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ABSTRACT

One of the major recent concerns in the Northwest region of Bangladesh is drying up of
a large number of rivers and small water bodics. which has a direct impact on the
ceolowy and the environment.  Small nvers such as Punorvoba, Littte Jamuna. [¥hepa,
Tulat and Goveshirn that used to be perennial in nalure Some twenty yoars Ag0 are now
1eporied to be completely drying out in the dry season. Clearly an improved
understanding of the river and groundwater is needed to cxplain the change in surlace
water availability, and 1o assess the response of stream flow to Nuctuations or change in
groundwater level. In this study. Littke Jamuna river caichment m the Northwest region

was selocted as the study area.

The study followed a techno-social approach w characiense the surface waler and
ground water systems and their interactions in the study area. Technical analysis mainly
meluded o variety of analytical approaches. ¢.y. lithological analysis. hydrograph
analysis, Tlow duration curve. busefllow separation, trend analysis and correlauon
regression analysis. Two social investigalion methods were conducted n the study
arca: the first ane involved a questionnaire survey with a view to finding our people’s
perceplion about the status of stream flow depletion and its possible causes. impacts
and mitigation measures, and the seeond method involved purpasive interviews along a
17.5 km stretch along the Little Jumuna river with the chicf abjective of characterising

(hic spatial vaniation in streaw and aquifer system and their interaction.

There have been substantial reductions in stream flow in the dry frripation months. with
reduction of 1lows rangeing [rom 40% to 70% over a period of 30 years, At the same
time. there has been o marked decreasing trend in the dry season minimum groundwaler
levels, There is ditect connection between the river and underlying aquifer. The
interaction between river and sroundwater is the stronyest close Lo (he river, reflected in
a high comrelation coelficient of 0.814 at a distance of 2 km. 1t was found that there IS i
jag tme in the response between the groundwater and suelace waler.  Strong river-
aquifer interactions were found even al yreater dislances after a lag-time ol 2 1 3
months. This was reflecied in a hieh correlation cociticient of 0 760 at 8 km from the
river after a lag time of 3 months, Hence it is important 1o recounize the delayed

response between groundwater level and river in analyzing the interaction between
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surface water and proundwater, and hence consuder the effect of imigation pumping on

stream 1low depletion even in arcas refatively far from the river.

There has been a sharp declining trend 1w the basellow of the river. with bascllow
declining by 50% Lo 0% in the diy season months of Janoary o Apnl over a period ol
30 years. Rainfall distribution was not found to have played any major role in allecting
aroundwater levels and hence stream low, It is the imgation developmunt that have
aflected pradual lowering of the groundwater level, which in turn caused reduction of

base low and hence stream flow in the dry scason months.

The problem of nver drying up bad started since 1990-91; however, reeent trengd has
been the slart of the problem i carlier part of the dry season,  “Lhe flow depletion of
rivers and reduction in water bodies have had negative tmpacts on the environmental
ecosyslem. with many of the local lish specics started 10 disappearing, and the

migratory hirds petting lower in number.
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Chapfter One
INTRODUCTION

1.1 General

Groundwaler and surface waler are ofien managed as isolated components of the
hydrologic system. wvet they interact in a wvariety of physiographic settings
{Sophocleous, 2000). The nature of the interaction between the surface water and
groundwater is very imporant from the perspective of resource development and
managcment, salt woter intrusion, and groundwuier contamination. The nature of
interaction is also imporiant because the discharge of sewage and unireated indusirial
¢ffluent to the surface water bodies is a common practice in Bangladesh {Ahmed and
Burgess, 1995). In many regions groundwater and surface water resources are
hydraulically connecied, and most surface wuler features such as rivers, lakes, dams
and wetlands generally inleract with proundwater (Winter et al., 1998). The hydrologic
relation between stream and aquifers is generally complex, and ofien vary temporally
and spatially over diflerent scales. The exploilation of, or quality of one resource, can
therefore affect the other. Depending on the nature of hydraulic conneclion between the
surface water and grnundmle} syslems, surface water bodies can lose water recharging
the aquifer, with conlaminaled surface waler affecting groundwater quality.
Conversely, surface water bodies can gain water from groundwater system as baseflow,
and may get alfected by groundwater pollution, if any. Anthropopenic activilies like
pumping of groundwater can deplete surface water, withdrawal ol surface water can
deplete groundwater, flood contrel activities can significamly reduce recharge 1o the
groundwater systems, and human activilies can he a significant source of the
degradation of ihe water resources quality. Reduced quantity and quality of water
resources can lead (o water manapement problems and threalen emvironmental

integriry.

1.2 Rationale of the Study

One of the major concerns of late in the Northwest region of Bangladesh is drying up of
a large number ol rivers and small waler bodics, which has a dircct impact on the
ecology and the environment. The major significant impacts reporiedly having already
teken place include loss of different kinds of aquatic habitats and fish diversity,r
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reduction of migraiory birds, and hampering of navigalion. Small nvers (e.g.
Punorvobu, Little Jamuna, Dhepa, Tulai and Goveshar) that used to be perennial in
nature some twenty years ago are now reporied to be completely drying out in the dry
season. Bigper rivers like Teesla Dharala, Korotoa, Afrai, and Tangon are redneed
significantly in (he dry scason than before as reporied by BWDB and BADC personnel.
Ahmed {1994) and Ahmed and Burgess (1993) reporied drying of rivers and becls in
the Barind Tract area. One general opinion about (he reason behind the stream flow
depletion is that the groundwater level has been lowered resuliing in less base flow

contributions or rivers loesing water lo aquifer during dry season.

Clearly an improved undersianding of the river and gronndwaler is needed to cxplain
the change in surface water availability, to assess the response of stream flow to
fluctuaiions or change in groundwaier level, and to balance different uses of water with
water supply needs and the need to muiniain sieam babilat for fish, aguatic biota, and
wildlife, The Naticnal Waler Resources Plan Organization (Whﬁl’b) of Bangladesh
emphasizes implemenwrion of a range of struemral and nom-siructural measures
designed to improve efficiency of resource urilization through conjunctive use of all
forms of surface water and groundwater for irrigation and urban water supply.
However, hefore the conjunciive management can lake place, it is imperative lo
develop a proper understanding of the basic principles and relationships guiding

groundwater and surface waler interactions.

In this study, Little Jamuna river calchment in the Northwest region (MPO catchment
no. 33) has been selceled as the stu:liy area. Becanse ground water is the major water
source in that part of the ::mrunlr;»f,r and the potential apparenty exists for pumping-
induced streamflow reduction to impact downstream users, a good understanding of
stream-aquiler relations is esseritial Ly effectively manage water resources in the Little

Jamuna river catchmen.

1.3 Objectives of the Study
The overall aim of Lhis research project is to develop a greater underslanding of the
interaction between river and groundwater systems in the study area. The specilic

objectives of this rescarch were:

o



i. To investigate hydraulic connection between river and underlying aquifer, t.e. o
assess behavior of sleam flow in response Lo fluctuations and vice versa;
it. To analyze the leng-lerm effect of irrigation development on the groundwater

tevels and the comesponding impacts on the river flow.

1.4 Organization of the Thesis

Chapter two imroduces the basic principles along with a comprehensive description of
surface waler—groundwater inleraction processcs. Chapler three is devoled to a review
of past studies on surface water—gronndwaler interactions in many parts of world along
with Bangladesh. It also provides descriptions of tools and techmiques typically used in
assessing surface water-proundwater inlcraction. Chapler four concenirates on the
geueral description on the study area with special emphasis on the hydrometeorology
and hydrogeclogy that are of ulmest importance in understanding both surface water
and underlain aquifer characteristics and relating their interaction. Chapler five
discusses the methodology adopted in Lhe study. Tt gives an assessment of lhe
availability and quality of surface and subsurface dara It also conlains a description of
the ¢omputer programs used for baseflow analysis and a short description of field
survgy. Chapter six presents the results of the hydrologic analysis and field survey
methods. The inferences drawn from the resulis and some congruem recommendalious

are included in Chapler Seven.
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Chapter Two

BASIC PRINCIPLES OF
SURFACE WATER - GROUNDWATER INTERACTION

2.1 Introduction

Surface water and ground water inferact within a dybamie hydrolugic system consisting
of aguifers. streams, reserveirs, and (leadplains (Pricst et al, 263} These systems arc
intereonneeted and (brm a single hydrologic entity that is stressed by natural hydrologic
and elimalic factors and by anthropogenic Tactors, The interaction between surfuce
water {e.g.. strcam. lakes. and wetland) and groundwater systems luke place at many
places throughoul the langscape and is governed by the positions of the watcr bodies
with respect to groundwater flow systems, geologic characteristics of their beds. and
their climatic setfings (Winter et al.. 1998: Sophocleous, 2042} Therefore surlace watcr
and promndwaier are in continuous dynamic inlcraction. The groundwater componend
ofriver low derives Iram comtinuous and intermittent [ows trom aquifers that drain to

the river under varying deerees of hydraulic connection (UNTSCE, 1980).

2,2 Basic Concepts of Interaction Process

Groundwater and surface water interact in a wide vanicty of landscapes from alpine
coasial (Winter, 1998). Within these landscapes, ground-water systems range in seale
trom local to repional, and the types of surface water include streams, lakes, wetlands.
and oceans. The most commaon image of the interaclion of groundwater and <urtace
water is that of the interaction of streams wilh a contiguous alluvial aquifer. Flow
system in groundwater can be of different sizes and depths. and they can overlic on
another. Groundwater moves along flow paths of varving lenpths from arcas of
recharge. Water trom  precipitation  infiltrates the ground and  percolates Lo the
sroundwater lable, Lacal low systems have shorter and shallenser flow paths starting
Rom the water table in the uppermost uncenfined aguifer to the discharpe arcas, and
may have trave! times on the order of days 0 a few years depending on the lenpth of
Haw pathy. These systems have the greatest interaction with surfuce water, 'l he longest
and deepest fow paths having may have travel times on the order of decades

miflennig,
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Recharge 1o o discharse from groundwater is the cawse for continual change in the
pasition of the water table Changung meteorological conditions strongls aflect seepage
patterns in surface water beds. cspecially near the siream shore-tine {(Wiawer ¢t al,
1998). Therefore. the transfer of water between the surface and subsurlace may be
usefully delined in two ways, 1irst according 1o whether they are processes of recharge
ar discharge. and second whether they are natural or determined by humar action.
Rechuarge to groundwaler storage may oceur whenever the stage in a surlace water body
s abmyc the adjacent groundwater table, provided the underlying bed of the water body
comptises permeable or semi-permeable strata This Lype of groundwater recharge may
be scasonal or continuovs, in the arca where rivers cut through the overbying semi-
permeable beds, there is groundwater movement to and from the rivers Put the amount
is small compared with vertical recharge [rom rainfall and Nooding during the rainy
scason (MPO, 1986). T his recharge through natural process may oceur by inliliration of
rain or flood water or infiltration from rivers andior beels; through artificial process. it
may oceur by retuen Mows from surface water and groundwater irrigation, leaking
water distribution systems or leaking sewers Groundwater discharge through natural
process ay oceur by capillary rise from shallow water tables. baseflow to rivees and

becls and direct flow 10 the sea. Discharge from pumped wells is only atificial process.

2.3 Interaction between River and Aquifer

2.3.1 Types of Interaction between River and Aquifer

I'he important Factors that determine the dircction and magnitude of flus across the
river-aquifer interface arg the relation of river stage to the adjacent groundwaler lovel
and the distribution of hydraulic conductisilics of river bed sediments. For groundwater
to discharge (o a stream channel, a conneetion Inust exist, and the hydraulic head in
the underlying aguifer must exceed the hydrostatic head in the overlying surtace water.
Converscly. the loss of surface water to the underlying aquifer requires that the
elevation vl the water table o the vicinity of the stream is lower than the glevation of
the stream-water surface. Rivers generally intcract with groundwater in three basic
wavs (Winter et al.. [998) i) strcams gain water from inflow of groundwater through
the strecambed {connected gaining stream); i) they lose water Lo groundwaier by
oulllow through the strcambed (losing stream): or iii) they do hoth, gaining 1 some

reaches and losing in other reaches (connected-gaining-losing stream], or both pain and



lpse in the seme reach nt different times. For groundwater to discharge into o stream
channel, the clevation of the groundwater surface adjacent 1o the stream must be higher
than the clevation of the fiver stage (Figure 2.1a). Conversely, for surface water to seep
to groundwater, the clevalion of the river siage must be higher than the adjocent near
stream groundwater elevation (Figure 2.1b). In both cases, there must be permenble
materiel that will allow this hydmulic head 1o move water, Losing sireams can be
connected Lo the groundwiter system by a continuous saturated zone (Figure 2.1b).
Losing reaches can also be occumed when the smturated sediments surrounding the
channel sediments are physically detached from the groundwuter table by o partially
saturated or an unsaturated zone (Figure 2.1¢). The rate of this water loss is a function
of the depth of waier, the bydruulic grodient towwrds the groumdwater, end the
hydroulic conductivity of ithe underlying alluvium. The chennel system can be
hydrautically connected to the aquifer, or have a leaking bed through which water can
infilmie 0 e subsurface. The exient of this interaction depends on physteal
chamcteristics of the chanmel sysiem such as cross section and bed compoaition
Streams commonly contnin a silt layer in their beds which reduces conductance
between e stream and the aquifer,

Figure 2.1 Schematic diapmms illustroting () hydraulically connected-gnining stream,
{b) hydraulically connected-osing stream, (c) hydrulically disconrected-losing stream
{Source; Winter et al,, 1998)



From a hydrogeomorphological point of view, four types of interactions hetween

streams and groundwater can be conceptualized {Xu el al.. 2002} as:

