2003) s tudied t he opt imal management of  g roundwater i n de ltaic a quifer 

systems w ith some reference t o east coastal h ydro-geo-climatic c onditions of  India. A 

system of cooperative wells is proposed to supplement surface water sources to meet the 

demand during the non-monsoon season, without inducing excessive saltwater intrusion. 

The management models are solved as nonl inear, non-convex, combinatorial problems. 

The management models a re solved b y interfacing s imulated annealing ( SA) a lgorithm 

with an existing sharp interface flow model to determine an optimal policy for location 

and pumpage of cooperative wells.  

 
Rahim and Ghani (2002) explained that four basic components are necessary to properly 

manage g roundwater resources against s altwater i ntrusion. T he f irst c omponent i s t he 

measurement to de termine a nd c haracterize t he existing c onditions ha ving an adequate 

understanding of  bot h t he h ydro-geologic c onditions a nd a  reasonably detailed s patial 

characterization of t he s altwater i nterface. Secondly, t o e stablish a  monitoring program 

that will monitor conditions and provide a reasonably accurate assessment of the changes 

in the saltwater interface with time. This can be accomplished by accurately selecting the 

location of  m onitoring w ells a nd pr oviding a  s ufficient s creen length to monitor the  

changes in the saltwater interface. Thirdly, to have a means of assessing and modeling to 

provide predictive long-term behavior of the saltwater interface in response to changes in 

population, w ater us e, r ainfall, a nd ot her a ctions w hich i mpact groundwater. F inally, 

modification in which the predictive results were used to modify the pumping and control 

runoff or consider re-injection of waste water to maintain the freshwater head to prevent  

further encroachment of saltwater. 

 
Gordon et al. (2001) developed a model for the optimal management of a regional (two 

dimensional) aquifer under salinization. The sources of salinization were from irrigation 

water, saline waters from faults at the bottom of aquifer, and inflow from adjacent saline 

water bodi es. T he obj ectives w ere t o m aximize t he vol ume of  w ater pum ped a nd t o 

minimize t he a mount o f s alt e xtracted. T he m odel w as ba sed on a  c ombination of  

simulation and optimization. The s imulation model us es f inite e lement f ormulation f or 

the flow and the upwind Petrov-Galerkin formulation (Brooks and Hughes, 1982) for the 

transport. The gradients of the state variables (heads and concentrations) with respect to 
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the decision variables (pumping rates) were used in a Bundle-Trust (Schramm and Zowe, 

1992), non-smooth optimization procedure to improve the solution.  

 
Gotvac et  al . (2001) examined the ef fects of  ge ologic he terogeneity upon  t he s eawater 

intrusion i n c oastal a quifers. W hen de signing t he e xploitation of  f resh g roundwater i n 

coastal aquifers it is important to predict the possible salt concentration level for different 

pumping scenarios. The salt concentration in the abstracted water would depend, besides 

system d ynamics a nd c onsidered pr ocesses, a lso on t he a quifer geologic he terogeneity 

through which all ph ysical pr ocesses are t aking place. One hundred r ealizations of t he 

heterogeneous a quifer are ge nerated a nd s eawater i ntrusion pr oblem u sing num erical 

code SUTRA (Voss, 1984) is solved. The results are statistically analyzed and compared 

to t he common de terministic solution with homogeneous domain and m acro-dispersion 

coefficient. H ere e xamined t he s hape o f t he t ransition z one, i ntrusion length, and salt 

concentration uncertainty as a r esult of  aqui fer heterogeneity. The results i ndicate t hat 

aquifer he terogeneity do es a ffect t he s hape of  t he t ransition z one a nd s hifts t he z one 

inland compared to the deterministic solution with macro-dispersion. The concentration 

uncertainty i s m ore p ronounced i n t he f ront of  t he t ransition z one and i ncreases w ith 

depth. 

 
Sherif and Hamza ( 2001) i nvestigated a t echnique t o restore t he ba lance be tween 

freshwater and s aline water i n coastal a quifers. T heir de sign t o pum ping o f br ackish 

water from the dispersion zone and then used to develop green lands in the coastal areas 

or to irrigate certain types of crops. A two-dimensional finite element model (2D-FEM) 

of di spersion z one a pproach ha s be en employed t o ve rify t his t echnique. In all of  t he 

tested runs, the width of dispersion zone has reduced significantly due to brackish water 

pumping. The quality of the pumped water differs according to the location of pumping. 

 
Nishikawa (1998) developed a MODFLOW finite difference model for the Santa-Barbara 

aquifer and used a freshwater-equivalent hydraulic head form to overcome non-linearity 

issues ( density-dependent m ass t ransport) a nd t o obt ain pr actical r esults t o t he w ater 

resources management pr oblem. The obj ective i s t o m inimize t he c ost of  w ater s upply 

subject to:  w ater demand c onstraints, h ydraulic he ad c onstraints t o c ontrol s eawater 
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intrusion, a nd w ater capacity constraints. The m anagement pr oblem was f ormulated as 

minimization of t he w ater s upply cost s ubject t o w ater capacity, hydraulic he ad, water 

demand, and pumping distribution constraints. The optimal operating management policy 

proposed continuous operation of the inland production wells and part-time operation for 

the coastal wells.  In this formulation, the timing of water distribution (water availability) 

versus the water demand is the key for an optimal cost-effective pumping strategy.  

 
Das and Datta (1999) presented plausible scenarios for planned withdrawal and salinity 

control i n coastal aquifers i nvestigating the viability of  embedding the  f inite-difference 

discretized three-dimensional de nsity-dependent m iscible f low a nd t ransport m odel of  

seawater i ntrusion a s c onstraints i n c oastal a quifer m anagement m odels; de veloping 

embedded nonlinear optimization-based management models with multiple objectives for 

managing coastal aquifers for long-term use; and  demonstrating the feasibility of using 

the de veloped m anagement m odels f or di fferent c onflicting m ultiple obj ectives like 

containment of seawater intrusion and supply of water for beneficial uses. 

 
Some authors (Sufi et al., 1998; Saeed et al., 2002; Ashraf et al., 2007)  reported various 

skimming well techniques; single well, multi-strainer (multi point) well, compound well, 

radial w ell to extract f reshwater from t he ove rlying s aline w ater  s hallow a quifer. T he 

shallow well was installed where the f resh water layer is 150-180 m thick. These wells 

are penetrated into the f resh water l ayer, using a  l arger gap between the bottom of  t he 

well and the fresh and saline water interface.  

 
Hunting T echnical S ervices Ltd. ( 1965 a nd 1967 ) i ntroduced multi-strainer well (multi 

point) where more than one tube well is installed in a thin layer of fresh water. Shallow 

penetration of this type of well, however, indicates that the depth reductions are possible 

with multiple wells, especially in fresh water layers of restricted depth; this will tend to 

diminish the upconing effect and increase the well life. They showed that triple wells are 

capable of  abstracting a safe discharge of 25 t o 30 % greater than that of a  s ingle well 

under the same aquifer conditions. Field tests on this type of system have been conducted 

by K emper et  al ., (1976) a nd H afeez e t a l., (1986). T his s ystem ha s t he a dvantages of  
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shallower depths than a single well operating at the same discharge. Thus, i t has fewer 

tendencies to induce saline upconing. 

 
Smith and Pirson (1963) used r e-circulation well f or pe troleum r eservoirs w hich i s 

similar in some respects to fresh water injection to control saline water encroachment in 

coastal a reas. A  w ell i s equipped w ith t wo s creens bot h pl aced w ithin the f resh w ater 

zone. A packer i s set in the casing between the two screens and fresh water is pumped 

through t he upper s creen. H owever, a  pa rt of  t his fre sh water i s re -circulated under 

gravity pressure i nto t he w ell vi a a  pi pe w hich pa sses t hrough t he p acker. T his r e-

circulated flow i s t hus i njected i nto t he a quifer t hrough t he l ower s creen a nd acts to 

depress t he s aline w ater m ound be neath t he w ell. A s s uch t his de sign eliminates the  

saline w ater di sposal p roblem. H owever, a  f low pa ttern f rom the de eper s creen to 

shallower depths is established within the aquifer and some inter mixing of saline water 

with the circulating fresh water may occur in the flow pattern.  

 
Aliew e t al. ( 2003) described that in  ma ny pa rts of  P alestine inc luding J ericho area 

suffers from water scarcity and at the same time from salt water intrusion. It is of great 

importance to the response of the saline movement under a discharge well is required for 

the safe exploitation of a layer of limited thickness overlaying saline groundwater. They 

present a better understanding of the saline water movement under a discharge well using 

the data of some wells in the Jericho area. Sensitivity analyses were carried out on each 

of the primary design parameters using the finite difference simulation model. A criterion 

for the design of the discharge wells in the Jericho district has been established in order to 

achieve optimal fresh water recovery from these wells. 

 
Sufi e t a l. (1992) studied t hat s aline w ater upc oning a nd i ntrusion i s a  bi g pr oblem i n 

Pakistan where thickness of fresh water layer underlain by saline groundwater is limited. 

Groundwater f rom s uch a quifers c an onl y be  e xtracted t hrough t he us e o f s hallow a nd 

low capa city of  w ells: compound or  s cavenger w ells, r adial c ollector wells or  multi-

strainer wells. These skimming wells can be constructed with the available know how of 

tube well construction, if design parameter is properly established. 
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Stoner and Bakiewicz ( 1992) reported a nother technique of f resh w ater exploitation 

called scavenger, or coupled wells, which are used for prevention of upconing of saline 

water. There are actually two wells located side by side, one of which is screened in the 

fresh water zone and the other in the saline water zone. The wells pump fresh water from 

fresh water zone and saline waters f rom the saline water zone without mixing, through 

two separate discharge systems. The scavenger wells have also been tested in the lower 

Indus basin and have shown their usefulness in skimming of fresh water.  

 
Bennett ( 1990) suggested computer s imulations of  s kimming w ell te chnique to skim 

sweet w ater unde rlain by  s aline gr oundwater t o a ugment s hort i rrigation s upplies and 

provide necessary drainage to improve degradation of the aquifer by avoiding upconing 

of unde rlying s aline w ater. T hus, s ome r elief i n r educed s aline e ffluent disposal c ould 

also be achieved. In the same study, Bennett also introduced radial well for exploiting the 

fresh water which has been used in water supply systems. Like the multiple well point 

design, it involves shallower penetration than a single vertical well operating at the same 

discharge. In practice, i nstallation costs would l imit t he number and l engths of  s creens 

which can be installed around an individual collector.  

 
Mondal (1997) studied that salinization process of both surface and groundwater mainly 

depends on the h ydrodynamic ba lance b etween fresh and saline water i nterface. If t he 

freshwater pr essure i n r iver or  unde rground l ayer i s m ore, t he s alinity penetration or  

intrusion would be l ess into the ecos ystem. Modal r ecommended that a careful aqui fer 

management t echnique is r equired t o m ake us e of  a vailable f resh groundwater for 

irrigation, which will increase the  ir rigation potentially in the coastal area especially in 

the dry season. In many places of the coastal area, the salinity in the groundwater ranges 

from 1.5-2.0 dS/m during the dry season.  

 
Karim et  al . (1982) d escribed t hat preventing t he t idal water i nundation t hrough 

construction of bunds, irrigation and leaching of salts, appropriate drainage, adopting site 

specific suitable soil water and crop management practices, selection of salt tolerant plant 

species, various combinations of the above are acceptable practices for the management 

of salinity. 
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2.6 Conjunctive Use of Saline and Non-saline Waters  
 
Earlier works related to the use of  saline and non-saline water in agriculture have been 

discussed in this section. 

 
Chauhan e t a l. ( 2008) s tudied i n a rid a nd s emi-arid r egions groundwater i s m ainly 

marginally saline (2-6 dS/m) to saline (> 6 dS/m) and could be  exploited to meet crop 

water requirement i f no adverse e ffects on  c rops a nd l and resource oc cur. T he fear of  

adverse effects ha s of ten restricted the ex ploitation of na turally oc curring s aline w ater. 

The results reveal that substituting a part or all except pre-sowing i rrigation with saline 

water having an e lectrical c onductivity (ECiw) o f 8 dS /m i s pos sible f or c ultivation of  

wheat. Similarly, saline water with ECiw

 

 ranging between 8 and 12 dS/m could be used to 

supplement at least two irrigations to obtain 90 % or more of the optimum yield. 

Tyagi (2003) d escribed t wo m ajor a pproaches t o i mproving a nd s ustaining hi gh 

agricultural productivity in a saline environment: modifying the environment to suit the 

available plants; and modifying the plants to suit the existing environment. They could be 

used s eparately or t ogether t o m ake pos sible t he pr oductive utilization of  poor -quality 

water w ithout c ompromising t he s ustainability of t he pr oduction r esource a t different 

management levels. The issues arising from the use of these approaches as related to the 

use of  marginal-quality water, at both field and i rrigation-system levels were discussed. 

Analysis of the results indicated that there are good possibilities of achieving reasonably 

high water productivity on a sustainable basis by appropriate technological interventions 

including in situ conservation of rainwater in precisely leveled fields; blending saline and 

fresh water to keep the resultant salinity below threshold or to achieve its amelioration; 

and, if residual sodium carbonate cannot be brought down to acceptable levels, dilution-

blending or  cyclic a pplication a nd s cheduling i rrigation with salty water a t le ss s alt-

sensitive s tages. At hi gher l evels of  irrigation systems, it w as f ound that w ater 

productivity i n s aline e nvironments c an b e i mproved b y a  number of  m easures. T hese 

include reallocation of water to higher value crops with a limited irrigation requirement, 

spatial r eallocation and transfer of  w ater-adopting pol icies t hat f avor d evelopment of  
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water markets and reducing mineralizing of  fresh water b y minimizing application and 

conveyance losses that find a path to saline aquifers.  

 
Sharma ( 1994) found t hat in a rid a nd s emi-arid r egions, e ffluent f rom s ub-surface 

drainage s ystems i s of ten s aline a nd dur ing t he dr y s eason i ts di sposal pos es a n 

environmental pr oblem. A  f ield e xperiment w as conducted us ing s aline drainage w ater 

(EC= 10.5-15.0 dS /m) t ogether w ith f resh c anal w ater ( EC= 0.4 dS /m) f or i rrigation 

during t he d ry w inter s eason. T he w heat crop was i rrigated four t imes w ith di fferent 

sequences of saline drainage water and canal water. The rainy season crops received no 

further irrigation as they were rain-fed. Taking the wheat yield obtained with fresh canal 

water as the potential value (100 %), the mean relative yield of wheat irrigated with only 

saline drainage water was 74 %. Substitution of canal water at first post-plant irrigation 

and applying t hereafter only s aline dr ainage water i ncreased the yield t o 84  %. Cyclic 

irrigations with canal and drainage water in different treatments resulted in yields of 88 to 

94 % of the potential level. The high salinity and sodicity of the drainage water increased 

the soil salinity and sodicity in the soil profile during the winter season, but these hazards 

were eliminated by the sub-surface drainage system during the ensuing monsoon periods. 

The r esults obt ained pr ovide a  pr omising opt ion f or t he us e of  poor  qua lity d rainage 

water i n c onjunction w ith f resh c anal w ater w ithout undue  yield reduction a nd s oil 

degradation. This w ill s ave t he s carce can al w ater, reduce t he dr ainage water di sposal 

needs and associated environmental problems. 

 
Naresh e t al. (1993) evaluated the changes i n soil water and salinity when conjunctive 

irrigation w ith c anal (CW, 0.6 dS /m) a nd s aline ( SW, 12 dS /m) w aters is pr acticed i n 

various cyclic/mixing modes and their associated effects on gr owth and yield of  wheat. 

Substitution of cana l w ater f or s aline w ater at pr e-sowing s tage i mproved s eedling 

establishment a nd at f irst pos t-planting ir rigation f urther e nhanced tillering a nd related 

growth parameters, thereby, resulting in yield improvements by 18 and 16 % over saline 

irrigation alone, respectively. Whereas cyclic irrigations with canal and saline water in 1 

CW: 1 SW and 2 CW: 2 SW modes produced 7-11 % more yields when compared with 

mixing in equal proportions (86 %), yield was reduced by 12 % in 1 S W: 1 CW mode, 

i.e. using saline w ater t o start w ith. Use o f canal w ater at the  ini tial s tages s eemed t o 
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cause pr iming e ffect t hrough i ncreased s oil w ater de pletion, t hus r esulting i n be tter 

growth rates ( tillering) w hereas adjustment to reduced salinity s tress a t la ter s tages vi a 

increased grains/ear failed to totally compensate for losses due to reduced tillering. It was 

concluded when making conjunctive use of canal and saline waters for the production of 

wheat, that hi gher efficiency of  i rrigation can be a chieved with their cyclic us e when 

canal water is applied at the initial stages (pre-irrigation and/first post-sowing irrigation) 

and saline water is used at the later growth periods when it can tolerate the salts better. 

 
Gajendragad et al. ( 1986) us ed good qu ality r iver w ater and groundwater in the w est 

coast of K arnataka, India. T his a rea was peculiar in  that r iver w ater as  w ell as 

groundwater were prone t o c ontamination ow ing t o s eawater intrusion a nd s eepage of  

polluted r iver w ater into w ells. T he f easibility of  c onjunctive us e of s urface and  

subsurface water, evaluation of river basin water balance, and assessment of the rate and 

extent of pollution were attempted. Representative soil and water samples were analyzed 

to determine the  e ffect of  s alinity on  soil f ertility. Finally, mitigation measures were 

suggested for further development and better management of agricultural resources. 

 
Harnandez ( 1986) s tudied t hat s aline water c an be  us ed i n i rrigated a griculture a s a n 

alternative to fresh water, as a supplement to a fresh water supply or in conjunction with 

better quality water in New Mexico. The combined planned and scheduled use of saline 

and f resh w ater t o i rrigate c ommon r egional c rops i n T ularosa B asin was us ed a s a n 

example.  

 
2.7 Conclusions 
 
The application of Ghyben-Herzberg principles, density-dependent models, and the sharp 

interface models as discussed in this chapter are useful to make appropriate management 

plan i n reducing the ad verse i mpact of s aline water i ntrusion and guiding non-saline 

groundwater development from the saline aqui fers. The mathematical models discussed 

help understanding the mechanism of saline water intrusion and improving the methods 

to protect groundwater resources in the coastal aquifers. Other works discussed include 

analytical approaches to extract freshwater from saline aquifers where upconing of saline 

water limits the  withdrawal of  us able water. The conjunctive use o f no n-saline surface 
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water and the s aline groundwater was a lso discussed. As s uch, e vidently no work was 

done for augmentation of water supply by combined use of saline and non-saline aquifers 

which can significantly increase the production of usable water for agricultural, domestic, 

and other uses in the coastal areas or in the regions where freshwater aquifer domain is 

underlain or overlain by saline aquifer domain. 



CHAPTER 3 
 

PROBLEM STATEMENT 
 
3.1 Introduction 
 
Coastal zones are among the most densely populated areas in the world with over 70 % of the 

world’s population. These regions face serious water problems such as scarcity of fresh water, 

seawater intrusion, and contamination of  gr oundwater. The growing i n global popul ation a nd 

raising s tandards of  l iving h ave i ncreased water de mands and  subsequently pumping f rom 

aquifers. Unplanned pumping ha s l ed to a dr amatic i ncrease i n saline w ater i n t he aquifer 

systems and endangered the sustainable use of the resource. The limited water resources all over 

the world including Bangladesh is facing water quality p roblems f rom salinity in coastal areas 

that make t he w ater unf it f or hum an c onsumption a nd i n many cas es f or irrigation and ot her 

purposes. C onsequently, the ava ilable fresh water r esources are unde r an increasing pr essure 

which demands for exploration of increased amount of groundwater resources and efficient water 

resources management. 

 
This cha pter pr esents t he state of coastal aqui fer s ystem, existing technologies that ha ve be en 

used t o analyze such aquifers, and the constraints and limitations to de velop t hem for water 

supply. 

 
3.2 State of Coastal Aquifers 
 
In a coastal aquifer, there exists a  na tural e quilibrium be tween t he f resh gr oundwater t hat i s 

discharged t o t he s ea a nd t he s aline water of  marine or igin t hat pr esses t owards t he i nland 

aquifers (Custodio, 2004) . The r esulting pot ential di fference i nduces f reshwater t o f low f rom 

coastal a quifers int o the sea as c an be s een from Figure 3.1 . D ue t o d ensity di fferences, t he 

lighter freshwater floats on top of a de nser saltwater wedge. Since freshwater and saltwater are 

miscible f luids, a  t ransition z one r esults b y t he pr ocess of  h ydrodynamic di spersion a nd 

molecular di ffusion ( Bear, 1988)  a t t he i nterface be tween t he t wo. In t he t ransition z one, t he 

mixed water flows upward, due to salinity gradient, along with the freshwater towards the sea. 

Although existence of  saltwater is  common in coastal a quifers, i t of ten pr esents a  pr oblem i n 

inland aquifers as well, where the f resh water i s unde rlain by a bod y of  salt water. Figure 3.2  
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shows such an inland aquifer with the consideration of density variation where the freshwater is 

underlain by saline water. The freshwater and saltwater domains in both coastal and the saline 

inland aquifers   ar e separated by a transition zone where mixing occurs between freshwater and 

saltwater. The tr ansition z one is  c haracterized most c ommonly b y me asurements of  e ither the  

total di ssolved-solids c oncentration or  t he c hloride c oncentration of  groundwater s ampled a t 

observation wells. The term transition zone implies a change in the quality of groundwater from 

freshwater t o saltwater, as  m easured by an increase i n dissolved constituents s uch as t otal 

dissolved solids and chloride. Due to the presence of sea water in the aquifer formation under the 

sea bottom, a zone of contact is formed between the lighter freshwater (density, ns• ) flowing to 

the sea and the heavier, underlying, saline (density, • s>• ns

 

). 

 
 

 

 

 

 

 

 

 

Figure 3.1:  Coastal aquifer with density variation from saline to freshwater (Cooper, 1959). 
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Figure 3.2:  Inland saline aquifer with density variation from saline to freshwater. 

 

For s implification in analysis the t ransition zone is considered as the sharp interface as shown 

Figure 3.3.  

Figure 3.4  represents a s aline i nland aquifer s ystem w here t he f reshwater s ub domain, • f, is 

underlain by the saltwater domain, • s 

 

and they are separated by a sharp interface. Under natural 

undisturbed in a coastal aquifer, a state of equilibrium is maintained, with a stationary interface 

and a fresh water flow to the sea above it. It is not also very uncommon, that in many situations 

the fresh water is found overlain by saltwater both in coastal and inland aquifers. This situation is 

also a more intense constraint to extract fresh groundwater as the saline water body exists above 

the fresh water body. 
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Figure 3.3: Fresh and saline water domains in coastal aquifer. 
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    Figure 3.4: Fresh water and saltwater interface in inland aquifer system. 
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3.3 Analysis of Saline Aquifers 

The state of the coastal aquifers and inland aquifers where freshwater is underlain or overlain by 

saline w ater i s de scribed in the ear lier section. It ha s be en described that in saline aquifers, 

normally less dense freshwater resides over more dense saline water allowing stable fluid flow. 

Mixing of the two miscible fluids takes place by diffusion and hydrodynamic dispersion of total 

dissolved solids creating a transition zone. The thickness of the transition zone can vary from a 

few meters to hundreds of meters and is controlled mainly by the geologic heterogeneities and 

physical s tructure of  t he aqui fers, recharge r ate, and freshwater ex traction t hrough pumping 

(Bobba, 1993). It is further described that the process of saltwater intrusion in freshwater aquifer 

is a va riable density flow problem involving mass transport and flow of fluids of two different 

densities. A sharp freshwater saltwater interface may be considered where the aquifer thickness 

is significantly large with respect to the width of the transition zone, in which case the two fluids 

are as sumed to be i mmiscible. However, in many coastal aqui fers, the width of  t he t ransition 

zone is s ignificant. In such cases, the groundwater f low regime should be t reated as a  density-

dependent f low s ystem. The pr esentations of  s tate of  s aline a quifers i n both t he m iscible a nd 

immiscible fluids consideration are described. 

 
3.3.1 Sharp interface  
 
Ghyben and Herzberg p rinciples (Fetter, 1988)  found that saltwater occurred in aquifer, not  a t 

sea level but at a depth below sea level of about • ns/(• s-• ns

 

)  times the height of the fresh water 

above s ea l evel. This distribution was a ttributed to the h ydrostatic e quilibrium tha t e xists 

between the two fluids of different densities. The equation derived to explain the phenomenon is 

generally referred to as Ghyben-Herzberg relation after its originators. For two segregated fluids 

with a common interface, the weight of a column of fresh water extending from the water table 

to the interface is balanced by the weight of a column of seawater extending from sea level to the 

same depth as the point on the interface as shown in Figure 3.5. This figure shows the idealized 

Ghyben-Herzberg m odel of  a n i nterface i n a  c oastal unc onfined a quifer. T o de rive G hyben-

Herzberg relation for any point on the freshwater-saltwater interface, the pressure at this point is 

the same whether approached from the freshwater side or from the saltwater side.  
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Figure 3.5: Hydrostatic equilibrium between fresh and saline groundwater (Abd-Elhamid, 2010). 
 
The fresh and saline water are treated as two immiscible fluids with di fferent constant densities. 

The sharp interface between the two fluids is determined by the de ference between the hydraulic 

heads of the saline and fresh water and depended on t he volume of fresh water (Papadopoulou, 

2011) that flows from inland sources towards the shoreline.  As long as the hydraulic gradient of 

fresh w ater i n t he c oastal a quifer i s hi gh enough t o m aintain a n a dequate flow to the sea, the 

sharp interface i s appr oximately v ertical and  l ocated along t he shoreline. As t he f resh w ater 

hydraulic gradient decreases, the sharp interface is becoming less vertical and moves inland.  

 
In case of inland aquifer system involves two liquids reference to Figure 3.4 an interface exists 

where each liquid occupies a s eparate part of the entire flow domain. In this case, the equations 

are ve rtically i ntegrated  t wo-dimensional ar eal pa rtial di fferential equa tions ar e developed for 

describing r egional di stributions of  f reshwater and s alt w ater pot entials i n a n i nland a quifer 

system, w here f resh w ater i s unde rlain b y s alt water. T he e quations a re t o be  s olved f or t he 

freshwater pot entials • f (x,y,t) a nd s altwater po tentials • s

 

 (x,y,t) and the i nterface el evation 

evaluating the surface conditions of dynamic interface.  

Besides, these t wo well-established  a pproaches f or r epresentation of  s aline a quifers f low 

process, more simple approaches have also been adopted to simulate the physical processes in a 

coastal aqui fer or  an inland saline aqui fer w here f reshwater aqui fer d omain i s unde rlain o r 

overlain b y saline aquifer domain. The t reatment of  boundary conditions in coastal and inland 
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aquifers is different as the coastal aquifer boundary is moving and the inland aquifer boundary is 

stationary.  

 
3.3.2 Density dependent flow  

The density-dependent miscible flow and transport approach consider the two fluids, saline and 

fresh w ater, as m iscible. T he w idth of  t he t ransition z one be tween t he t wo m iscible fluids is 

significant and is affected b y h ydrodynamic di spersion t hat oc curs be tween two fluids with 

variable d ensity ( Figure 3.1  and F igure 3.2 ). Henry ( 1964) w as t he first to quantitatively 

determine the effects of dispersion and density-dependent flow on saltwater invasion in coastal 

aquifers. A more realistic representation of the physical processes occurring in a coastal aquifer 

is obt ained us ing t he de nsity-dependent m iscible flow and transport approach rather t han t he 

sharp interface appr oach. The c oncept of  di spersion z one of  t he interface i s f ormulated with 

solute transport equation. Its transport mechanism is mainly advection process in which flow of 

water due to gravity. If density di fferences occur and the water i s s tagnant then the less dense 

water will f loat on t op of the denser water and a  horizontal layering will occur. Flowing fresh 

and/or saline water will create sloping (density) interfaces. Apart from this, molecular diffusion, 

a m ovement of  i ons occurs t hat i s dr iven by di fferences i n c oncentrations t o s mooth 

concentration gradients. In the case of an  interface between fresh and saline water, a t ransition 

zone of brackish water will develop. 

 
Flowing w ater w ill c reate di spersion, a  m ixing pr ocess due  t o t he di fferent m agnitude a nd 

orientation of the velocity vector of groundwater in the pores. On larger scale i rregularities, an 

aquifer h as a  s imilar e ffect ( macro dispersion). The di splacement o f di ssolved matter b y the  

dispersion i s pr oportional t o t he ve locity o f t he gr oundwater. B oth t he di spersion a nd t he 

diffusion ha ve a  s moothing i nfluence on di fferences i n c oncentration. T he di spersion a nd t he 

diffusion are di fficult to be distinguished. The joint effect of  di ffusion in groundwater is taken 

into account by means of a hydrodynamic dispersion coefficient. 

 
3.4 Saline Aquifers Development Constraints 
 
Many works have been reviewed and reported in Chapter 2 based on the theory of sharp interface 

and density dependent flow presented in Section 3.3 are useful to reduce the seawater intrusion 
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effectively and guiding as a m anagement decision of  gr oundwater de velopment. In a ddition, 

some t echniques such as s cavenger wells, multi wells, compound wells, radial w ells, e tc have 

been i ntroduced t o extract f reshwater f rom a n a quifer s ystem w here t he f reshwater dom ain i s 

underlain or  overlain by saline water domains. In the existing analysis with simple analytic or  

mathematical mode ls t hat de scribed help t o understand t he relevant pr ocesses t hat c ause 

saltwater intrusion in coastal aquifers. The mathematical models have been developed to predict 

the interface or transition zone between freshwater and saltwater. This work helps understanding 

the mechanism of seawater intrusion and improving the methods to control it in order to protect 

groundwater resources in coastal aquifers. These numerical models have been used to predict the 

location and movement of the saltwater-freshwater interface. The assumption of sharp interface 

can be applied in some field conditions to obtain a first approximation to the freshwater pattern if 

the t ransition z one i s r elatively na rrow ot herwise t he di spersion pr ocess s hould be  t aken i nto 

account and the entrainment of saltwater by the moving freshwater is necessary to describe the 

phenomena. But s till the  aquifer development is  being limited due to the salinity limit a nd the 

withdrawal of water at certain level discussed in the next section. 

 
3.4.1 Water quality constraints  
 
The first concern for aquifer development is to find out salinity concentration and its acceptable 

limit. H igher c oncentrations i n pot able a nd i rrigation w aters a re u nusual a nd l ead t o 

environmental harm. Various  classification  of  saline  water  are  rep orted  in  the  literature  in  

terms  of   mine ral s alt  c oncentration  di ssolved  in  w ater  ( salinity)  a nd  c hloride  ion  

concentration  in  water. The seawater intrusion front is defined by a chloride concentration value 

of 1500 mg/l.  A representative  classification  of  water  type  and  use (FAO, 1992),  in  terms  

of  salinity  and  chloride  ion concentration is shown in Table 3.1.  
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Table 3.1: Saline water classification. 
 

Water type Salinity 
(EC, dS/m) 

Chloride ion 
concentration (mg/l) 

Water use 

Fresh <1.0 <500 Potable 
Slightly saline 1.0-3.0 5,00-1,500 Irrigation 
Brackish 3.0-10.0 1,500-7,000 - 
Saline >10.0-35.0 7,000-19,000 - 
Sea water >35.0 >19,000 - 
Source: FAO (1992) guidelines 
 
According to FAO (1992) EC values of water in the range of <1.0 dS/m is considered as potable 

and i s s uitable f or dr inking w ater, EC-values of w aters i n t he range of 1.0 -3.0 dS /m w ere 

considered as slightly saline and it is  suitable for irrigation water depending on t ypes of crops. 

Therefore, maintenance of s alt cont ent of  w ell di scharges is within tolerable limits  for a ny 

purpose of water use. Where the saline water is underlain by the fresh water, the tendency of the 

underlying saline water will rise towards the wells when they are pumped. Similarly, where fresh 

water is underlain by saline water tends to downward movement of salinity and deteriorates the 

water quality.  This pressure comes from competing users demanding a high water quality such 

as growing industries and increasing number of households due to population growth. Therefore, 

the e xploitation of  g roundwater r esources f or a gricultural, m unicipal, industrial, l ivestock, 

recreation, and ecosystem uses is being limited due to lack of good quality water as well as non-

availability of technique to develop the total aquifers.   

 
Therefore, the use of water above the permissible limits is associated with various costs. Direct 

financial costs for groundwater users or beneficiaries may rise since the drinking water price may 

go up i n case of  hi gher salinity le vels n ecessitating a dditional pur ification treatment. Farmers 

may experience decreased agricultural profits since crop yields may be suboptimal and parts of 

the land need to be abandoned in case of high soil and water salinity. Industrial producers may 

face increased production and maintenance cost when groundwater with higher salinity is used in 

their processes. 

  
3.4.2    Freshwater withdrawal constraints 
 
In c oastal a quifers a round t he w orld, s altwater i ntrusion ha s be come a  m ajor c onstraint t o t he 

exploitation of groundwater resources (Bear et al., 1999). The formation of a saltwater interface 
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occurs naturally in coastal groundwater systems that are in hydraulic continuity with the ocean. 

Due t o the di fferences i n density be tween saltwater and freshwater, an y s altwater entering t he 

aquifer is rapidly overlain or underlain by freshwater. In its undisturbed state, a uniform rate of 

freshwater di scharge w ill c ounteract t he i ncoming flow of  s altwater, a nd t he pos ition of  t he 

interface w ill be  h eld in equilibrium a long the  c oastline. This a cts a s a natural me chanism to 

prevent contamination of  f reshwater w ithin t he a quifer. H owever, t he de velopment and 

expansion of pum ping a ctivities c an e asily di sturb t his na tural ba lance, and i nduce an i nward 

progression of  t he s altwater i nterface as s hown i n F igure 3.6 i n case of  de nsity de pendent 

consideration. 

 
Generally, freshwater and saltwater zones of coastal aquifers are separated by a transition zone. 

Saltwater underlies the f resh water in many inland aquifers (Ma et al., 1997), with a  t ransition 

zone s eparating t hem. S creened po rtions of  pu mping w ells a re of ten l ocated within t he f resh 

water z one t hat ove rlies t he t ransition z one. During pum ping, t he t ransition z one upc ones 

towards the screened portion of the well and the salinity of the pumped water increases. When 

the pum page i s c onstrained t o b e be low s ome “critical pumping r ate”, t he w ell m ay pump 

essentially fresh water. 

 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.6: Upconing of saltwater at a discharging well (USGS, 2007). 
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In case of inland aquifer when fresh water is withdrawn, the reduced head causes the interface to 

move upward. This upward movement of the interface below a pumping well can be significant 

and is known as local upconing. Figure 3.7 represents a flow domain (an inland aquifer system) 

where t he f reshwater s ub-domain, • f, i s unde rlain b y t he s altwater do main, • s

 

. The s alinity 

concentration of  pum ped w ater i ncreased du e to s aline w ater i ntrusion. S o, f or l ong-term 

management, it is necessary to evaluate the response of the saltwater upconing to well location, 

pumping rate and aquifer parameters. With continued pumping the interface rises to successively 

higher l evels unt il eventually i t can reach t he well a s s hown i n Figure 3.6 and Figure 3.7. 

Determining the critical pumping rate, or the pumping rate at which the cone becomes unstable, 

is a problem of great practical interest in terms of whether the saltwater will enter the pumped 

well.  

Schmorak a nd M ercado ( 1969) i ntroduced a n approximate a nalytical s olution f or i nterface 

upconing. Their solution gives the new equilibrium elevation to an interface in direct response to 

pumping as in the following equation: 

 

)(2[ fs

f

dK

Q
Z

ρρπ
ρ

−
=                                                                                                              (3.1) 

where, 
 
Z= the new equilibrium elevation (L), 

Q= the pumping rate (L3

d = the distance (L) from the base of the well to the original. 

/T), and 
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Figure 3.7: Upconing of interface in response to pumping. 

The Equation (3.1) indicates an ultimate r ise of  i nterface to a new equilibrium position that is  

directly proportional to the pumping rate Q. If the upconing exceeds a critical rise, it accelerates 

upward to the w ell. The c ritical r ise ha s be en estimated to approximate z/d=0.3 t o 0.5.  Thus 

adopting an upper limit of z/d=0.5, it allows that the maximum permissible pumping rate without 

salt entering the well is 

 
Qmax • • d2K (• • /• f

                            

)                                                                                                                     
(3.2)   

The discharge estimated by Equation (3.2) will eventually result in an upconing of the interfaces 

and contaminate the  w ater. A m uch l arger di scharge c an be  t olerated f or s hort t ime pe riods 

because f reshwater oc cupying the  vol ume be tween the or iginal a nd critical int erface pos itions 

must be displaced before the interface reaches the critical elevation.  

 
3.5 Saline Aquifers Development 
 
The freshwater demand in coastal areas is increasing due to population growth. Coastal aquifers 

are an important water r esource in these ar eas. Presence of  salinity in the coastal aqui fers i s a 

Z1(x,y,t) 

x 

Drawdown 

Z2(x, y, t) 

                                 Saline water domain 
                                                    • s 

GS 

d 
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common pr oblem f or a gricultural, dom estic, a nd i ndustrial w ater us es. T he s carcity of  f resh 

water has led to the use of water with high salinity and sodicity that are considered unsuitable for 

irrigation. T he us e of  s aline w ater i s c ausing deterioration of  water qua lity w hich affects 

associated users s uch as dom estic, agriculture, industrial, recreational, and ecosystems. As a 

result, e xploitation of  a quifers s ystem w here t he f reshwater i s unde rlain or  ove rlain b y s aline 

water is  restricted due  to limitation of f reshwater aquifer dom ain and excessive s altwater 

intrusion due to upconing. The existing studies have focused on the exploitation of single aquifer 

domain of such saline aquifer system and the full aquifer system cannot be developed with the 

available t echnology. S kimming w ells r ely on  pum ping t he f reshwater a t a  r ate w hich i s 

insufficient to draw the saline water into the well. In this case, the saline water forms a s table 

cone beneath the well when the weight forces in the saline water mound are in equilibrium with 

the pressure gradients towards the well. All of  these wells only ex tract f reshwater us ing s ingle 

aquifer dom ain i n t he defined i nterface l ocation t o pr event t he upc oning of  s aline w ater. 

Therefore, combined use of saline and non-saline aquifers domain can significantly increase the 

sustainable production o f usable water for agricultural, domestic, and other uses in the coastal 

areas or the inland areas where the fresh water aquifer domains is underlain or overlain by saline 

aquifer dom ain. So, t he m ain t arget i s t o de velop t he f ull a quifer t o m eet t he de mand w ith 

required amount of water usable water. The southwest coastal region of Bangladesh is suffering 

from aquifer salinity problems which cause non-availability of  ir rigation water, poor irrigation 

coverage, and poor crop yield.  

 
3.6 Conclusions  
 
The state of the presence of salinity in the aquifers where the freshwater is underlain or overlain 

by saline water limits the withdrawal of freshwater from such aquifers. The severe consequences 

of such limitations and constraints to drinking and irrigation and other water use sectors demands 

new c oncepts and t echnologies. The current work focuses on t he development of  concept and 

techniques for combined use of saline and non-saline aquifer domain for augmentation of usable 

groundwater f or s ustainable w ater s upply a nd bringing w ater qua lity at a cceptable l imit. I n 

Chapter 4 the development of models for this purpose will be discussed.  

 

 



 
          CHAPTER 4 

 
MODEL DEVELOPMENT 

4.1 Introduction  
 
The presence of  s alinity in the aquifer s ystem limits  the  availability of  groundwater r esources 

from c oastal and i nland a quifer s ystem where t he f reshwater a quifer d omain i s unde rlain or  

overlain by s aline water dom ains. Many concepts, t echniques and methods ha ve be en us ed i n 

many countries for the exploitation of fresh water overlying saline groundwater either assuming 

the density variation from saline to fresh water or  the existence of  sharp interface between the 

freshwater and saline water. But sustainability of exploration of usable water is hampered in both 

cases due t o up coning of ei ther unusable d ense saline w ater or s altwater-freshwater interface 

contaminating fresh water or below the pumping wells. When the upconing is avoided limiting 

the penetration of production wells and their discharges, the use of single resource of freshwater 

is extremely limited and cannot be used for long term. Therefore, it is essential to introduce the 

concept of extracting the saline water simultaneously with the freshwater resource, mix them to 

an acceptable level either after withdrawing them independently or get mixed at acceptable level 

of salinity concentration in the wells before withdrawal. To achieve these objectives, two models 

have be en de veloped t o us e t he s aline a nd t he non -saline a quifer dom ains c onjunctively t o 

increase t he us able groundwater p roduction f rom s uch geologic f ormation where f reshwater 

aquifer dom ain i s unde rlain or  ove rlain b y saline aqui fer domain. The de veloped models ar e 

termed as (i) Multi-well model and (ii) Multi-strainer model. Details of the model development 

have been described in this chapter.  

 
4.2 Multi-well Model  
 
4.2.1 Physical description  
 
In de velopment of  m ulti-well mode l, conceptually the w ells a re ins talled a t bot h in the s aline 

water and the fresh water domains in the aquifer formation. Such well field development scheme 

is s hown i n F igure 4.1. T he w ells pum p w ater from s aline a nd non -saline dom ains 

simultaneously and di scharges from bot h t he w ells w ould be  c ollected i n a  s upply t ank f or 
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mixing to bring the  mixed water salinity concentration at a predetermined acceptable l evel for 

the purpose of use before supplying to the distribution point.       

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1:  Multi-well scheme. 

4.2.2 Model development  
 
The w ells are ins talled at di fferent domains and one  o f w hich i s s creened i n t he f resh water 

aquifer domain and the other in the saline water aquifer domain. The wells are pumping saline 

and non-saline water independently and their water is mixed in a supply tank before distribution. 

The concentration of  mixed pumped water in the supply tank will vary with the discharge rate 

from each domain. The mixed water concentration, Cmix_w

  

 of multi-well scheme for n number of 

wells in n number of aquifer domains can be given as 
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where,  
 
Qi

C

 = discharge from the ith well (i=1 to n),  

i 

n = total number of wells. 

= concentration of pumped water from the ith well (i= 1 to n), and  

 
When two aquifer domains as shown in Figure 4.1 are considered, Equation (4.1) can be written 

as  

)2.4(
QQ

CQCQ
C

nss

nsnsss
mix_w +

+
=

 
where,  
 
Qs

Q

= discharge from saline aquifer domain,  

ns

C

= discharge from non-saline aquifer domain,  

s

C

= salinity concentration of water from saline aquifer domain, and  

ns

 

= salinity concentration of water from non-saline aquifer domain. 

When both the wells pump water from the respective aquifer at equal rate, Equation (4.2) can be 

simplified as  

 

)3.4(
2

CC
C nss

mix_w

+
=  

 
The objective of the formulated model to design well field scheme to supply water with mixed 

concentration (Cmix_w) at a predetermined acceptable limit for the potential water users. If Cmix_w 

obtained f rom E quation ( 4.3) e xceeds or  f alls be low t he pr edetermined usable limit,  C mixa, 

arrangement s hould b e done t o f ormulate a s cheme t o fulfill t his pur pose. Introducing a n 

adjustment f actor, K w given b y E quation ( 4.4) be tween di scharge f rom t he s aline a quifer 

domain, Qs and the f rom non-saline a quifer do main, Q ns to br ing C mix_w 

 

at ac ceptable l evel, 

Equation (4.2) can be written as Equation (4.5) 

 )4.4(
Q
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)5.4(
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where,  
 
Cmixa 

 
= concentration of mixed water at acceptable limit.  

Equation (4.5) can be further simplified as 
 

)6.4(
1K

CCK
C

w

nssw
mixa +

+
=  

From Equation (4.6) the K w can be expressed in t erms of  salinity concentrations of  saline and  

non-saline aquifers and the concentration of pre-determined acceptable level, Cmixa 

 

 as 

)7.4(
CC

CC
K

mixas

nsmixa
w −

−
=

 
The K w is the discharge proportionality or adjustment factor between the discharge from saline 

and non-saline aquifer domains to bring the salinity of mixed water at pre-determined acceptable 

limit. These cr iteria can be met by adjusting the di scharges f rom saline and non-saline aquifer 

domains. The K w

 

 from now on in the te xt w ill be  te rmed as the  mul ti-well s cheme de sign 

parameter. The di scharge adjustment, ba sed on t he de sign c riteria, can be  done  e ither by 

adjusting the number of  wells or by adjusting well di scharge capacity in saline and non-saline 

aquifer domains. The e ither form of  mul ti-well s cheme mus t s atisfy the  basic production well 

design criteria (Boman et al., 2006) and within the well design criteria the multi-well schemes 

design criteria to be satisfied. 

4.3 Multi-strainer Model 
 
4.3.1 Physical description 

 
In development of multi-strainer model, conceptually the wells are installed by setting strainer at 

both i n s aline a nd non s aline a quifer dom ains i n a  s ingle w ell t o e xtract w ater f rom bot h t he 

domains. The proposed multi-strainer wells are different from the conventional wells, scavenger 

wells, multi-strainer ( multi-point) w ells, a nd c ompound w ells s o f ar introduced f or w ater 

withdrawal of water from an aquifer system where freshwater is overlain or underlain by saline 

aquifer dom ains. The di scharge obt ained by the pr oposed m ulti-strainer w ell scheme w ould 
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represent the mixed water from saline and non-saline aquifer domains. The salinity concentration 

of the discharge of such scheme must be at a predetermined usable acceptable limit. The setting 

of the wells of such well field development scheme is shown in Figure 4.2.  

 

Figure 4.2: Multi-strainer scheme. 
4.3.2 Model development 
 
The wells are installed screening both fresh aquifer domain and the saline aquifer domain in the 

same well. The well will pump saline and non-saline water conjunctively and will discharge the 

mixed water from the aquifer systems. The volume of pumped water from the multi-strainer well 

represents the mixed water with mixed concentration of  water of  saline and non-saline aqui fer 

domains and the well discharge is  the  sum of  water discharged from saline and  the non saline 

aquifer domains. So the product of the expected discharge of the multi-strainer well Qmix and the 

salinity concentration of the multi-strainer well pumped water Cmix_s

 

 may be given by the mass 

balance equation as follows: 

QmixCmix_s = Csqs + Cnsqns                                                                                                         
(4.8)
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where,  
 
Cs

C

 = salinity concentration of the saline aquifer domain,  

ns

q

 = salinity concentration of the non-saline aquifer domain,  

s     

q

= discharge contribution from the saline aquifer domain, and  

ns    

 
= discharge contribution from the non-saline aquifer domain. 

If the Cmix_s exceeds or falls below the pre- determined acceptable limit (Cmixa) of usable water, 

discharge saline aquifer domain, qs and the discharge from non-saline aquifer domains, qns must 

be adjusted to bring  the salinity concentration of multi-strainer well discharge, Cmix_s to the  pre-

determined acceptable level, Cmixa

 

. 

The di scharge qs

 

 from t he s aline aquifer dom ain can be written in terms of  area of s trainer 

opening and the entrance velocity as 

qs=AsVs

 

                                                                                                                                       
(4.9) 

where,  
 
As

V

 = area of strainer opening in saline aquifer domain, and  

s

 
= entrance velocity in strainer at saline aquifer domain. 

Introducing area of flow in terms radius of the strainer, length of strainer, and percent of strainer 

opening  

 
qs = (2• rsdsns)Vs

where,  

                                                                                                                       

(4.10) 

 
rs

d

   = radius of strainer at saline aquifer domain,  

s

n

 = strainer length at saline aquifer domain,   

s

 
 = percent of strainer opening in saline aquifer domain,  

Similarly, qns 

 
can be written in terms of area of strainer opening and the entrance velocity as  
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qns= AnsVns

 

                                                                                                                                

(4.11) 

 
 
where, 
 
Ans

V

 = area of strainer opening in non-saline aquifer domain, and 

ns

 
 = entrance velocity in strainer at non-saline aquifer domain. 

Equation (4.11) may be rewritten as  
 
qns = ( 2• rnsdnsnns)Vns

 

                                                                                                                
(4.12) 

where, 

rns

d

   = radius of strainer at non-saline aquifer domain,   

ns

n

 = strainer length at non-saline aquifer domain, and 

ns

 
 = percent of strainer opening in non-saline aquifer domain.  

Since t he s trainer di ameter a nd p ercent ope ning of  s trainer a re s ame i n s aline a nd non -saline 

aquifer domains, the f ollowing e quation can be w ritten from E quation ( 4.10) a nd E quation 

(4.12): 
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ss
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s

ns =                                                                                                                 

  
However, t he pr oportion be tween t he di scharge qns, q s

  

 may not  be  found l inear w ith s trainer 

lengths. T he di stance b etween t he s trainers a nd s trainer d epths s hould ha ve i mpact on t he 

discharges. All these impact should be reflected in the salinity concentration on the multi-strainer 

monitoring wells that are discussed later. 

Equation (4.13) can be further simplified as 
 

)14.4(
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Kmix in Equation (4.14) can be given as  
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(4.15)
V

V
K

s

ns
mix =

As the multi-strainer well discharge, Qmix is the sum of discharge from saline aquifer, qs and the 

discharge from non-saline aquifer, qns

Q

 this yields the equation as
 

mix = q s + qns 

                                                                                                                                     

                                                                                                                          

(4.16) 

Equation (4.16) can be written as, 

 

qs = Q mix - qns

 

                                                                                                                            

(4.17) 

Using Equation (4.8), Equation (4.17) yields the relationship as 

 

Cs (Qmix - qns) +  C ns qns = Qmix Cmix_s                                

 

                                                                   

(4.18) 

In terms of salinity concentration the relation between Qmix and qns

 

 can be written from Equation 

(4.18) as 

Similarly, in terms salinity concentration, the relation between Qmix and qs

 

 can be written as 

From Equation (4.19) and Equation (4.20) a relation between qns and qs

 

 can be written as 

Equation (4.14) and Equation (4.21) give the relation as 
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(4.22)
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(4.23)
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Introducing acceptable s alinity conc entration level (Cmixa

(4.24)
d

d
K

CC

CC

sa

nsa
mixa

nsmixa

mixas =
−

−

) of mul ti-strainer well discharge, 

Equation (4.22) can be written as 

 
where,    
 
dnsa

d

 = strainer l ength i n non -saline a quifer do main t o pr oduce di scharge a t pre-determined 

acceptable level of salinity concentration, and 

sa

 

 = strainer length in saline aquifer domain to produce discharge at pre-determined acceptable 

level of salinity concentration. 

Kmixa

 
 in Equation (4.24) can be given as 

(4.25)
V

V
K

sa

nsa
mixa =

 
where,    
 
Vnsa

V

 = entrance ve locity in s trainer i n non -saline a quifer dom ain t o produce di scharge at 

acceptable level of salinity concentration, and 

sa

             

 = ent rance velocity in strainer in saline aquifer domain to produce d ischarge at  acceptable 

level of salinity concentration. 

Similar to Equation (4.23), Equation (4.24) can be written as 
 

(4.26)
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Now, from Equation (4.23) and Equation (4.26), following relation can be derived             
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The fluid and the aquifer properties in Cmix and Cmixa

 

 conditions are same in Equation (4.27) and 

Equation (4.15). Therefore, Equation (4.27) can be further simplified as 
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All the terms on t he right hand side in Equation (4.28) are known except the velocities in Cmix 

and C mixa conditions. The V s and the V ns are the conventional well design entrance velocity at 

saline and the non-saline aquifer domains. To attain the salinity concentration level at Cmixa from 

Cmix the discharge from s aline a quifer dom ain, qs and the di scharge f rom non -saline aqui fer 

domain, qns must be adjusted by changing both area of flow and the velocity of flow or either one 

of them. But the designed velocities Vs and Vns are preferred to be kept unchanged and the mix 

concentration, Cmix will be brought to acceptable level by adjusting the discharges qs and qns by 

adjusting the area As and Ans. The adjustment of As and Ans is actually the adjustment of strainer 

lengths ds and d ns

 

 in saline and non-saline aquifer domains, respectively. As a result, Equation 

(4.28) can be re-written as follows: 
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The right hand side of Equation (4.29) may be expressed as  
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where, Ks may be termed as the strainer proportionality coefficient or adjustment factor between 

the strainer lengths in saline and the non-saline aquifer domains to bring the multi-strainer well 

discharged water salinity concentration at pre-determined usable limit, Cmixa. The K s  from now 

on in the te xt w ill be  termed as the  mul ti-strainer well f ield development scheme de sign 

parameter. The values of design parameter are location specific. The Ks is determined from the 
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salinity concentrations of water in saline and non-saline aquifer domains, concentration of mixed 

water in  mul ti-strainer monitoring wells, and t he desired l evel of  concentration of  t he us able 

water expected to be  obt ained f rom the multi-strainer production wells, and strainer lengths in  

saline a nd non -saline aqui fer dom ains of  t he m ulti-strainer moni toring w ells. In terms of  K s,

 

 

Equation (4.29) may be re-written as 
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All the terms of the right side of Equation (4.30) are to be generated from the water samples data 

to be  c ollected from t he obs ervations w ells a nd t he s trainer l engths of  t he m ulti-strainer 

monitoring wells in saline and non-saline aquifer domains.  Similar to the multi-well scheme the 

multi-strainer scheme must satisfy the basic well design criteria (Boman, et al., 2006) in respect 

to entrance ve locity and s trainer l engths and within the w ell de sign criteria the multi-strainer 

design criteria is to be satisfied depending on the types of aquifer.  

 
The multi-well and mul ti-strainer models developed are the conjunctive use models to use the 

saline a nd non -saline aquifers dom ains conj unctively w here t he f reshwater aqui fer dom ain is 

overlain or underlain by saline water aquifer domains to augment usable water supply. To apply 

the models for generating the design parameters to formulate multi-well and multi-strainer well 

field development schemes, da ta for all the parameters on t he r ight s ide of  Equation (4.7) and 

Equation (4.30) would be required. For this purpose the monitoring wells would be required to 

be s creening both t he s aline a nd non -saline aq uifer domains following the c onventional well 

design criteria. In case of m ulti-strainer s chemes, t he t endency of  pum ping t hrough t he upp er 

screen would most likely to be larger than through the lower one, resulting in a Cmix_s that would 

be s lightly di fferent than the ex pected concentration. However, the di fference b etween the 

expected and the actual concentration i s considered to be  n egligible for all pr actical pu rposes. 

The salinity concentration of the discharge from these monitoring wells would be generated from 

laboratory analysis of water samples to be collected from the observation wells. In addition, the 

acceptable level of concentration expected usable water would be predetermined from standard 
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practice on the basis of the purpose of water supply. The multi-strainer scheme developed should 

be implemented in the same environment for which the design criteria were evaluated. 

 
4.4 Conclusions 
 
Two models have been developed to evaluate the design criteria for formulation of  multi-well 

and t he m ulti-strainer w ell f ield development s chemes for c onjunctive use of  s aline a nd non -

saline aquifer domains. The schemes will augment the production of usable water by combined 

use of saline and the non-saline aquifers domains from an aquifer formation where the non-saline 

aquifer domain is underlain or overlain by saline aquifer domain. The models require the salinity 

concentration da ta f rom non -saline ( Cns) an d saline ( Cs) a quifer dom ains, t heir a verage 

concentration (Cmix_w), concentration (Cmix) data of the multi-strainer observation wells, and the 

pre-determined acceptable l evel of  concentration (Ca) (which is C mixa in the models) based on 

the purpose of the well field development schemes. The multi-strainer model further requires the 

strainer le ngths ( ds and d ns

 

) in s aline a nd non -saline a quifer dom ains of  t he m ulti-strainer 

monitoring well used for water sample collection. These data for the models would be generated 

from the area wherever the schemes for combined use of non-saline and saline aquifers are to be 

formulated to augment usable water supply.  Based on the evaluated design criteria, the multi-

well and the multi-strainer well field development schemes will be formulated.  The subsequent 

chapters will discuss the selected study area, geo-hydraulic potential of the selected aquifers for 

development, i dentification of  a quifer s alinity di stribution, generation of  model r equired data, 

formulation of  multi-well a nd the mul ti-strainer w ell field schemes, and pot ential of  t he 

developed models to minimize the water use conflicts and subsequent p roblems in an existing 

coastal area water resources management project. 