0y Constantly losiny o gainmyg sirecams: This 1ype may oceur in the upper catchment
wheie the replonal groundwater level is constantly below the stream stage as shown in
Migure 2.2 (la), It may also be found in places where permeability of stcam bed
matcrals are such that the amount of water lost fram streams (s limifed. Constantly
gaining streams may alse exist where streamy are fod by eroundwater from conlined

aquifers {case b of Figure 2.2},

it) Ptermitient streams. This ype may be found in the middlc course where
gronndwater discharges lowards the sircam during dry periods, while the river
recharpes aquilers during floods. The baseflow component would have a cuto[F under

the peak {low time as in case 2 of Figure 2.2,

qiy Gaining streams with or withont storage: This type is oflen abserved in the lower
course where groundwater levels may be consisiently higher thun the river stage. The
hascllow eomponent would increase in eilher an 8 curve or a straight line, depending
on the presence of bank storage. As shown in Figure 2.2, the three possible cases are:
3a Tor porous media without bank storage, 3b for fuctured media without hank slorage

and 3¢ for fructured media with storage,

v} Iterflow-dominant streeus, This type may occur in the upper catchment wheare
interflow may be the dominant component ot stream hydrographs. 1 the regienal
sroundwater level is below the siream stage. traditional separation techniques would
give an indication of the magmtude of inlerflow contibution. 1t may also be

complicaled by geological structures in S0Me cascs.
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Figure 2.2 Typical scenarios of the interaction hetween groundwaler and steams

A connccted. variably aaining-losing eiver reach is i direet hydraubic connection with
the underlying aquiler aud aiternates between being a paining and losing river Where
the civer is gaining or losing will depend on the relative difterences between the
groundwater and river stage clevatons  |hese relationships may change scusonally
with varylng climatic regime. with natural erosion-deposition processes in river beds,
and [rom changes in the water table In responsc to surface water and/or groundwater
cxtraction In a system which initially loses water at or before the slart of raintall event,
the infilration of rain water and MNood water in wet menths may recharge the
underlying agquifer to a level higher than the river stage transforming the stream onto a
gaining one. When the groundwater CoOmponent ceascs in the neat dry scason afler the
waler table returns 10 a level that is below the base of the river. and the stream becames
losing apain. Groundwater pumping can also cause the hydraulic yradients Lo Nuctuate
during the irrigation scason by lowering the water Llable and reversing flow directions
such that a paining stream becomes a losing strean. In some instances, the groundwater
and river may beecame disconneeted for varying perinds which might oceur during the

irrigation season [rom groundwater extraction resulting in a Jowered groundwater tahle
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One ol the most commeonly used forms of groundwaler comes [rom unconfined shallow
water table aquilers. These aguifors are major sources of diinking and irrigation watcr,
They also interact closely with sireams. sometimes flowing (discharging} water into o
stream  or lake and sometimes reeciving water from the slream or  lake.
An important feature of rivers that are disconneeted from groundwater is that pumping
of shallow groundwater near the strcam generally does not alTeet the How oof the stream
near the pumped wells {although unsalurated 7one slorage of water may play a role in
ma ntaining some degee of connectivity). Conversely, pumping groundwater fiom a
connected aquifer-river system will impact on the local stream flowy hydrology.

reducing water availability for surface water users and riverine ecosysicms,

2.3.2 Factors Affecting River-Aquifer Interaction

The relation between stream clevation and water table clevation can be highly transient
depending on variations in the rates of groundwater and surlace water withdrawal and
recharue, These rales are affected by changes in season. and by human activities
(agricultural development, irrigation systems, construction of reservairs, etc). The

[actors affect on fiver-aguifer interaction arc discussed below in details,

Seasonal variation of hvdranlie gradient: Flow betwecen aguifers and rivers alternates
in direetion seasonally, Water lescls in many aquilers follow a natural cyelic pattern of
scasonal uctuation. typically rising during the summer and rainy scason due to greatet
precipitation and recharge, then declining during the winter and spring vwing to less
recharge and greater evapolranspiration. e magnitude of fluctuations in water levels
can vary preatly from scason to season @nd from yedr 1o ycar in responze to varying

climatic conditions,

in & variably gaining-losing type of reach. a river will generally initially loose water at
the start of a rainfall event when unelT processes daminate, During wet periods and
flood events the infilteation of rain water and stecam flow through the base of the river
comtribuics recharge to the underlying aguifer and eventually, the groundwater
clevation may become higher than that of the river stage At this point the Now gradient
will be reversed in the near stream area, and scepage o Lhe riverbed will occor in the

jarm of hascflow (RCK 2002, Ward 1975). When the bascflow component ceoscs.
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alicr the water lable retwns o a level that is below the base of the viver, the river

channel dries out until the next rainfall-runofi-recharge event takes place.

In Bangladesh, a humid, Moodplain country, rivers 1eceive a substantial contribution of
lheir lean flows through groundwater discharge along the courses. On the other hand.
rivers at high water levels typically recharge the aquifurs by reversing the laieral
sradicnts of groundwater (bow. It has been eslimated that in case of Ganpes river, the
vearly horizental recharge is in the aimount of 14.5 million cubic mulers. which ix

cquivalent to the discharges of 35 deep tube wells {Rahman and Chowdbury, 2003).

Geology or geomorphology: Geology exercises a sirong contral over the transfer ol
water belween rivers and aguifers Geomorphology of the surrounding land,, bank
slorage and sediments in the riverbed affect the hydraulic gradient of surface water and
groundwater levels, Tine sediments are deposited in the riverbeds and banks in many
rivers and these sediments can cause signilicant resistance to the flow of waler between

the river and aguifer {Younger ¢t al, 1943)

Degree of conneetivity: The exchange rate benween the river and the aquifer will also
depend on the degree of peactration of the river int the aquifer. 17 the river 15 not
perched, butl sediments have accumulated in the riverbed. or the river onfy slighily
pencirates inte the aquifer, than the hydraulic communication belween the river and
aquiler may be limited, while for  fully penetrating river s more likely to have greater

hadraulic connection with the aguiler,

In DBanaladesh, flow hetween agquifers and rivers altemmates seasonally, and the
exchange is significantty comtrolled by the geology, Ahmed and Burgess {2003} and
Ravenscrofl (2003) summarize the geamorphology and genlogy ol the rivers and other
surlace water badics 1n Bangladesh, Rivers in Bangladesh have sarious degrees of
penetration into the upper aquifer; those of Halocene flowdplains have 4 good hydraulic
cantinuily and those on Pleistocene werraces have no simple genetic conmection with the
underlying aguiter. dlowever. in Barind Tract arca, tivers Jike Atrai, Little Jamuna and
Mahananda cut through the Barind clay into the underlying aquifer allowing direct
recharge. ‘The river Atrai and little Jamuna are pood enamples of variably gaining-

losing streams. being eflluent during the wet season and influent during the dry season.
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Courses of many rivers are, however, [ault controlled. and presumably [ault planes in
these river beds play a role in the interaction with the aguifer. Rivers surrounding the

Capital City. Dhaka partialls penctrate the aquiler system

Basellow of rivers originates predominantly fiom the saturated zone, the shallow
groundswater reservoir, which in most cases is unconfined., Discharge from this
grounds aler reservoir exfillrates through river banks and the bottem of river heds, This
discharge has a relatively fast response to rainfall due to the maobilization af rold™,
pre-event groundw ater (Chapman and Maswcll, 1996: Heenmani. 1997) stored within a
vhurt distance Lo the river. by percolating rainwatcer increasing the level and hydraulic

head of the proundw ater reservoir

Withdrawal of groundwater by pumping: Groundwater pumping can also cause the
hvdraulic gradients to 1luciuate during the wrigation season by lowering the water table
and reversing [low directions such that a gaining stream becomes a Josing stream. In an
example of an agoifer system located near a riser, under natural conditions the recharge
tn the water taltle is cqual 1o the groundwater discharge to the stream. [ntroducing a
pumped bore will result in the reduction of water stored within the ayuifer and in the
development of a cone ol depression (Figure 2.5). The volume of water that 13 removed
from storage through pumping is ne longer available as stream discharge. If the bore is
pumped at an even greater rate the cone of depression will expand towards the river and
induce the movement of stream waler inlo the aquiler resulling in induced recharge.
Fssentialiy this situation results in reversing the groundwater-stream gracients such that
a groundwater discharge site. where the stream was oncy gaming, is changed into a
groundwater recharge site, where the siream looses water 1o the underlyving aquifer
replenishing aquifer storage during pumping. This is 4 simple but compelling example
ot the interactions belween groundwater and river systems (Ivkovic and Croke, 204,
The response time for groundwaler pumping to impact river Mows in a hydraulically
connacled groundwater-river system is a function of the aquifer diflusivity and Lhe
distance of the bore to the river. Commaonlby, the natwal hydraulic connestion between
river and aquifer is cxploited by near-river installation of wells desioned to draw down
groundwater levels below the river level and induce recharge by surtace water {Larkin

and Sharp. 19927
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Ficure 2.3 Schematic showing seepage ol river waler (o aquiter induced by the
intersection of the cone of depression of a pumping well with the river [Source:
Sakehin, 2005}

Critical Eactors fon water management are the timing, location. and velume o
streamilow depletions, which depend on 1) the degree to which the river and aquilcr
are inlereonnected, 2) the distance between the river and the pumping source, 3) the
rate ol pumping, and 4) the physical chaacteristics of the sircambed and the aquifer.
While the impact of groundwater pumping on strcamflow may be limited in purtially
penctrating rivers or in rivers with clopged less permeable sedimuent beds. slronger
hydraulic connection in a fully penetraling stream is more likely to allow lor significant
stream{low depletion by groundwater pumping. The rate of stream depletion associated
with pumping ifrom a given location is normally propurticnal to the rate of ground
waler pumping rate. Aquifer physical characteristics also affect the lming and
magnitude of stream depletion. Aquiter layering. water transmission, and storage
propertics may have a strong influence on the direction and rate of propagation of
putniping efMiets. 1lighly transmissive aquifers with limited water storage capacity wil
ransiit effects more rapidly than aguilers of lower permeabitity or higher storage

capacity,

‘The distance belween a surface water body and a pumping location strongly affects the
timing and degree that pumping will impact stream depletion (Figure 2.4). Pumping
near an interconnected surface water body will have a nearly inunediate impact on the
surface water source, The impact may be nearly equal te the rate of ground water
pumping, At greater distances, the cffects of pumping will be atienuated and distributed
over longer time periods and may be shared with other bydraulically connected surface

water bodies,



rt

Manpog T
r_

Sranm uw dopleiow ————4

Tl sk st Of PUPRLE m——
Migwre 2.4 Schematic showing stream flow depleuon due to pumping for different
pumping locations trom the stream {Source: Salchin, 2003)
The fow e ffeet
An important consideration in streamtlow depletion analysis is the “lag ctfect’. ie. Lhe
time lag between the time when water 15 pumped from 1he groundwaler and the time
the depletion s observed in streams. In many ground water systerns, surface watcr
supplies are ultimately depleted by an amount of water equal (0 the volume pumped
and consumptively used, The cffects of pumping on surface water supplies may be
distributed over vears, or even decades, depending on the size and properties of the
aquiler. Johnsem et al, {1993 demonstrate how the stream depletion efTeets for 30 years
of continuous pumping [ram the Snake River Plain aguifer, North America’s second-
latgest aquiler, persist fon decades after pumping ceases (Figue 2.5). In reality. it is not
casy 1o ohserve the impacts of wells on streamflow, Otien. variations in precipitation.
pumping patterns and stream flow are such that only afler many yems can the impacts

on stream flow be observed.
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Figure 2.3 Schematic showing time lag in years between groundwater pumping and
streamflow, deplotion obsensed (Source: Salchin, 2035}

Generalls. anly the shallowest aquilers in an alluvial aquifer system will be in direct

hvdraulic connection with a river, Flonwever., it vertical flow components oxisl between
¥
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a connected shallow aguifer-river sysiem and a dn:];cr underlying aguifer, then there is
the potential for the river and the deeper nquifer to interact with each other (Ivkovic et
al.. 2005). For example, pumping from & deeper aquifer may resvlt in n downward
hydraulic grodient that reduces the water level in the shallow aquifer. Reduced
groundwater levels in the shatlow nquifer may alter the nature of the groundwater-river
internctions by changing the direction of flux or the hydrmulic connection between the

PWO SyStEms,

2.4 Infiltration and Percolation Process -

The infiltration-perzolation is the process in which nquifer gets vertically recharge.
Rain water and/or flood water in the wet scason also infiltmue through the pervious soil
cover and ultimately reach the shallow water 1able by deep percolation or gravity
dmainage thus mecharging the shallow aquifer (Figure 2.6). Verticol infiltrution-
pereolation process may also tske plece from imigation water in the dry season. The
time it tnkes the recharged flood water to return to Lthe river by groundwater flow may
be weeks, months, ar years (Winier ¢t al., 1998).

Rainfall

Rainfall
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Figure 2.6 Schematic diagram of infiliration-percolation process illustrofing rise in
waler inble due 10 venical recharge by percolation during wet season (Reproduced lrom
Rahman end Chowdhury, 2003)
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Water infiltrating through the unsaturated zone 15 from diieel precipitation, trom
overland flow, and from leakage thiough streambeds. Flow in the unsaturated zone
penerally is assumcd downward in 1esponse (o gravity, However. poorly permeable
strata (for example. a clay layer) can create barricrs to downward Mow that can limit the

amaunt of watcr reaching the underlying saturated zone.

Flooding of low-lying lands is, in a sense. the most visible and extreme example of the
imeraction of surface water and proundwater {Winter ¢t al., 1998). During fleoding,
recharge to groundwater 15 continuous: given sullicient time. the water Lable may risc to
the land surface and completely saturate the shallow aquifcr. Under this condilion. an
extended period of drainage [rom the shallow aquifer takes place after the fload walers

recede.

In Bangladesh. recharpe of groundwater mainly takes place by rainfall and tlooding.
Groundwater recharge conditions are advantageous with much of the country flooded
and/or under rice cuttivation during the mensaon. Out of the wtal area of 14 40 Mha,
almost six Mha arc subject to annual Mooding in depths sanging from 30 cm to over 2
meters, The shallow agquifer of Bangladesh has, in genersl, good w reasonable
ransmission and storage properties. Therefore, in many areas the aquiler or w0l profile
fills up almost to the ground surface at the end of the wet season (Rahman and

Chowdhury, 2003: Rasvenscrofi, 2003).