CHAPTER 5 

STUDY AREA 

5.1 Introduction 

In Chapter 4, the mul ti-well a nd the  mul ti-strainer m odels h ave be en developed for 

augmentation of usable water by combined use of saline and non-saline aquifer domains 

in an aquifer formation where the non-saline aquifer domain is underlain or overlain by 

the saline aquifer dom ain. The d eveloped m odel i s us eful t o f ormulate a  w ell field 

development s chemes to a ugment t he us able water s upply for any p urpose s uch a s 

irrigation, domestic, industrial, l ivestock, recreational, and ecological water supply. The 

current study focuses on exploring the combined use of saline and non-saline aquifers for 

augmenting t he w ater supply w ith reference t o agriculture i n the coa stal ar eas of 

Bangladesh. The sites are selected based on the information of available literature (FAP-

4, 1993; ADB, BWDB, and WARPO, 2004 and 2004a; MPO, 1987; SWAIWRPM, 2004; 

Sarker, 2005;  Islam a nd H oque, 2009 ). The s outhwest r egion of  B angladesh ha s be en 

selected f or t his pur pose f rom t he c onsiderations of  t he na ture of  t he a quifers a nd t he 

need of water for agriculture. 

 
The southwestern part of Bangladesh mainly comprising the Ganges River and the tidal 

alluvial plains has a lower cropping intensity of 128 % (BBS, 2010) where the average 

cropping intensity of the country is 182 %. This is because the agriculture in the south-

western part of  Bangladesh has severe constraints due  t o ingression of water and soil 

salinity. The area is subjected to coastal processes, which include tides causing periodic 

variations in water levels and currents, consequential saline intrusion, and possible long-

term sea-level rise due to global warming. Most of the area suffers from a variable extent 

of water constraints such as the salinity in groundwater and surface water and difficulties 

in extracting s aline f ree groundwater for dom estic, a gricultural, a nd i ndustrial w ater 

supply. Within t he s elected s outhwest r egion, ba sed on t he a vailability o f information 

particularly the well logs, groundwater, and surface water data, the central area has been 

used t o unde rstand t he lithological c onfiguration and s tratification, h ydraulic 

connectivity, surface water groundwater interaction, and the aquifer type which are pre-
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requisite for application of the developed models for resource assessment. However, for 

application of  t he de veloped c onjunctive us e m odels t he di strict of  N arail ha s be en 

selected considering easy access to and the ex istence of  a water resources development 

project i n the a rea. The e xperience in Narail would be h elpful to formulate s imilar 

groundwater development schemes for the other areas of the region.  

5.2 Location, Extent, and Population 

The southwest ar ea o f Bangladesh c onsidered f or pr esent study lies a pproximately 

between 21034'N a nd 24 013'N latitudes a nd 88 033'E a nd 890

It i s bounde d b y the Ganges R iver i n t he n orth, t he G orai-Madhumati-Baleswar-

Haringhata river system in the east, Bay of Bengal in the south, and India in the west. The 

area i s f urther e xtended i ncluding t he di stricts of J essore, K hulna, Bagerhat, Faridpur, 

Gopalgonj, and Magura to see the regional influence of geo-hydraulic characteristics. The 

location of the area is shown in Figure 5.2. The Narail district, the central part of area is 

considered   for model data generation and application of the developed model as shown 

in Figure 5.3. T he region occupies extensive low lying areas between the Ganges River 

Flood pl ain a nd t he G anges T idal Flood pl ain. A lmost l evel, l ow-lying ba sins oc cupy 

most of the region with low ridges along the rivers and creeks.  

58'E l ongitudes oc cupying 

the extreme southwestern part of the country as shown in Figure 5.1.  

The s outhwest region o f t he country o ccupies about 22,2 72 km2

 

 (BBS, 2011) w hich 

smaller t han one  s ixth o f t he c ountry's t otal geographical area. T otal po pulation o f t he 

area is 15.6 millions, about 10.9 % of the total population of the country. The density of 

population is about 699 per sq km inclusive the Sundarbans and 82 %  are l iving in the 

rural areas (BBS, 2011). This population pressure would also affect the water resources, 

agriculture, and the environment of the study area. About 90 % of the people live in rural 

areas and are dependent on agriculture.  
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Figure 5.1: Southwest coastal region of Bangladesh. 
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Figure 5.2:  Area for geo-structural stratification and configuration. 
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Figure 5.3:  Area for model application. 
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5.3 Physical Setting 

5.3.1 Climate  

Bangladesh has a humid, warm, and tropical climate. Its climate is influenced primarily 

by monsoon and partly by pre-monsoon and pos t-monsoon c irculations. The c limate of  

the s tudy a rea i s t ypically m onsoon w ith a  w arm a nd dr y s eason from March t o M ay 

followed by a r ainy season f rom June to October and a  cool pe riod f rom November to 

May. The mean annual rainfall in the southwest region is about 2000 mm of which about 

70 % occur dur ing the monsoon season. The di stribution of  r ainfall usually va ries i n a  

northwest (minimum 1500 mm) to southeast direction (maximum 2900 mm). Most of the 

rainfall oc curs in the s tudy area f rom the  thi rd de cade of  M ay t o m id O ctober 

(SWAIWRPM, 2004).  

The rate of evaporation of the area is about 900 mm to 1500 mm. The relative humidity o 

the a rea i s hi gh va rying be tween 70  %  i n M arch a nd 89  %  i n J uly. T he m ean a nnual 

temperature va ries 19 0C a nd 30 0C. T he maximum t emperature va ries f rom 25.8 0C t o 

35.80C.  T he highest temperature is experienced during the pre-monsoon period (April-

May).  Daily minimum temperature can fluctuate s ignificantly during the year, ranging 

from about 11.6 0C to 25.9 0C. The lowest minimum temperature in winter does not  f all 

below 10 0

In early summer (March-May), wind speeds up to 60 km per hour approximately over the 

study a rea. In l ate m onsoon ( September-November), s torms w ith ve ry high i ntensity 

often occur which may produce wind up  to 160 km  per hour causing waves to crest as 

high as 6 m in the Bay of Bengal leading to disastrous flooding (tidal flood) in the coastal 

parts of the study area (SRDI, 1997). 

C. T he s tudy area e xperiences a  m oderate t o hi gh du ration s unshine hour s, 

ranging from a mean annual 5.4 hours to a maximum 7.0 hours. General sunshine hours 

of the s tudy area in the monsoon (June-September) are much lower than the rest of  the 

period (October to May) of the year (ADB, BWDB, and WARPO, 2004).   
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5.3.2 Topography 

The overall topography is further characterized by the presence of a number of low lying 

areas (beels) which are interconnected by drainage channels and water courses. The study 

area generally s lopes d own f rom nor th t o s outh w ith a  s econdary s lope f rom t he 

peripheral rivers towards the middle.  The general topography in the northern part of the 

study area up to Jessore-Faridpur is comparatively high to medium land and the elevation 

drops from +14.54 mMSL to +5.54 mMSL at an average slope of 1 in 7500. The general 

topography of  N arail district where t he s tudy i s m ainly focussed slopes f rom nor th t o 

south with elevation ranging from 6.04 mMSL to 1.04 mMSL. Further south of Jessore-

Faridpur, the topography starts to slope gently and soon becomes flat. Below this axis the 

slope reduces considerably to reach elevations around +1.04 mMSL in the flat tidal flood 

plains. The hi ghest l and i s f ound a long t he N arail-Magura di strict boun dary w hile t he 

lowest e levation i s l ocated a round the Chitra-Nabaganga con fluence.  Land a lso s lopes 

from the east and the west towards the centre forming a depression along the centre of the 

district. As a cons equence of the flat topography, coastal processes have a major impact 

on the freshwater resources of the area.  

5.3.3 Soil condition 

The soils of the coastal region are important for the shallow coastal aquifer system. The 

drainage characteristics of  each soil highlight soil moi sture deficiencies, and determine 

where ir rigation is mor e like ly to be e ffective. The s oil of  the  di strict is  ma inly 

categorized into two categories: (a) silty clay loam and (b) dark clay peat basin. The old 

Ganges meander floodplain containing calcareous silty clay loam occupies major part of 

the Narail district. The rest is encompassed by dark clay peat basin. The silty clay loamy 

soil is permeable and suited for Aus and the Rabi crops.  

 
The soils are either calcareous throughout the profile or at some depth and pale brown or 

grey-brown t o da rk g rey l oams a nd c lays. M ost of  t hem a re f looded d uring t he r ainy 

season. The top soils puddled for t ransplanted rice crops usually have a rather compact 

plough pan at their base. Active acid sulphate soils locally occur in the tidal floodplain. 

Most of  the  tidal floodplain soils become saline to a  variable degree in the dr y season. 
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The young soils are mostly Calcaric Fluvisols (FAO-UNESCO, 1989) while in the young 

and the old river floodplain areas they are Calcaric Cambisols or Eutrochrepts on ridges.  

 
5.4 Water Resources 
 
Coastal a reas are e ndowed w ith bot h f resh a nd br ackish w ater resources. During 

monsoon, t here i s abundant f resh w ater, whereas dur ing t he w inter, w ater b ecomes a  

scarce resource. Due to reduced flows in the rivers in winter, the surface water systems 

suffer from s aline w ater i ntrusion, m aking t he r esource uns uitable for a gricultural, 

domestic, and industrial purposes. Sea level rise and low river flows would substantially 

contribute to that s tress. Winter a griculture i n the c oastal a reas i s de pendent on 

groundwater. R ural w ater s upply almost e ntirely depends on f resh w ater s ource. The 

surface water r esources of  t he ar ea or iginated f rom t he t hree s eparate, but l argely 

interlinked sources are Transboundary Rivers, such as the Ganges-Padma and the lower 

Meghna.  

 
5.4.1 Surface water 
 
Surface water sources are categorized as rainfall, transboundary flow, water in standing 

water bodies, water in seasonal wetlands, and in-stream storage.  The maximum rainfall 

is generally experienced by the area during the months of  July, August, and September 

and the annual rainfall is recorded 2299 mm (BBS, 2006). 

 
Bangladesh s hares 57 t ransboundary r ivers, 5 4 i ncoming f rom India a nd 3 f rom 

Myanmar. A mong t he rivers, t he G anges, t he B rahmaputra, and the M eghna dr ain 

approximately 1.08  m illion s q km , 0.58 m illion s q km a nd 0.09 million sq km, 

respectively. Total annual volume of water that enters the country from the transboundary 

rivers i s a pproximately 1000 bi llion m 3

 

. A lthough t his a mount s eems high, i ts 

contribution i n t he critical m onth of  F ebruary is onl y 1  % of  t he t otal s howing t he 

vulnerability of the transboundary flow to meet water demands of the country during the 

dry season.  
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Almost all t he s hared rivers, except t he t hree major r ivers, a significantly low flow 

situation prevails during the driest period of the year (Ahmed and Roy, 2007). The crucial 

issue of  the t ransboundary f low is the diminishing inflow to Bangladesh during the dry 

season. Due to indiscriminate upstream withdrawal of water of the common rivers during 

the dr y pe riod when the country ne eds water, in absence of  any r ainfall, a water c risis 

situation pr evails i n B angladesh. T he s outhwest pa rt ( Ganges D ependent A rea) of  t he 

country i s t he m ost a ffected r egion du e t o ups tream w ithdrawal of  t he Ganges, w here 

irreversible environmental degradation i s happening. On the other hand, peak monsoon 

flow of ten c auses f loods i n B angladesh. In a  no rmal year, a pproximately 20 % of  t he 

country i s i nundated, w hich i n e xtreme c ases m ay rise up t o 60  % as h appened i n t he 

recent past in  1987, 1988, 1998, and 2005 floods (Haque, 2008). 

The regional hydraulic regime of the southwest has changed over the past decades, after 

the construction and operation of Farakka barrage on the river Ganges in India. The Gorai 

has been the largest perennial distributaries of the Ganges in the southwest and in recent 

days its dry season flow suffers from great uncertainty due to morphological changes at 

the of f t ake f rom t he G anges f ollowing i mplementation of  t he F arakka b arrage 

(SWAIWRPM, 2004). The area consists of complex river network which is hydraulically 

connected to the underlying alluvial aquifer system (Nobi and Gupta, 1996). The overall 

landscape feature of the study area is also complex due to the presence of many wetlands 

locally know n a s beels. A  ne twork of  na tural water c ourses a nd dr ainage c hannels 

interconnects them.  

Major rivers in the area include Bhairab, Madhumati, Chitra, and Nabaganga as shown in 

Figure 5.4. These rivers are silted up in many places in their flow path, causing drainage 

congestion in the area. The old channels had abandoned their original courses leaving ox-

bow lakes, locally called Baors. The area in the east and the southeast of the division is 

subjected to flooding from the Garai River. Almost all freshwater flows in the south-west 

region are reliant on spillage and flow from the Ganges River during both monsoon and 

dry s easons. T hese rivers a re i nfluenced b y tidal h ydraulics. M ost of  t he c hannels are 

being silted up in the upper reaches due to a decrease of upland flows. 
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The area is mainly drained by a number of north-south flowing rivers. From east to west, 

important rivers are the Gorai-Madhumati-Baleswar, and the Bhairab-Passur. Most of the 

rivers a re t idal i n na ture and east-west rivers are i nterconnecting w ith the nor th-south 

rivers.  Flows of these east west rivers are very important for the complete circulation of 

tide all over the tidal flat. In the rainy season, water becomes fresh to slightly salty and in 

the dry season, it becomes salty. The inland rivers represent the remaining channels of the 

old s pill or r egional r ivers, w hich h ave l ost t heir c onnection t o t he m other r iver, t he 

Ganges. T he N abaganga, M adhumati, and B hairab a re good e xamples of  s uch i nland 

rivers. The inland and regional rivers run into tidal rivers or the estuaries. In the greater 

Khulna ar ea, the coa stal r ivers or  es tuaries a re s aline be cause of  l ow f reshwater 

discharges, especially in the dry season.  
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Figure 5.4: River system in the study area. 

5.4.2 Groundwater  

Groundwater is an important natural resource of the study area. Groundwater resources in 

the ar ea a re d erived from t he unde rlying al luvial s ediments of  t he Bengal Basin, lain 

down b y t he G anges-Brahmaputra-Meghna r iver s ystem. The s ediments be come 

progressively ol der w ith de pth, a nd l ithologically r ange f rom c lay and s ilt, t o f ine 

medium and coarse s ands. All a re unc onsolidated or  l ightly compacted w ith c omplex 
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individual geometry of the units. Groundwater is the main source of drinking water of the 

study area. It has been used for irrigation and other domestic purposes as well.  Aquifers 

along t he coast a re a ffected b y s alinity, caused b y s aline i ntrusion, t idal f looding, 

decreasing di scharges of  r ivers ( diverting r iver waters ups tream), a nd c yclones. In the 

main aquifer, in the southwest coastal area, salinity ranges from 500 t o 1000 mg/l TDS. 

At many places good quality of groundwater can only be reached at a depth of 250 m or 

more (BADC, 2007). During the dry season (SRDI, 2009) about 50 % of tube well water 

possess E C>3.0 dS/m w ithin the s hallow de pth of a quifer w hich exceeds the  limit of  

water quality standard for irrigation. However, in many places at deeper depth the aquifer 

is free from salinity. Therefore, the quality of groundwater has become an important issue 

and needs appropriate management for survival of the people and environment.  

5.5 River Salinity 

Salinity int rusion in the r iver s ystem dow nstream of  the  a rea is  a  ma jor is sue. The 

Nabaganga R iver r eceives w ater from t he G orai-Madhumati R iver, a  G anges t ributary, 

which reduces i ts flow during the dry season. The Chitra River receives f lows from the 

irrigation waste f lows from the  G anges-Kobadak (ADB, BWDB a nd WARPO, 2004)  

surface irrigation system. Due to the reduced flow of these rivers during the dry season, 

salinity int rudes int o the r iver s ystems, although its le vels are generally w ithin the 

acceptable limits  f or pa ddy c ultivation, particularly after the  r atification of  the  G anges 

Water treaty in late 1996, signed following the expiration of the previous treaty in 1988. 

Mean monthly ma ximum s alinity d ata from salinity m onitoring s tations of  N abaganga 

and the Chitra Rivers are shown in Table 5.1. 
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Table 5.1: Mean monthly maximum salinity in the major River.  

River  Salinity  
Station  

Mean Monthly Maximum Salinity 
(parts per thousand [ppt]) 
Nov Dec Jan Feb Mar Apr May June 

Nabaganga Gazirhat 0.20 0.22 0.22 0.22 0.27 0.54 0.49 0.23 
Nabaganga Bardia 0.29 0.22 0.19 0.20 0.22 0.24 0.26 0.19 
Chitra Gobraghat 0.18 0.20 0.27 0.26 0.22 0.24 0.37 0.17 

 Source: BWDB (2005) 

There are salinity issues in the southwest region, attributed to reduced dry season flows 

into the area from the Ganges system. During the 1990s dry season, salinity levels in the 

Khulna area rose, for which one of  the l ikely causes was recognized as the decrease in 

dry season surface flow from the Ganges (DHV, 1998). As the sea level continues to rise 

the associated effects of  permanent inundation is likely to increase the salinity near the 

coastal areas. The study (IWM, 2005) also shows that 5 ppt  saline front would penetrate 

about 40 km  inland for sea level r ise of 88 c m which is going to affect the only fresh-

water pocket of the Tetulia River in Meghna Estuary as shown in Figure 5.5.   

 

 

Figure 5.5:  Five ppt l ine for different magnitude of sea level r ise in dry season (IWM, 
2005). 

 

 



67 
 

5.6 Aquifer Salinity   

Salt water intrusion occurs in coastal freshwater aquifers when the different densities of 

both the s altwater and freshwater allow t he o cean water t o i ntrude i nto t he f reshwater 

aquifer. The freshwater di scharges t o t he s ea r educe a s a  result of  gr oundwater 

abstraction. The water is derived from one of the three sources: drainage from the water 

table; r elease f rom el astic s torage; and drainage at  s eawater and freshwater i nterface, 

where freshwater is replaced by saltwater (Essaid, 1986).  

 
5.6.1 Sources of salinity 
 
Primary source of groundwater salinity in the coastal aquifers is the intrusion of salinity 

from s ea. There ar e s ome s econdary s ources s uch as t he l eaching of  s alt f rom t he 

irrigation with saline water. Sea level rise will bring more coastal area under inundation. 

This c oupled w ith r educed f lows f rom upl and d uring w inters w ill a ccelerate t he s aline 

water int rusion inland. Coastal w aters will be come mor e s aline a nd soil s alinity will 

increase. N ot onl y t hat, e ven t he g roundwater aquifers w ill be ar t he b runt o f s alinity 

intrusion. W inter c rops i n t he c oastal a rea w hich de pend on gr oundwater f or i rrigation 

will suffer a  lot. Agriculture, forestry, and fisheries sectors will be  severely affected by 

increased water and soil salinity. 

 
The m ajor gr oundwater salinity p roblem l ies i n the c oastal a reas of  t he c ountry. T his 

causes a constraint on its use, but there are some localized freshwater sources close to the 

coast. Upstream abstractions of groundwater reduce the ability of freshwater to hold back 

salinity intrusion, and this is reported to be a major concern in the Khulna area and other 

parts of the southern half of the southwest region (WARPO, 1999). Fresh groundwater in 

most coastal areas has to be abstracted from a depth of over 150 m, up to 450 m. This can 

be relatively expensive to develop and operate. Although this does restrict the use of the 

deep aquifer for irrigation, compared to shallow aquifers, it has the benefit of being free 

from arsenic.  

 
The ot her m ajor c auses of  s alinity i ntrusion i n t he s outhwest r egion a re t he dr op o f 

hydraulic head during the dry period (January-May). Further the salinity intrusion in the 
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southwest area has been studied by the different projects using pre-and post-Farakka data. 

From such pa st s tudies (IWM, 2005 ; S WAIWRPM, 2005;  Miah et al ., 2004; FAP-4, 

1993) an i ncreasing t rend of  s alinity ha s be en obs erved a fter t he c onstruction of  t he 

Farakka B arrage. T he d ry s eason f low of  t he G orai R iver, w hich i nfluences t he dr y 

season s alinity of  t he southwest r egion, especially to the N abaganga-Rupsa-Passur 

systems ( Halcrow, 1993) s ignificantly dr opped after t he F arakka Barrage b ecame 

operational. A t t he be ginning of  t he m onth o f J anuary, s alinity i n K hulna s tarts t o 

increase rapidly. From the mid 1970s (after the Farakka Barrage became operational), an 

increasing t rend of  s alinity h as be en obs erved f or e very m onths of  t he dr y s eason, 

especially for the months of February to April.  

 
The salts enter inland through rivers and channels, especially during the later part of the 

dry (winter) season, when the downstream flow of fresh water becomes very low. During 

this period, the salinity of the river water increases. The salts enter the soil by flooding 

with saline river water or by seepage from the rivers, and the salts become concentrated 

in the s urface layers t hrough eva poration. The s aline r iver w ater m ay al so cause an 

increase in salinity of the groundwater and make it unsuitable for irrigation. The increase 

in water salinity of these areas has created suitable habitat for shrimp cultivation. Along 

with ot her f actors, shrimp cultivation played a  ma jor r ole to increase the g roundwater 

salinity, particularly in the southwestern coastal regions.  

 
This phenomenon threatens the quality of groundwater and as a result limits the quantity 

of water that can be used for different purposes especially for agriculture. 

 
5.6.2 Extent of salinity 
 
There a re bot h s hallow a nd de ep a quifers be neath t he c oast, separated by t hick clay 

layers. Shallow aqui fer salinity l evels and depths ar e ex tremely v ariable w ithin short 

distances. In c ontrast, t he de ep a quifer i s r egionally c ontinuous a nd i ts salinity l evels 

relatively uni form. T he saline/freshwater bounda ry of t he d eep aquifer i s cl ose t o t he 

coast, except in the far west where the boundary is 120-160 km inland.  Lower river flow 

from ups tream inc reasing the  pus hing effect of  saline w ater f rom the  s ea is  the  ma in 

cause of  i ncreasing s alinization i n de ltaic r egions of B angladesh. I n Khulna a nd 
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Patuakhali districts 60-70 % of arable land is affected by salinity in the dry period, while 

about 15  % of t he a rable l and of  Barisal, N oakhali a nd C hittagong di stricts a re s aline. 

Figure 5.6 presents the salinity in groundwater table of Bangladesh. 

 
Figure 5.6: Salinity in groundwater (Source: SDNP, 2004). 

 
Salinity affects groundwater r esources i n t he r egion s outh of  an e ast-west l ine dr awn 

through Khulna a nd r eflects t he d epositional hi story and i nfluence o f s eawater on t he 

region. The upper aquifer is highly saline and presents a significant constraint for all uses 

(SWAIWRPM, 2004). 

 
5.6.3 Impact of salinity 
 
The effect of  saline water intrusion in the estuaries and into the groundwater would be  

enhanced by low river flow, sea level rise, and subsidence. The adverse effects of saline 

water int rusion will be  significant on coastal a griculture a nd the availability of  f resh 

javascript:popUp('popup_salinity.htm')�
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water for public and industrial water supply will fall further. Agriculture is a major sector 

of Bangladesh's economy and the coastal area of Bangladesh is very fertile for growing 

rice. Increase in salinity intrusion and increase in soil salinity will have serious negative 

impacts on agriculture. The presently practiced rice varieties may not be able to withstand 

increased salinity. The food production does not seem to have a better future in the event 

of a climate change. In Bangladesh, rice production may fall by 10 % and wheat by 30 % 

by 2050 (IPCC, 2007) . So t he pr esence of  s alinity i n a quifer s ystem is in a cr itical 

situation for crop production. It requires immediate efforts to improve the water situation 

in t erms of  qua lity and qua ntity. The de veloped s cheme ha s given a  contribution t o 

augment the usable water where the saline aquifer domain is overlain or underlain by the 

non-saline aquifer domain.  

 
5.7Agriculture  
 
5.7.1 General 
 
Agriculture i s t he dom inant e conomic a ctivity a nd t he pr imary s ource of  l ivelihood of  

beneficiaries i n t he s tudy areas (ICZMP, 20 04; Islam a nd H oque, 2009 ). O ther 

occupations i nclude w age l abor, f ishing, a nd f ormal e mployment/service. T he w orking 

population constitutes close to 55 % of the total population. Agriculture contributes about 

43 % to GDP and provides over 70 % of employment opportunities in Narail district. A 

wide range o f c ropping patterns i s found in t he district, but t he major pa tterns are r ice 

based. P ulses, oi lseeds, ve getables, j ute, w heat, s ugarcane, and the spices ar e the main 

non-rice crops.  

 
In Kharif-II (J uly-October), t ransplanted A man i s t he m ain c rop g rown under r ain fed 

conditions. R abi ( Nov-Feb) crops s uch a s w heat, m ustard, l entil, kh eshari, s pices, and 

vegetables ar e m ainly grown on residual m oisture and sometimes with available 

irrigation water. HYV Boro is the  main r ice c rop which is mainly ir rigated by shallow 

tube wells (STWs).  Lack of surface water during the dry season limits the expansion of 

low lift pumps (LLPs). An extensive area is still under local varieties, particularly during 

Aus a nd A man s easons, pr oducing l ow yields w hich i ndicate t hat there i s s till 

considerable potential to increase crop production in the district. 
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The rice production (16 %) in the coastal ar ea is lower comparative to production area 

(24 %). The co astal z one is ve ry i mportant for pul ses, oi l s eeds, and ve getables 

production, which will f all g radually s imilarly t o rice, with increase in salinity in the 

zone. Sea le vel r ise w ith adding mor e s alinity to the w ater a nd soil of  the  a rea w ill 

decrease production of the mentioned and other crops. 

 
5.7.2 Land use   
 
The land use of the area comprises agriculture, forest, shrimp, wetlands (water bodies), 

and urban settlements. The statistics of land use of the study area is given in Table 5.2. 

The major crops in the study area are Aus, Aman, Boro, Wheat, and Sugarcane. The area 

under these crops is given in Table 5.3. 

 
Table 5.2: Statistics on land use in the southwest region.  
 

Land use Total area 
(sq km) 

Unprotected area      
(sq km) 

Protected area 
(sq km) 

Agriculture 30,397 16198 14199 
Forest 4541 4406 135 
Shrimp 1386 486 900 
Wetlands 171 111 60 
Urban 69 35 34 
Total 36564 21236 15328 

 Source: BARC (2005)  

Table 5.3: Major agricultural cropped area in the southwest region. 

Season Crop Area (sq km) 

Kharif Aus 7580 
Aman 17000 
Jute 120 

Rabi Boro 4420 
Wheat 1540 

Perennial Sugarcane 520 
Total  31061 

 Source: BWDB (2005) 
 
About 43 % of the net cultivated area is classified under medium highland and highland, 

and the remaining 57 % is medium lowland and lowland. The land classification based on 

flood depth is shown in Table 5.4. 
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Table 5.4: Land classification based on flood depth.  

Source: ADB, BWDB, and WARPO, (2004a) 

The depth and duration of flooding is the major determinant in the selection of cropping 

patterns. Narail has a large portion of land under medium lowland and lowland which is 

subjected to flooding and water congestion for extended periods. Under these land types, 

low yielding local Aus and B. Aman crops are mainly grown. In addition to rice, farmers 

grow w heat, pulses, s ugarcane, and v egetables on t he hi ghland, m edium highland and 

medium l owland a reas. H YV B oro i s g rown on f loodplain r idges. D uring t he f lood 

period, de epwater A man i s g rown a long t he f lood pe riphery. T . A man and w heat a re 

grown on hi gh ridges adjoining r ivers and ot her de pressed ba sins. Wheat, oi lseeds, 

pulses, vegetables, and s pices a re gr own a long t he r idges of  r iverbanks a nd ot her 

highlands. 

5.7.3 Cropping pattern 

In Kharif-II (J uly-October), t ransplanted Aman is t he m ain c rop grown unde r rainfed 

conditions. Local T.Aman has a longer stem and can withstand some degree of flooding 

while short-stem HYVs are cultivated on l ands with lower depths of flooding. B. Aman, 

i.e. deep w ater r ice i s able t o grow i n deep water o f m ore t han 2 m  and is m ainly 

cultivated in beels and depressed basins. It i s a  photosensitive crop with 7 to 8 m onths 

growing time. Rabi (Nov-Feb) crops like wheat, mustard, lentil, kheshari, and vegetables 

are grown on r esidual moisture and, if available, with some irrigation water. At present, 

Boro is the main rice crop, which is irrigated by various means about 96 % HYV Boro is 

cultivated compare to other varieties. 

Land 
Classification 

Flood Depth 
(m) 

Area of Net 
Cultivated Land 

(ha) 

% of Net 
Cultivated Land 

Highland F0 (0.00 – 0.30 ) 2,043 3 
Medium Highland F1 (0.30 – 0.90 ) 30,125 40 
Medium Lowland F2 (0.90 – 1.80 ) 33,927 44 
Lowland F3 (1.80 – 3.00 ) 9,815 13 
District Total  75,280 100 
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The dom inant c ropping pa tterns i n Narail district are B oro-Fallow-HYV T.Aman, 

Fallow-B.Aman and Vegetables-Jute-T.Aman which is s imilar to the ot her p arts of  the  

region m entioned. These c ropping pa tterns c over a bout 60  % o f t he cultivated area as 

shown i n Table 5.5 . T he ne xt i mportant c ropping pa tterns are W heat-Jute-T.Aman, 

Pulses-Jute-T.Aman, a nd O ilseeds-Aus-T.Aman, w hich a re grown on 17  % of  t he 

cultivated area in Narail.  

Table 5.5: Major cropping pattern in Narail.  

Source: ADB, BWDB, and WARPO, (2004a) 

Agriculture i s a m ajor s ector of  B angladesh's econom y and the c oastal ar ea o f 

Bangladesh is very fertile for growing rice. Increase in salinity intrusion and increase in 

soil and groundwater salinity have serious negative impacts on agriculture. The presently 

practiced rice varieties may not be able to withstand increased salinity.  

 
5.8 Conclusions 
 
The southwest region is suffering from aquifer salinity problems causing non-availability 

of i rrigation, poo r coverage i rrigation, a nd poor  c rop yield. T he c rop i ntensity of  t he 

southwest region is only 128 %  where the national average is 182 % . There is scope to 

increase irrigation coverage and crop yields if timely required quantity of irrigation water 

can be made available. Based on data availability and the identified salinity problems, the 

central pa rt of  the  s outh west r egion is s elected f or s tratification a nd c onfiguration t o 

evaluate the aquifer characteristics and hydraulic potential for development. Within this 

area two locations in Narail district has been selected for the model data generation and 

Cropping Patterns 
% of Net Cultivated Area 

Rabi Kharif-I Kharif-II 
Boro Fallow T. Aman 30 
Fallow B.Aman 20 
Vegetables Jute T. Aman 10 
Wheat Jute T. Aman 6 
Pulses Jute T.Aman 6 
Oilseeds Aus T.Aman 5 
Wheat Mung T.Aman 5 
Oilseeds Jute T.Aman 5 
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formulation of mul ti-well a nd multi-strainer w ell field development s chemes ba sed on 

easy access to the locations and existence of an ongoing water development project.  

 



AQUIFER GEO-HYDRAULIC POTENTIAL 

 CHAPTER 6 

6.1 Introduction  

The geologic structural settings and the hydraulic behavior of an aquifer dictate the development 

of groundwater for public water supply in a region. Therefore, evaluation of geologic structural 

settings and understanding of hydraulics of the aquifer are essential for predicting sustainability 

of potential use of groundwater from an aquifer. This is even more essential in a coastal region 

where the availability of usable water is scarce, the flow process is complex, and the presence of 

salinity limits  the  w ater availability. Therefore, before i mplementing a  de veloped c onjunctive 

use scheme for an area where a non -saline aquifer domain i s underlain or overlain by a  saline 

aquifer domain, it is recommended to evaluate the hydraulic potential of the aquifer of the area to 

see its sustainability for water supply for the designed purpose. 

The aim of this chapter is to present the hydrogeology and aquifer condition of the area selected 

for application of the developed conjunctive use models. Several workers (Ahmed, 1996; Nobi 

and Gupta, 1996; Rahman and Bhattacharya, 2006; DPHE, 2006) did some fragmentary works 

on di fferent h ydrogeological a spect of  t he area. Limited i nformation on t he h ydro-geologic 

characteristics of aquifers of this region is thus available to address this concern.  

 
However, the geo-hydraulic potential of the area has been analyzed in the current s tudy and is 

presented in t his chapter focusing on t he geo-structural c onnectivity, h ydraulic c onnectivity, 

aquifer-river interaction, aquifer hydraulic head variation, and impact of withdrawal on hydraulic 

head.  

 
6.2 Geo-structural Connectivity 

6.2.1 Regional stratification 

The bor e l og da ta were collected from both pr imary and the secondary s ources (DPHE-JICA, 

2007). As many as 204 bore log stations were selected for this study. The locations of the bore 

logs used in the s tudy area are shown in Figure 6.1. The bore log data have been analyzed by 

using t he s oftware R ockworks 15 (www.rockware.com, 2010) to evaluate s tratification, 

configuration, and possible aquifer connectivity. Rockwork 15 i s an integrated geological data 

http://www.rockware.com/�
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management, a nalysis, a nd vi sualization pa ckage. T his s oftware s pecializes i n vi sualization of  

subsurface data as logs, cross-section, fence diagrams, solid models etc. 

 
The stratification and configuration of the study area are evaluated at 4 different representative 

sections A -A, B-B, C-C, a nd D -D as s hown i n F igure 6.1. T hese s ections a re t aken i n t he 

directions W-E, NW-SE, NW-SW, and NW-SW. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Selected sections for aquifer stratification in the study area. 
 
Geo-structural section A-A• (Figure 6.2) shows that the aquifer exists below the upper clay and 

the depth of this layer varies from 6 to 50 m. The thickness of this aquifer ranges from 160 m in 

the west to a maximum of 220 m in the east. The aquifer material varies from very fine, fine sand 
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to medium sand, coarse sand. The very fine sand and fine sand exists from the surface within the 

depth of <50 m. 

 
Geo-structural section B-B• (Figure 6.3) shows the aquifer thickness ranges f rom 160 m in the 

northwest whereas it is 50 m in south. The thickness of clay layer is discontinuous. The aquitards 

thickness ranges from 18 m in the northwest to 110 m in the south from the surface. 

 
Geo-structural section C-C• (Figure 6.4) shows the aquifer in general is bounded on thin surface 

confining clay layer and consists of a number of different sand layers separated by a combination 

of t hick a nd t hin c lay l enses. T he c omposition of  a quifer m aterial va ries i n di fferent l ocation. 

Overlying the d eeper aq uifer i s a  cl ay s equence r anging f rom 92 m to 110 m  a nd c lay l ayer 

ranging from 135 m to 230 m in thickness which acts as a confining layer. Therefore, the aquifer 

thickness is decreasing in the southern part. 

 
Geo-structural section D-D• (Figure 6.5) shows that the aquifer effective thickness is decreasing 

in t he southern pa rt. The aquifer composition i s moderately good a lthough the composition of  

this section vary from very fine sand to fine sand and is considered as an aquitard.  

 
 Figure 6.2 to Figure 6.5 recognizes that the Southwest coastal aquifer of Bangladesh comprises 

of both the aquifer and the aquitards. The aquifer materials are composed of poor, good and very 

good materials. The aquifer configuration and the geo-structural settings show that the aquifers 

are connected in all the three forms although the clay lenses are  present in the aquifer system, in 

different d epth of  a quifer, but  t his i s r egionally discontinuous, hence t he s tratigraphic aquifer 

layers a re connected and g ive r ise t o composite aquifer system. So, the aquifer s ystem can be 

considered as single composite aquifer system from the stratigraphic consideration. This finding 

will be confirmed with the hydraulic connectivity analysis in Section 6.3. 
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Figure 6.2: Geo-structural stratification and configuration at section A- A'. 
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Figure 6.3: Geo-structural stratification and configuration at section B- B'. 
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Figure 6.4: Geo-structural stratification and configuration at section C- C'. 
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Figure 6.5: Geo-structural stratification and configuration at section D-D'. 

 

6.2.2 Local stratification 

The bore logs prepared by the collection of soil sample in every 6 m interval in Tularampur and 

Kalia U pazilas of N arail di strict f or investigating the  lithol ogical condition and t he l ocal ge o-

structural c onnectivity are s hown i n Figure 6.6 a nd F igure 6.7 , respectively. From the 

investigation of  t he l ithological d ata up t o t he d eeper a quifer de pth t hree obs ervation w ells a t 

Kalia and two observation wells a t T ularampur are ins talled. Coarse textured lithologic la yers 

contain water w hile f ine te xtured lithologic uni ts ove rlying o r i n between the coa rse t extured 

0 

0 

0 

0 
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layers acting as dividing means. Depending on the positions of the horizons the aquifer could be 

confined or unconfined (Todd, 1995). The aquifer at this point comprises of  al ternate layers of 

aquifers a nd aquitards a s t he general na ture of  the a quifer but  r egionally it i s c omprised of  

discontinuous layers of aquifers and aquitards (as in section 6.2.2). The aquifer material varies 

from very fine sand, fine sand, medium sand and coarse sand. The thickness of the aquitards is 

larger in Kalia than that of at Tularampur. Kalia is located about 45 km south of Tularampur. In 

regional analysis it is observed that the aquitard thickness in the area is increasing from north to 

south di rection. S o, t he l ocal a nd t he r egional s tratification give similar r esults. So, i t c an be  

inferred t hat a lthough t he a quifer i s geo-structurally s eparated by clay l enses r egionally t he 

aquifer geo-structures is well connected.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.6: Bore log at Kalia.                         Figure 6.7: Bore log at Tularampur. 

 

 

 

0-6m: Clay 

6-20m: Fine sand 

20-40m: Fine to medium sand 

40-50m: Fine sand 

 50-100m: Coarse sand   

  100-110m: Silty Clay 

 110-130m: Clay 

  130-140m: Fine sand 

  140-180m: Medium sand 

  180-190m: Very fine sand 

 190-210m: Medium sand 
 

  210-250m: Fine to coarse sand 

 250-300m: Coarse sand  

   0-10m: Clay 

   10-40m: Very fine sand 

40-70m: Medium sand 

        70-80ft: Fine sand 

     80-110m: Coarse sand with gravel 

     110-180m: Clay 

    180-190m: Fine sand 

    190-210m: Medium to coarse sand 

210-240m: Clay 

 240-260m: Very fine sand 

260-270m: Medium sand 

   270-280m: Clay 

280-300m: Coarse sand  
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6.3 Hydraulic Connectivity 

6.3.1 Setting monitoring wells  
 
The existing literature (MPO, 1987; FAP 4, 1993) supports that the coastal aquifer of Bangladesh 

is c omposed of  m ore t han one  layer. As a  pa rt of  g roundwater exploration, de velopment a nd 

substantial monitoring activities develop to better understanding of the hydrogeology of the area. 

The w ater le vel moni toring w ells helps und erstand the w ater t able f luctuation and hydraulic 

connectivity between the aquifer layers. From the analysis of soil sample (Figure 6.6 and Figure 

6.7) the monitoring wells are installed in the two locations, Kalia and Tularampur.  

 
Based on t he l ithological condition at Kalia the 1st monitoring wells are installed at a  depth of  

100 m, 2nd monitoring wells in the depth of 240 m, 3rd monitoring well at a depth of 300 m and at 

Tularampur, 1st monitoring well at a depth of 80 m and 2nd

 

 monitoring well in the depth of 300 m 

are i nstalled. The obs ervation w ells i nstalled a re s hown i n F igure 6.8. The pur pose of  t hese 

observation wells was to get the hydraulic head to assess the hydraulic connectivity of different 

depth of aquifer layers. The specifications of monitoring wells is given in Appendix-A. 
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Figure 6.8: Monitoring wells at Kalia and Tularampur. 
 
6.3.2 Comparison of hydraulic heads  
 
The h ydraulic conn ectivity b etween the l ayers with t he f indings of  s ection 6. 3.1 w ill further 

validate that the aquifer of the southwest region of Bangladesh may be considered as the single 

composite aquifer. To s ee t he h ydraulic connectivity two sets of  obs ervation wells (one s et i n 

Tularampur and other set in Kalia) at different aquifer depth were installed as shown in Figure 

6.8. The w eekly h ydraulic he ad from the thr ee moni toring w ells a t 100 m, 2 40 m and 300 m 

were collected from Kalia. The weekly hydraulic head form Tularampur at the two monitoring 

wells at depth of 80 m and 300 m from Tularampur are collected. From both locations weekly 

hydraulic head were monitored from November, 2010 to April, 2012 at Kalia and from March, 

2011 to April, 2012 a t Tularampur based on t ime of  well installation. All measurements were 

obtained weekly, on a fixed day for each week.  
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A h ydrograph showing the f luctuation of  g roundwater l evels dur ing a  g iven pe riod of  t ime 

allows comparison of  groundwater levels from year to year for both locations.  Figure 6.9 and 

Figure 6.10 show t hat a ll t he obs ervations w ells at K alia and Tularampur maintain the equa l 

hydraulic heads or potentials at respective locations. This supports that the layers covered by two 

sets of observation wells are hydraulically connected and maintain the same hydrostatic pressure. 

The water l evel r ecords at observations wells installed at Kalia (Figure 6 .9) a t di fferent layers 

shows that although the aquifer comprises of several layers locally as indicated by the bore logs 

but this is local phenomenon and the aquifer is hydraulically connected. The water level records 

at obs ervations w ells i nstalled a t T ularampur ( Figure 6.1 0) a t di fferent l ayers s hows the s ame 

phenomenon. The h ydraulic he ad data f or t wo locations a t di fferent de pths a re given i n 

Appendix-B and Appendix-C, for Kalia and Tularampur, respectively. 

 

 

Figure 6.9: Hydraulic head variation at Kalia. 
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Figure 6.10: Hydraulic head variation at Tularampur. 

 
6.4 Aquifer River Interaction 
 
Surface water bodies are hydraulically connected to groundwater in most types of landscapes; as 

a result, surface water bodies are integral parts of the cycle of groundwater flow systems. Even, 

if a s urface w ater bod y i s s eparated from t he g roundwater s ystem b y a n uns aturated z one, 

seepage f rom t he s urface w ater m ay recharge groundwater. Aquifer ri ver interaction has b een 

expressed firstly w ith the geo-structural int eraction by structural c onfiguration of  t he geologic 

formation i.e. with the continuity of aquifer materials in the river banks and in the bed of rivers 

and, s econdly with the hydraulic int eraction represented by the di fference between the w ater 

level in the aquifer and in the river.  

 
6.4.1 Geo-structural interaction 
 
The geo-structural interaction in the study area has been expressed with the configuration of the 

geologic formation that describes the continuity of aquifer materials in the bed of the rivers. The 

river c ross-section da ta at s everal l ocations ( Figure 6.1 1) of th ree main rivers n amely: 

Nabaganga, M adhumati, and t he Bhairab were collected from t he IWFM L ibrary. The c ross 

sectional data for the Chitra, another major river of the study area were not available in the reach 

within the study area. So, the geo-structural analysis is limited to the three rivers. 
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Figure 6.11: Selected cross-sections in the major Rivers. 
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The river bed level was analyzed from the river cross-sectional data as shown in Figure 6.12. 
 
 
 

 

 

 

 

 

 

 
 

Figure 6.12: Schematic diagram of river-aquifer interaction. 
 
The depth of penetration of the river into the aquifer referring Figure 6.12 is given as 
  
PD = RD - AT

                                       

                                                                                                                               
(6.1)                                         

where,  
 
PD 

R

= depth of penetration of the river into the aquifer, 

D

A

 = elevation of the river bed, and 

T  

 
= elevation of the aquifer top.  

Comparison of the lithology with the river bed levels showed   that in the study area all the river 

bed levels cut the aquifer within the 6 m from the ground surface and the depth of penetration is 

more than 2 m. Therefore, there is a direct hydraulic connection between the river system and the 

upper por tion of  t he a quifers. A t t he l ower s ection of  N abaganga R iver, t here i s c ontinuous 

interaction between the aquifer and the river bed level. The depth of penetration in Nabaganga is 

24 m which is higher than in two rivers Madhumati (PD= 9 m) and Bhairab (PD = 6 m, 18 m) 

with the adjacent aquifer geologic formation. As the river channel cuts through the water bearing 

gravel sandy layer and the depth of penetration is high, establishing a direct hydraulic connection 

between groundwater and surface water. The depth of penetration varies from 7 m to 25 m  and 

the a verage pe netration va ries f rom 13 t o 20  % of  t he aquifer t hickness w here t he aqui fer 

thickness va ries f rom 40 m to 150 m. T his a nalysis c onfirms t hat t here is a favorable 

Aquifer Bottom 
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environment to attain hydrodynamic interaction between surface and groundwater. This supports 

that the surface water bodies are integral parts of  groundwater f low systems (Bhattacharya and 

Bollaji, 2010) . T his s upports t hat t he r ivers a nd t he a quifers in the s tudy area ar e s tructurally 

connected.  

  
6.4.2 Hydraulic interaction 
 
For this study all the data are collected from the secondary sources. The time series data of river 

water level and groundwater l evel are col lected from t he l ocal and central O ffices of  t he 

concerned organizations. T he selected obs ervation w ells a round t he study a rea are s hown in 

Figure 6.13. The collected data were processed graphically to make them error free and to fill out 

the m issing d ata where pos sible. The pr ocessed data are analyzed bot h graphically a nd 

statistically.  T he dynamics of  interaction between the groundwater and the r iver water for the 

rivers Chitra, Nabaganga, Madhumati, and the Bhairab was evaluated and presented graphically. 

The period of a year for which the flow occurred from the river to the aquifer or aquifer to the 

rivers was estimated for the period of analysis. The result of all this evaluation for the four rivers 

was compared.  

The example results of time series analyses of groundwater and the surface water are presented 

in Figure 6.14 t o Figure 6.17. Figure 6.14 shows the variation of river water level in the Chitra 

River with nearby groundwater level. Similarly, Figure 6.15 to Figure 6.17 shows the results of 

the Madhumati, Bhairab and Nabaganga rivers, respectively with nearby aquifer water levels. It 

is seen that the lowest groundwater level and the river water level occur almost at the same time 

of the year but  the s lope of  the r ecession period for the groundwater i s f latter than that o f the 

river water l evel. The r iver water l evel and the groundwater l evel adjacent to the Chitra R iver 

maintain almost the same water level throughout the study period. On the other hand the peak of 

the yearly river water level and the aquifer water level is irregular during the study period. This 

is due to the stochastic behavior of the rainfall which feeds both the groundwater and the surface 

water in the area. 

 
Figure 6.15 also shows the results of  Madhumati r iver and adjacent aquifer where f low occurs 

towards the aquifer from the river during same t ime of the year and the f low is reverse during 

other pa rt of  t he year. Figure 6.17  shows a lmost the  s imilar c haracteristics of  variation f or 
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Bhairab R iver as of  C hitra. H owever, Figure 6. 18 shows a  s mooth but  small va riation i n t he 

minimum aquifer water level adjacent to the Nabaganga River which carries the larger flow than 

the other two rivers.  However, there is no significant variation in minimum river water level and 

the river water level is below the groundwater level. The river water level never goes above the 

groundwater level. As a result, the aquifer looses water to the river all over the year. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.13: Hydrometric and hydro-meteorological stations in the study area. 

 
                                  

 

 

 

 

 

 

 

 

 
 

 
 



88 
 

Figure 6.14: Water level variation at Nabaganga River and adjacent aquifer. 
 

 
 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 6.15: Water level variation at Madhumati River and adjacent aquifer. 
 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

Figure 6.16: Water level variation at Bhairab River and adjacent aquifer. 
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Figure 6.17: Water level variation in Chitra River and adjacent aquifer. 
 
The i nteraction between aqui fer and river has a lso be en i nvestigated with r egression a nalysis 

where river water level (X) is considered as independent variable and the groundwater level (Y) 

as the dependent variable. The linear equation is  

                       
    Y = a + bX                                                                                                                              (6.2)  
             
A correlation analyses has also shown in Figure 6.18 to Figure 6.22, the Nabaganga river Figure 

6.18 w ith t he a djacent aquifer ha s v ery s trong c orrelation ( r2 = 0.89) , t he B hairab a nd t he 

Madhumati river Figures 6.19 t o 6.20 a lso show good correlation (r2 = 0.84, r 2 = 0.82) with the 

adjacent aquifer, w hereas t he C hitra R iver ( Figure 6.21 ) s hows relatively middl e range 

correlation (r2 

 

= 0.69). The analyses advocate that the Nabaganga, Madhumati, Bhairab River has 

a great influence on aquifer hydraulic head whereas Chitra River has relatively less influence on 

aquifer head.        
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Figure 6.18: Correlation between groundwater    Figure 6.19 Correlation between groundwater  
level and Nabaganga River water level.                 level and Madhumati River water level.      
  
            
 

 

 

 

 

 

 

 
Figure 6.20: Correlation between groundwater      Figure 6.21: Correlation between groundwater    
level and Bhairab River water level.                       level and Chitra River  water level.  
                
6.5 Aquifer Hydraulic Head Variation 
 
6.5.1 Local variation  
 
Aquifer water levels are controlled by the balance among recharge to, storage in, and discharge 

from an aquifer. Physical properties such as the porosity, permeability, and thickness of the rocks 

or s ediments t hat compose the aquifer a ffect t his ba lance (Taylor and Alley, 2001 ). When the 

rate of recharge to an aquifer exceeds the rate of discharge, water levels, or hydraulic heads will 

rise. Conversely, when the rate of groundwater withdrawal or discharge is greater than the rate of 

groundwater recharge, the w ater s tored in the aquifer be comes de pleted and water l evels or  

hydraulic he ads w ill de cline. The r esults of  the  t rend analysis in the ma ximum and minimum 
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groundwater l evel ar e presented in Figure 6.2 2 to F igure 6.24 at different loc ations. T he 

minimum and the maximum groundwater level show no regular or consistent pattern. 

 

Figure 6.22: Maximum and minimum hydraulic head variation at Jessore. 
 

 

Figure 6.23: Maximum and minimum hydraulic head variation at Gopalgonj. 
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Figure 6.24: Maximum and minimum hydraulic head variation at Narail. 
 

6.5.2 Regional variation  
 
For t he current w ork, w ater l evel da ta f rom 50 observation w ells e xisting i n a nd a round t he 

selected area are used. Missing data were estimated with respect to earlier and later records. The 

maximum a nd m inimum h ydraulic he ad c ontour s urfaces ha ve be en c onstructed for t he years 

1995 t o 2000 a nd 2000 to 2005 using t he Kriging geo s tatistical me thod (Cressie, 1990) to 

analyze the groundwater flow in the area. Figures 6.25 to 6.28 show the maximum and minimum 

water level contours, respectively. 

 
In rainy season elevation of groundwater table from MSL varies from 1.5 m to 8 m , where the 

highest value (8 m) is observed in the Northwest part of Magura district (Figure 6.25 t o Figure 

6.28). Lowest v alue o f maximum g roundwater table e levation ( 1.5 m) was obs erved i n t he 

southwestern portion of Bagerhat district (Figure 6.25 t o Figure 6.26). The maximum elevation 

of water table contour maps in the rainy season shows prominent radially diverging pattern in the 

Lohagora upazila of Narail district. In some places particularly in Jessore and Narail depression 

is obs erved pos sibly d ue i ncreased w ithdrawal f or i rrigation. The yearly i rrigation water 

withdrawal i s c alculated r egionally w hich i s s hown i n t he ne xt s ection. The r egional c ontour 

maps of  ma ximum and minimum h ydraulic h eads s how t hat t he general di rection of  f low o f 
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groundwater i s f rom no rthwest t o s outheast w hich i s s imilar t o t he nor mal t rend of  f low of  

groundwater i n B angladesh bot h i n dr y a nd w et s easons. The h ydraulic g radient i s c onsistent 

with t he t opography, s teep i n t he nor thwest, a nd g entle i n t he e ast. F igures f urther s how a  

significant hydraulic gradient for maximum hydraulic head  but  in case of minimum hydraulic 

head t he gradient i s l ow a s t here i s no  ve rtical r echarge dur ing t he dry season. I n case of 

minimum h ydraulic gradient, Figure 6.2 7 and Figure 6.2 8 show poc ket de pression a nd f low 

converges t oward t he center of  a  l arge c one o f de pression. T his i s c aused w here i ntensive 

localized pumping for irrigation is done in the dry period.  

 
This can be i nferred that t he regional h ydraulic he ad va riation supports t hat t he s tudy area 

receives w ater from u pstream, a s ource of  freshwater w hich i s an  i mportant f actor for 

sustainability of aquifer to supply usable water. 
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Figure 6.25: Maximum hydraulic head contour surface for the years 1995 and 2000. 
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6.26: Maximum hydraulic head contour surface for the years 2000 and 2005. 
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Figure 6.27: Minimum hydraulic head contour surface for the years 1995 and 2000. 
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Figure 6.28: Minimum hydraulic head contour surface for the years 2000 and 2005. 
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6.5.3 Groundwater withdrawal  
 
Irrigation da ta w ithin t he s tudy a rea h ave be en c ollected f rom BADC a nd f ield of fice of  

agriculture i n t he form of STW, DTW a long with t he ne t cultivable (NCA) in he ctares. From 

secondary sources along with the field survey, pumping rate of STW was found to be 0.5 cusec 

and that of DTW to be 2.0 cusec. In the study area depth of STW is about 40 to 60 m and that of 

DTW is a bout 100 t o 200 m . M odes of  i rrigation, number of  w ells, and operating hour  were 

collected from the field office of Department of Agricultural Extension (DAE). The withdrawal 

has been calculated using the number of wells, their operating hours, and the efficiency of the 

pumps. During t he i rrigation pe riod 1 0-12 hr  was c onsidered a s a n op erating hour  and 70 % 

efficiency of  t he pum p was considered b ased o n t he interview w ith the f ield officials of  th e 

Department of Agricultural Extension (DAE).  

 
The withdrawal is calculated for the 7 districts/administrative units of the study area as depicted 

in Figure 6.29.  The f igure shows that groundwater withdrawal i s increasing year b y year. The 

withdrawal is higher in Jessore district than other districts. The less groundwater withdrawal is 

observed in Khulna and Bagerhat. This is due to the lack of suitable water for irrigation so that in 

this di strict w ithdrawal is  r elatively low . Therefore, the de pendency of  t he s tudy a rea on  

groundwater for crop water supply during the dry season is increasing with time as the demand 

for i rrigation i s i ncreasing f or t he l ivelihood of  t he pe ople of  t he area. T he m ain s ource of  

groundwater recharge i n the s tudy ar ea i s t he n atural r echarge f rom r ainfall, rivers, and t he 

adjacent aquifers.  
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Figure 6.29: Groundwater withdrawal at different locations. 

 
6.6 Conclusions 

From t he c ontinuity o f t he l ithological c onstituents a nd t he ge ologic c onfigurations, t he 

southwest coa stal aqui fer of  B angladesh can be cons idered as composite s ingle a quifers 

regionally d espite t he cl ay l enses ar e present i rregularly. Based on hydraulic he ad at di fferent 

aquifer depths at two locations it is found that aquifer layers are hydraulically connected which 

confirm that the aquifer is a s ingle composite aquifer. The aquifer geo-structural characteristics 

and year round level of aquifer hydraulic head characterize the aquifer as the confined aquifer. 

The hydraulic connection between the rivers and the aquifer is strong (0.69•  r2 

 

• 0.89).  

Therefore, it can be inferred that the aquifer geo-structural and hydraulic characteristics support 

that t he t otal de pth of  t he a quifer c an be  de veloped a nd t here i s s trong pot ential f or f uture 

increased water w ithdrawal f rom hydraulic consideration of  t he s outhwest coa stal aquifer i n 

Bangladesh. However, there is a strong need to study the quality aspects of water of the region 

for future development.  



 
 

CHAPTER 7 

AQUIFER SALINITY AND IRRIGATON SUITABILITY  

7.1 Introduction 

In a coastal region and the regions where the fresh water aquifer domain is overlain or underlain 

by the saline water domain and the availability of usable water is limited due to the presence of 

salinity, knowledge of t he e xtent of  s aline a quifer dom ains and the e valuation of  de gree of  

salinity is essential to determine the potential for, and sustainability of groundwater resources for 

irrigated a griculture, do mestic w ater s upplies, a nd i ndustrial us es. Limited num ber o f r eading 

materials is available on the presence of saline and non-saline aquifers with various thicknesses 

and degree of concentration in the southwest coastal region of Bangladesh (MPO, 1987; FAP-4, 

1993; SWAIWRPM, 2004; Sarker, 2005; Islam and Hoque, 2009). This chapter focuses on the 

saline and non-saline aquifer domain identification and evaluation of the degree of salinity in the 

identified a quifer dom ains i ncluding t he i rrigation s uitability. The d erived i nformation will be  

used in t he developed multi-well a nd multi-strainer models to f ormulate a  conjunctive us e 

scheme to develop the well field in the study area using both the aquifer domains as resources to 

augment the water supply. 