2.5 Interuction between Agquifer and Lakes or Wetlands

‘The hydraulic properties of siccam and lake beds control the interactions between
surface water and groundwater svstem (Sophocleous, 2002), The hydrologic regime of
a lake Is stronaly influcnced by the regional groundwater flow system in which it is
located, This inteaction plays a critical rola in cvaluating the water budget for the Take,
I.akes can receive groundwater or lose water W the shallow aquifer throughout their
entire bed. or receive groundwater through some parts of the bed and lose waler
through other parts. Because of the huge surface area, evaporation generally has a much
greater effect on lakes than on river levels Variation of water level in lakes is not a
1apid as 1t i5 in streams, Bed sediments in lakes penerally consist of less permeable

organic deposits, which can affect the spatial distribution of lake-aquifer interactions.
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An important aspect of groundwater-surface water interchange is that surface water tn
stream. lakes. and wetlands repeatedly interchanges with nearby groundwater (Winter

ct. al.. 1998)

Wetlands may interact with groundwater similar to lakes, Many wetland sites are
associated with the discharpe ot groundwater 1o the surface. In the form of localized
springs or diftuse seepage. Unlike lakes, wetlands may not he sited in the lowest
depressions; they can be present on slopes, drainage divides. or along streams,
cspecially slow moving streams (Winter el al., 1998). Seasonal change in groundwater
lesels it the wetland soils and in underlying or adjaccent aquifers can bring about a
comples pattern of waler mosement and storage. The groundwater companent of the
water budpet may be a great significance to the survival ol the wetland  Riverine
wetlands although complex receive groundwater discharge: depend primanly an the
river tor water supply. Poriodic water Jevel changes in wetlands thus can result in

complex interaction process with groundwater,

The rivers and beels are thought to be sources ol 1echarge 1o the aquifer (WK, 1990:
MPO, 1985 Ahmed, 1994; MMIHTS. 1992: Khan. 1991). In Bangladesh. a large
number ot bills {(small perennial Jakes) accur in the down-Taulted depressions in the
northeasl region. which  apparently  persist because ol groundwater  discharge
{Ravenscroll, 2003). Ahmed and Burgess (1993} studied the behavior of bills in the
Garind Tract arca in the northwest region, and found that the contribution of bills o the
underlying aquifers is localized and 1s active only during the wet season. Some ol the
bills became zones of discharge from the aguiler wwards the end of the dry scason.
There bas been a recent tendeney of some of the beels drving out. which is thought 1o

b a result of aquifer over-cxploitation.



Chapter Three

ASSESSMENT METHODS OF
STREAM-AQUIFER INTERACTION

3.1 Introduction

The current study used a aumber of analytical lechnigues o examine the interaction
between swface water and groundwater.  There exist a varicly of wchnigues
investipate the interaction process, including ficld cxperiments, analytical Llechnigues
and numerical models. While many of the applications used one or two methods, some
studies employed a combination of methods (c.g. Oxtobee and Novakowski., 2001,
Mosner, 20023 A comprehensive review of the assesstment methads arc provided 1

Lhis Chapter,

3.2 Field Mcthods

Scveral tigld methods are used to determine the intcraction of surface water and
groundwater on the hasis of investigation criteria. A common held fechnique to
establish the predominant direction of Mux between river and groundwaler 1s employing
piczometers at several locations at different direetion. This way verlical hydrautic
vradient and direction of water interchange can be established. The exchange flow
paths can be delineated by property selecting the locations of piczometers in the
atluvial aguifers {Wondzell and Swanson, Wroblicky et al. 1998). Knowing the head
differcnee (Ah) belween stream and aquifer allows the calewlation of flux g. betwuen
the two systems using Darcy.s law:

PR AY (3.1}

Where, k is the leakare coetficient or conduclance of stream bhed, cxpressed as the
hvdraulic conductivity ot stream hed divided by its thickness (Rushion and Tamlinson,
19797, The above lingar relation can be used for aguifir discharge and river recharge as
it implics & similar mechanism [or the two processes, the sipn of g determining the
dircetion of the flux, in many cases. the lincar relation may not represent the true
picture. The rate of recharge can be smaller than the rate of discharge because of

imcreased resistance 1o Lhe passage of water when volume of recharge waler increoses
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{Rusbiton and Tomlinson, 1979 Non-lincar and a combination of lincar and non-linear
relations were proposed by Rushton and Tomlinson (1979). Another field mothod
commmonly used is the direct measurement of seepage rate and {lux using seepage
mieters or flus chambers (Belanger and Montgomery, 1992}, I'o determine groundwater
Mux using the piezometers. the hydraulic conductivity of the sediments needs Lo be
estimated or detcrmined, as well as the cross-sectional arca of the MMux. ‘Lhe drum

ethod represents a dircet measurement of the flux,

Field methods have found eatensive application, some of which are revicwed here.
Carey {200t) studicd groundwalter and surface water interaction for the Sammamish
river (- Washinglon, USA and used Mini-piezometer set-up o determine whether
groundwater 1s flowing into or out of the river at sclected locations during the low (low
conditions.  Anderson (2003} conducied an assessment of groundwater and surlace
water interaction in the Warm Spings canal in Frenchglen, Orcgon, USA. wo
common field techniques were used to evaluale stream and groundwater oxchange.
Mini-piesometer probes were installed at several locations to define the vertical
hydraulic gradient and direction of water interchange.  Flux chambers drums were
ingtalled to estimate the groundwater seepage rate and flux. Donato (1998} studied on
surface-water and ground-water relations in the Lemhi River Basin. East-Central Idaha.
The matr objectives of the study were to carry out scepage measurcments to determine
seasemal distributed gains and losses in the Lemhi River and to estimate annual ground-
water underflow from the basin w the Salmon River. Wish and others {1998) cstimated
stream-aquifer  flux  from  streamow  measurements,  and  groundwater  head
distributions along the reach ol the San Pedro River in Cochise County. Arizona, USA,
| e and Swancar {1994} used ficld data from piesomeler nests as well as modeling to
study the complex interaction of the lakes with groundwater and the effect of

groundwater pumping trom the aquiflcr in the Karst terrane of Florida.

3.3 Chemical Methods

Conducting tracer tesls is also a commonly used technique o investigate transient and
comples groundwater flow palterus near surface waler bodies {(Meigs and Bahr. 1995),
Commonly used envirenmental tacers are naturally vecurring dissolved constituents

such as anions and cations. stable isetopes of oxvgen and hydrogen, radio isolopes such
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as teitium and radon, and physical properlies of water such as temperature,
Environinental isotopes are being used with preater frequency [or studies of the
interaction of groundwater and surface water. Use of cations and anions can be helpful
in determining the sowrces ol water to streamflow Juring storms in small watcrsheds
Stable isotopes of oxyeen and hydrogen can give hetier indication of the mining of
water Jrom different sources areas sinee waters from difTerent sources have different
isotope compositions {Winter et al, 1998: Ahmed and Burgess. 2003, Radio jsnlopes
arc goad indicators o1 water ages or residence times, 1.e the time Lhat water has spent in
the groundwater systems. They can be used to identily significant groundwater input to
g stream and stream water loss to eroundwater as a result of abstraction of groundwater.
Temperature can be a usetul parameter in identifying gaining and losing reaches of a
slream, Scdiment temperature and stream temperature are markedly diflerent in gaining
reschas while diurnal fluctuations of stream temperature are strongly reflected in
sediment lemperature in losing rcaches (Winter et al.. 1998}, Some examples of the

applications of chemical methods are mentioned below:

(M7 et al. (2003 investigaled the extent to which lahes and surface water interact with
the underlying aguiler in Triassic Piora, Switzerland, (n this study, the authors used
seven dye tracing tests and tound that the direetion of groundwaler flow w the aquifer

is from the valley area Lo Siream argas.

Stauffer (1985) used solute tracers to estimate groundwaler flow into lakes.
Krabbenholl ot al, {1994} used envirunmental isotopes {or underslanding the interaction
of lakes and groundwater. Alpers and Whittemore (1990} alse used environmental
isolopes W pain insight into Lhe role ot groundwater in the hydrology of twe lakes in

northern Chile. and 1erercoe et al, { 1992) did the same for Lake Tarrel, in Australia.

3.4 Analytical Methods

wuch ot the literature on the interaction of surlace water with groundwater in alluvial
aguifers was concerned with analytical solutions o [-dimensional Mow of grovndwater
to fully penetrafing strcams (Rorabangh. 1964, Glover, 1964 Hall, 1968). This
approach is stidl being used today o estimale groundwater recharge from streamtliow

hydrographs {Bevans, 1986}, and automated computer-based technigues for using these
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analytical mcthods were recently developed. Numerous analytical solutions were
develaped over the yoars 10 consider a wide varicty of theoretical and field conditions.
and analytical solutions are still being developed. A range of analytical methods are in
use. .\ good example of Lhis is study by Ivkovic and Croke (2004) characterizing who
developed a tramework for the spatial and temporal interactions between groundwater
and swface water syslems in the Namai calehment in Australia thiough several analysis
methads including analysis ol groundwater and stream hydrographs. analysis of Now
duration curves. baseflone fillering echniques and analysis of piczometers transects and
flows nets. In addition to the analytical studies, the use of pumerical models 1o cvaluate
the intaraction of groundwater and surface water has become commamplace over the
pust 25 vears Recenlly, improved numerical methods  dor simulating  the
interconnection of groundwater and surface water have heen developed, especially with

respect to simulating the surface water component

1.4.t Hydrograph Scparation Techoique / Basetlow Separation

Flydrograph separation is the process of separaling a plot of stage or discharge v time.
known as g stream hydrograph, into bascflow and surface runoll components. asellow
comprises the groundwater contribution to total stream flow. Hydrograph scparation is
an cstablished technigue lor guantifying groundwater contribution o annual streams,
Clearly. it is nut appropriate to apply such a technique to an ephemeral siream [ed enly
seasonally by melt water, or a stream that was only actively flowing aller major

precipitation evenls,

Hydrograph separation or reecssion analysis of steeam Jow hydrographs has been used
tor a long time and continues 1o Gind 1ts application in many studics. Deermination of
groundwaler baseflow [rom reeession analysis of stream Now hydrographs commaonty
referred to as hydrograph scparation alse has a leng history (Hall. 1968). There are
many technigues that can be used for base Mow separation. Mcethods tor separating
sireamflow hydrographs into components of base flow and dircet runoft have been
available for many vears (11all, 1968). The common separation motheds are gither
eraphical (IH, 1978) which wnd 10 locus on defining the peints where baseflow
interseets the rsing and fabling limbs of the quickflow response, or involve fifiering

where data processing of the entire stream hsdrograph derives a basellow hadrograph,



Graphical Mcthod

Graphical methods are commanly uscd 10 plot the basellow component of a Moed
hydrograph event. including the poinl where the baseflow interseets the falling limb
{Figure 3.1). Stream Mow subsequent to this point 15 assumed Lo be entirely hase Mow,
until the start of the hydrographic response to the next signiticant rainfall event. These

araphical approaches to partitioning basc flow vary in complexity and include:

(i) An empirical relalionship for estimating the point along the falling limb where
quickflow has ceased and all ol the stream tlow is baseflow.

N=0.8274"° (3.2
where N is the number of days betwcen the storm crest and the end of quickfow, and A4
is the area of the catchment in square kilometres (Linsley el al., 1975). he value of the
cxponential constant (0.2) can vary dependling on catchment characteristics such as

slope, vegetation and gcology.

(i) The eamstans drscharze mathad assumcs that basetlow is constant during the storm
hvdrograph {1.insley et al, 1938}, The minimum strcam flow immediately prior to the

rising lumb is used as the constant yalue

(i) The constant sfope method conneets the start of the rsing limb with the inflection
polnt on the receding luub. Fhis assumes an instant response in bascflow 1o the rainfall

oyenl.

(iv) The coneave miethod allempts to represent the assumed initial decrease n hasellow
during the elimbing limb by projecting the declining hydrographic trend cvident prior
(o the rainfall event o direetly under the crest of the flood hydrograph (Linsley et al..
1958). This minima is then connected to the inflecuon peint on the receding lmb of

storm hydrograph to mode] the delayed increasc in basctlow
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{1a) Comstm! discharge method

(1b) Constem skop method and
{1c) Concave method

Figure 3.1 Graphical baseflow sepamtion techniques

Digital filter methods for bareflow separation

Digital filtering methods have recently become commonplece in hydrogmph separation
(Lyne and Hollick, 1979; Chapman, 1991; Nathan and McMahon, 1990; Amold et al,,
1995: Amold and Allen, 1999; Eckhardi. 2004). The digital filter method wns
originally used in signol analysis and processing processing to separnte high frequency
signal from Jow frequency signnl {Lyne and Hollick, 1979). This method has been
extende in baseflow separstion. River runofT analysis can be considered analogus to Lhe
electronic signal annbysis. High frequency waves can be associated with the direct
runofT. and low frequency waves can be nssociated with the baseflow (Eckhardt, 2004).
Thus, filtering direct nmofT from baseflow is similar to signal analysis and processing
{Eckhardi, 2004). The digita) filter method has no physical meaning, but it removes Lhe
subjective ospect from manual scparation. and aims 10 genernte an objective and easily
sutomated index that can be retated 1o the baseflow response of o catchment. Filtering
techniques arc [ast, consistent, amd reproducible (Amold et al.. 1995).

Examples of continuous hydrographic scpamtion techniques based on processing or
filtering Lhe daia record include:

() Increasing Lhe base flow &t each time sicp, cither ot a congiant mte or veried by

a fraction of Lhe runoiT (Boughton, 1988);



()
p )

{11} he smoothed minuma techigue which uses the minima of 5 day nonoverlapping
periods derived from the hydrograph (11, 1980; FRIEND. 1989} The basetlow
hydrograph is generated by connccting a subset of points selected from this minuna
series. The HYSEP hydrograph scparation programme uses a variant of this called the
focet-mimimanr method {Sloto and Crouse, 1996):

ity The fived eterval methed diseretises the hydrographic record into increments ot
fixed time (Tettyjohn and 1lenning. 197%). The magnitude of the time interval used is
calculated by doubling {and rounding up) the duration of guickilow. The haseflow
component of each time increment is assigned the minimum: streamilow recorded
within the incremeanl:

(ivy The shcfmu-onerval wethod assigns 2 basellow lo cach daily record in the
hydrograph based on the lowest discharge tound within 4 fixed tune peried belore and
alter that particular day (Pettyjohn and 1enning, 1979);

{v) Recursive digital filfers. which are routing wols in signal analysis and pracessing.
are used Lo remove the high-frequeney quick flow signal Lo derive the low-lrequeney

bascflow signal (Nathan and MeMahon, 1990).