7.2 Saline and Non-saline Aquifer Domains Identification 

The investigation of  saline and fresh aquifer domains is based on literature and the analysis of  

secondary and as w ell as the pr imary da ta. Previous h ydrogeological investigation through 

exploratory drillings and the electric loggings (Woobaidullah, 1998; DPHE-JICA, 2007; Sarker, 

2005) provides scattered information about groundwater quality in terms of salinity in the study 

area. T his i nformation i s not  s ufficient t o i dentify the ex tent and the degree of  salinity in  the 

region. To derive the required information field investigation was carried out with participatory 

rural a ppraisal (P RA) method ( Neogi a nd B abul, 2004)  and the in-situ soil and water sample 

analysis. The Key Informant Interview (KII) of PRA method was followed in the current study. 

For soil sample analysis the primary bore logged materials were analyzed. The confirmation of 

the findings of KII and the in-situ soil sample analysis would be made by supplementing with the 

in-situ water sample analysis in Section 7.3.2. 
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7.2.1 Key Informant Interview 

The KII was conducted to get the information on the presence of salinity in the aquifer system of 

the s elected study area. The derived i nformation b y KII was used t o select t he locations for 

drilling well logs. The l ocations for well log  dr illing were based on aquifer c ondition a nd t he 

presence of  s alinity w ith de pths of  t he a quifer. The K II was conducted w ithin the di fferent 

classes of  participants i.e., relevant local officials, public representative, local well drillers, and 

the selected villagers of the area. The officials include the local official of BADC, BWDB, and 

the LGED. 

Qualitative r esults w ere summarized based on  t he di scussion w ith t he different classes o f 

interviewees. It is revealed from the discussion with interviewees that salinity problem has been 

prevalent in the study area for years. Generally, salinity is found at shallow aquifer depth (100 

m) whereas the deeper aquifer (>300 m) is f ree f rom salinity and other water quality elements 

like Fe, As et c. The local people identified the  l evel of  s alinity in different months b y testing 

with mouth, observing the plant color etc. 

7.2.2 In-situ soil sample analysis 

Based on t he i nformation from a vailable lite rature (DPHE-JICA, 2007 ; MPO, 1987;  F AP-4, 

1993) and the findings of the KII two sites for exploratory drilling, one at Kalia and the other one 

at Tularampur as marked in Figure 7.1 in the area have been selected for further investigation on 

the identification of saline and non-saline aquifer domains and the extent of salinity. The selected 

sites, Kalia and Tularampur are located at a di stance of about 40 km  apart. Exploratory drilling 

has been done at both the locations up to a depth of 300 m.  

 
Drilling was carried out by manual and rotary methods using a centrifugal pump for flushing out 

clay and sediment l aden w ater dur ing construction. The bor eholes are d rilled at a di ameter o f 

approximately 3.8 cm (1.5 inches). Simplified lithological profiles have been prepared as shown 

in Figure 7.2 and Figure 7.3 for bore holes at Kalia and Tularampur, respectively.  
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Figure 7.1: Exploratory drilling sites in the study area. 

Four boreholes were drilled at two selected sites, two bore holes at Kalia and two bore holes at 

Tularampur. The aquifer material (sand, silt, and clay) was collected at every 6 m interval during 

the bor ing. The presence of  salinity is  identified with the sample tested by hand and f rom the 

experience of  the well drillers. When the aquifer material shows reddish or glitters, the aquifer 

depth of  t he r espective sample i s c onsidered as t he s aline a quifer. When the aqui fer m aterial 

shows clear and coarser grained then the aquifer depth of the respective sample is considered as 

the non-saline aquifer. Therefore, from the physical observations of the drilled logs the presence 

of salinity has been identified at both the locations in Kalia and Tularampur as shown in Figure 

7.2 and Figure 7.3, respectively.   

Tularampur 

Kalia 
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In Kalia the salinity domain is identified at the upper domain where the non-saline domain is at 

the l ower domain.  In t his l ocation t he s aline geologic f ormation i s l ocated f rom de pth 10 m  

down to 110 m . The bottom part of this formation is composed of coarse sand and gravel from 

depth 80 m to 110 m and therefore, this is considered as the saline aquifer domain. So the saline 

aquifer thickness is 30 m. The non-saline aquifer domain is considered from depth 280 m to 300 

m which is composed of  coarse sand. So the non-saline aquifer thickness is only 20 m. Above 

this non -saline aqui fer dom ain there ar e s everal r elatively poor  non -saline a quifer f ormations 

separated by cl ay l ayers. But a ll t he a quifer f ormations a re s tructurally a nd hydraulically 

connected regionally as discussed in Chapter 6.  

 
In T ularampur, the l ocation of saline aquifer formation is opposite. The s aline geo-structural 

formation i s f ound a t t he bot tom f rom de pth 140 m  t o 300 m  and from 250  m to 300 m  i s 

composed of coarse sand and considered as the saline aquifer domain for the current study. So 

the saline aquifer thickness is 50 m. The non-saline aquifer domain is considered in this location 

from depth between 50  m to100 m as this part i s composed o f coarse sand. So the non-saline 

aquifer t hickness i s 50  m. The aquifer l ayers al though are s een l ocally separated but they ar e 

structurally and hydraulically connected regionally as discussed in Chapter 6.  

 
The presence of salinity is also confirmed from the water quality analysis. To collect the water 

samples, the monitoring wells are installed based on the aquifer structural condition (bore logs) 

discussed and presented in Figures 7.2 and 7.3 for Kalia and Tularampur, respectively.  
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Figure 7.2: Bore logs at Kalia.                               Figure 7.3: Bore logs at Tularampur. 

7.3. Salinity Quantification 

The s alinity c an be  qua ntified b y t otal c oncentration of  s oluble inorganic s alts pr esent i n a 

sample, or more accurately in terms of Electrical Conductivity (EC) of a solution, as the two are 

more closely related. The EC is a numerical expression of the inherent capability of a media to 

carry an electrical cu rrent. Generally, EC ha s b een expressed in micro-mhos pe r c entimeter 

(µmho/cm) or milli-mhos per centimeter (mmhos/cm). But in the International System Units (SI) 

EC i s ex pressed as S iemens (S), the r eciprocal of  t he ohms. In t his s ystem, EC i s r eported as 

Siemens pe r m eter ( S/m) or  de ci-Siemens pe r me ter ( dS/m). Salinity is  w idely expressed by 

International System Units as deci-Siemens per meter (dS/m).  Saline water is generally defined 

as w ater cont aining m ore t han 1 t o 1.5 g s alts per l itre w hich c orresponds w ith a n e lectrical 

conductivity of 1.5 to 2.3 dS/m. The saline and the non-saline aquifer domains are identified with 

the s alinity c oncentration level at the di fferent aquifer de pths.  T herefore, the aqui fer w here 

water contains the concentration of  • 2  dS/m i s considered as a  non-saline aqui fer and when it 

exceeds 2 dS/m, the aquifer is considered as the saline aquifer (Fipps, n.d).  

   0-10m: Clay 

   10-40m: Very fine sand 

40-70m: Medium sand 

        70-80m: Fine sand 

     80-110m: Coarse sand with gravel 

     110-180m: Clay 

    180-190m: Fine sand 

    190-210m: Medium to coarse sand 

210-240m: Clay 

 240-260m: Very fine sand 

260-270m: Medium sand 

   270-280m: Clay 

280-300m: Coarse sand  

 

Saline formation 

Non-saline formation 

0-6m: Clay 

6-20: Fine sand 

20-40m: Fine to medium sand 

40-50m: Fine sand 

 50-100m: Coarse sand  

   100-110m: Silty clay 

 110-130m: Clay 

  130-140m: Fine sand 

  140-180m: Medium sand 

  180-190m: very fine sand 

 190-210m: Medium sand  

  210-250: Fine to coarse sand 

 250-300: Coarse sand  
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7.3.1 Setting salinity monitoring wells 
 
Based on t he information on a quifer domains that are identified from the well logs (Figure 7.2 

and Figure 7.3) in Kalia and Tularampur, the observation wells were installed in both the saline 

and non-saline aquifer domains at both locations with 10 m  long strainer at the bottom of each 

well. These observation wells would be used to evaluate the extent of  salinity in each domain. 

The i nstalled observation wells ar e shown i n F igure 7.4 and F igure 7.5, f or K alia a nd 

Tularampur, respectively.  At Kalia the 1st observation well was installed at a depth of 110 m as 

at this de pth the aquifer lithologic c ondition was f ound very good. At this de pth (110m), t he 

aquifer m aterial i s s tated a s s aline b y t esting with ha nd ( Figure 7.2)  as di scussed i n earlier 

section. The 2nd observation well was i nstalled a t a  depth of  300 m  with (Figure 7.4 ). A t t his 

depth (300 m), the aquifer material was stated as non-saline by testing with hand (Figure 7.2) . 

Similarly, at Tularampur the 1st water sampling well was installed at a depth of 100 m and the 2nd

 

 

water sampling well was installed at a depth of 300 m  (Figure 7.5). In this aquifer, the aquifer 

material at depth 300 m was stated as saline by testing with hand (Figure 7.3) and the upper layer 

was stated as non-saline. In Figures 7.4 and 7.5 the saline and the non-saline aquifer domains are 

marked with deep red and the deep blue colors, respectively. 
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Figure 7.4: Salinity monitoring wells at            Figure 7.5 Salinity monitoring wells at 
Kalia.                                                                  Tularampur. 
 
7.3.2 In-situ water sample analysis  
 
In Section 7.2.2 the aquifer depths where the salinity exists have been identified which give the 

location and extent of saline and non-saline aquifer domains in the study area. To evaluate the 

degree of s alinity c oncentration of t he i dentified a quifer dom ains, the w ater s amples w ere 

collected from the  salinity observation w ells installed at K alia and  T ularampur. The w ater 

samples w ere col lected f rom e ach salinity obs ervation well after 30 minutes of continuous 

pumping. This time length is required to attain the single aquifer layer discharged water salinity 

concentration stable (Raghunath, 1990; APHA, 1999). The water samples collected from the two 

sites were analyzed in the  f ield immediately in terms of  E C w ith the  di gital el ectrical 

conductivity meter.  

 
The water samples from salinity observation wells installed at indentified saline and non-saline 

aquifer domains at Kalia and Tularampur were collected.  The salinity concentration observed in 
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the analysis with the electrical conductivity meter supports the physical observations reported in 

earlier s ection that t he uppe r aquifer domain in Kalia a nd the  low er aquifer domain i n 

Tularampur are considered as the saline aquifer domains which can be seen in Figure 7.6. From 

the EC value it is  shown that in Kalia at shallow depth of the aquifer (100 m) the value of EC 

exceeds the value of predetermined level of EC = 2 dS/m. The salinity concentration was found 

4.85 dS/m, whereas at the de eper aqui fer ( 300 m) the E C va lue is be low t he va lue of  

predetermined level of EC = 2.0 dS/m and the EC value is at this aquifer depth is 0.87 dS/m. At 

Tularampur the EC value of deeper aquifer depth is 5 dS/m and at shallow aquifer depth is 0.98 

dS/m. As a result, the shallow depth of aquifer (80 m) at Tularampur is identified as non-saline 

aquifer and deeper aquifer depth (300 m) is identified as saline aquifer.  

 

 

Figure 7.6: Salinity at different aquifer depths in two selected sites. 

Thus, the saline and the non-saline aquifer domains in the study area have been identified and the 

degree o f s alinity concentration ha s be en evaluated. T he findings w ill pr ovide ne cessary 

information t o f ormulate t he conjunctive us e s cheme t o de velop t he well f ield t o us e t he 

resources from both the saline and non-saline aquifer domains for augmentation of usable water 

supply.  
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7.4 Irrigation Water Suitability 

Groundwater i s t he major source of  i rrigation in Bangladesh and there has been a  t remendous 

increase in suction mode irrigation (Raihan and Alam, 2008). Irrigated agriculture is dependent 

on an adequate water supply of usable quality. Just as from every source, water is not suitable for 

human c onsumption, i n the s ame way; from every source water is  not  s uitable f or pl ant lif e. 

Water containing impurities, which are injurious to plant growth, is not satisfactory for irrigation, 

and called unsatisfactory water. T o s afeguard t he l ong-term s ustainability o f t he gr oundwater 

resources, the quality of the water needs to be continually monitored. With this view, an attempt 

has be en made t o analyze t he w ater qua lity in respect o f i rrigation water suitability round the 

year. With the use of  the conjunctive use models developed, the well f ield will be designed to 

supply the usable water in respect of salinity concentration from development of the both saline 

and non-saline aquifer domains.  

 
7.4.1 Irrigation water quality parameters  

The quality of  water used for irrigation has a  direct effect on crop yields and land degradation 

(Solomon, 1985;  L auchli a nd E pstein, 1990 ; Malash, 2002) . S alinity, s odicity, a nd t oxicity 

generally ne ed t o be  c onsidered f or evaluation of  t he s uitable qua lity of groundwater f or 

irrigation ( Todd 1980;  Shainberg a nd O ster 19 76). P arameters s uch as E C, pe rcent s odium, 

magnesium ha zard a nd sodium a dsorption r atio ( SAR) w ere us ed t o a ssess t he s uitability of  

water for i rrigation purposes (Ayers and Westcot, 1985) . In the s tudy area s ince the source of  

water for irrigation is groundwater, its suitability for irrigation use was determined by evaluating 

the potential of the groundwater to create soil or crop problems through salinity (EC), SAR, and 

pH.  

 
In Section 7.3.2 salinity concentration (EC) of the aquifer system was discussed, however there 

are other elements o f w ater to be considered to  s ee the  s uitability for ir rigation water s upply. 

Among these, the sodium adsorption ratio (SAR) and pH are the most important elements to be 

considered for irrigation. As such, the monitoring wells discussed in Section 7.3.1 were used for 

monitoring t he year round water qu ality pa rameters s uch a s E C, S AR, a nd pH  in Kalia an d 

Tularampur.  
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Irrigation water quality varies greatly upon t he types and the quantity of  dissolved salts. Thus, 

water for irrigation suitability is determined not only by the total amount of salt percent but also 

by t he ki nd of  s alt. A ccording t o M ichael ( 1978) a nd R aghunath ( 1990), t he i rrigation w ater 

quality is judged by the total salt concentration expressed in terms of EC and measured by EC 

meter, the relative proportion of sodium to other cations, expressed by sodium adsorption ratio 

(SAR), and the pH of water.  

 
7.4.2 Irrigation water quality standard   
 
The water quality parameters considered important for irrigation water are discussed in Section 

7.4.1. F or t hese pa rameters, standards have been established by different i nternational 

organizations a nd b y country pe rspectives. Suitability of  irrigation water f or ba sed on 

Bangladeshi and International standard are discussed.  

  
Table 7.1 represents the FAO (1989) guidelines for interpretations of water quality for irrigation 

and these guidelines are used to evaluate the suitability of the groundwater of the study region 

for irrigation. Standard of pH is discussed in the respective section. 

 
Table 7.1: Rating groundwater quality for irrigation. 
 
Category EC(dS/m) SAR Sustainability for irrigation 
I <0.75 <10 Excellent 
II 0.75-1.5 10-18 Good 
III 1.5-3.0 18-26 Fair 
IV >3.0 >26 Poor 

Source: FAO (1989) guidelines 
 
According t o Rahman a nd R avenscroft ( 2003) a nd B ARI ( 1991), the g uidelines presented in 

Table 7.2 for irrigation water should be used in Bangladesh. 

 
Table 7.2: Irrigation water limit for Bangladesh. 

EC (µS/cm) Recommendation for irrigation 
<1000 Unrestricted use 
1000-2000 Restriction for irrigation of vegetables 
2000-3000 Wheat irrigation only 
>3000 Not recommended for irrigation 

Source: Rahman and Ravenscroft (2003) and BARI (1991)  
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In Bangladesh context, since rice constituents more than 90 % of the irrigated agriculture in the 

area, a standard guideline of 2000 µS/cm or 2 dS/m may be applied.  

 
7.5 Water Quality Evaluation 

Water quality involves many parameters both for drinking and irrigation purposes. The present 

study is concerned with the irrigation water. In addition to salinity concentration (EC) there are 

other elements of water to be considered to see the suitability for irrigation water supply. Among 

these, t he s odium a dsorption r atio ( SAR) a nd t he pH  a re t he m ost i mportant e lements f or 

irrigation. T he m onitoring w ells di scussed i n S ection 7.3.1 w ould be  u sed f or m onitoring t he 

year round salinity concentration, EC as well as other two i rrigation water quality parameters, 

SAR and pH.  

7.5.1 Water sampling for laboratory analysis 

The saline and the non-saline aquifer domains have been identified in Section 7.3 and the in-situ 

water sample analysis was done with the EC meter to determine the degree of salinity present in 

the di fferent aquifer do mains. To determine th e qua ntification of aquifer s alinity the  w ater 

samples is to be collected from both the aquifer domains. For evaluation of year round salinity 

concentration and the other irrigation water quality parameters, laboratory analysis was done.  

 
For l aboratory an alysis, considering t he ne ed and the f acilities ava ilable water s amples were 

collected monthly from the observation wells of two sites for more than one year. In Kalia the 

water sample collection started in the month of November, 2010 after installation of observation 

wells. However, in Tularampur the water sample collection started in the month January, 2011 as 

the i nstallation of  obs ervation w ells w ere c ompleted i n e arly J anuary. Plastic cont ainers were 

used for collection of samples which were pre-treated by washing with distilled water. The wells 

was pumped for  30 minutes  be fore samples were collected to avoid stagnant or contaminated 

water s ampling and to a ttain the s alinity concentration of w ater s ample a t e quilibrium 

(Raghunath, 1990  and A PHA, 199 9).  T he hi gh de nsity P VC bot tles were us ed f or s ampling. 

They were t horoughly cleaned b y rinsing with 8N  H NO3 and de -ionized w ater f ollowed b y 

repeated washing with water sample as suggested by De (1989). The bottles were kept air tight 

and labeled properly for i dentification. The water s amples were then carried t o l aboratory and 
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preserved i n a  r oom m aintained f or t his pur pose until t he a nalysis w as done . These col lected 

water samples were analyzed in the laboratory to evaluate the salinity concentration in terms of 

EC.  

 
7.5.2 Evaluation of Salinity   
 
The year round water sample was collected and tested in the laboratory in terms of EC. In saline 

aquifer t he s alinity c oncentration, w as f ound close t o 5dS/m during dry and e arly pa rt of  w et 

season (Figure 7.7 and Figure 7.8), particularly from June to July for both locations. The salinity 

concentration is decreasing from the month of July. In case of saline aquifer domain the salinity 

concentration i s de creasing dur ing t he m onsoon but  t he c oncentration ne ver a ttains the 

acceptable limit of irrigation. The minimum concentration in saline aquifer domain in Kalia was 

observed as 1.8 dS/m in the month of November and the maximum was just over 5 dS/m in the 

month of July.  

 

 
 

Figure 7.7: Variation of EC with time at Kalia. 
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Figure 7.8: Variation of EC with time at Tularampur.  

The minimum concentration in saline aquifer domain in Tularampur was observed as 1.6 dS/m in 

the month of January and the maximum was over 5.38 dS/m in the month of June. So, significant 

seasonal va riation i n s alinity i n t he s aline a quifer dom ains w as obs erved i n bot h K alia a nd 

Tularampur. The salinity is higher in the wet season and lower in the dry season so with the rise 

of g roundwater ta ble the  s alinity is  inc reasing indi cating tha t s alinity is  w ashed out w ith the 

lowering of  groundwater t able a nd s ea l evel. In bot h t he l ocation t he va riation of  s alinity 

concentration in non-saline aquifer domain is very small and the value is around 1.0 dS/m.  

 
Therefore, b ased on electrical c onductivity va lues, t wo t ypes of  groundwater i n non-saline 

aquifer depth are recognized in the study area: a groundwater that is not hazardous and needs no 

restriction on use and a groundwater in saline aquifer depth that needs slight to moderate degree 

of restriction on use. The first type of groundwater can be used for irrigation for almost all crops 

and for almost all kinds of soils. No soil and cropping problem will arise. Very little salinity may 

develop which may require slight leaching; but it is permissible under normal irrigation practices 

except in soils of e xtremely low  pe rmeabilities. But, the g roundwater from s aline aqui fer 

domains cannot be used for irrigation for almost all crops and for almost all kinds of soils. Both 

soil quality and c ropping yield problems will a rise f rom its  us e f or ir rigation. Significant s oil 

salinity m ay de velop w hich will require leaching. To a chieve a  f ull yield pot ential us ing t he 
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second type, gradually i ncreasing care i n water appl ication and m anagement al ternatives a re 

required. The EC data are evaluated and used is given in Appendix-D for Kalia and Tularampur. 

7.5.3 Evaluation of SAR  

The physico-chemical parameters of the collected water samples were carried out following the 

established analytical methods (Jackson, 1967; Page et al., 1982; Richards, 1954). The Na+ were 

determined b y flame ph otometry (Jackson, 196 7); C a2+, M g2+, b y vi sible s pectrophotometer 

(Jackson, 1967 and Page et al., 1982); and the sodium adsorption ratio (SAR) was estimated by 

the equation using the values obtained for, Na+ , Ca 2+, and Mg2+  

 

in me/l (Richards, 1954). 

       SAR = [Na+] / {([Ca2+] + [Mg2+]) / 2}1/2

The high SAR in any irrigation water implies hazard of sodium (Alkali) replacing Ca

                                                                             (7.1) 

2+ and Mg2+

 

  

of t he soil through c ation e xchange pr ocess, a  s ituation e ventually damaging t o soil s tructure, 

namely permeability which ultimately affects the fertility status of the soil and reduce crop yield 

(Gupta, 2005). The Sodium Adsorption Ratio (SAR) influences infiltration rate of water. So, low 

SAR is always desirable. In the studied samples, for Kalia the SAR values ranged from 5.83 t o 

12.47 as shown in Figure 7.9 f or saline water domain. For Tularampur the SAR values ranged 

from 4.25 t o 11.75 a s shown in F igure 7.10 f or s aline water domain. T he SAR va lue was the 

highest where the EC v alue was the highest. Referring Table 7.1 it i s evident f rom the whole 

sample s et t hat t he S AR va lue varies f rom excellent to good category.  Figure 7.9 a nd Figure 

7.10 show that the SAR is always in excellent range for the non-saline aquifer domains in Kalia 

as well as i n Tularampur. Therefore, the S AR results support t hat t hat t he groundwater i n t he 

different aquifer depths is free from any sodium hazard and highly suitable for irrigation.  Water 

with SAR value less than 10 is suitable for any crop. Water with SAR within a range of 10 to 24 

may cause pr oblems on  f ine t exture s oils a nd sodium s ensitive pl ants, e specially und er l ow 

leaching condi tions. For i rrigation with water ha ving SAR of  t his r ange requires good sodium 

tolerant plants along with special management such as the use of gypsum. Irrigation water with 

SAR va lues m ore t han 24 i s ha rmful f or c rops in m ost s oils, except w ith high salinity (1280 

mg/l) and high calcium l evels, a nd ne eds t he u se of  gypsum. The S AR va lue for K alia and  

Tularampur is given in Appendix–E. 
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Figure 7.9: Variation of SAR with time at Kalia. 

 

Figure 7.10: Variation of SAR with time at Tularampur. 

7.5.4 Evaluation of pH  
 
The a cidity o r ba sicity of i rrigation w ater i s e xpressed as pH  ( < 7.0 a cidic; >  7.0 b asic). The 

hydrogen-ion c oncentration i s a n i mportant qu ality p arameter of  bot h na tural w aters a nd 

wastewater. The pH range suitable for the existence of most biological life is quite narrow and 

critical, and is typically ranges from 6 to 9 (Metcalf and Eddy, 2003). The normal range of pH 
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for irrigation water is 6.5 to 8.5 (Pescod, 1992). Abnormally low pH is not common in the study 

area, but may cause accelerated irrigation system corrosion where they occur. The pH value from 

one aquifer domain to another does not  very s ignificantly both in Kalia and Tularampur. As a  

result te average value at Kalia and Tularampur are presented. The measured average pH values 

of the water sample of the two sites ranges from 7.65 t o 8.08 for both the domains. In general, 

from pH  poi nt o f vi ew t he groundwater of t he s tudy area are found s afe a nd c an b e us ed f or 

irrigation. The measured pH va lue for K alia a nd T ularampur in t he s tudy area is given in 

Appendix–E. 

 
Figure 7.11: Variation of average pH in Kalia and Tularampur. 

 
7.6 Conclusions 

In the study area at Kalia the non-saline aquifer domain is overlain by the saline aquifer domain. 

The thickness o f the non-saline aquifer i s 20 m  a nd the s aline aquifer i s 30 m . The s alinity 

concentration in the non-saline aquifer domain varies from 0.56 dS/m to 1.18 dS/m whereas the 

salinity in saline aquifer domain varies from 1.8 dS/m to 5.01 dS/m. In Tularampur the situation 

is found opposite where the non-saline aquifer domain is underlain by saline aquifer domain. The 

thickness of the non-saline aquifer is 50 m and the non-saline aquifer is 50 m. The salinity varies 

from 3.4 dS/m to 5.38 dS/m in the saline aquifer domain and 0.75 dS/m to 1.18 dS/m in the non-

saline aquifer domain. So, the salinity in the saline aquifer domains in both the location exceeds 
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the ir rigation water qu ality limit a nd the s alinity c oncentration in the non -saline dom ains f ar 

below the acceptable limit for irrigation. At both locations, the pH and the SAR values are found 

good to excellent for crop production. So, as observed that due to the presence of saline layers 

the a quifer cannot b e f ully de veloped. This l imitation of  c oastal a quifer i s not  onl y in the 

southwest r egion of  Bangladesh; but  t his is c ommon i n c oastal r egion of  t he w orld. So, i t i s 

strongly ne eded t o us e t he de veloped c onjunctive us e m odels to formulate the  w ell field 

development s chemes for a ugmentation of  us able w ater s upply by de veloping f ull coastal 

aquifer. In the following chapter such schemes for the study area will be formulated.  



CHAPTER 8 
 

CONJUNCTIVE USE SCHEME FORMULATION 
 
8.1 Introduction 
 
The developed multi-well and the multi-strainer models will be applied to evaluate the design 

criteria to formulate the multi-well and the multi-strainer well field development schemes in 

the southwest coastal region of Bangladesh. The sites used for identification of saline and the 

non-saline aquifer domains and installation of the potentiometric water level and the salinity 

monitoring wells for evaluation of hydraulic connectivity of the aquifer and degree of aquifer 

salinity in Kalia and T ularampur in the  N arail di strict of t he r egion are used f or m odel 

application. The geo-structural and the hydraulic potential of the aquifer system of the area to 

develop for w ater supply h ave been discussed i n Chapter 6.  Chapter 7 focuses on the 

identification of saline and the non-saline aquifer domains and the evaluation of the degree of 

salinity in the identified aquifer domains including the irrigation suitability. The monthly year 

round salinity data required for mul ti-well and the mul ti-strainer models, application of  the 

model, a nd formulation of  the well field development schemes ha ve been discussed i n t he 

current chapter. 