X.4.2 Correlation [Regression Froeess

Statistical methods have been used recently ta study problems related to the interaction
of groundwater and surface waler. For cxample, Adamowski and Feluch (1591)
propuscd @ new nonparamettic regression moedck to investigate the relation hetween
Muctuations i groundwater levels and time serics of streamflow. They determined that
the nenparametric method resulted in more aceurate predictions than thase ohtained
from parametric regression. [n another study invalsing time-serics analysis. Niestle and
Reusing (1990 comparcd Autoregressive Moving Average and Fractional {iaussian
Noise models to assess their reliability for the analysis of drought risk of the Nile River
at Aswan, Egvpt. River discharges were converted 1o water levels, which were then
used as input 1 a simulation model ot the intcraction of the Nile River with

grouncdwater.

Operation of Rain Gauge and Groundwater Monitoring Networks for the Imperial
valley Water Authority, by Scott et al. (2002), presents hvdrageologic and hydro-
metecrologic information gathered from the rain gavge and obscrvation well netveorks

in the Imperial Valley. ‘Ihey found that groundwater level decline was a result of



irrigation season pumpage during Lhe highest crop water demands. The study alwo
shows the importance of the timing of precipitation to maintain groundwater lavels.
Statistical analysis of the relationship between groundwater levels and precipitation
showed a one- to two-month lag from the time rainfall 15 received at the surface of the
carth to the Ume that it is ohverved in groundwater levels, For wells near Lhe llinois

River, only a one-month lag exists belween river stage and groundwater leve] responsc.

3.4.3 Floow Duraiion Curve

Streamflow variations at a station can be characterized by constructing low-duration
curves, which represent the percenlage of time stream flow . were cqualed or exceeded
during a sclected period (Searcy. 19591 Dingman, 1994). A flow duration cunve is one
of the most informative means of displaying the complete range of river discharges,
from low flows to flood events (Smakhtin, 2001}, Low-flow information is paricularly
useful in determining the probably adequacy of a stream for water supply or for
receiving waste discharges. Inclusion of Mow duration curves, an essential component
of low-Mow analysis, with the vther hydrologic data help to define the relationship
between groundwater and surface water at the site in question. The Innger the period
seleeted tor the Mow duration analysis, the more representative the tlow duration curve
will be of long-term conditions at the station. Tlow duration curves may be constructed
with the flow on the Iogarithmic scale and per cent of time-probabilily on a Lincar scale.
The percentage of time that flows did not occur is also calculated m assist with
characterizing river reaches; in particular, to assist with distinguishing gaining from
variably gaining-losing river reaches, Figure 3.2 shows a schematic eaample of Mow

duration curves.
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Figure 3.2 Schematic showing flow duration curves illustrating river-aguifer
INLCractIons



25

A connected variably gaining-losing reach may be reflecied in the steep slope of the

curve, while a [lat slope may indicate a gaining stream.

3.4.4 Analvtical Solution of Transient Effecis of River an Groundwater Flow
Development of analytical solution to one-dimensional groundwater {low in estimating
interaction between  fluctuating  river and  groundwater  levels and  cstimating
eroundwater recharge from streamflow hydrographs has a long histery  The one-
dimensional flow syslem 1s described by the governing equation lor linear, non-sleady
flow in a confined aguiler:
& _15%
&8 &

Where, T and § are transmissivity and storativity of the aquifcr, respectively, b is risc

{3.3)

ot fall of piczometric head in the aquiler, x is the disfance fiom aquilcr-surface body
interseclion. and t is tme. The aquifer is represented as a semi-infinite. horizontal
aguiter of uniform thickness, The water level in Lhe river fluctuates and causcs a
corresponding Muctuation in the piesometric head within the aguifer. The solution to
thiv governing equation for difterent boundary conditions has been developed over the
vears by several authors (berris, 1951; Cooper and Rorabaugh, 1963. Pinder ¢t al.
1969: Hall and Mocnch, 19723, However. the solutions are based on many simplifying
assumptions, e.g. (1) sueam fully penetrates the aquiler. (2) the stream and the aguifer
are hydraulically connceted, (3) the aquifer is bomogencous, isotropic. semi-infinite in
extent and of constant thickness, and {43 flow in the aquifer is only herizontal. The
solutions are derived for confined conditions. although satisfuctory  results for
unconfined conditions are also obtained il the location of computed head is sulTicicntly
far cnough from the surface water inlerscetion so that il is unaflected by vertical
components of flow and the ranges in fluctuation af the computed location is anly a

small fraction of the saturated thickness of the Tanmation,

3.4.5 Analvtical Solution for Computing Streamfow Depletion

“lhe depletion of strcamilow by pumping groundwater from the contiguous alluvial
aquiler has been a major impetus o sodics of the imcraction of groundwater and
surface water. Severat analstical methods are available for computing groundwater
drawdowns and stream depletion caused by steady, constant pumping (Theis. 19415

Hantush, 1965} The solutions generally cmploy mnage well theory to caleulate
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depletion consider an unclogged streambed in an infinitely long and straight stream.
Jenking { 1968) created a serics of dimensionless curves and tables of volumes and rates
of stream depletion. He introduced a stream depletion Tactor® {sdf) term. which is a
time scale based on aquifer paramcters and the perpendicular distance trom the stream
to the well (a,):
sdf = a, 871 (3.4)

The sotutions are based on many simplilying assumptions such as i) The aguifer is
isotropic. homogencous, and semi-infinite; (it} Transmissivity remains censlanl. (iii)
The strewm (s ol constant temperalurc, represents o straight boundary. and fully
penetrates the aguiler; (Iv) Water is releascd instantaneously from storage; (v} The
pumiping rate is steady during any rate of pumping, (vi) The well is screencd through
the full saturated thickness of the agquifer. When the assumptions made in Lthe aboye
solutions are too restiictive. more sophisticated methods must be emploved. In a
camplen system, sdt can he considered an effective value of 8,9, This value is
dependent upon the ntegrated effects of irregular impermeable boundares, stream
meanders. areal variation of agquifer properiies, distance from the stream, and imperlect

connections between the stream and aguifer.

A recent paper on this problem {Wallace et al, 1990} was concerned with comparing a
dimensionless volume of stream depletion over & pumping cycle with maximum rate of
streamn depletion at a practical state of dynamic cquilibrium. Dimensionless plots of
cquations developed by applying suparpasition principles to anabytical wolutions for
stcady continuous pumping were used in the study.

When the assumptions made in the above solutions are too resirictive. more
sophisticated metheds must be employed. Spalding and Khaleel (1991) established
relationships between the degree of stream penciration and streambed resistances for
values of extended Mow lenpths and retardation cocflicients. They evaluated relative
elfects of various simplifving assumptions and methods uscd in the analytical solutiony
and found that streamt tlow depletion differed trom the numerical model by 209% if

partial penetration is ignored and 45% if clogging resistances are ignored.

a1
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Fox (2004} studied the development of analytical solutions for predicting the efleets of
pumping wells on adjacent streams and rivers. The ohjcclive of this research was o
svaluate the predictive performance of recently proposed analytical solutions for
unsteady stream depletion using field data collected during a streamfaquiler analysis
tent at the Tamarack State Wildlife Arca in eastern Colorado. He used stream/aquifir
analysis test and 1alling head parameter test. Analytical wolutions are evaluated based
on & comparison of measured aquifer propertics from prier aguifer investigations and
measured streambed conductivity in the backwater stream using in-situ falling head
parameter Lests against the estimated parameters from the Hunt (1999). Butler ¢t al.

{2001} Fox el al. (2002) and unt {2003) analytical solutions.

Inhn Barker (1999) developed a simple mathematical model which provides an
csinate of the reduction i groundwater Now into 2 wetland caused by pumping This
ol is based on a new well function which incorporates leakage between the aquifer

and the wetland and is a generalisation of the Theis equation,

Zarriello and Ries (2000) incorporated an analytical technique (STRMUDEPL) for
calculating the eMeets of pumped wells on streamflow depletion. The anthers assessed
the interrelated effiocts of surface-waler and pround-water withdrawals on streamflow,

and to develop sound management practices 10 protect these resources,

Zhane (19927 developed solutions for transtent MNow' in an aquifer-aquitard system that
considers storativity in 2 contined layer in responsc to abrupl changes in water level.
uniform changes in water level, and steady rates of scepage from a river. From these
equations. he determined groundwater levels for aguifr and aquitard, as well as rates
and total volume of seepage from the river. Transient conditions were also of interest to
Rastogi (1991} who determined seasonal groundwater flow to a river reach bounded by
two raservoirs. where the water-table aquiter was underlain by an impermeable bed.
The objective was 10 determine the amount of gioundwater that could be developed
[rom this aquiler system that was recciving seepage from the upstream reservidr, [osing

seepage 1o the downstream reservoir, and reeciving seepage from the niver,
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3.5 Numerical Methods

A numerical mode! of river aquifer interactions penerally requires simulation of the
swlace water and groundwaler by cmploving numerical solutions of equations tor
surface water routng and groundwaler flow. Coupling between two models is alse
required, and most models use o simple Darey caleulation based on head difterences
between the surface waler and proundwater {winler. 1995), However, Numerical
modaling has been the primary lools for analyzing the interaction of groundwater and
warface water since the mid-1960s. Because ol rigid boundary conditions and
simplilving assumptions. analytical models generally can be applied only o simple
one-dimensional problems, which may not be adequate for many studies. Complex
systems do not Icad themselves Lo analytical solutions. particularly if the types of
stresses acting on the system change with time. Numerical modekbs allow far analysis of
maore complicated systems with or without groundwater withdrawals without many of
the simplilying assumptions, and these have been the primary tool for analyzing surface

watcr-groundwater inleraction for many vears.

Carlicr versiens ol models such as MODEFLOW by McDonald and Harbaugh (1984) of
1L Grological Survey used siream stage as boundary conditions. Later the surfuce-
water model and the groundwater model were combined [or an integrated caleulation of
a more realistic nature by incorporating a streamflow rouling routine, cailed the
“Stream Package”, in MODEFLOW (Phrudic, 1989}, Its use. however, s limited 1o
stedy flow in rectangular channels  Swain and Wexler (1990} combined LISGS
models MODFLOW and BRANCIT into a new groundwater/surface water intcraction
model. called “MODBRANCIT The stremnflow and groundwater equations were
coupled using 4 leakage term at the sediment-water boundary,  Coupling of unsieady
river (low solver with other groundwater flow model such as MIKLE-511 developed by
Danish Tydraulic Institute (111, 2000} has also been made  MIKE-SHE and MIKE-11
were applied in a basin in the northwest region of Bangladesh to examine aquiter-river
inlcraction and assess safe withdeawal from the aquiter without covironmental

degradation (SWMC, 2000)

3.6 Artificial Neural Networks
Arlificial neural networks (ANNS) are g recent innovation in water resouices

technology which has potential for use in river-aquifer interaction studics. An ANN is a
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sel of highly interconnected mathematical processing elements which are capable of
representing non-lincar multivariate mapping functions between input and oulput data
sets, The forms ol the mappiag functions are determined through ‘training” the ANN
using scts of input and oulput data, Their use in the UK within a water resources
context has been [argely pioneercd by the Neweastle team (Rao and Jamieson. 1997,
Rao and O Connell. 1999}, Within the Nicld of river-aquifer interaction studics. ANN's
have the potential 10 represent the relationships between groundwater abstraction dala
and river low depletion using data from numerical models and fram field ohservations

where available,

3.7 Surfuce water - Groundwater Interaction Studies in Bangladesh

Ahmed (1994), Ahmed & Burgess (1995} condueted the study using chemical and
isotopic evidences to determine the interaction between surface water and groundwater
svstem 11 Nofhwest region of Dangladesh  Ahmed (1994) conducted a study Lo
estimate baseflow of the river Atrai in NW Bangladesh cstimated base  (low
components for the peried 1980 w 1990 using software from the Institute of
Hydrolagy. UK. The estitate shows thal bascllow on the river varies [rom 32 1o 62%

where the annual discharges varied from 21,700 1 72,076 cumecs.

Saleh (1985) developed an analytical model called, Watcrshed Irrigation Potential
Fatimation {WIPE) model. to simulale groundwater movement in 4 watershed in the
North-West Bangladesh, He found that. bevond 2000 m from the river, the Mux from
the water table to Lhe river was negligible and (he water table profile of the watershed
was not alTected by the water level in the river. Hoque (1986), Khan and Mawdsley
{19861, and Michac] (1986} also deall the problem of stream-aquifer system, although
their main emphasis was on the theme of conjunctive use of surlace and proundwater.
I'aisal (1988) studied the effect of river stage on the groundwaler table at different
distances by simple lingar regression and estimated the characieristic distance beyend

which the groundwater table is no more alfeeled by the river stage.