 
8.2 Model Data Requirement 
 
The design criteria Kw and K s to formulate the  mul ti-well and the mul ti-strainer w ell f ield 

development s chemes are eva luated with t he m odels r epresented with Equation ( 4.7) a nd 

Equation ( 4.30), r espectively. The mul ti-well m odel, E quation ( 4.7) t o evaluate multi-well 

scheme de sign criteria Kw, the s alinity c oncentration da ta f rom non -saline and the saline 

aquifer dom ains, t heir a verage c oncentration, a nd t he pr e-determined acceptable l evel of  

concentration based on the purpose of the well field development schemes are required. The 

multi-strainer model, Equation (4.30) to evaluate multi-strainer scheme design criteria Ks, the 

salinity concentration data from non-saline and the saline aquifer domains, mix concentration 

data from the wells di scharging the  mix ed water f rom s aline a nd the non -saline aqui fer 

domains, and the pre-determined acceptable level of  concentration based on t he purpose of  

the w ell f ield development s chemes ar e r equired. The mul ti-strainer m odel, i n a ddition t o 

salinity c oncentration da ta, r equires t he s trainer lengths used in saline and t he non -saline 

aquifer domains of the multi-strainer wells discharging the mixed water from saline and the 

non-saline aquifer domains. The well field design criteria K w and K s are to be generated for 

over t he year for dom estic pur pose or ove r t he irrigation s eason used f or the c rops to be  



118 
 

irrigated. The appropriate design criteria is to be selected from among the generated values 

for ove r t he year or t he i rrigation season so t hat t he c oncentration of  t he designed well 

discharge is maintained at a level not exceeding the pre-determined acceptable limit  over the 

year or  t he s eason which e ver i s a ppropriate. The selected design criteria are t he cr itical 

values Kwc and Ksc

 

 from t he g enerated design criteria f or mul ti-well development scheme 

and  for multi-strainer well development scheme, respectively. 

 8.3 Model Data Generation 
 
The monthly year r ound salinity data f rom t he i ndependent monitoring wells described in 

Chapter 7 would be  us ed as m odel i nput data for evaluation of  multi-well scheme de sign 

criteria K w to formulate a  mul ti-well de velopment s cheme in the s tudy area. H owever, in 

addition to the independent monitoring wells, the multi-strainer monitoring wells would be  

required to install for generating additional input data for  multi-strainer model to evaluate the 

design criteria, Ks for formulating 

 

the multi-strainer well development scheme. To generate 

the mix  concentration data from the wells discharging the mixed water from saline and the 

non-saline aquifer dom ains, multi-strainer moni toring wells a re to be ins talled in the s tudy 

areas. 

8.3.1 Setting multi-strainer monitoring wells 
 
To generate the mixed salinity concentration data, Cmix_s for multi-strainer model, one multi-

strainer monitoring well is installed both in Kalia and T ularampur at t he vi cinity of  the 

monitoring wells ins talled for identification of  non-saline and the saline aquifer dom ains, 

evaluation of ir rigation suitability of  w ater, and a lso w ould be  us ed f or s alinity da ta 

generation for the multi-well development scheme. The ins talled multi-strainer moni toring 

wells at two locations, Kalia and Tularampur, together with the independent monitoring wells 

in s aline a nd the non-saline a quifer dom ains a re shown i n F igure 8.1  a nd F igure 8.2, 

respectively. In K alia, the uppe r s trainer of the  multi-strainer monitoring well is se t in t he 

saline a quifer dom ain at a depth of  110  m and the lower strainer is set in t he non -saline 

aquifer domain at a depth of 300 m. In Tularampur, the upper strainer is set in the non-saline 

aquifer domain at a depth of 100 m and the lower strainer is set in the saline aquifer domain 

at a depth of 300 m. The screen lengths and diameters for upper and the lower screens at both 

sites are equal and 10 m and  3.8 cm (1.5 inches), respectively. The PVC pipe and the strainer 

are equal in diameter in both locations throughout the depth. So, the locations of the strainers 

installed in saline and the non-saline aquifer domains of the multi-strainer monitoring wells 
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are at same le vels of  t he s trainers of  the  indepe ndent moni toring w ells ins talled in th e 

respective domains in two study locations. The mixed salinity data, C mix_s

 

 as required in the 

multi-strainer model would be generated from the water samples collected from these multi-

strainer monitoring wells in Kalia and Tularampur.  

 

 

 

 

 

 

 

 

 

Figure 8.1: Monitoring wells at Kalia.              Figure 8.2: Monitoring wells at Tularampur. 

8.3.2 Mixing time in multi-strainer monitoring wells 

Before col lection of w ater s amples from moni toring w ells f or s alinity evaluation, it is 

essential to know appropriate time of sample collection to get the  equilibrium concentration 

of w ell m ixed water from both t he s aline a nd the non-saline a quifer dom ains di scharged 

through t he m ulti-strainer moni toring w ells. The water s amples f rom e ach individual w ell 

installed in saline and the non-saline aquifer domains independently were also collected at a 

time when the concentration at these wells attains equilibrium. This equilibrium is normally 

attained a fter 30 m ins of  c ontinuous pum ping f rom t he s tarts  (Raghunath, 19 90; AP HA, 

1999) and i t was followed in the current study. However, this t ime of attaining equilibrium 

for multi-strainer monitoring wells should be different and there is no i nformation available 

in the literature in relation to such time of equilibrium in multi-strainer monitoring wells.  
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In the case of multi-well development scheme the saline and the non-saline aquifer domains 

are  considered independently. In the case of multi-strainer monitoring wells, water is coming 

from both saline and the non-saline aquifer depths as  both saline and the non-saline aquifer 

domains are s creened. Therefore, m ixing m echanism w ould be  di fferent f rom t hat of  

independent w ells a nd t he t ime t o a ttain t he e quilibrium c oncentration m ust be  l onger. As 

such, t he equilibrium mix ing t ime of  di scharges f rom bot h t he a quifer domains i n m ulti-

strainer monitoring wells is evaluated. The water samples were collected in every 10 mins for 

a total time of pumping of 1 hr  30 minutes. The collected water samples were tested for EC 

(dS/m) and are presented in a graphical form in Figure 8.3.  The presence of  salinity is also 

found to vary with locations; in  some places  salinity presence is found in the top layer of the 

aquifer, w hile some places in t he bot tom layer of t he a quifer. F igure 8.3  s hows t hat w hen  

pumping is started, because of its lower density, freshwater tends to remain above the saline 

water of  the aquifer; so that less dense water was discharged first as the flow is induced by 

the suction head within the well. So, the salinity concentration of water was found to be lower 

at t he be ginning, a nd i t  i ncreased gradually and the i ncreases continued up t o 60 m ins i n 

Kalia a nd 50 m ins i n Tularapur. This indicates that t he c oncentration of  pum ped w ater 

attained equilibrium concentration after 60 mins in Kalia and 50 mins in Tularampur, which 

represented the fully mixed concentration of  both the aquifer domains. So, when the saline 

aquifer domain is overlain the fresh aquifer domain, it takes longer time to attain equilibrium 

of mixing. This is probably because the saline water from the lower aquifer takes longer time 

to be fully mixed with the upper aquifer saline water.  

 

Figure 8.3: EC variation with time of pumping in multi-strainer monitoring well. 
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Therefore, it is strongly recommended that when the fresh water aquifer is overlain by saline 

aquifer at least 1 hr  of continuous pumping and when the fresh water aquifer is underlain by 

saline aquifer at least 1 hr 20 mins of continuous pumping should be done before  collecting 

water samples represented of the well mixed water from multi-strainer monitoring well. On 

the other hand as discussed earlier it takes only 30 mins of  pumping to get the well mixed 

water from the multi-well monitoring wells. Figure 8.3 further shows that the stability occurs 

faster i n the aqui fer s ystem w here t he f resh water dom ain is overlain by the s aline-water 

domain. Therefore, pum ping s hould b e c ontinued l onger w here t he fresh w ater dom ain i s 

underlain by saline water domain. 

8.3.3 Water sample collection and analysis 

For w ater s ample c ollection and analaysis f or mul ti-strainer moni toring w ells, similar 

procedure a s de scribed in S ection 7.5.1 f or i ndependent monitoring wells w as f ollowed.  

Plastic cont ainers were used for col lection of s amples w hich were pr e-treated by washing 

with distilled water. In case o f mul ti-strainer moni toring w ells, the wells were pumped for  

about 1 hr  20 m inutes be fore s amples w ere c ollected a s di scussed i n S ection 8.3.2. H igh 

density PVC bottles were used for sampling. They were thoroughly cleaned by rinsing with 

8N HNO 3 

 

and de -ionized water f ollowed by repeated washing w ith water s ample as  

suggested b y D e ( 1989). T he bot tles w ere ke pt a ir t ight a nd l abeled pr operly f or 

identification. T he w ater s amples w ere t hen c arried t o l aboratory and pr eserved i n a  r oom 

maintained for this purpose until the analysis was done. These collected water samples were 

analyzed i n the l aboratory t o eva luate t he s alinity conc entration in terms of  E C. The 

collection a nd a nalysis of w ater s amples c ontinued s imultaneously f or single a nd m ulti-

strainer monitoring wells in both the locations. 

For saline and non-saline aquifer domain identification and year round suitability of water for 

irrigation monitoring wells were observed and water sample data collection and their analysis 

were m ade a nd r eported i n C hapter 7. T he salinity d ata r eported i n C hapter 7 i nclude t he 

salinity concentration in saline and the non-saline aquifer domains from November 2010 to 

October 2011 f or Kalia and from January to December, 2011. These data will also serve as 

part of  th e input  da ta to the mode l f or mode l application to evaluate the  design criteria in  

formulating the well development scheme in the study  areas.  
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The salinity in  the  monitoring wells was observed for 19 m onths f rom November, 2010  to 

May 2012 f or s ingle d omain i ndependent monitoring wells in saline a nd the non-saline 

aquifer domains in Kalia and for 15 months from January 2011 to May 2012 in Tularampur. 

In the multi-strainer monitoring wells the  s alinity data was obs erved f or 15 m onths f rom 

March, 2011 to May 2012 both in Kalia and Tularampur. The EC values evaluated from non-

saline and the saline aquifer domains are given in Appendix-D and the EC values evaluated 

from  the multi-strainer monitoring wells are given in Appendix-F for Kalia and Tularampur. 

 
8.3.4 Generated model input data 
 
From the salinity monitoring data as described in Section 8.3.3, t he data for only 12 months 

covering an irrigation season of a year in the study area from May 2011 to April 2012 were 

used i n t he m odels for evaluation of  multi-well and the multi-strainer well de velopment 

schemes design criteria. The salinity in saline aquifer domain (Cs) and the salinity in the non-

saline aquifer dom ain (Cns) were measured directly f rom t he water s amples collected from 

the four monitoring wells installed at different depths at two locations. However, the value of 

Cmix_w is calculated using Equation (4.3) which is the average of the salinity values of saline 

and the non-saline a quifer dom ains a nd would be us ed i n the multi-well m odel. T he E C 

values of  s aline a quifer dom ain ( Cs), t he s alinity i n t he non -saline aqu ifer dom ain (Cns), 

average s alinity of the multi-well monitoring w ells (Cmix_w), and the mixed salinity of  the 

multi-strainer monitoring wells (Cmix_s) are presented in Figure 8.4 and Figure 8.5 for Kalia 

and Tularampur, respectively. Figure 8.4 and F igure 8.5 shows that .the highest EC va lues 

(Cs) observed are 5.01 dS /m i n K alia a nd 5.38 dS/m in T ularampur for the saline aqui fer 

domains and they are observed in the months of July and June,  respectively. The average EC 

value (Cmix_w) e stimated is a bout 3. 10 dS/m and 3.19 dS/m for the multi-well monitoring 

wells in Kalia and Tularampur, respectively which are significantly smaller than the salinity 

observed in saline aquifer domains in both locations. As the salinity limit for irrigation water 

ranges f rom 1.0 dS/m to 3.0 dS /m de pending on t he t ypes of  c rops from F igure 8.4 a nd 

Figure 8.5 , it is  observed that the  mixed concentration sometimes ex ceeds t he acceptable 

range of salinity for irrigation purposes and most of times is within the range. However, the 

mixed c oncentration ( Cmix_s

 

) i n the multi-strainer moni toring wells of  multi-strainer well 

development scheme is never observed to exceed the highest limit of the acceptable range of 

salinity for irrigation purposes and is always significantly lower than the highest limit.  
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Figure 8.4: EC data generated for multi-well and multi-strainer models at Kalia. 

 

 

Figure 8.5: EC data generated for multi-well and multi-strainer models at Tularampur. 
 
Comparison between t he ave rage conc entrations Cmix_w of the  mul ti-well monitoring w ells 

and the mixed concentration Cmix_s of the multi-strainer monitoring wells from Figure 8.4 and 

Figure 8.5 shows that in both the locations the average concentration of the two wells, one in 

non-saline and  t he ot her in saline a quifer do mains, is a lways hi gher t han t he m ixed 

concentration in the multi-strainer monitoring wells. The di fference b etween these t wo 

concentration levels, C mix_w and C mix_s, is much larger in Tularampur where the fresh water 

aquifer domain is underlain by the saline water aquifer domain. This indicates that the  lower 

aquifer domain has smaller contribution than the upper domain to the total discharge of the 

multi-strainer observation wells. The distance between the two strainers of the multi-strainer 
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monitoring w ell dictates thi s c ontribution and t his w ill di ffer f rom one  l ocation t o a nother 

depending on the aquifer materials and structural settings. The model input data also include 

the pre-determined acceptable level of salinity, Ca based on the purpose of use of  both the 

models. At both  l ocations, the average concentrations C mix_w, and  t he mixed concentration 

Cmix_s may n eed to  b ring  do wn or up  to a pre-determined acceptable l evel. Therefore, in 

case of Kalia the mixed concentration Cmix_s is to be lowered to bring it down to acceptable 

level  but in Tularampur there is scope to bring the mixed concentration Cmix_s up to reach at 

the a cceptable limit. The multi-strainer model i nput da ta a lso i nclude t he l engths of  the 

strainers in the saline ( ds) a nd the non-saline (dns) a quifer domains of  t he m ulti-strainer 

monitoring wells. The input data to be used in the multi-well and the multi-strainer models to 

evaluate the design criteria K w and K s

Table 8.1: Input data for multi-well model.  

 are shown in Table 8.1 and Table 8.2 , respectively. 

Tables 8.2 and 8.3 i ncludes the acceptable l evel of salinity for ir rigation  ranging from 1.5 

dS/m to 3.0 dS/m as found to be appropriate for the salinity conditions in the saline and the 

non-saline aquifer domains in the study areas  at two locations. 

 
Month Cs C (dS/m) ns C (dS/m) mix_w Range 

of C
(dS/m) 

=[(Cs+Cns)/2] a 
(dS/m) 

Kalia Tularampur Kalia Tularampur Kalia Tularampur  
May 4.16 5.1 1.05 1.18 2.61 3.14 1.5-3.0 
June 4.87 5.38 1.05 1.0 2.96 3.19 1.5-3.0 
July  5.01 5.08 1.18 1.0 3.10 3.04 1.5-3.0 
August 4.76 4.68 1.11 1.0 2.94 2.84 1.5-3.0 
September 4.66 4.56 1.05 0.83 2.86 2.69 1.5-3.0 
October 4.15 4.14 1.00 0.98 2.58 2.56 1.5-3.0 
November 3.89 3.86 1.13 1.02 2.51 2.44 1.5-3.0 
December 3.84 3.58 1.17 1.05 2.51 2.32 1.5-3.0 
January 3.68 3.40 1.26 1.15 2.47 2.28 1.5-3.0 
February 3.78 3.58 1.35 1.18 2.57 2.38 1.5-3.0 
March 3.81 3.64 1.46 1.22 2.64 2.43 1.5-3.0 
April 3.86 3.68 1.48 1.28 2.75 2.48 1.5-3.0 
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Table 8.2: Input data for  multi-strainer model.  
 
Month Cs C (dS/m) ns C (dS/m) mix_s C (dS/m) a d 

Range 
(dS/m) 

 
s 

(m) 

d
 

ns 

(m) 
Kalia Tularam

-pur 
Kalia Tulara

m-pur 
Kalia Tularam

-pur 
May 4.16 5.10 1.05 1.18 2.36 1.75 1.5-3.0 10.0 10.0 
June 4.87 5.38 1.05 1.0 2.45 1.88 1.5-3.0 
July  5.01 5.08 1.18 1.0 2.62 1.81 1.5-3.0 
August 4.76 4.68 1.11 1.0 2.64 1.69 1.5-3.0 
September 4.66 4.56 1.05 0.83 2.51 1.54 1.5-3.0 
October 4.15 4.14 1.00 0.98 2.44 1.42 1.5-3.0 
November 3.89 3.86 1.13 1.02 2.32 1.41 1.5-3.0 
December 3.84 3.58 1.17 1.05 2.42 1.44 1.5-3.0 
January 3.68 3.40 1.26 1.15 2.46 1.52 1.5-3.0 
February 3.78 3.58 1.35 1.18 2.36 1.58 1.5-3.0 
March 3.81 3.64 1.46 1.22 2.29 1.61 1.5-3.0 
April 3.86 3.68 1.48 1.28 2.31 1.68                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 1.5-3.0 
 

8.4 Well Field Design Criteria Evaluation 

In K alia and Tularampur, the pr oportion of  di scharge f rom the non-saline and the saline 

aquifer domains must be adjusted to bring the salinity of mixed  discharges at pre-determined 

acceptable l evel for w ater s upply f or i rrigation or  ot her us es. This w ould b e done b y  

formulating  either the multi-well field or the multi-strainer well field development scheme or 

the both by us ing the appropriate d esign criteria to be evaluated b y the  multi-well and the 

multi-strainer models. In this regard using the  model input da ta presentd in Table 8.1 and 

Table 8.2 for mul ti-well and the mul ti-strainer m odels, respectively for a year covering a n 

irrigation s eason and t he pr e-determined acceptable l evel of  s alinity on t he ba sis of  t he 

purpose of use, the design criteria, K w for multi-well field scheme and K s for multi-strainer 

well field scheme can be evaluated. Using the montly salinity data as presented in Table 8.1 

and Table 8.2 f or Kalia and Tularampur, respectively, the design criteria Kw for multi-well 

development scheme were evaluated by  multi-well model, Equation (4.7) for round the year 

from May to April. Similarly, the  design criteria K s for multi-strainer development scheme 

were evaluated by m ulti-strainer m odel, E quation ( 4.32) for Kalia and T ularampur. The 

evaluation was made for irrigation water acceptable limit ranging from 1.5 dS/m to 3.0 dS/m 

with an interval of 0.25 dS/m. These design criteria can be used for formulation of well field 

development s chemes for an y cr ops according to their tol erance le vel of  s alinity 

concentration w ithin t he r ange of  1.5  dS/m to 3 .0 dS /m. The year r ound evaluated design 

criteria for both the schemes at both the locations, Kalia and Tularampur, thus evaluated are  
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presented in Table 8.3 to Table 8.6. The tables show that the design criteria Kw and Ks vary 

with time and with the a cceptable limit of  s alinity. The va riation with time practically 

represents the va riation w ith t he s alinity c oncentration i n s aline a nd t he non-saline aqui fer 

domains as they vary with time. The monthly design criteria evaluated for a year for different 

acceptable limit are not equally suitable to give coverage over the year or over the irrigation 

season to maintain the s uitability of  de sign well di scharge w ithin the a cceptable limit.  

However, t he a ppropriate de sign criteria corresponding to the a cceptable limit s can be 

selected from t he generated values and selection is  f ollowed in the f ollowing s ection. The 

mixed concentration, Cmix_s

                                               

 varies f rom 2.28  dS/m to 2.68 dS /m at Kalia whereas i t varies 

from 1.48 dS/m to 1.88 dS/m at Tularampur. The behavior at Kalia is found to be opposite to 

that at Tularampur and this is because the location of saline and non-saline aquifers domain is 

riverse in the two locations.  

Table 8.3: Generated design criteria Kw

 

  at Kalia for different irrigation limits.  

Month 
.Iirrigation limit 1.5 dS/m to 3.0 dS/m 

1.5  1.75  2.0  2.25  2.50 2.75  3.0  
May-11 0.17 0.29 0.44 0.63 0.87 1.20 1.67 
Jun-11 0.13 0.22 0.33 0.46 0.61 0.80 1.04 
Jul-11 0.12 0.20 0.30 0.42 0.56 0.74 0.95 
Aug-11 0.12 0.21 0.32 0.45 0.61 0.82 1.07 
Sep-11 0.14 0.24 0.36 0.50 0.67 0.89 1.18 
Oct-11 0.19 0.31 0.46 0.66 0.91 1.25 1.73 
Nov-11 0.11 0.24 0.41 0.62 0.91 1.32 1.97 
Dec-11 0.14 0.28 0.45 0.68 0.99 1.45 2.18 
Jan-12 0.11 0.25 0.44 0.69 1.05 1.60 2.56 
Feb-12 0.08 0.22 0.39 0.61 0.93 1.40 2.17 
Mar-12 0.05 0.18 0.34 0.56 0.85 1.29 2.00 
Apr-12 0.01 0.13 0.28 0.48 0.75 1.14 1.77 
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Table 8.4: Generated design criteria Ks

 
  at Kalia for different irrigation limits.  

Month Iirrigation limit 1.5 dS/m to 3.0 dS/m 
1.5 1.75 2.0 2.25 2.5 2.75 3.0 

May-11 0.25 0.42 0.63 0.87 1.18 1.56 2.07 
Jun-11 0.23 0.39 0.57 0.79 1.05 1.38 1.80 
Jul-11 0.14 0.28 0.43 0.61 0.82 1.08 1.39 
Aug-11 0.17 0.29 0.45 0.63 0.85 1.13 1.49 
Sep-11 0.21 0.35 0.52 0.73 0.98 1.30 1.72 
Oct-11 0.22 0.37 0.55 0.78 1.08 1.48 2.06 
Nov-11 0.16 0.35 0.59 0.90 1.32 1.92 2.85 
Dec-11 0.16 0.31 0.51 0.77 1.12 1.64 2.47 
Jan-12 0.11 0.26 0.45 0.70 1.07 1.63 2.60 
Feb-12 0.11 0.30 0.53 0.84 1.27 1.90 2.95 
Mar-12 0.09 0.30 0.58 0.94 1.44 2.17 3.36 
Apr-12 0.02 0.28 0.63 1.08 1.69 2.58 3.99 

 

Table 8.5:  Generated design criteria Kw

 
 at Tularampur for different irrigation limits. 

Month Iirrigation limit 1.5 dS/m to 3.0 dS/m 
1.5 1.75 2.0 2.25 2.5 2.75 3.0 

May-11 0.14 0.23 0.33 0.45 0.59 0.77 0.99 
Jun-11 0.13 0.21 0.30 0.40 0.52 0.67 0.84 
Jul-11 0.14 0.23 0.32 0.44 0.58 0.75 0.96 
Aug-11 0.16 0.26 0.37 0.51 0.69 0.91 1.19 
Sep-11 0.22 0.33 0.46 0.61 0.81 1.06 1.39 
Oct-11 0.20 0.32 0.48 0.67 0.93 1.27 1.77 
Nov-11 0.19 0.33 0.49 0.71 1.00 1.40 2.01 
Dec-11 0.22 0.38 0.60 0.90 1.34 2.05 3.36 
Jan-12 0.18 0.35 0.57 0.89 1.38 2.19 3.85 
Feb-12 0.17 0.35 0.59 0.94 1.48 2.45 4.67 
Mar-12 0.16 0.35 0.61 1.00 1.64 2.89 6.36 
Apr-12 0.10 0.24 0.43 0.68 1.03 1.58 2.53 
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Table 8.6: Generated design criteria Ks

 
 at Tularampur for different irrigation limits.  

Month Iirrigation limit 1.5 dS/m to 3.0 dS/m 
1.5 1.75 2.0 2.25 2.5 2.75 3.0 

May-11 0.74 1.19 1.49 2.07 2.76 3.60 4.66 
Jun-11 0.68 1.11 1.18 1.59 2.07 2.65 3.34 
Jul-11 0.66 1.07 1.31 1.78 2.35 3.03 3.88 
Aug-11 0.68 1.11 1.62 2.23 2.98 3.93 5.16 
Sep-11 0.50 0.78 1.93 2.59 3.42 4.47 5.87 
Oct-11 0.44 0.82 2.91 4.11 5.67 7.79 10.84 
Nov-11 0.43 0.73 3.24 4.65 6.54 9.19 13.18 
Dec-11 0.51 0.88 3.30 4.95 7.37 11.24 18.45 
Jan-12 0.54 1.04 3.04 4.74 7.30 11.61 20.42 
Feb-12 0.60 1.34 2.67 4.25 6.71 11.10 21.12 
Mar-12 0.64 1.87 2.61 4.28 7.03 12.36 27.22 
Apr-12 0.50 1.22 2.14 3.39 5.16 7.90 12.64 

 

8.5 Well Field Design Criteria Selection 

In the process of formulation of conjunctive use scheme, at this stage for  each location, Kalia 

and Tularampur, the appropriate design criteria for formulating the multi-well  and the multi-

strainer w ell development schemes, would be  selected from t he ge nerated de sign c riteria 

presented in Table 8.3 to Table 8.6. From Table 8.3 to Table 8.6 the critical design criteria for 

different acceptable limit the  le ast v alue o f the  irrigation season f rom J anuary t o A pril i s 

selected. For Kallia the design criteria K w and Ks are selected from Table 8.3 and Table 8.4. 

Similarly, for T ularampur the  de sign criteria K w and K s are s elected from T able 8.5 and 

Table 8.6. The selected values are termed as the critical design criteria, and are tabulated in 

Table 8.7. The design criteria selection is based on the purpose of use of the proposed well 

field de velopment s cheme. F or example, i f the pur pose of  us e i s dom estic, the s election 

should be based on the design criteria evaluated monthly for a year and if the purpose of use 

is the agricutural water supply the selection should be based on the irrigation season of  the 

crops for which the scheme is proposed to be developed. For each case the design criteria to 

be s elected to give the be st c overage ove r t he period of  us e so t hat t he pr oposed s cheme 

would not  s upply w ith s alinity concentration exceeding t he ac ceptable l imit f or w hich the 

scheme designed. The current study aims at developing a well field development scheme to 

supply irrigation water in both the study locations. For this purpose the irrigation season is to 

be selected for the area which is normally from January to April. So, the critical value of the 

design criteria dur ing the  ir rigation period is s elected from Table 8.3 t o Table 8.7 
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corresponding to diferent irrigation acceptable limit from 1.5 dS/m to 3.0 dS/m. The  selected 

critical values of design criteria are presented in Table 8.7. 

 
Table 8.7: Critical design criteria at different salinity acceptable limits. 
 

 

From Table 8.7, it is seen that the design criteria, Kw

 

 between the discharge from saline and 

non-saline aquifer domains in multi-well model varies significantly with the acceptable limit 

of salinity. In multi-strainer scheme, the design criteria also varies with the acceptable limit. 

In both places the design criteria evaluated will cover the  irrigation period normally practised 

in the area. Therefore, for both places, the well field development schemes will be formulated 

following the design criteria as presented in Table 8.7. Figure 8.6 further shows the variation 

of cr itical de sign criteria w ith the accept able r anges of  s alinity. Figure 8. 6 can be  used for 

easy s election of de sign criteria at  an y va lue of  pr e-determined acceptable l evel o f 

concentration within the range of 1.5 dS/m to 3.0 dS/m for any crops to be grown in Kalia 

and Tularampur.  

Acceptable 
limit, Ca

Kalia 
 

(dS/m) 

Tularampur 
Kwc Month   Ksc Month   Kwc Month   Ksc Month   

1.5 0.01 April 0.02 April 0.10 April 0.50 April 
1.75 0.13 April 0.26 January 0.24 April 1.04 January 
2.0 0.28 April 0.45 January 0.43 April 2.14 April 
2.25 0.48 April 0.70 January 0.68 April 3.39 April 
2.5 0.75 April 1.07 January 1.03 April 5.16 April 
2.75 1.14 April 1.63 January 1.58 April 7.90 April 
3.0 1.77 April 2.60 January 2.53 April 12.64 April 
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Figure 8.6: Critical design criteria Kwc and Ksc 

 
at different irrigation limits. 

The de sign criteria, Kw for multi-well field scheme and K s

 

 for multi-strainer w ell f ield scheme 

vary f rom place to place depending on t he presence of  salinity in the saline and non-saline 

aquifer domains and the predetermined usable acceptable limit of salinity concentration. The 

figure shows that the design criteria varies almost liniarly at the beginning but gradually the 

variation is exponential with the increase in acceptable limit of  salinity. The critical design 

criteria for mul ti-strainer w ell de velopment s cheme in Kalia is  the  l east s ensitive to the 

acceptable limit w hereas f or the  mul ti-well de velopment s cheme the  de sign criteria is  the   

most sensitive to the acceptable limit at the same place. The derived exponential relations are 

given in Equation (8.1) to Equation (8.4).  