SWMC (1996) used MIKE-SHE to model the interaction between the suiface water and
groundwatcr in onder o inroduce the modelling system and  demonstralc the

capabilitias in some arcas of dals shortape with limited time. In this study, the model



reproduced the groundwater levels and surface water Nows and levels, and elearly
showed (he interaction between surfuce water and groundwater. SWMC (2000) carried
out a study o cxamine the interaction between surface water and groundwater in the
Atrai river hasin, Northwest region of Bangladesh using coupled MIKE [I-MIKT. SHIF
modeling system. The resull of this study arc the river is in direct contact with the
aguifer, and generally river contributes to aguifer from the month of March to
November and the gets flow [rom aquiter from December to February.  1WM {2005}
carried oul the study vsing Integraiced MIKE 11 — NMIKE SHE modeling system to
explore the modern technique with the view to increase agricultural production i
Thakurgaon District through optimum utilization of availabie water resources, 10
address inigation adoption based on groundwater zoning for an clicient planning and
management of the water resources and also to conduct the assessment of groundwater

availability and patential for lulure cxpansion,



Chapter Four
STUDY AREA

4.1 Introduction

Master Plan Organization (MPO) set hydrologic caichment area (CA} level and
planning arca {PA) level all over the country on the basis of hydrological characteristics
fon analysis of problem, assessment of resources and identification ol development
opportunities. The selccted catchment (catchment no, 33) is shown in Figure 4.1, In
Bangladesh, almost 193 calchments were considered for the identification of project
type. formulation and prioritization of investment program, computation of incremental

food production ete.

4.2 Area and Location

The study arca covers parts of eight thanas named Akkelpor, Badalgachhi. Naogaon
sadar, Mlohadevpur. Ratinagar. Atrai, Adamdighi and Ddhupchanchia  within
hvdrolopical catchment ares Wo WW-33 in the Northwest region of Bangladesh. "I he
total arca ol seleeted eight thanas is 18868 sq. km amaong which catchment no NW-33
accupies an area of 839 sq. km. including river area (BBS. 2001). Table 4.1 shows the
thanas and districts along with the percentape of area covered from cach thana within

the stiudy area.

The study arca lies between 24°3748" and 24°38'48”™ North lalitudes and between
B8°48'36" and BY°10r12" East lonpitudes. The mea is bounded on the nonh by Khatlal
thuna ol Jovpurhat district, on Lthe cast by Kahalu and Nandigram thana of Bogra
distriet. on the south by the Atrai river and on the west by Niamotpur and Manda thana
ot Naogaon district.  Hydrologically, the study arca named little Jamuna calchinent
{Catchment no. 33) is bounded on the north by Catchment no. 24 and 27, on the cast
Catchment no. 28 and 34, on the south by Catchment no. 25 and 39 and on the wast by

Catchment no. 23
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Figure 4.1 Location of the Study Area
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Table 4.1 List of thana atong with covered area in the study arca

. 1"Area of Thana in | Area of Thana in
Sl: No. Dmﬂﬂ Thana Stady Area (") . | Stuily Area (kin®).
1 Bogra Adamdighi 100 183
2 Bogra Dupchanchia 55 a0
3 Jovpurhat | Akkelpur - 21 35
4 Naogaon Atrai 16 35
5 Naogaon | Badalgachi 35 78
6 Naogaon Mohadevpur 24 G0
7 WNaogaon Naogaon sadar BS 238
3 Naogaon Eaninagar 33 S0
Total Arca of the Study Area (km”) 839
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4.3 River Systems

The term 'Little' is used to differentiate the fver from the mighty 'Jamuna' river. The
Ichamoti river is criginated from Chatianagar beel under Khansama thana of Dinajpur
district and flows through Birampur thana and renemed as Icha-Jamuna. Flowing
through Panchbkibi and Badalgachi, the Icha-Jamuma river is met with Tulsiganga al
Naogaon sadar and renamed as Little Jamuna, The Tulsiganga acts as a tribulary of
Litlle Jamuna. This Tulsiganga river originates from Dhanpara beel under Nawbabgan]
thana of Dinajpur and flow through Birampur, Hakimpur, Panchbibi, Khattal, Akkelpur
and met with Little Jamuna at Naogaon sadar. The rver Little Jamuna falls with Atrai
river flowing through Naogaon sadar, Raninagar, Atrai and Bagmara thana (BWDB,
2(05). The river system in the study area is shown in Figure 4.2, Nagar niver originales
from Karatova and fows lo the boundary of the study area at Adamdighi and meets
Atrai at Raninagar thana. The total length of Little Jamuna river is about 120 km.
There is a river siage and flow measurement stalion in the Little Jamuna river situated

at Naogaon town {as shown in the Figure 4.2). BANGLADESH
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4.4 Static Waler Systems

In the study arca, there are some important static waler bodies. Motable Becls are
Betpari. Kaigari, Subeel, Nuruler Becl, Poradaha beel, Keshpathar, K alidaha, Madma.
Garai, Sattarall, Arulia Demradaha, Sara, Gobarchapa. Mahichbaran. Ziadaha, Bahuvar
becl. Ramchandrapu, and Kokira, Kachiar beel.  Adamdighi. Sangshar. Radla, 5il
Kawrer Dighi, Shahar 1ighi, Kuldighl. Khadash Dighi are also notable water bodies
During dry scasol. the stativ water bodies are considered as the important sourees from
which water is used [or various purposes. Static water hodies may play an important
role for supplying of water in the dry season. These beels are the mujor source of fish
for local people, But the depths of these beels are very shallow and most of them are
now completely dry and used as a crop fleld in the dry scason. Some of them are used
as regular agricultural field. The becls in the Barind Lracl o northwest Bangladesh play
a localized role in the (nteraction between surface water and groundwater {Ahmed and

Bursess, [995).

4.5 Climatic Factors

The study area lies in the monseon region of the summer dominant hemuwsphere. The
tropic of cancer lies south of this region The climate of the area is gencrally warm and
humid. Based on rainfall. humidity, temperawre and wind pressure the weather
condition is classified inte Tour types, such as. (a) pre-monsoon, (b) monsoon. (¢} post-
monsann and {d} winter. Somc of the imporant climatic parameters are described

below,

4.5.1 Temperature

The (cmperature varics between 44°C to 6°C; the climate is dry apart from the monsoon
season from mid June o mid Octeber. [ts average temperalure ranges from 33°C 0
23°C in the hottest sexson and 97°C to 15°C in the coolest season, The coldest months.
December and January, average about 10.72°C: occasional frecsing 1cmporatures oceur
during this time. During the warmest months of July and August, the average
emperature is about 27.28°C Generally this region is rather hot and is considered
semi-arid. In summer. some of the hottest days cxperience a lemperature of about 45°C

or even more. In winter it falls to about 3°C in some places of the study area So this
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older alluvium region cxperiences extremes that are clearly in contrast to the chmatic

condition of the rest of the country.

4.5.2 Rainfall

‘I'he tropical monscon climate of Bangladesh results in an annual rainfall o about 2300
mm across the country as & whole, but rainfall over the Little Jamuna river [loadplaim is
much less (Ahmed and Buwgess. 2003). Annual rainfull varies between 1400 to 1700
mm: about 1300 mm annually that is much lower than the national average. Rainfull is
concentrated inta the wet scason between May and July. and litde rainfalls occur during
six dry months of the year between October and March. Raintall varies from place to
place as well as vear to year For instance, the rainfall recorded in 1981 was abowt
1.738 mm. but in 1992 it was ahout 798 mm only. There are six rainfall stations in this
arca namely Atrai, Mohadevpur, Badalgachhi, Dhupchanchia. Adamdighi and
Naogaon. Daily rainfall data arc available at Lhese stations mostly from 1961 to 2003,
the lowest anbual average rainfall of 572 mum is observed at Adamdighi in 1999,
whereas, the highest annual average rainfall of 2352 mm at Naogaon in 1987, Table 4.2

shows the mean monthly rainfall in the study area.

Tahle 4.2; Mean manthly rainlall in mm (Source ol data: BYWDB)

Station Name | _Apr May | Jun July Aug | Sept | Oct
Adamdighi 10.4 1383 | 2823 27148 283.1 2384 127.2
Dhupchanchia | 64.1 | 78.7 30491 3297 2768 2801 158 1
Badateachhi 333 137.7 2748 303.4 2767 28%.4 [EN
M anoann 3497 135.8 2959 3102 20952 2632 4 131.0
Mohadevpur 7.1 1802 298.7 IR0 2572 2795 L77.3
Atrai 1.5 125.1 2796 298.5 2352 2337 191 |
Staution Name | Noy | Dee Jan Fib Mar Annual
Adumdighi 11.3 | 1.3 07 1.2 17.4 1452 7
Dhupchanchia | 1.7 j 1.3 9.8 15.6 27.2 1661.7
Badalgachhi 11.8 124 10.2 17.3 19.1 1511.3
~angaan 12 3 i L7 T8 165 219 L5d44).4
Muohadevpur 132 |36 159 8.2 26.5 17343
Adrai 89 112 .4 11z [7.2 1383.6

4.6 Geology and Geomorphology

Northwest region is divided into three units. These are Recent Alluvial Fan, Barind
Pleistocene, and Recent Floodplain, The Litte Jamuna carchment arca s located
woulheast of Barind Tract: the catchment includes recent alluvial tloodplain and some

parts of the Last Barind Tract. Barind Lract is one distincl physiographic feature of
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Bangladesh. ‘The East Barind “I'tact is at an clevation of 30 m while the West Barind
tract is at an elevation of 3¢ m (Ahmed and Burgess. 2003).the poorty permeable clay
ground surfaces of both regions are drained by a network of "Kharies™ (drainage
channelsy which carry floodwater during the monsoons but rapidly become dry
following the onsct of the dry season. The Lidle Jamuna wogether with other rivers
such as Mohananda. Atral. Punarbhaba and Siba dissect the Barind Tract in to a numbe
of blocks. These marphologic units are sepmated by lung, narrow bands ol Recent
Alluvial Each of these rivers hus its own floodplain within the tract and is generally
restricted in width o fow kilometers. 'Lhe Barind unit is comparatively at 13m to 25m

higher clevation than the adjoiming Moodplains.

Barind Tract, the lagest Pleistocene terrace of the country, is made up of the
Pleistocenc alluvium. also known as older alluvium of mostly red and brinwnish clay.
The clay cover of barind “T'ract varics considerably in Lhickness. The clay reaches to a
maximum thickness of 40 m in the nerh-west in high {West) Barind 1o a thickness of
few meters in the south-vast, The alluvial sediments of the river floadplain consist ol
sequence of sediments varying [rom clay to medium sands. The sandy section of the
unit serves gy producing aquiler in those parts. The thickness of the unit reaches upto
100 m (drilled depth) in the Moodplains. Naogaon, Alrai arca are within interstream
deposits  arcas  whereas Mohadevpur.  DRadalgachhi,  Akkelpur, Dhupchanchia,
Adamdighi and Raninagar area are within the older alluvial deposits. All the deposits

arc riverine, stratificd and heterogencous in nature {SWMC, 2000).

4.7 Aquifer System and Properties

Most aquifers in Bangladesh exhibit either feaky or unconfined responscs over the time
pcriod of main concern (Peter, 2004 A number of hydrogenlogical studics have been
carricd out in and around the swmdy area (Alam ¢l al. 1990; AL, 1993 Ahmed. 1994
Ahmed and Durgess, 1995, Bepum et al. 1997; Avad and Bashar, 2000: Hague ot al..
2000; Shams, 2002). The available literature (BGS, 2001) reported that the aquifers in
the area oceur in two broad horizens, the shallow aquifer and the deep aquifer.  Muost
of the peaple of the arca meet their demands of Irrigation and domestic water supply by
tapping these shallow aguifers.  Except some part of the Flood Plain area, the aquilers

aver most of the region arc sandwiched between upper silt and clay aguilard and lower



37

silt and clay aquitard {Shams, 2002}, The aquifer (Dupi Tila) material is composed of a
sequence ol medium to coarse-prained sands with occasional gravels. 'Lhe thickness of
this laver ranges from 5 melers 1o more than 70 mcters (Begum et al., 1997)
According to Ahmed (1994), groundwater 1n this shallow aguifer tlows from north 1o

south with lacalized outlow into the major rivers with a head gradient of 1:1000.

SWMC (20007 analvzed the subsurfice formations in the Atrai basin and classified
them into tour groups: (i) upper aquitard: (i) upper aquifer; (iii} lower agquitard: and
(1v) lower aguifer. The material like clay, silt. very finc sand and fine sand were
considered as aguitard and other sandy materials like medicm and coarse sand and
gravels were taken as aquifer. Geemetry of aquifer covers the thickness ot aquifer and
depth to top of main aquiler. The average thickness of aquifer is 50 m or more and the
maximum can be as such as 80 m or more. Maximum. minimum and average thickness
ol the peological layers in the Atral basin is given in Table 4.3, The thickness
gradually deercases from North-west to South-cast. The thickness of upper aguiter is
undulating from North-west (o South-gast.  Some assumptions were applicd in defining
the lower aguitard and lower aquifer because of insulTicient data over depth in many of

the boralogs.

l'able 4.3 Maximuwm, minimum and average thickness of the genlogical layers
{Source: SWMC, 200{)

Cieological Layer - Thich:nr;ss (m)
i Maxinmum Minimum Average
Upper Aguitard 53 00 4 25 16.50)
| Upper Agquifer §7.00 3375 S350
Lower Aquitard §7.00 4.50 35.50
Lower Aquiler 50.00 50,08 50.00)

Along the Atrai, the clay is overlain by a thin section ol alluvium. The Atiai and
Mohananda cut through the Barind across cluy, and this contributes to direct rechurge
{Ravenscrofl, 2003 Khan. 19281}, In moest parts of cast of | ittle Jamuna and West of
Mohananda, the Barind clay is missing. In these recent alluvial parts. the aquifer
behaves like an uncontined aquifer. The Dupt ila aguifer is in hydiaulic contact with
the alluvial sediments that makes cut the majoriny of the sediments in the Liltle Jamuna

rivel calchment.
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Aguifer Properiies

Aquifers in Bangtadesh are recharged by vertical pereolation of rain and ftood water
{Ahmed and Buruess, 19933 'The aguilces of the 1ittle Jamuna Floodplain demanstrate
pitZOmetrc recovery subsequent to pumps being tirned off at the end of the irrigation
season. before the onset of the monsoon rains, confirming the significance or vertical
lcakage (Ahmed, 1994}, Iransmissivity values range [rom 1500 m/day o 3000
m*/day, avcraging 2300 mzf‘day {see Table 4.4}, Higher transmissivity oceur in the
northern part (25002000 m2iday), and lowest transmissivity occur in the southern part

(1500 m*/day) (Majumder. 1998).

The starage coctticient is the [raction of water released from a unit volume of aquifer
beeause of reduces water pressure or dewatering, The long (erm storage characteristics
used 1o define the scasonal storage volumes are delined by specilic viclds
represcnlative of the fully unconfined aquifer.  Speedic yields of the upper aquifer in
the study arca is wmostly .1 {see Table 4.4}, indicating a close o uncondined
characteristic of aquiter,

Table 4.4 Aquifer propertics (Saurce of data, WARPO: Specific yield information is
from SWMC, 2000

Vertical hydraulic Transmissivity |Specific
Geocode |District  {Thana conductivity 5 ¥ PP
(m*/day} vield
{em/{s) g
33813 [Joypurhat |Akkelpur .2 2500} 0.1
31006 |Bogra Adamdighi 0.2 2500 0.1
51033 |Bogra Dhupchanchia 0.3 3000 0]
36406 [Waogaon  |Badalpachh 0.1 2500 (345
56460 |[Naogaon  |[Naopaon sadar n.az 2000 LA
S6485  |Naopaon  [Raninagar 0.1 1300 |01

4.8 Existing Groundwater Irrigation Development

The study area iv deminated by agricultural land with discrete households. The main
crop in this area is paddy. which includes Boro, High Yield Varicty (HYV) Aman and
transplanted Aman. Extensive irrigation mainly through shallow and deep tube well i
commen in the area. The main use of groundwater in the study area is for wrigation.
Groundwater is also abstracted by hand tube wells and dug well for diinking purpose.
This volume is insignificant compared to ahstraction rates for brigation (SWNC,

20009,
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| here is catensive abstraction of groundwater in the sudy arca mainly by shallow tube
well ($1'W). decp-set shallow tube well {DSSTW). very deep-sct shallow tube well
(VDSSI'W) and decp tube well (ID1W) Manually operated pumps or MOPs {nen-
mechanized hand tube well. traditional pumps. rower pumps, hamboo wbe wells ele)
for irrigation had created great cuthusiasm among the farmers for low cost, simple
technology and casy operation. But presently, most of the hand tube wells arc no more
in use for irrigation in dry seasen following lowering of groundwater level and goes out
of order duc to long use. Fur this. numbers of munually operated pumps have declined
substantially.  The arca under dry scason rrigation from groundwater has grown
rapidly since 1986-87, afier low growth during the mid-1980s period of egulation and
conirnls Both nuwmbers and tal arcas under §TWs have increased rapidly, and the
STW irrigaled arca has grown by an average of 12.5% per annum in the §5 years up 1o
1997-98 (NWMP, 2000). At peak irrigation period groundwater scarcily posses some
problem for STWs, Due to lowering of satic water level (tis not possible w it water
by $TWs. This has led 1o use of decp tubewells, which has increased in the study arca

over the yea s,



Chapter Five
METHODOLOGY

5.1 Introduction

In order to understand the inleraction between surtace water and ground water systems.
the important features in each system need to be examined. The study followed a
techna-social approach to characterive the surtace water and ground water systems and
their interactions in the study aren. l'echnical analysis mainly included a varicty of
analytical approaches. eg lithological analysis. hydrograph analysis (through
comparison of rainfall. ground water level and river slage time series). Now duration
curve, baseflow separation, tread analysis and correlation regression analysis. 'wo
social investigation methads were conducted in the study area. The first onc involved a
questionnaire survey (using structured questionnaire) in 4 thanas in the study arca. with
a view to finding out people’s perception aboul the stats of stream Tlow depletion and
ity possible causes, impacts and mitigation measures, The scecond method involved
purposive inlerviews (with semi-structured questiopnaire) conducted aleng a 17.5 km
stretch along the Little Jamuna river with the chiet objective of characterizing the

spatial variation in stream and aquiter system and their interaction,

5.2 Data Collection

Duta required for the stady include rainfall, river water level and discharge,
groundwalter level from obscrvation wetls, irrigation, borelog data. These data were
collected from diffcrent types of sources such as BWDDB., WARPO. BMDA, BADC.
DAL, BMD. DPLE, 1'WH. and 1WTEM Library in BUET. In addition to this, data were
collected from field offices as and when required. The hydro-meteoralngical data
collected are not continuous, there are quite a tew gaps in the data. The periods for data

colleclion along with missing data are summarized in Appendix-A.

5.2.1 Rainfall

There arc 6 rainfall stations namely Naogaon, Badalgachhi, Adamdighi, Dhupchanchia,
Atrai and Mohadevpur within the study arca. Jlistorical 1ain(all 1or the perind of 1961-
2003 of these stations was collecled [rom BWDDB. Vhe locations of the rainfall, river

water level and discharge stations are shown in Fipure 5.1, Among the 6 rainfall
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stations, data of only 4 stations, namely I-"Iaugaon, Badalgachhi, Adamdighi and
Dhupchanchia, were processcd for analysis. Rainfall stations along with data sialog are
listed in Appendix-A.
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Figure 5.1 Loecation of rainfall, water level and discharge pauge staliens

5.2.2 River Water Level and Discharpe 1

River water levels for the period of 1964-2003° ol existing {wo siations namely
Naopaon {133} and Sonaimukhi {325) of DWDDB were collected from WARPO
database and BWDB. Sonaimukhi water level station is upsiream and far from the
sclected study arca and was used mainly to interpolate water level at different locations
in the Little Jamuna river. River water discharge data for the period of 1565-1992 of
Naogaon (133) station of BWDB were from WARPQ databasc and BWDB. Among
these discharge data, some dala are missing in each every year. Besides, there is no
daily discharge data from 1993 to date. For the analysis of the present study, discharge

data was gcnerated for the period of 1993-2003 using a rating curve equation,
Q=0.0000166*({WL-3)*"", which was estimated by fitting a line through the

discharge versus water level plots of 1990-1993 (see Figure 5.2). It should be noted

here that this may have involved some uncertainty and error. However, when the
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discharge versus water level plots for the four yoars are compared (Figute 5.2). it is

seen that there was not any significant shift in the raling curve,

30 18
1E a 5 0
e *mtY " @'ﬁﬁ’
g‘ 1 FA « E 14 o
14 -
g, & 12 F
E* E
T 40 |
£, e
X : 0
& E B
g7 £
4l » 19331 4 *[ #1988
2 2 'i
o - - - e . . ——
& 41 B 120 180 200 240 f 40 B0 12 1&D 230 240
Discharge {m’fsec) Diacharge im*sec)
23 18
e A
18 gt s i N
rs L]
14 st glad . THx
e i o g &
£ £
E i E 1
ER T ]
El EJ| %
5 &7 § *
4 1' T 47 « 1990
2"| ‘
Q " T a T T
Q £ B 120 127 200 bt ] i} 40 an 120 183 200 240
Cachmme :m].'Eet:} Discharge [rrl:'.'seci
20

Figure 5.2 Fitted rating curve equation for generating discharge datu [or the period

Water laval {m, P

|
|
i
6

4l

10032003 [ Q=0 0000166 * [ W, _3}:. LI ]

Ba 120

160 203 240

Olacharge l:m‘].'ser.}



43

5.2.3 Groundwater Level

Weekly depths of ground water level data from the [ixed measuring stations were
collected for a period of about 30 years. These data were collected from WARPO,
RWDB and local office of BMDA and BADC, BWDB maintains all the groundwater
ohscrvation wells. The frequency of measurement is gencrally once a week. The
locations of the groundwater observation wells are presented in the Figure 3.3, It was
found that piezometer well and dug well were installed in same Jocation and seme data
are missing and poor in quality and quantity in a few observation wells, which were
later discarded. 'The locations logether with specification of the observation wells are

given in Appendix-B.
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Figure 5.3 Location of groundwater observation wells

It is essential to mention the concept of groundwater depth and level belore analyzing
the groundwater data. In the data sheet reduced level (RL) of parapet, parapet hcight
(PH) and groundwatcr depth below measuring point (h) are given. The groundwater

level is calculated by the equation, Groundwaterievef=RL-h. The concept of
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groundwater depth and level were shown through a skeich (Figure 5.4). Tt is o be
mentioned (hal the minimum groundwater depth cccur during wet season while the

maximum groundwater depth occur during dry season.
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Fipure 5.4 Schematic diagram ol groundwater depth and level

£.2.4 Borelog Data

‘There are 61 borclog statiems in and around the study arca, These borelog data were
colleeted trom WARPO and BW1IR database. Among 61 borelog only 46 borelog arc
installed within the study arca. Most of the borcholes are located in the west-central
part of Lhe stody area and in some part of the area no borelog data arc available. "L he
locations of hareholes are shown in Figure 3.5, and borelog data status in and around

the study area are presented in Appendix-C.
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Figure 5.5 Location of boreholes in and around the study area

5.2.5 Irripation Development Data

Thana wise irdgaticn data from 6 thanas, namely Naogaon, Badalgachhi. Raninagar,
Adamdighi, Dhupchanchia and Akkelpur within the srdy area have becn collected
from WARPO, BADC, DAE and field office of BMDA in the form of no. of STW,
DSSTW, VDSSTW, DTW, FMTW, LLP, MOPU, TRAD, DTWNOP along with nct
cublivable area (NCA) in hectzres. From secondary sources along with field survey,
pumping rate of STW was found to be 0.5 cusec and that of DT'W 2 cusec. Depth of
STW is about 40 to 60 meters and that of DTW 100 to 120 meters. From BADC
source, discharge capacity of STW is about 14 Ifs and of DTW is about 4 times that of
STW. The number of STWs considered in -the study includes the number of STW,
DSSTW and VDSSTW, and the number of DI'Ws includes FMTW and DT'W also.
Thana wisc imrigation data status collected mainly from secondary sources are enlisted

in Appendix-D.
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5.2.6 Field Survey

Two social investigation techniques were employed.  One guestionnaire survey wias
conducted using  structured questionnaires in 4 thanas, named as Naogaon.
Badalgachhi, Raninagar and Adamdighi in the study arca. with a view to finding out
peaple’s pereeption aboul the status of stream flow depletion and its possible causes,
impacts and mitigation measures A number of 60 randomly sclected respondents werg
chosen (15 from each thana) in areas (or villages near the Litle lamuna cver). Since
the purposc of the survey was to look into the history of availability of stream flow and
groundwater. ali of the respondents chosen were local permanent residents wilh aee
above 30, The sccond methad invelved purposive interviews with the belp of a semi-
slructured questionnaire with 33 selected respundents {one for cach 172-km distance)
aver a 17.5 km streweh along the Little Jamuna river with the chict objective of
characterizing the spatial varistion in stream and aguifer system and thuir interactions,

The respondents in this second survey were also were aged 50 ycars or ahnve.

I'he questionnaires used in the questionnaire sursey and purposive InLervicws are given
in Appendiv-E and Appendix -F. respeetively. In addition to the questionnaire surveys,
a number of purpasive mterviews were conducted with local olficials of BADA,

BWDB., BARC. DPHE and NGOs.

5.3 Data Analysis

5.3.1 Analysis of Lithology

Borelog data were processed aceording to depth of same soil propertics. According to
simtilarity in soil types or homogeneity in soil properies. the soil layers were grouped
into 8 major layers as Pure Sand, Graveliferous Sand, Silty Sand. Pure Siit, Sandy Clay,

Sand Clay Silt Mixed. Silty Clay and Pure Clay {see Appendix-(1).

More than 60 lithologic logs were visually analyzed and treated in three dimensional
ervironment using software Rockworks 2004 (RockWare, 2004 ). Rockware soltware
has long been the slandard in the pelroleum. environmental, geotechnical and mining
industrics for subsurface data visualization becausc of popular tools such as maps, logs.
cross-sections. fence disgrams, solid moedels and volumetrics.  The well organized

layers wilh barehole_id. longitude, latitude in decimal, clevation. depth with
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homogenous soil type and total depth of lithologs are input into the three dimensional
environment Rockworks 2004, In the Rockworks 2004 software program, longitude
and latitude were converied into Northing and Easting value. Alter the identification of
the locations of boreholes and processing borelog dala, lithelogical colummnar sections
were drawn. In order to represent the vertical distribution of different sub-surface
formations a datum has been considered 106.75 m below PWD covering the maximurm
depth of borehole information. To cbserve the vertical distribution of difterent
formations of the cffective study area, twelve represenialive vertical cross-seclions
{(shown in Fipure 5.6) along east-west (6 profilesy and north-south (6 profiles)
dircctions were prepared. The east-west pm-ﬁles are oriented al latitnde of 24°51',
24940", 24747, 24°45", 24°43" and 24°41"; whereas the north-south profiles are oriented
at 88°52", 8854, 88°56", §9°00', 89°02', and §9°04' respeclively.
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Figure 5.6 Rcpresenlalive twelve cross-sectiona! profiles in the study arca

5.3.2 Time Series Analysis

The historical time series data of river watcr level ond discharge, and groundwater
levels were visually checked for presence of trends, if any. Daily river water levels and
discharge for the period of 1964-2003 of Naogaon (133} gauge stalion were processed

for vearly mean, maximum and minimum, yearly dry period (November-May} mean,
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vearly floed period (June-October) mean water level and discharge dota sel,
respectively for trend analysis, The groundwater levels were processed for yearly

mininiun.

5.3.3 Anulysis of Relationships between Hydro-Meteorological Parameters

Visual comparison of time series dafq; Time scrics data of rainfall, river water level,
and groundwater levels were compared o sce the relotionship (e.g. change in one
parameler in responsg to the change 1o other parameter) betwecn rainfall and rver

water level, rainfall and groundwater level and river water level and proundwater level,

Correlation Regressims Analysis:  Conelution regression analysis was performed
between monthly tolal rainfall and monthly mean river water level, monthly total
rainfall and monthly mean groundwater level, and monthly mean river water level and
monthly mean groundwater lovel. Monthly groundwater level measurcments i each
well were correlaled with total monthly precipitation at the ucarest rain gauge(s} and
the Little Jamuna River stage. The corrclation regression analysis was repeated for
lagged time series data to imeshigate the time delay in response, if any, of any

paramgtel to the change in the other parameter.