Kwc_Kalia = 0.007e1.821Ca

 
                                                                                                      (8.1) 

Kwc_Tularampur = 0.012e1.755Ca

 
                                                                                            (8.2) 

Ksc_Kalia = 0.013e1.741Ca

 
                                                                                                       (8.3) 

Ksc_Tularampur = 0.063e1.759Ca

 
                                                                                            (8.4) 

These equations can be used to evaluate the design criteria  for any value  of  pre-determined 

acceptable limit of salinity concentration for formulating the well field development  schemes 
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for conjunctive use of saline and non-saline aquifers for any purpose of water use in the study 

areas. 

 
8.6 Conjunctive Use Schemes Formulation 
 
Table 8.7 and Figure 8. 6 show the cr itical design criteria for di fferent acceptable i rrigation 

limits ranging from 1.5 dS/m to 3.0 dS/m during the normal period of irrigation from January 

to April in the southwest region of Bangladesh.  

 
The conj unctive us e s cheme f ormulation for a p lace r equires i n addition to critical de sign 

criteria, the aqui fer i nformation such as t he aqui fer t ype and the depths o f s aline and non-

saline a quifer dom ains. These i nformation are n ecessary for conventional well de sign. The 

multi-well model requires the conventional design of  the wells and with the conventionally 

designed wells, the discharge from the saline and the non-saline aquifers are to be adjusted by 

well di scharge f rom e ach domain either w ith the c apacity of  w ells or  with the num ber of  

wells of equal capacity or both to obtain the discharge at the pre-determined acceptable limit 

of salinity concentration. However, in multi-strainer well development scheme the lengths of 

strainers are to be a djusted w ithin t he conventionally designed strainers of  the  w ells. In 

Chapter 6, based on detailed  geologic configuration of the study area and hydraulic head at 

different d epths it w as concluded t hat t he a quifer of  t he southwest coastal r egion of 

Bangladesh can be considered as a composite single, confined aquifer regionally.  

For both the places, Kalia and Tularampur, in formulating multi-well scheme, the discharge 

need to be adjusted either by adjusting the number of wells or adjusting the capacity of  the 

wells or both as per the evaluated critical design criteria, K wc within the conventional design 

criteria. Similarly in formulating the multi-strainer scheme the discharge from the non-saline 

and the saline aquifer domains need to be adjusted by adjusting the strainer lengths as per the 

critical design criteria, K sc within the conventionally designed lengths of  the s trainers. The 

necessary information for conventional well design (Boman, 2006) based on the aquifer geo- 

structural s tratification and configuration di scussed and pr esented in C hapter 6 is g iven in 

Table 8. 8. The ex istence and the ex tent of  s alinity of t he aqui fer s ystem was already  

discussed a nd pr esented i n C hapter 7. Figure 7.2 a nd Figure 7.3 i n C hapter 7 pr ovide t he 

information to estimate the thickness of  saline and non-saline aqui fer domains at  Kalia and 

Tularampur. Based on the aquifer configuration, the aquifer extent and estimated maximum 

strainer lengths in conventional well design is summarized in Table 8.4. Within this estimated 
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maximum strainer lengths in saline and non-saline aquifer domains for conventional wells the 

designed strainers lengths for multi-strainer well schemes are to be adjusted. 

 
Table 8.8: Aquifer configuration and maximum strainer lengths in conventional well design. 
 
Description  Kalia 

 
Tularampur 

Aquifer thickness in saline aquifer domain 30 m 50 m 

Aquifer thickness in non-saline aquifer domain 20 m 50 m 

Aquifer type Confined Confined 

Strainer length in saline aquifer domain (80 % of aquifer 
thickness) 

24 m 40 m 

Strainer le ngth in non-saline a quifer dom ain (80 % o f 
aquifer thickness) 

16 m 40 m 

Strainer depth at saline aquifer domain 110 m 300 m 
Strainer depth at non-saline aquifer domain 300 m 80 m 

 

The i nformation d erived i s ba sed on t he c onsideration t hat t he s aline a nd t he non -saline 

aquifer domains are independent for development of the conjunctive use schemes. It is seen 

in Table 8.8 that the traditionally designed well strainer lengths  are 24 m and 16 m for saline 

and the non-saline aqui fers, respectively i n Kalia at 110 m  a nd 300  m a quifer de pth. 

Similarly, the traditionally de signed w ell strainer le ngths are 40 m  both for s aline a nd the 

non-saline aqui fers, respectively i n Tularampur at 300 m  a nd 80 m  a quifer de pths. As a 

result, the designed strainer lengths for the multi-strainer scheme are to be adjusted within 24 

m and 16 m for saline and non-saline aquifers, respectively in Kalia. Similarly, the designed 

strainer lengths for multi-strainer scheme are to be adjusted within 40 m both for saline and 

the non-saline aquifers, respectively in Tularampur. 

 
Based on the multi-well design criteria using Equation (4.4) 

 

and Table 8.8, the proportion of 

well numbers or the proportion of discharge from saline and freshwater aquifer domains have 

been de termined. A gain f or  the multi-strainer s cheme,  using Equation ( 4.32) the desired 

strainer lengths in saline and freshwater aquifers domains at Kalia and Tularampur have been 

determined. The d esigned multi-well a nd the  multi-strainer schemes are tabulated for 

different salinity concentration in the range of 1.5 dS/m to 3.0 dS/m in Table 8.9.  
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Table 8.9: Design criteria and  designed multi-well and multi-strainer schemes.  
 
Irrigation 
Acceptable 
Limit 
(dS/m) 

Multi-well scheme 
 

Multi-strainer scheme 
 

Kalia Tularampur Kalia  Tularampur 
K Qwc s:Q

 
ns K Qwc s:Q

 
ns K dsc sa d 

(m) (m) 
nsa K dsc sa

(m) 
  d

(m) 
nsa 

1.50 0.01 1:100 0.10 1:10 0.02 1 16 0.50 17 40 
1.75 0.13 1:8 0.24 1:4 0.26 4 16 1.04 40 38 
2.00 0.28 1:4 0.43 2:5 0.45 7 16 2.14 40 19 
2.25 0.48 1:2 0.68 7:10 0.70 11 16 3.39 40 12 
2.50 0.75 3:4 1.03 1:1 1.07 17 16 5.16 40 8 
2.75 1.14 6:5 1.58 8:5 1.63 24 15 7.90 40 5 
3.00 1.77 7:4 2.53 5:2 2.60 24 9 12.64 40 3 

 

For multi-well scheme it is seen that for maintaining the concentration of salinity up to 2.50 

dS/m of mixed water in the tank the discharge from saline aquifer domain must be less than 

that of the non-saline aquifer domain.  The nature is changing for upward concentration  i n 

Kalia where saline aquifer domain i s unde rlain b y non-saline aquifer do main. However, i n  

Tularampur where s aline a quifer dom ain i s ov erlain b y non -saline aquifer dom ain, the 

discharge f rom t wo a quifer dom ains m ust be  e qual to maintainat the acceptable l evel of  

salinity at 2.50  dS/m of mixed water in the mixing tank and the nature starts changing when 

acceptable level of salinity is more than 2.50  dS/m.  

 
Similarly, the multi-strainer scheme is changing its nature from salinity level from 2.50 dS/m 

for Kalia and from 1.75 dS/m for Tularampur. At Kalia, from acceptable level of salinity 1.50 

dS/m, the s trainer length c an be  adjusted i n t he s aline a quifer dom ain ke eping t he s trainer 

length constant in the non-saline aquifer domain and this can be continued up to 2.5 dS/m and 

beyond this level strainer lengths should be adjusted in the non-saline aquifer domain keeping 

the strainer length constant at traditionally well designed strainer length in the saline aquifer 

domain. At Tularampur, only a t 1.5 dS /m the s trainer l ength i s to be  adjusted in the saline 

aquifer dom ain ke eping the s trainer l ength i n t he non -saline a quifer do main at tr adionally 

well designed strainer depth at 40 m. From 1.75 dS/m, the strainer length can be  adjusted in 

the non-saline aquifer domain keeping the strainer length in the non-saline aquifer domain at 

tradionally well designed strainer depth at 40 m. Therefore, at both places multi-well and the 

multi-strainer conjunctive use schemes for combined use of saline and the non-saline aquifer 

domains a re formulated t o s upply i rrigation w ater a t di fferent l evel of pr e-determined 

acceptable limit ranging from 1.5 dS/m to 3.0 dS/m. It is seen from the schemes formulation 
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(Table 8.9) that the mixing proportion of saline and non-saline water changes with the level 

of pre-determined acceptable level of salinity.  

 
In multi-strainer well field development scheme, the maximum acceptable strainer lengths of 

24 m  a nd 16 m i n s aline a nd non -saline a quifers dom ains can be us ed in  Kalia at pr e-

determined acceptable l evel of  s alinity of  2.75 dS /m, whereas in multi-strainer w ell f ield 

development scheme, the maximum acceptable s trainer lengths of  40 m and 38 m in saline 

and non -saline a quifers domains c an be  us ed i n Tularampur at pr e-determined acceptable 

level of salinity of 1.75 dS/m.  

 

 

 
Figure 8.7: Adjustment of strainers in saline and non-saline aquifer domains at different 

irrigation limits. 
 
Figure 8.7 s hows that the adjustment ratio between the s trainer l engths i n s aline and  non -

saline aquifer domains increases exponentially with increase in acceptable limit of  salinity. 

Evidently,  the relation between  t he ratio of strainer lengths and the ratio of corresponding 

discharge is highly non-linear.The non-linearity is higher in  the case of Tularampur than in 

Kalia. The derived exponential relations are given in Equation (8.5) and  Equation (8.6) for 

Kalia and Tularampur, respectively. 

 
dsa/dnsa_Kalia =  0.021e 2.179Ca

 

                                                                                                 
(8.5) 

dsa/dnsa_Tularampur =  0.003e 2.253Ca 

 

                                                                                      
(8.6) 
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These e quations c an b e us ed f or evaluating t he pr oportionality factors between strainer 

lengths i n s aline a nd non-saline aquifer dom ains for a ny pr e-determined level of  s alinity 

concentration for any purpose of water use. It should be noted here that these equations are 

location specific. 

 
Table 8.9 pr esents t he designed m ulti-well a nd the  mul ti-strainer w ell f ield development 

schemes co rresponding t o different de sign criteria for different acceptable level of  salinity  

ranging from 1.5 dS /m to 3.0 dS /m which covers salinity limit f or different t ypes of  c rops 

grown in the areas. The southwest region of Bangladesh is predominantly a rice growing area 

and the major ir rigation in the area is  used for rice ir rigation mostly with the saline water. 

Therefore, the acceptable salinity l imit for boro rice irrigation is considered for selection of 

appropriate m ulti-well and multi-strainer w ell f ield development s chemes f rom the  

formulated schemes. The acceptable salinity limit for boro rice is taken 2.0 dS/m as discussed 

in C hapter 7.  The f ormulated multi-well a nd the  mul ti-strainer w ell f ield development 

schemes corresponding to 2.0 dS/m are presented  in Table 8.10 for Kalia and Tularampur. 

 
Table 8.10:   Designed multi-well and multi-strainer well field development schemes.  
 
Irrigation 
Acceptable 
Limit 
(dS/m) 

Multi-well scheme Multi-strainer scheme 
 

Kalia Tularampur  Kalia Tularampur 
Qs:Q

 

n

s 
d

(m) 
s d

(m) 
ns Qs:Q

 

n

s 
d

(m) 
s d

(m) 
ns dsa

(m) 
  d

(m) 
nsa dsa

(m) 
  d

(m) 
nsa 

2.0 1:4 24 16 2:5 40 40 7 16 40 19 
 
The m ulti-well s chemes de veloped f or bot h the loc ations, based on the s elected design 

criteria to supply discharge with 2 dS/m salinity will need to maintain saline and non-saline 

discharge ratio at 1:4 in Kalia and 2:5 in Tularampur. This means that for every well installed 

in saline a quifer dom ain the re mus t be 4 wells of e qual c apacity i n t he non -saline aqui fer 

domain in Kalia. Similarly, for every 2 wells installed in saline aquifer domain there must be 

5 wells of equal capacity in the non-saline aquifer domain in Tularampur. The designed ratio 

of discharges from saline and non-saline aquifer domains can be maintained in Kalia with 2 

wells of double c apacity i n t he non -saline a quifer dom ain. However, i n Tulararmpur, s uch 

arrangement of w ells i n non -saline a nd s aline aquifer dom ains i s further complex as t he 

number of wells are increased. The designed strainer lengths in saline and non-saline aquifer 

domains for the multi-strainer well field scheme in Kalia are 7 m and 16 m, respectively and 

for Tularampur these are 40 m and 19 m, respectively. At Kalia, therefore it is seen that only 
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37 % of the traditionally designed length of the saline aquifer domain can be screened using 

the f ull l ength i n non -saline aqui fer dom ain to maintain t he di scharge of  t he m ulti-strainer 

scheme w ith salinity at pr e-determined acceptable l evel for irrigation. However, a t 

Tularampur, the scenario is reverse where full length of the traditionally design well can be 

screened with screening less than 50 % of the traditionally designed screen length of the  non-

saline aquifer domain to maintain the discharge of the multi-strainer scheme with salinity at 

pre-determined acceptable level for irrigation. 

 
The adjustment in multi-well development scheme may be made with less number of wells 

with hi gher capacity i n the non -saline a quifer d omain t o m aintain t he de sign pr oporion of  

mixing of  di scharges f rom t he t wo aquifer dom ains. H owever, f or m ulti-strainer wells the  

design s trainer depths a re fixed for t hese particular loc ations, Kalia a nd Tularampur. The 

schematic di agram of  t he de signed multi-well a nd multi-strainer w ell f ield development 

schemes for Kalia and Tularampur are given in Figure 8.8 to Figure 8.10. 

 
Figure 8.8 shows that 4 wells are installed in lower non-saline aquifer domain and only 1 well 

is i nstalled i n upper s aline aquifer dom ain as p er formulation a nd design of  t he multi-well 

scheme a s given i n T able 8.10  for K alia. All the  w ells in non-saline and saline aqui fer 

domains are discharging water with the same capacity into a reservoir tank where the water 

from saline and non-saline aquifer domains are mixed at irrigation acceptable level of salinity 

concentration for boro rice crops. The mixed water is arranged to be supplied to the irrigation 

field. Here, it is found that to maintain the mixed water at acceptable level 5 wells of equal 

capacity are installed to discharge into a common tank for mixing before water is supplied to 

the field. All these wells are to be designed following the conventional design of the wells in 

terms of  well specifications and entrance velocity and they should be  installed with proper 

spacing in each domain to avoid the interference. The reservoir tank should be also placed in 

a c entral pl ace so that t he di stance be tween t he wells and  t he t ank can be m inimized. The 

system gets c omplicated w ith  the  increase in number of  w ells. S o, t he c omplexity of  t he 

system with t he num ber of  w ells s hould b e in ons ideration in s electing th e scheme f or 

implementation. 
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Figure 8.8: Schematic diagram of  multi-well development scheme in Kalia. 
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Figure 8.9: Schematic diagram of  multi-well development scheme in Tularampur. 
 
Figure 8.9 shows that in Tularampur 5 wells are installed in upper non-saline aquifer domain 

and 2 wells is installed in lower saline aquifer domain as per formulation and design of the 

multi-well scheme as given in Table 8.10 for Tularampur. The 7 wells of equal capacity and 

strainer depth of 40 m, 5 in non-saline and 2 in saline aquifer domains are discharging water 

into a reservoir tank where the water from saline and non-saline aquifer domains are mixed at 

acceptable level of salinity concentration for irrigation of boro rice crops. The mixed water is 

arranged to be supplied to the irrigation field. Here, it is seen that to maintain the mixed water 

at accept able l evel 3 tube wells of  equa l capacity are installed to discharge i nto a  common 
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overhead tank for mixing before water is supplied to the irrigation field. All these wells are to 

be designed as per the conventional well design criteria in terms of well specifications and 

entrance velocity. The wells must be installed with proper spacing in each domain to avoid 

the interference. The reservoir t ank should be pl aced in a central pl ace so that the di stance 

between the w ells and t he t ank c an be  m inimized. By c omparing with Figure 8. 8, i n 

Tularampur the multi-well scheme is much simpler in  implemention and management than 

that of in Kalia.  

 

 
Figure 8.10: Schematic diagram of  multi-strainer well development schemes in Kalia and 

Tularampur. 
 
Figure 8.10 shows the designed multi-strainer schemes at Kalia (left) and Tularampur (right) 

installed screening both non-saline and saline aquifer domains as per formulation and design 

of the multi-strainer schemes as given in Table 8.5. Comparing as shown in  F igure 8.8 a nd 

Figure 8.9, the mult-well schemes in Kalia and  Tularampur, respectively, the multi-strainer 

schemes look much s impler i n implemention and management. However, when considered 
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individual w ell installation and management in multi-well s cheme the pr ocess would be  

simpler tha n the mul ti-strainer s cheme. But t here i s s cope to c onsider t he i ndividual w ell 

installation and the post  construction maintenance for a well field development scheme.  

 
Both the s chemes i n either l ocations ha ve t he mixed water  s alinity at  t he pr e-determined 

acceptable limit.  However, w ith t ime t he s alinity concentraion i n t he aquifer m ay change 

such that the designed implemented schemes  may no longer supply the mixed concentration 

at designed acceptable l imits. Therefore, constant monitoring of  salinity concentration from 

both saline and the non-saline aquifer domains is essential to assess the sustainability of the 

designed implemented scheme.  

 
The formulation of multi-well and multi-strainer well development scheme described above 

may b e t reated as de monstration of t he app lication of  t he de veloped m odels in a s ituation 

existing in Kalia and Tularampur for irrigation purpose. The developed model can be applied 

in any location where the freshwater domain is underlain or overlain by saline water domain. 

The steps in using the developed multi-well and the multi-strainer conjunctive use models for 

formulating the  mul ti-well a nd the mul ti-strainer s chenes for a  r egion are s ummarized in 

Appendix-G. 

 
8.7 Saving Water with Conjunctive Use Schemes 
 
In many places due to the scarcity of usable water it is very common to use the saline water 

for i rrigation. The use of saline water hinders t he c rop production and d eteriorates t he soil 

health. Both in Kalia and Tularampur, the use of saline water is not uncommon for irrigation. 

The de veloped recommended schemes for K alia a nd T ularampur are ev aluated for s aving 

water for ir rigation. In this r egard le aching requirement is  e stimated f or bot h  loc ations. 

Leaching is  ve ry impo rtant f or ir rigation with saline w ater. T he s oil in most of  the  

southwestern coastal zone of Bangladesh is clayey in nature. Soluble salts that accumulate in 

soils f rom s upplied i rrigation w ater m ust be  l eached be low t he c rop r oot z one t o m aintain 

productivity. The amount of water  required to leach out this accumulated salts in access to 

irrigation requirement i s r eferred to as t he l eaching r equirement ( LR).  Leaching can be 

accomplished w ith e ach i rrigation, e very few i rrigation, onc e yearly, or  even l onger 

depending on the severity on the salinity problem and salt tolerance of the crop.  
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8.7.1 Leaching requirement 
 
To estimate the leaching requirement, both the irrigation water salinity (ECiw) and the crop 

tolerance to soil salinity (ECe

 

) need to be known. The necessary leaching requirement (LR) 

can be estimated from  general crop growth stage. More exact estimates for a particular crop 

can be obtained using the equation given by Ayres and Westcot (1994) as 

we

w

EC)5(EC

EC
LR

−
=                                                                                                         (8.5) 

 
LR =  leaching fraction - the fraction of applied irrigation water that must be leached through     
          the root zone, 
ECiw

EC
 = the electric conductivity of the irrigation water, and 

e

 
 = the electric conductivity of the soil in the root zone. 

The ECe

 
 should be checked periodically and the amount of leaching adjusted accordingly.  

8.7.2 Leaching requirement evaluation  
 
Based on E quation (8.5) the l eaching requirement for the  mul ti-well and multi-strainer 

schemes is estimated for saline aquifer domain, non-saline aquifer and for ECiw at acceptable 

limit in the c urrent s tudy. Leaching r equirement f or s aline a quifer dom ain is te rmed as 

LR_Cs, non -saline aqui fer dom ain is t ermed as LR_Cns, and irrigation water at  a cceptable 

limit is termed as LR_Ca. Figure 8.11 shows that LR of acceptable mixed water is about 19 

% which is about 17 to 51 % less than saline water in Kalia and 18 to 56 % less than that of 

Tularampur. However the LR for irrigation acceptable water considered (2 dS/m) is 2 to 10 % 

more than that of non-saline water in Kalia and 3 to 12 % more than that of non-saline water 

in T ularampur. T his i s v ery s mall i n c omparison t o s aving f or s aline w ater w hen water of  

acceptable limit i s s upplied. In Bangladesh, average a nnual r ainfall i s 1790 m m. T his 

monsoon rainfall would help maintain annual salt balance and no a dditional leaching would 

be r equired f or t he developed s chemes a t t he s tudy area. In t he de sign scheme t he m ixed 

water h as salinity at the  a cceptable limit. But w ith time thi s s alinity concentration may 

increase, he nce constant m onitoring i s ne eded a nd l eaching requirement m ay ne ed t o be  

adjusted with the changes in salinity. 
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Figure 8.11: LR for multi-well and multi-strainer well schemes. 
 
8.8 Conclusions 
 
Data f or formulation of  t he multi-well and the multi-strainer well s chemes  have b een 

generated for tw o locations w ith some limita tions. The m ixing time  evaluated for multi-

strainer monitoring wells is about 1 hr which is almost 2.0 times more than the mixing time in 

a s ingle s aline aqui fer monitoring wells. The s tability o ccurs faster i n the aqui fer s ystem 

where the fresh water domain is underlain by the saline-water domain.  

 
Concepts and technology for use of saline and non-saline aquifer domains conjunctively by 

using multi-well and multi-strainer well schemes have been introduced for augmentation of  

usable gr oundwater s upply. If s aline aquifer d omain e xists a bove t he non -saline aqui fer 

domains t hen multi-strainer scheme is  found better than the mul ti-well s cheme t o augment 

the usable water. When the non-saline aquifer domain exists above the saline aquifer,  multi-

well scheme is found better to augment the usable water. The adjusted number of tube wells 

in saline and non-saline aquifer domains and the adjusted strainer lengths in non-saline and 

saline aqui fer dom ains are recommended for K alia a nd T ularampur t o a ttain t he salinity 

concentration of  m ixed water at  the acceptable l evel. The de sign criteria K w and K s vary 

almost lini arly at the  be ginning but  g radually th e va riation is e xponential w ith incrase in 

acceptable limit of  salinity. The adjustment ratio between the  s trainer lengths in saline and 

the non -saline aqui fer d omains i ncrease ex ponentially w ith increase in acceptable limit of  

salinity which shows that the relation between  the ratio of strainer lengths and the ratio of 
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corresponding di scharge i s hi ghly non -linear. The f ormulated well d evelopment s chemes 

would save the l eaching requirement s ignificantly when compared with i f only water f rom 

saline a quifer dom ain i s us ed for i rrigation and the i ncreases i n leaching r equirement i s 

insignificant when compared with the use of  only water f rom on-saline aquifer domain for 

irrigation. Thus, t he conjunctive us e m odels developed in t he pr esent s tudy are us eful t o 

formulate w ell f ield de velopment s chemes f or c ombined us e of  s aline a nd f resh w ater 

domains t o augment usable water from an aquifer s ystem where t he f resh water dom ain is 

underlain or overlain by saline water domain.  



CHAPTER 9 

9.1 Introduction  

POTENTIAL USE OF DEVELOPED MODELS IN SWAIWRPM PROJECT 

The aquifer salinity which affects the human activity has been recorded in many areas of 

the w orld. T his p roblem i s l ikely t o a rise i n a reas of  l ow p recipitation a nd hi gh 

evapotranspiration; m ismanagement of  w ater resources; or  i n de nsely populated a reas 

with a high consumption rate (Benson and Sharma, 1986). The design target of the water 

resources pr oject a re s eldom a chieved due  t o multiple w ater r elated problems. T his 

problem i s ve ry commonly f aced b y t he w ater resources de velopment project i n t he 

coastal r egion of  t he w orld. T he S outhwest A rea Integrated Water R esources Planning 

and Management P roject (SWAIWRPM) in t he coastal r egion o f Bangladesh i s one  of  

the pr ojects w hich could not  a chieve t he d esign t arget due  t o multiple problems. This 

includes the water related problems also.  

 
The potential use o f the conjunctive use models developed in the current s tudy will be  

evaluated identifying the  water r elated problems and their impact in t he SWAIWRPM 

project area.  

 
9.2 Description on SWAIWRPM Project 
 
The S WAIWRPM c omprises of  C henchuri be el s ubproject ( CBSP) a nd t he N arail 

subproject ( NSP). T he Chenchuri be el s ubproject ( CBSP) c overs a pa rt of  N arail a nd 

Kalia and the total area of Lohagora upazilas under Narail district.   The Narail subproject 

(NSP) cove rs t he m ajor pa rt of  N arail an d Kalia upa zilas unde r N arail di strict and 

Abhaynagar upa zila unde r J essore di strict. F igure 9.1 s hows t he pr oject a rea w ith t he 

Chenchuri be el s ubproject ( CBSP) a nd t he N arail s ubproject ( NSP) a reas. T he m ain 

objective of project is to increase agricultural production, farm incomes, and employment 

opportunities by improving water management facilities. However, the project i s facing 

problem to achieve the t argeted objectives. The SWAIWRPM  a ims to rehabilitate and 

upgrade t he e xisting f lood c ontrol a nd dr ainage/irrigation ( FCD/I) s chemes i n t he 

southwest region of Bangladesh, so as to achieve their maximum development potentials 
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in t erms of  a gricultural a nd f ishery pr oduction a nd i ncomes of be neficiaries i n a 

sustainable manner. 

 
The SWAIWRPM project area is selected as the project suffers from severe shortage of  

good qua lity o f i rrigation w ater dur ing t he dr y season; w hile dur ing monsoon f lood 

causes ha voc t o l ife a nd pr operty i n t he a rea and s alinity i ntrusion i n t he g roundwater 

aggravate t he w ater m anagement s ituation i n t he r egion. A griculture i s t he dom inant 

economic activity and the primary source of livelihood of beneficiaries in the subproject 

areas. The main constraints to agriculture development are (i) saline water intrusion, (ii) 

irrigation shortage, ( iii) f looding, ( iv) water logging due  to congested drainage, and (v) 

faulty water management. In the current study the emphasis is given on the assessment of 

irrigation water availability and the problems related to shortage of irrigation water which 

is responsible to hinder the project objectives. 

 

 . 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.1: Southwest area integrated water resources planning and management project. 
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9.3 Water Use Problem Assessment Techniques  
 
The reduced dry season flow is a major concern for the poorest section of the population 

of the project area. Groundwater is the main sources of drinking water of the area, as well 

as it has been used for irrigation and other domestic purposes. The gradual reduction of 

surface w ater f low f rom t he upl and rivers r educes t he ava ilability of  s urface w ater f or 

irrigation a nd t hus c reates a  de pendency on groundwater f or i rrigation a nd dom estic 

water s upply (SWAIWRPM, 2004) . T he pl ant gr owth and de velopment a re l argely 

affected by salinity. During Rabi season salinity increases as the groundwater level goes 

down. As a r esult, vast l and in salt af fected areas r emains f allow ow ing t o adequate 

supply of irrigation water and also lack of irrigation technology. To identify the problem 

experienced by the project due  to existing water use practice the relevant questionnaire 

was developed and surveyed in the project area.  

 
9.3.1 Questionnaire survey 
 
The questionnaire survey was de signed b y de veloping di fferent c riteria f or s ample 

selection a nd b y s etting t he que stionnaire. In t his r egard, a  structured a nd ope n-ended 

interview schedule was prepared for data collection on water related problems that were 

being experienced in the project area. The questionnaire includes collecting the opinion 

of the farmers, field level officials, and the local government representatives on different 

aspects of irrigation related service delivery. The interview schedule was pre-tested in the 

field for finalization. After pre-testing, necessary modification of the interview schedule 

by addition, alteration, and re-arrangement were made. The interview schedule was then 

finalized f or c ollection of  da ta at f ield level. The f armers of  t he t hree thanas na mely 

Narail S adar, Lohagora, a nd K alia und er t he N arail di strict of  s outhwest r egion were 

surveyed for this study. In the study area, farming system was mainly agricultural based. 