Irripation desclopment and Monthly river slage werc also correlated with total monthly

precipitation by simple corrclation regreswon analyses. Best-fit cquations were
N - - - - 1

calculated based on lincar regressions and coellicients of deternunation (R7) and

correlation coefficients (R were calculated.

5.3.4 BuascNow Analysis
Basellow scparations from the hydrographs were performed using digital filtering
techotque.  In ths study, the digital filter BFLOW was used. A briel description of
BFLOW is given helow,

SELOW
I'he BFlow program separaies baseflow (fom stream{low by passing a filter over the
streamTlow records, three consceutive times: forwards, backwards and forwards again.

Each consecutive pass of the filice over the streamflow i output, producing three time
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serics estimates of baseflow  The user can then scieet the optimum pass based upon

previously selected estimates of hasetlow from the catchment in question.

The filter is as [ollows:

1+ o
g =0¥q,t %{Ql -0

where
g = filtered divcet runoflal the € time step
. = filtered direct runolTad the t-] time slep
i = filter paramcter {0.925)

(= iotal stream [low at the t ime step

(h., = toral strewm low at the 1-1 ume step

The filter paramcter 0.923 was determined by Nathan and McMahon (1990) and

Amold et al, {1993), o replicate manual separation techmgues. Baseflow s then

caleulated by:

b:=Ql =4

5.3.5 Analysis of Errigation Data and Its Effect on Surface ¥Water and
Groundwater lnteraction:

Thana wise groundwater withdrawaliused for irrigation in a year or ierigation waler was

caleulated from the Mmllowing formula
(S 0 Seanvaig = Pl 05 @ A 1 (L2832 !

ik

W OTH x Jensec)x [ d < 10SdArxt) 028327 107
rrugatiomator, J‘Lfﬁ-:j{DT‘k’f}:{ crvee)= T : i e 2rt i
I

Irrigationwater, M YETWY -

Correlation regression analysis between wrigation development and groundwater level
(dry season irripation months of January, February, March and Apnl) and stream Now

were conducted.  Tn this case, irrigation development data was frrigation water v olunie

in Mm” ealeulaled by the equations given above,



Chapter Six
RESULTS ANT} DISCUSSION

6.1 Introduction

The objectives of the study, as outlined in Chapter one, was to inveshigate the behavior
ol stream Mow in response to groundwaler level fluctuations and vice versa. and to
analyze the long-term effect of irrigation development on groundwater levels and the
corresponding impacts oo the river flow. This chapter presents (he results and analysis

lrom a number of analytical and social investigation tools employed in this respect.

6.2 Conceplual Hydrogeologic System

The analysis of lithologic information from borelog data by Rockworks soltware are
presented in Figure 6.1, The dimensions and specilic locations of the shees are
Mlustrated in Figure 3.6, The subsurface geology of the study arca inveshigaled was
stuched up to 106,75 m on Lhe basis of [ithological logs of covering the arew. The
Litholewe panel dingrams as shown in Figure 6.1 arc very vseful m predicting three-
dimensional distnbution of the sub-surlaee formations, This diagram represents an
overall view of the sub-surface geological formations delineating the major aguiler
zones. 1 is noted here that analysis ol lithology of the area using information from only
61 non-umfermly distributed borclogs may not provide a one hundred percent accurate
picture. Nevertheless, it is expected to provide reasonable indicative delincation of the

three-dimensiemal hthological distribution,

There are confining sandy clay layers (upper agquutard) in the north-west of the study
arca, with (he thickness of the ¢lay varying from 2 1o 13 m. However, as [igure 6 |
demonstrotes, the litholopgy of the study area is mostly dominated by sandy soil
alluvium. with most of the area without any sigmlicant eonfining clay layer. The upper
sandy aquler extends upto 70 m depth.  Although the lower aquitard (silty clay, sand-
clay-s1lt mix) is shown to be generally located at a depth below the upper aguiler (1.c,
below roughly 70 m), there is uncerlainty as there are possibilities of errors duc ta a
low number of borelogs with sufficient depths. Henee, the location and thickness of the

lower aquitard could not be reselved with comainty [rom the above analysis.
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Conneciivity bomeen Little Janmna river and aguifer

The finding that most of the floodplain aguifer adjacent 1o the nver do not have any
stgnificant eonfining clay layer indicate that there is direct connection between the river
and the underlying aquifer m the Houdplain alluvium.  There 15 also a sufficient
indication that there is hydraulic connection between the floodplain aquifer and the
upper aquifer m areas underlain by the clay aguitard. It may be mentioned here that
similar observations were also made by Ahmed (1994) about the hydrogeology of the
Little Jarnuna niver, All of the obser atioms wells are located in the upper aquifer. The
hydraufic connection between the upper aquifer and the lower aquiter could not be
direclly established because of low depth lithologic data available. However. literature
(¢.g. Rahman and Rechrig. 2006: Ahmed, 2004) suggests that all the layers are leaky 1o
nature and thos interconnected  The fact that hand-tube wells get frequently afecied by
the deep-tube welis (discussed in a later section) indieates that there are good
possibilities of bydraulic connections between the upper and lower aquifer. A
conceplual hydrotogic Mow system (Figure 6.2) is prepared based on groundwater

level, surface water level and lithological data of the Little Jamuna river catchment.
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6.3 Analvsis of Time Scrics of Surfuce Water Level and Discharge

Figures 6.3 and 6.4 present the water level hydrograph and 1low hydrograph of Lale
Jamuna river al Naogaon. respectively, It is observed that surface water level
fluctuated [rom 10 m to 14 m i mid sixtics but it Tuctuated more relatively reeently
and the range was from 5.3 m te 155 m. It means that in dry season watcr level
remains low and in wet seasit it remain high, Frgure 6.5 shows that there is apparcntly
ne trend 10 the maximum water level, while there s some deelining trend in the yearly

mean water level and strong declining trends in the yearly minimum water level]

There are strong decreasing trends in the river ow in dey scason months, as seen in
Figure 6 6. The fgure includes both original flow data and rating curve generuted flow
data (as explained in Section 5.2.3). Analysis with both ariginal and generuted data
shows similar rends in Nows. Hence, interpretation of results is made lor the entire
data period {(including gencrated data) from early 1970°s tll early 2000°s. Flows in
Januury. February. March and April hove decrcased by roughly 40%, 308, 70% and

70%, respectively from 1974 to 2003,

In the months of March and April. the flows have declined constderably. and deereased
o vero or near zero low m some years [fom around 1990, Tlows in the month of
February, in recent years. have deelined 1o very low flows. Apparently, the problem of
very low flow (or no Mow) (s gradually extending from March-Apnl o February, The
flow m January has decreased considerably: however, il has not gone down o zero o
as 1o cause drving up ol nver in this month. However. given the dechnng trend of

ilows, the problem of low flow may well extend to even January in the coming yeurs.
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6.4 Trend in Groundwater Level

Cirovndwater fevel fluctiuntion

The groundwater level in the Little Jamuna river catchment aquiler {luctuates
seasonally in response to recharpe from precipitalion. discharge from pumping.
gvapotranspiration, interaction with surlace-water features, and periods of reduced
precipitation and drought. Waler leve! is highest during the month of September and
October and lowest during the menth of March and April. Generally. recharge begins in
fuly and Angust, and the water level rises quickly in response (o precipitation. During
the month of Januvary and February, the water level deelines in response 10 inereased
agricultural water use (pumping) and cvapotranspiration Those tactors alsor contribute
o decrcased water-lesel response to precipitation by reducing infiitration. Seavonat
groundwater level Muctuations range trom 4 o Lo nearly 15 m {kigures 6.7-6.10] in

different wells in the study arca.

Although the recovery is found more or less good at most of the wells, overall there
secms 1o be decreasing trends in proundwater levels over the years. Lincar regression
lines drawn through the time serics of the groundwater Jevels in different wells show

deercasing trends in many of the wells; some of them are strong.
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Figure 6.7 Groundwater fevel Muctvation in piczometer wells in Naogaon Sadar in the
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ligure 6, 10 Groundwater leve! fluctuation in piczometer wells in Radalgachhi in the
Little Jlamuna river catchment aguiter.

Trends i mimmum grovmdwater level

The time series plots n Figures 6.7-6.10 indicate that the minimum groundwater Jovel
has heen historically declining over the last 25 yeas, This is furher illustrated in
Figmes 6.11-6.14, which present the rends in yearly minimum groundwater levels at
various locations.  Vhere arc marked decline in groundwater levels in NAOG2S,

NAGH26 and NAOO27 at Naogaen sadar: BOGOMT and BOGO0Z at Adamddight
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NADDAT and WAOME at Raninagar, and NAOUU4 and NAON0S at Badalgachi. On the
other hand, there 15 a little change in BOGHIE d1 Adamdighi and NAGODS at
Badalgachi
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Figure 6.1 Time series of minimum groundwater level in Naogaon Sadar in the Little
Jamuna river catchment aquifer
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6.5 Relation hetween Rainfall and Groundwater Level

Comparison of patterns.

Precipitation patterns are compared with groundwater levels in various observation
wells in Lhe Little Yamuna River Catchment. which are shown in Figwe 6.15 and
Appendix-1. There is a marked similarity in pattem in variation of the two paramelcrs,
It is observed that rainfall affects the groundwater level Muctuwation of respective place
aller some perind of occurrence, When it wins, it infiltrates into the ground resulting
the recharee o the groundwater level. It takes some time for the rain water to reach and
aflcet the groundwater reserveir through lithologieal strata of diflerent characteristicy;
it tahes some time to afleet the proundwater level.  Infiliration would be higher in

aravelous or sandy layers and relatively low with the Increase in clay and silt content,
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Regression Ancdvsis:

Monthiy total rainfall at nearcst rain gauge was correlated with monthly groundwater
level measurcments in gach well, The fluctuation patlern in groundwalter levels agrees
well approximatcly with the varied paltern of rainfall. However. the correlation
coclficicnt of groundwater and rainfall is not so large as shown in Table 6.1 The
highest coelficient of determination (%) way 01594 (R = 0407 and the lowest was
0,002 (R =0.045}, The variation in the correlation coclTicients is due o the variability

i1 proundwater recharge. which difTers spatially because of heterogeneity in lithology..

Jable 6.1 Correlation cocflicient value of rainfall and groundwater level

Rainlalk station Groundwater well 10 | Methods R’ R
NAOUG4 t:}ft‘?;ﬂmiu! gf;ggiﬁi ?ﬂgg
Badalgachhi. 152 | NAGGOS ]E;“;:;cmial Egg;i 3332
NAO0DS IE_;:{n:f::emial gggii gg;g
NALHZS :éicanjrrlcminl g{?{;i 3;3
Naogaon sadar. 191 | NAQO26 Eszcjéentiﬂl Eg{l}ig E{]}:
NA0m7 Frponentar [ 00501 03
B0G0) poncaaT 000850073
Adamdighi. 131 BOGO02 E;;:;:entia] ggggi g{[:‘:g;
2 15
BOGO03 IE_';:::'T:\::Ejlliul gg;‘g E}i]ﬂ
Dhupchanchhi, 169 | BOGH03 i;inpi::umial gggg; EEE?

Lag Regression Analysis

It is expected that change in groundwater Jevel will not respond 1o the rainfall
immediately: there is supposed to be a lag in the response of proundwater levels. To
examine the timing of the delay in groundwater response Lo a single previous month’s
rainfull, the total precipilation for each month was “lagged™ for 4 period from one to
jour manths and correlated 1o the observed sroundwater level measurement for the
month of the preseribed lag period. Best-tit equations were calculated bused on linear

and expunential regressions. The results for all the wells are summarized in Fable 6.2.
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Results of lagged correlation between rainfall and observation well in Nacgaon and
Adamdighi are presented in Figure 6.16 and Figure & 17 {othur Tigures are given in

Appendin- 1.

The lag period with the highest cocflicient of determinalion is marked with an asterisk,
The correlation between rainfall and proundwater level improves significantly when
groundwater response to rainfall is lagged by different time periods.  For most
piczometer wells, the best correlations oceur for a 2-month or 3-month lag
precipitation; that is. the groundwater level response follows precipitation by two to
threz menths (Table 6.2). Piesometer wells with the best correlation o a 2-munth lag
in precipitation include NAOG2S, NADG27, and NAQG4.  Piczometer wells with Lhe
bost cortelation o & 3-month lag in precipitation include NAOOH26. WADDDS, NAOODG,
BOGOOT, BOG 002 and BOGONS.  Piczomeler well BOGHO3 correlated Dest with a
d-menth lag.  The highest coelficient of determination (R7) is found to be 0.6913
{R = 0.83y at 3 months lag compared to the corrclation of determination (R ol 0.0057
{1 = (.075) at the same location a1 zero lag and the highest cocfticient of determination

[sz of 0.1594 (R =0.40) amonyg all the locations at zern lag.