An up to date list of all categories of farmers were prepared. Total numbers of 124 farm 

families was interviewed f rom N arail S adar, Lohagora, a nd K alia t hanas f or da ta 

collection. The structured open-ended interview schedule were conducted with marginal 

58 (47 %), 34 s mall (28 %), 24 m edium (19  %), and 8 large farmers (6 %) out of total 

124 farm f amilies to ge t m ore qua ntitative a nd c ategorized i nformation a bout w ater 

utilization pattern, salinity level and  i ts impact on crop production. Data were col lected 
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from the field randomly according to the statistical sample design (Ahmed, 2007). During 

pre-testing of  t he i nterview s chedule, hom ogeneity i n t he vi ews of  t he f armers of  

different thanas was observed. Interviews were conducted with the respondents a t their 

homes. M ost of  t he q uestions w ere as ked i n qualitative f orm. In s ome cas es, the 

researcher failed to meet the sample farmers at their homes for interview. In such cases 

the r esearcher vi sited them r epeatedly and in few cas es t he researcher conduc ted 

interview w ith reserve farmers. After c ompletion of  f ield s urvey, a ll t he i nterview 

schedules was grouped and i nterpreted a ccording t o t he obj ective of  t he s tudy. A t t he 

beginning of the data processing, all the qualitative data was converted into quantitative 

form and the local units into standard units. The data obtained through interview schedule 

were coded and tabulated in a data sheet. 

 
9.3.2 Focus Group Discussion  
 
Focus G roup D iscussion ( FGD) i s a  s ocial r esearch m ethod t o gather qua litative 

information f rom a  s mall a nd hom ogenous group of  6 t o12 pe ople (who a re t he 

representative of a m uch larger sector of a s ociety or community) to address a pa rticular 

issue ( Neogi, 2001) . T he F GD w ith t he f armers w as c onducted t o g et i nformation on  

irrigation technology, shortage of acceptable quality water and the impact of salinity on 

crops, if any and the need of fresh water for irrigation. 

 
9.3.3 Policy review 
 
Presently t here are t hree major pol icy documents a re available i n t he country on w ater 

supply and i rrigation. T he pol icies were r eviewed t o i dentify t he i mpact of  existing 

policies in the project area. The summary of the policies is given below: 

 
The N ational W ater P olicy (MoWR, 1999 ) stated t hat a ppropriate publ ic a nd pr ivate 

institutions w ill pr ovide information a nd t raining t o t he l ocal c ommunity or ganizations 

for m anaging w ater r esources e fficiently. T he i nstitutions w ill e ncourage a nd pr omote 

continued de velopment of minor i rrigation, where f easible, without a ffecting d rinking 

water supplies. The institutions will further encourage future groundwater development 

for irrigation by both the public and the private sectors, subject to regulations that may be 
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prescribed by the Government from time to time. However, it is not mentioned to use the 

saline and non-saline groundwater conjunctively in the policy document.   

 
The N ational A gricultural P olicy (NAP) (MoA, 1999) stated that the i rrigation f rom 

surface water is the first priority and suitable programmes will be taken up for the expansion 

and consolidation of appropriate technology. Emphasis is also given on t he conjunctive use 

of g round a nd s urface water in accordance w ith t he N ational W ater P olicy a nd W ater 

Resources D evelopment Plan of  t he g overnment. In case of  r ain-fed farming r ainwater 

harvesting is encouraged. In coastal areas emphasis on taken up the suitable projects for 

building water reservoir to capture tidal water and thereby expanding mechanized irrigation 

facilities. In t his pol icy, the pr iority has g iven o n many i ssues related to public i nterest 

particularly on  a gricultural de velopment but  it la cks a ny p articular di rection for 

agricultural water management.  

 
National a gricultural extension policy (NAEP) (MoA, 1996 ) stated that s ustainable 

agricultural growth should be  insured through more efficient and balanced use of  l and, 

water, and other resources, to introduce high quality, appropriate agricultural technology. 

 

National Irrigation Water R esources P olicy (MFDM, 2006 ) stated that ir rigation is the  

leading input for increasing yield and production of food grains and other crops. A well-

planned irrigation management pr ogram i s, therefore, es sential for gradual i ncrease o f 

cropping intensity as well as yields. In order to ensure efficient use of water resources the 

Government will undertake the various definite steps. 

From t he r eview o f pol icy p apers a ch ecklist w as pr epared and interviewed with the 

farmers, local leader representatives, Upazila agricultural officer, and BADC officials to 

identify the policy shortcomings, if there is  any, and derive the information to improve 

the e xisting w ater us e pr actice and i ntroduction a nd s trengthening t he us e of  t he 

developed m ulti-well and multi-strainer c onjunctive us e s chemes f or a ugmenting t he 

irrigation water supply.  
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9. 4 Lacking Water Availability  

Based on the questionnaire survey and the FGD with the farmers in the project area it was 

identified t hat t he pe oples a re t he s ufferers due  t o non -availability o f r equired us able 

water. The factors affecting the water availability are discussed in the sub-sections.  

9. 4.1 Farm structure and irrigation access 

In the s tudy area small numbers of  large holdings exist where the maximum, 54 %  are 

marginal (0.2 to 0.6 ha), 30 % holdings are small farming groups (0.6 to 1.4 ha), 15 % are 

medium (1.4 to 3.0 ha), and less than 1 % is large holdings (3.0 ha and above). Table 9.1 

shows the irrigation accesses to different categories of farmers. Among the total holdings 

only 21  % use the irrigation facilities among them the users of STWs is the largest, about 

17  % (of total holdings) and each of the others three types of equipment users is less than 

2  %. Among the DTWs users 58 % belong to small holdings, more than 31 % belong to 

medium holdings, 8 % belongs to marginal, and less than 4 %  are under large holdings. 

Among the STWs users group, more than 58 %  are the farmers of small holding, 27 %  

are medium, 11 % are marginal, and only 2 % are large. Almost s imilar case with LLP 

and in case of non-mechanized equipment the number of users in small holdings is even 

lager which i s 66 %. The cultivated area among the di fferent farm holds a re shown in 

Figure 9.2. The maximum cultivated area is covered by the medium (1.4 ha to 3 ha) and 

large farmers ( >3 ha) f arm hol ds, in case o f t he m arginal f armers (0.2 t o 0.6 ha ) is 

significantly low est. It i s s een that the  medium farmers a re hol ding the  largest a rea of  

farm l and f ollowed b y the l arge farm hol ds. T he s mall a nd t he m arginal f arm hol ds 

together are holding 25 % of the cultivated area. 
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Table 9.1: Households using different irrigation modes. 
 
Category No of  

Holdings 
Holding us ing 
DTW 

Holding 
using 
STW 

Holding 
using LLP 

Holding 
using N on 
Mechanized 

Marginal 35265 
(30 %) 

137  
(8 %) 
 
 

2283 
(11.67 %) 
 
 

156  
(6.93 %) 
 

104 
(9.17 %) 
 

Small 62573 
(54 %) 
 
 

1021 
(58 %) 
 
 
 
 

11369 
(58.10 %) 
 

1290  
(57.38 %) 
 

749 
(66.05 %) 
 Medium 17541 

(15 %) 
 

551 
(31 %) 

5422 
(27.71 %) 
 

738 
(32.83 %) 
 

239 
(21.08) 
 Large 940 

(<1 %) 
62 
(3.5 %) 
 

493 
(2.52 %) 
 

94 
(4.18 %) 

42 
(3.71 %) 
 Total 116319 1771  

 (<2 %) 
19567  
(17 %) 

2248 
(2 %) 

1134 
(<1 %) 

 
 

 

 
Figure 9.2: Cultivated area (%) among the different farm holds. 

A s eries of  F GDs was done w ith t he f armers a bout t he i rrigation t echnology. T hey 

provided information that the  ma jor r eason of l imited irrigation access is the  la ck of 

Marginal 
8% 

Small 
17% 
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appropriate i rrigation t echnology. T heir opi nion r egarding t he currently pr acticed 

irrigation technology includes block wise irrigation by STW (65 %), canal wise irrigation 

by LLP (25 %), and irrigation on demand by both STW and LLP (6 %). The canals are 

mostly earthen and mainly constructed in the early part of the Rabi season in each year. 

The respondents opined that block wise water distribution after 3 to 4 days interval is the 

most prominent currently practiced. The measurement s ystem for water delivery t o t he 

farmers pl ot w as not  available in a ny of  t he i rrigation uni t. A s a  r esult, a significant 

portion of the limited water is lost without its effective utilization and appropriate mode 

of irrigation technology.  

 
Therefore, due to inequality in farmers group, there is  ine quality in  a ccess to the 

irrigation technology w hich makes limite d availability o f ir rigation water to the la rge 

group of farmers comprising the marginal, small, and the medium category of farmers. In 

addition due to poor management, a major part of the limited quantity of water available 

to the f armers gets los t. With the int roduction of mul ti-well o r mul ti-strainer w ell 

development schemes, t he g roundwater supply c an be e nhanced significantly b y 

combined use of saline and non-saline aquifers in the project area. This will increase the 

availability of water to each category of farmers with the appropriate mode of irrigation 

and will help them bring more irrigable area under irrigation. 

 
9.4.2 Timely availability of irrigation water 
 
Timely non -availability of ir rigation water in the f ield is a  ma jor pr oblem f or poo r 

coverage and low yield of crops in the project area. The problems which are responsible 

are identified from the findings of the questionnaire survey. These are (i) unilateral fixing 

of water price, (ii) higher fuel consumption, and (iii) monopoly of the influential people.  

 
Figure 9. 3 shows that the  mostly marginal and small categories of  farmer suffering the  

problem with the unilateral fixing the irrigation water price. In case of shallow and deep 

tube wells, the owners (mainly large and medium categories of farmer) of the irrigation 

equipment enter into the deals for irrigation services with neighboring farmers in addition 

to using the equipment for irrigating their own land. With the expansion of water markets 

in the private sector, the pricing system has also undergone changes to suit the varying 
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circumstances. T here i s no s ingle r ate or  uni form m ethod f or pa yment f or i rrigation 

water. Table 9.2 shows the different modes of exiting irrigation price system in the study 

area. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

Figure 9.3: Farmers (%) affected by unilateral water price fixing by pump owner. 
 

Table 9.2: Mode of payment of irrigation price. 
 
Type of 
Irrigatio
n Unit 

Mode of Payment 
Production Area Basis 

and Fuel 
Consumption 

Only 
Fuel 

Only 
Cash 
Payment 

1/4 of 
production 
without 
diesel 

1/8 of 
production 
with diesel  
 

5/16 of 
production 
without 
diesel 

STW 25 (24.19) 31 (20.96) 44 (35.48) 86 (69.35) 15 (12) 8 (6) 
LLP      124 (100) 

 

In t he s tudy a rea, t he m ajor s ource of  i rrigation i s t he s hallow t ube w ells a nd l ow l ift 

pumps m ostly r un b y di esel. D iesel pum ps us ually ha ve hi gher c ost a nd l ower w ater 

extraction capacity than electricity operated pumps (Wadud and White, 2002). Diesel is a 

20%

36%

36%

7% 1%

Landless
Marginal
Small
Medium
Large
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major agricultural input in the cultivation of Boro rice, the cost of Boro cultivation is very 

sensitive to the price of diesel. So the diesel also plays a major role in fixing the modes of 

irrigation price. From the questionnaire survey it is identified that about 53 % of marginal 

farmers, 50 % of small farmers have to collect the price of diesel by availing money on 

high interest from the local money lenders as there is no credit provision for marginal and 

small f armers ( Islam a nd H oque, 2010 a). S ometimes the  f armers a re compelled to sell 

their consumable rice due to the non availability of institutional credit support. For this 

reason mostly the small (30 %) and the marginal (28 %) categories of farmers are failed 

in payment for diesel to the pump owner as shown in Figure 9.4.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9.4: Farmers (%) affected by delay in payment for diesel. 

 
Whenever they did not pay the diesel or the diesel price, the pump owner did not agree to 

given water to the concerned farmer. So, the diesel quantity and diesel price has a major 

impact of irrigation water availability to the farmers and make the delay irrigation in the 

farm field. Delay irrigation also causes the higher fuel consumption and sometimes raises 

the diesel price by the dealers.  
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The marginal, medium, and small categories of farmers are mostly facing the problems 

with t he monopoly of  t he i nfluential people (Figure 9.5). A lthough the i rrigation water 

price, diesel quantity, and diesel price are available to the farmers but they are not getting 

water during their need. This is due to lack of monitoring in the field level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 9.5: Farmers (%) affected with monopoly of the influential people. 
 
Therefore, the current irrigation practice creates the delay in supplying irrigation which is 

very sensitive to crop production.  It delays in crop normal growth period and at the same 

time soil gets d ry resulting in  more requirement of water.  This entire s ituation creates 

problems in making a ppropriate amount w ater available to the f armers and the time ly 

irrigation t o t he crops. W ith t he i ntroduction of  m ulti-well o r mul ti-strainer w ell 

development s chemes the gr oundwater s upply can be  enhanced s ignificantly b y 

combined use of saline and non-saline aquifers in the project area. This will increase the 

availability of water to each category of farmers overcoming the problems described and 

will help them bring more irrigable area under irrigation. 
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9.4.3 Problem with irrigation water quality 
 
A s eries of  F GDs was done  w ith t he f armers r egarding t he vi ews of  shortage of  

acceptable qu ality of ir rigation w ater. Farmers of  t he a rea ar e facing considerable 

problems relating to crop production due to use of saline water for irrigation. Farmers use 

only shallow aquifer (<120m) and not aware about the water quality. Some of the farmers 

mentioned that they normally test water in mouth when water is supplied to the field. As 

there is no alternative source of  water they cultivate their land with the saline water. In 

Chapter 7, i t i s seen that saline aquifer presents at a  depth of  100 m  at Kalia, therefore 

irrigation water sources in Kalia Upazila are beyond acceptable limit for irrigation. Crop 

yield is also hampered in these areas due to higher water salinity and the farmers did not 

get t he e xpected pr oduction. Table 9. 3 shows the r eduction of  c rop yield i n t he N arail 

district due to lack of good quality water. During the FGD with the farmers in the area 

they mentioned that they lost their interest of HYV Boro irrigation as the crop production 

is less than their expected yield or the projected yield in other parts of Bangladesh.  

 
Table 9.3: Reduction in yield due to salinity. 
 
Crop Yield (ton/ha) %  Reduction 

Expected  Current yield 
Boro Rice 5-5.5 2.5-3 50 
Aus/Aman Rice 4.5-5 <2.5 44 

 

From Table 9.3 it can be easily seen that great economic losses occur to the farmers due 

to s alinity i n i rrigation water. Farmers a re t aking onl y one  m anagement opt ion t o us e 

gypsum to flush out the salts from the field. Salinity is a major problem for Rabi crops 

because of using saline water, salts have accumulated in the soil for several years due to 

inadequate flushing in the wet season. The expected yield of rice is 5 to 5.5 ton/ha but the 

yield is decreasing 2.5 to 3 ton/ha due to the problem of good quality water.  

 
Further, questionnaire s urvey has be en done t o see t he c onsequences of  s alinity i n t he 

crop f ield. D ifferent f armers de scribed t he consequences of  s alinity i n va rious 

dimensions, t he m ajor e ffects w as t he pr oblem f or Boro cultivation, w hich w as 

mentioned by 38 % of the farmers interviewed (Figure 9.6). 
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Figure 9.6: Problems related with the water quality. 

The appl ication of s aline w ater in t he c rop f ield f armers m entioned t hat t he problem 

shows t he di rect i mpact on r ice pl ants ( 31 % of  t he r espondents), about 14 %  f armers 

mentioned t hat l ack o f g ood qu ality water r educes t he s cope o f di versified c rop 

cultivation. About 12 % s aid that s oil f ertility reduction is a lso related with salinity 

intrusion problem which ultimately damages crop (8 %). Farmers also described that the 

salinity e ffect on s uppressing pl ant gr owth ( 5 % ). F ew f armers e xplained t he 

consequence of  s alinity as t he r educing l ivelihood s tatus of  t he farmers. In such cases, 

after irrigating the land with saline water, some farmers reported to apply gypsum, zinc, 

and s ugar i n t heir l and. However, t his c oping m echanism i s not  w ide s pread and a lso 

reported to be not effective as it is degrading the reduction the soil fertility.  

 
The water quality in terms salinity is a major problem causing non-availability of usable 

water in the project area causing the less crop yield. With the introduction of multi-well 

or mul ti-strainer w ell de velopment s chemes t he usable groundwater s upply c an be  

enhanced s ignificantly by combined use of  saline and non-saline aqui fers in the project 

area. This will increase the availability of water to the farmers and will help them get the 

expected crop yield. 
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9.5 Policy Shortcomings 

The r elevant pol icies i n the i rrigation sector ha ve be en reviewed t o identify t he 

application of  pol icies i n t he f ield l evel di stribution. F urther, a n i nterview w ith t he 

farmer, local leaders and f ield level officials has also been done. Presently, three major 

policy doc uments a re a vailable i n t he c ountry on  w ater s upply and i rrigation. N ational 

water policy (MoWR, 1999) includes the water and agriculture section which has given 

the priority on promoting the continued development of minor irrigation, where feasible 

both public and the private sector. Integration of public water supply and irrigation is also 

encouraged, but strategies are not clearly mentioned. The policy is poorly focused on the 

use irrigation technology and framing the mandates of the concerned institutions at local 

level. The National Agricultural Policy (MoA, 2006) and the National Irrigation Water 

Resources Policy (MFDM, 2006) have given the priority on many issues related to public 

interest pa rticularly on  a gricultural de velopment through the us e o f surface and  

groundwater for irrigation, improved delivery and efficient use of safe irrigation water for 

crop c ultivation, e ncourage de velopment a nd application of  i rrigation t echnologies f or 

water c onservation a nd us es at a l arger s cale. The New A gricultural E xtension Policy 

(MoA, 1996)  also l acks the focus on t he i rrigation w ater di stribution a nd t he pr ice o f 

water for irrigation which needs to be integrated to minimize the sufferings of the poorest 

section of t he s ociety. But a ll the se pol icies lack of gi ving any particular di rection for 

agricultural water management and the use of groundwater in the coastal areas. 

Number of legislative enactments has been used in the country to regulate the agriculture 

sector r elated issues, but implementation of  t he r egulation doe s not  f ollow s trategic 

approach for improving the irrigation facility. The local authorities have vested power on 

agriculture a nd f ood s ecurity und er t he a ct of  G roundwater M anagement Ordinance of  

1985 (MLJPA, 1985) . Bangladesh A gricultural Development Corporation (BADC), t he 

main service provider for i rrigation f ollows t he ga zette of  G roundwater M anagement 

Rules (MLJPA, 1985). Accordingly, an Upazila Irrigation Committee is formed with the 

power of issuing license of tube wells installation following the guide lines for tube wells 

installation. But in practice th e guidelines is ha rdly followed due t o t he absence of  

monitoring a nd a wareness bui lding f rom concerned institutions. In Bangladesh several 
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Government institutions are involved in providing service to the farmers to maximize the 

output from the agriculture. The institutions involved for providing supports for irrigation 

in the study area and the findings of the current study in this respect are summarized in 

Table 9.4. 

 
Table 9.4:  Institutions and their support for irrigation in the project area. 

Institutions Ministry Main Responsibility Findings  

Bangladesh 
Agricultural 
Development 
Corporation 

Ministry 
 of 
Agriculture 

To provide agricultural i nputs s uch 
as s eed, pum ps, t ube w ells, e tc, for 
increasing agricultural production 

No irrigation 
activity. 

Local 
Government 
Engineering 
Department  

Ministry  
of Local 
Government 
Rural 
Development 
 

To develop the small-scale w ater 
sector pr ojects up t o 1000 ha  
command area, alongside t he 
BWDB projects 

No irrigation 
activity. 

Bangladesh 
Water 
Development 
Board  

Ministry of 
Water 
Resources 
 

To carry t otal r esponsibility for 
developing w ater r esources i n t he 
field of  f lood c ontrol, dr ainage, 
coastal em bankment, irrigation, 
water conservation, etc. 

Mainly 
construct 
sluice ga te t o 
prevent s alt 
water int rusion 
and maintain 
them. N o 
irrigation 
activity.  

 

The s tudy (Table 9.4) shows that the water related organizations existing in the project 

area do not  provide any support for irrigation such as tube wells installation, monitoring 

and supervision of irrigation charge in the area. This is due to non-existence of a strong 

national policy regarding broad aspects of irrigation focusing appropriate use of irrigation 

water i n agriculture i n Bangladesh. As a r esult, the f armers c ould not  e xpand t heir 

irrigated area as the setting and maintaining of STWs is very difficult for normal farmers 

as they are facing some immediate problems with their STWs. The privatized irrigation 

water market in Bangladesh is highly concentrated in the hands of rural elite due to many 

reasons; f irst, it r equires a  la rge ini tial inve stments to set-up a  w ater pu mp t hat m any 

small a nd m edium f armers l ack; s econd, t he pum ps ne ed t o be  maintained a nd 
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troubleshoot oc casionally and t he s mall f armers a re us ually un able t o t ackle s uch 

problems (Sarwar, 2008). Outcome of interview with the farmers regarding the irrigation 

water us e i n the f ield level ar e s ummarized on the ba sis of  t he f actors i nfluencing the 

farmers t o be less i nterested t owards bringing more i rrigable a rea unde r i rrigation as 

shown in Figure 9.7.  

 

 

 

 

 

 

 

 

 

 

                    Figure 9.7: Views of farmer on irrigation water use. 
 
Therefore, it is  impor tant to strictly impl ement the  pr evailing agricultural pol icy to 

prevent the monopoly in irrigation water pricing and improper installation of tube wells. 

The d eveloped m odel h as g iven c ontribution s upplying t he us able w ater. T his m odel 

explored bot h s hallow a nd de eper a quifer dom ains. C onsidering t he ur gency of w ater 

supply for irrigation to meet the present water scarcity it has been decided that well field 

project may be implemented with addressing the policy on t he use irrigation technology 

and mandates of the concerned institutions at local level. To maximize the benefit of the 

new technology, the irrigation and the other related policy gap should be reduced and the 

policy s hould be  s trengthened. In a ddition, the combined use of  s aline and non -saline 

aquifers in the coastal areas through new concept and technology should be encouraged 

in the appropriate section of the relevant national polices to achieve the full benefit from 

the new technology.    
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9.6 Irrigation Coverage 
 
From the discussions in the above sections it is seen that several factors are contributing 

to lack of usable water availability for irrigation in the project area. In addition to water 

availability th e ot her f actors c ontributing to the pr oblems a re r elevant pol icy 

shortcomings a nd r esulted i mproper m anagement of  t he a vailable i rrigation w ater. The 

compound effects of all these problems are the poor irrigation coverage and poor yield of 

crop. Figure 9.8 s hows the year wise irrigated area (BBS, 2006; BADC, 2007; personal 

communication with BADC field officials) as percentage of cultivated area from the year 

2000 to 2011. The maximum coverage is made in the year 2011 which is about 58 %. It is 

observed t hat t he i rrigation c overage i s i ncreasing w ith t ime a nd i n eleven years  t he 

coverage ha s i ncreased from 28 %  t o 58 %  which is m ostly achieved possibly using 

saline water for irrigation as per previous studies (SRDI, 2009) in the area. However, the 

use of saline water is deteriorating the soil quality which is undesirable.  

 

 

 
Figure 9.8: Irrigation coverage (%) with time in the Project area. 

 

Again F igure 9.9 s hows a  c omparison a mong t he di fferent categories of  f arm hol ds i n 

respect of area of irrigable land remains without irrigation. Therefore, it is seen that major 

part of  t he non -irrigated area be longs to the s mall a nd marginal f arm hol dings w ho 
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suffered most in competation of irrigating their cultivable land. All these sufferings are 

resulted from the scarcity of usable irrigation. 

 

 
 

Figure 9.9: Non-irrigated area (%) with the different farm holds. 
 

So, w ith t he i ntroduction of  m ulti-well and the m ulti-strainer w ell de veloped schemes 

both t he s aline a nd t he non -saline aqui fers can  be  de veloped in the pr oject ar ea f or 

increasing s ustainable i rrigation w ater s upply. T his w ill he lp e xpand t he i rrigated area 

irrespective of  s ize of  the farmers. This will a lso help eliminate the  conflict among the  

farmers due  t o limited usable water. To m aximize t he benefit f rom i ncreased available 

usable water the relevant policy shortcomings identified in the current policies should be 

removed to achieve the full benefit of the developed models.   

9.7 Conclusions 

The i rrigation w ater r elated pr oblems i n S WAIWRPM P roject i dentified are cl osely 

related to the non-availability of usable irrigation water caused due to the salinity of the 

aquifers and the rivers of the area. The management of available irrigation water and the 

related pol icy shortcomings a lso contribute to these problems. The di sparity among the 

different cat egories o f farmers f urther c ompounded t he water r elated p roblems. T he 
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policy shortcomings causes the conflicts of limited access to irrigation technology, delay 

in i rrigation, uni lateral f ixing i rrigation c harge, l ack i n a ppropriate distribution of  

available water among the different category of farmers, and the increasing use of saline 

water for irrigation causing soil salinity. The availability of usable irrigation water can be 

significantly i ncreased with t he use of  s aline a quifers in combination o f t he f reshwater 

aquifers. S o, i ntroduction of  m ulti-well a nd the multi-strainer w ell de veloped schemes 

should be encouraged. This will also help eliminate the conflict among the farmers due to 

limited usable w ater. The current relevant policies s hould be  modified to introduce 

concept a nd new t echnology f or conjunctive u se of s aline a nd non -saline aquifers t o 

achieve the full benefit of the developed schemes.  
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FGD Focus Group Discussion 
GDP Gross Domestic Product 
GIS Geographic Information System 
HYV High Yielding Variety 
ICZMP Integrated Coastal Zone Management Plan 
IPCC Intergovernmental Panel on Climate Change 
IWFM Institute of Water and Flood Management 
IWMI International Water Management Institute 
JICA Japan International Cooperation Agency 
KII Key Informant Interview 
LGED Local Government Engineering Department 
LGRD Local Government Rural Development 
LLP Low Lift Pump 
MOP Manually Operated Pump 
MoWR Ministry of Water Resources 
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 MPO Master Plan Organization 
MSL Mean Sea Level 
NCA Net Cultivable Area 
NGO Non-government Organization 
NSP Narail Sub-project  
NWMP National Water Management Plan 
PRA Participatory Rural Appraisal 
PWD Public Works Datum 
PVC Polyvinyl Chloride 
RL Reduced Level 
SAR Sodium Adsorption Ratio 
SDNP Sustainable Development Networking Programme 
SRDI Soil Resource Development Institute 
SSP Soluble Sodium Percentage  
STW Shallow Tube Well 
SWAIWRPM Southwest Area Integrated Water Resources Planning Management 
TDS Total Dissolved Solids 
UNO Upazila Nirbahi Officer 
UNESCO United Nations Educational, Scientific and Cultural Organization 
USGS Unites States Geological Survey 
WARPO Water Resources Planning Organization 
WHO World Health Organization 
WR Water Requirement 
WT Water Table 



                                                                   GLOSSARY 
 

Acre Unit of land measurement; one acre (ac) equal to 0.41 hectare 
Aman Rice grown in Kharif-II season 
Boro High yielding rice grown in winter season under irrigated 

conditions 
Dry season 6 month (December to May) 
deci-siemens Unit of salinity expressed as decimeter of Siemens  

one ds/m equal to 640 parts per million 
F Area flooded up to a depth of 30 cm during monsoon season 0 

F Area flooded between 30 cm to 90 cm during monsoon season 1 
F Area flooded between 90 cm to 180 cm during monsoon season 2 
F Area flooded between 180 cm to 300 cm during monsoon season 3 
F Area flooded by more than 300 cm during monsoon season  4 
Hectare Unit of land measurement; one hectare equal to 2.471 acre 
Kharif Kharif crops are grown in the spring or summer season and 

harvested in late summer or in early winter 
l/s Liter per second 
Mha Million ha 
Millimohos 1000 millimohos equal to one dS/m 
mmho/cm millimohos per centimeter, unit of Electrical Conductivity 
Rabi Cropping season between 15th October to 15th

Siemens 
 March 

An International System Unit of salinity; it is used by the name of 
Scientist Siemens who introduced this unit  

Tonne (t) Measurement of weight; one tonne equal to one-thousand kilogram 
µ mho/cm Micro-mhos per centimeter, unit of Electrical Conductivity 
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