Table 6.2 Results of proundwater level lug regression analysis

Ceetheients ol determination. R for rainlal ) v.5 lapged sroundwater Level {20 |
Chama St 113 Well [0 | Bethads D-hlenth | 1-Momb | 2-Month | 3-bdonth | 4-Menth
= log lag lag lap bag
1 . 5 M A R -
NAOOM I:.mc:u : 1394 i, 4741 04343 L].E:u_:f'i [ OR7
Ixpunential | 00685 91367 04843 1 07953 0817
i e S L] il
B:i;]ulgu\ hhi, MAONS l:]I]LﬂI : 0 i D243 (F, 3662 M 169% 02233
132 i ponendial | 00024 ALEI92 (3479 0Aa607+ | 03843
NACKING l:|r1¢ar fh 0024 (.0651] i3y 00421 023§
Eaponenbizl | (M7 0303 015362 1 197E 1781
AN S L.inear . 1362 03737 4125+ | (1320 (}.135;
Expongntial | 1153 03650 gAWIEY | 04179 017483
WAL inv: K , T 235
Maraaon WA Linvar . RPN L 0.3838 0407 12333
st 191 Exponential | 0040 0,237 paL72 | 038R | 0270
. ; SO ;
AT Lﬂlmar 11172 04248 30174 {:l-t}(}l—l (1,148
Fyponentud | 005901 03804 05771 | 03159 02368
| Lingar 00047 O.0TRy 02064 (285 | 10,2924
Txponenial | 040355 0786 03103 [42s2* [,3'%3%
Adamdizhi BOGH0? 1ineu : [.0g9s L 2{.'_."1 EI.-P.EE 0Es0s* 03168
151 Lesponential | 0 0057 (2043 03215 |nenie | odsod
1 1042 2 2 685 . 5%
BOGH03 ]..L-]I‘.ILEII : nnyxsy C'l'.lz_“[fl 0N, 194 1] _1{3. I 4#1'"!1'5 |
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Dhupehachi, BOIGU0G Lirgar i 1534 (L0768 1480 B1EZIY | 01429
S Liwponentiad | O 0002 = i216 (h1341% | (H 1377
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Fipure 6.16 Best-fit lingar and exponential correlation for lapged rainfall versus
groundwater level in observalion well no NAOO25 in Naogaon sadar,
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Fipure 6.17 Best-fit linear and exponential correlations for lagged rainfall versus
groundwater level in observation well no BOG002 in Adamdighi.
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These results indicate that groundwater levels are infiuenced by precipitation falling
two (o three months prior © the groundwater observation wells. This gives an
indication ol the length of time required for precipitation falling on the earth®s surface

to reach the water table weithin the Little Jamuna river catchment area.

6.6 Relation between Rainfall and Surface Water Level and Discharge
Comparison aof Pattern

Stream discharpe and stage data 10 monthly precipitation data are compared for the
study area in order to evaluate how Little Jamuna River responded o precipitation
trends, From Figure 6,18, i1 is observed that al the time of rainfall occurrence, surface
water level and fiow show faicly quick responsc. The praph indicates that monthly
precipitation totals and river Litlle Jamuna flow and stage at Nacgaon Station often
followed similar patterns. As expected, periods of low discharge and stage were clearly

1elated o perinds of low precipitation,
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Figure 6.18 Distribution of rawtall and swface water discharge in the study area

Regression analisy

Correlation rcercssion analysis was carried out batween rainfall and river slage.
Rainfall shows a good correlation with river water level in the study area. The best-fil
lincar correlation regressions for rainfall vorsus surface water level are shown in Figure

619 and correlation coefficients of those cesults are listed in Table 6.3,
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Correlation with River water lex cland Correlation wilth Bover water level and
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Figure 6.19 Besi-lit linear corrclations for rainfall versus surface water level in study

arca

Table 6.3 Resulls of linear and cxponential correlalion for rainfall versus surface water

level in the study area

" Thana s, . + ] FRAMFI Station 1D | Methods s | diet Ropens] s R serg]
Naoeaon sadar 191 Linear 03828 0610
g Txponential | 0.3162 0.562
. Linear 0.4143 0.644
Badalgachhi 122 Exponential | 0.3014 0.549
. " Linear 0.4624 0.680
Adamdighi 151 Exponential | 04181 | 0.645
. Linear (0.3947 0.628
Dhupchachia 169 Exponential 0.3159 0.562




13

6.7 Relationship hetween Surface water Level and Groundwater Level

Comparison of Patiern:

The relationship between surfuce water and groundwaler was evaluated by comparitg
hvdrographs of groundwaler level dala with graphs of stream stage. The anakysis was
hased on the period from 1978 thraough 2001, The results are in shown in Figures 6.20-
6.23. 1t iz ohserved that peak in a groundwater level hydrographs and the peak in a
river water level hydrographs do not rise at the same time in many of the wells. There is

a lag time betwesn them,
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igure 620 Distribution of Surface watcr level and groundwarer level in obscryvation
well in Naogaon sadar in the study area.
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Regression Analyris

Groundwater level measurements in cach well were correluled with river stage by linear
and cxponential regression analysis, Groundwater levels al a fuw wells showed strong
correlations with river stage. while corrclations were not that strong in ether wells (as
shown regression at zero manth in 1'able 6.4, It is to be noted here that the response
between groundwater and surface water may nol be immediate. | he extent ol response
and the response time depend on a number of factors including distance between the
river and the proundwater well, degree of hydravlic connactivity and the transmissivity

ol the agquiter materials. These are welk illustrated in Chapter Twao.

Lag Regresston Anclyyrs

Ta examine the timing of the delay in groundwater response 1o a single provious
month’s river water level for cach month was “lageed” for a period from rero o four
months and correlated 1o the observed groundwaler level measurement for the month of
the prescribed lag period. Best-fil cquations were calculated bascd on Linear and
exponential regressions. The lag period with the highest ceefficient determination is
marked with an asterisk. ‘Uhe groundwater level lag repression analysis was performed
with river stage data for wells with within 6 kilemeters (perpendicular distance) of the
Little Jamuna River {wells NOANDL NAOG4E, NAOGZS, NAQD2T. NAODDS, and
BOGO02) and another 4 wells located maore than 6 kilometers from the rver {wells
NAOOGNG, NAOG26, BOGHNT, BOGIO3 and BOGHY) s sec how far inland the river
may have an influcnce. Ihe resulting corrclation plots are presented in Figures f.24-
6.26 (others arc in Appendix-J). and resolis of such an analysis are summarized in

Tahle 6.4,
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iahle 6.4 Results of groundwater level fag regression analysis

Cocfficients of determination, R (%0}, for river stage (YY) v 5 lagged proundwaler level {X)

Thana well 1D [Distance |Methads |0 Mongh {1-month | 2-month | 3-manth |4-month
Lruam river Iag, [ng ]ag |;-15
(k)

3 Limear 0470 0,5087% [(L2R17  [0.0652  |0.209% |

NADD23 I'xponential | (.49 O5230% (02748 (00565 [0.0050

Maogaon NAOOZE & Lingar [{).242 04257 |,3%a6 02099 L0572
saclar Usponential|0.255 |0 4388% (04056 702114 |0.0364
) | Enuar D317 [D.6104% (03903 |0115]  |0O002

NADDZT Caponenliul [(1L.529 0.6192% |0,53922 (01107 |0.0004

NAOODA 2 [incar ha62* 06213 (02839 (005334 00274

Expanental {634 06097 [0.2804 (00534 |0.03298
[inear 0361 6179% 05376 02596 |0 0569
Eupanential|ih 366 {0.6272% 05481 (03622 |0.056]
& tinear 0223 [L3653* (05022 |0 1472 [0.029%
Exponcntiai|0 229 (L3754* HLIO09 |0 1367 (00432 |
7 ILinear 0,208 FATT0 0 104013 |0 2661 |0 0aEd
|Espunential[0.222 (03810 [0.3951* 10,2372 |0.0664
4 lLinear 05334 |DALTO* 104034 (03140 00117
Vaponential|0.339 LGLIE* 05008 (03030 HL03YS
5 Linear 1.044 G2055%  |0.5514 WLETR9Y |02TLS
Fuponential 0052 02981 (8374 |0.5515* [0.2586
4 Linear {1,586 OT136* 04850 (L1509 |ihO00G
Fxponential |0.602 7184 04703 (01551 |0 020

ad

Badalgach | NACKNS

M ALMHIG

1303 GA0

Adamdizhi| 30502

BOCG003

Ranmagm (NAODME

‘The importance of the distance between rivers and groundwater observation well and
the delaved response between them are clear fiom the results presented. The ncarest
well (NAODD, 2 km) showed a strong correlation with almost no lag time while the

correlation for the same observation well declined with increased lag times.

For other observation wells. with distance equal 1o or preater than 3 ks, the strongest
carrelation where found with lag time 1 month or more. This iliostiates the delay in
response belween the two panwmeters. For example, strongest corvelation for well
NAOO2T was Tound for lag perivd of | manth (Figure 6.25), while the same [or well

ROGHDT was found for lag period of 3 months (Figure 6,26},
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Figure 6.24 Best-fit lincar and cxponential correlation for 0 te 4-menth lagged
groundwater level in observation well no NAGUO4 in Badalgachi.
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Figure 6.25 Best-fit linear and exponential corrclation for { to 4-month lagged
groundwater level in observation well no NAOO027 in Naogaon.
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Figure 6.26 Besl-fit linear and exponential comelation for 0 to 4-month lagged
groundwater level in observation well no BOG0003 in Adamdighi.
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Table 6.5 summarizes the maximum cotrelations for the groundwater abservation wells
with dilTerent lag periods. | he lable also shows the distance of the wells [rom the Linle
Jamuna river. With no lag times, the correlation deercases sharply with a more or less
lincar trend with increasing distance (Figure 6.27). However, the maximum correlalion
does not show as sharp decrease with distance (Figure 6.28). In a few case, for cxample
the station BOGO03 which (s 8 km away [mom the river, the maximum correlation
(found for 3 monh-lag period} s significantly higher than those for 4 other wells
ROGONE, NADDDS, NAOG2E, NAQD2ZS which are 7, 6. 5 und 5 km away from the

FI¥CT,

Table 6.5 Maximum comclation bemween lagged groundwater level and river waler
level

Well 1D Distance Maximum, 7 |Maximum, R |Lagged Timc
fram river, km
NAODZS 5 (15087 0713 I-»uonth
WAOZ6 | 6 {4257 {652 I -Manth
WAONZT | ] 0 alnd 0.7%1 I -%lonth
NAONDS | 2 0 Q620 414 0-Month
NADMS 3 (6179 0.786 1-Month
MNAOOG ¥ {1 3633 (+.a03 1-Month
BOGHN 7 04013 0.633 2-Month
IBOGOZ2 4 0.6170 0} 785 |-Month
BOGO03 3 0.53769 0. 768 3-Manth
NAOO4E 4 0.7136 ) §43 |-Maonth
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Tigure 6.28 Change in maximum cormrelation among different lag times with distance

This illustraies the importance of consid?ral,iun of delayed response bctween
groundwaler level and river in analyzing the inleraclion between surface waler unq
groundwater. As we have already seen, river and groundwater arc correlaled, meaning
that significant lowering of groundwater by irrigation pumping is expected to affect thr.i:

fver water. It is thus important (o consider the effect of irigation pumping even in

areas relatively {ar {rom the river.



.8 Bascflow Separation
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Mean basc Now was computed from continueus records of datly mean discharge al

Naogaon long-term streamtlow paging station in the study arca using the BFlow digital

bascflow filter. Tahle 6.6 shows the average stream flow, base flow and bascfow index

(BFD (pereent of base tlow of todal flow) pereent for the menths fiem January 1o April.

Stream Mow in Litlle Jamuna river is dominated by base tlow in these dry maonths,

especially in January and February, with baseflow contributing trom 47% to 76% of

total stream flow during the period,

I'ahle 6.6 Estimates of mean monthly stream flow and base flow 4l Naogaon station in
Little Jamuna river for 1974-2003 using BFlow bascllow filter.
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IFlpure 6.29 shows the time series of baseflow for the months from January to April,

ard the regression lines superunposed on the time serics.  Evidently, there has been a

sharp declining trend in basellow of the river. "I he decrease has been 50%, 7%, 90%.

and 63% for January. February, March and April, respectively, [rom [974 to 2003,
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Fipurc 6.29 'l ime scrics plats of baseflow of Little Jamuna river for dry season months

ol January, February, March and April

6.9 Flow Duration Curve

IFlow duration curves are plotted for the years in Figure 6,30, The relatively Nat slope

of the flow duration curves indicates that the river reccives good amount of bascllow

fram the groundwater reservoir.  The river has never been perennial: it is scen that

some 25-30 years ago. the river had How 90% of the time in a year. llawever. with

time the duration of no flow period increased. [lowever, the complete anabsis of flow

duration curve could not be achieved because of lack of a large number of data during

the dry s¢ason in many yeurs.

e
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Figure 6.30 Flow duration curve for Little Jamuna nver

6.10 Rainfall Distribution

Since the major contnbulion to stream fHow comes from baseflow iln the dry season, the
loweing of stream fAow (or basellow) could be due to bwo possibilities: (i) declining
groundwaler recharge from antecedent wet season rainfall; and (ii) deciining level of
the groundwater reservoir due to increased drawdown resuiting from imigation
pumping. In order to examine whether rainfall had any role in the reduction of flow,
historical rainfall records are analyzed for trends al iwe imporiant min gage stations in
the study arca for the wet season (and also for dry season). The results are presenled in
Figures 6.31. It is clearly seen that there is ne apparent decreasing trend in rainfull, and
the effect of rainfull on the lowering of groundwater level and hence on the reduction of

stream flow is minimal.
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I'igure 6.31 Time series plots of raindall at slatiens Naogaon and Padalgachi.

6.1t Effect of Irrigation Pumping on Sarface water-Groundwater
Intcraction

Irrigation devetopaent

Groundwater withdrawal or absiraction through wbe wells principally for irrigation is
estimated Trom (he number of irrtpation wnit and pumping hours. “Thana wisc shallow
tube well and deep tube well installed in different thanas of the study arca. and total
groundwater withdrawals for irrigation are presented in Figures 6.32 and 6.33 Figure
.32 shows the numbers of shallow and deep tube wells installed over the years and
Fizurc 6.33 shows the irrigation water volume withdrawn from the groundwater. 'rom
Figure 6.32. it is observed that cxpansion ef irrigation coverage and more agricultural
production have taken place in the study area. manifested by the increase in numbers of
Daep tube wells over the years.  Deep tube wells are installed more because of its high

capacity of extraction of deep proundwater as groundwater level falls alarmingly in
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rcochit time. As scen in Figure 6,32, the numbcer of deep tube wells increased in all six
thanas of the study arca. On the other hand. in two thanas {Badalgachhu and
Raninigar), the numbers of shallow tube wells have also inereased over the time, while
in three thanas (Napaon Sadar, Akkelpure and Adamdighi), the numbers of shallow
tube wells had steadily increased up to 1997-1999. After that time. the numbers of
shallow tube well have decreased.  [n Dhupehachia thana, the shallow twbe well
development have been less comparcd to the other thanas: irrigation has mostly been
dominated by decp ubewells. Several faclors are apparently responsible for the deeline
in shallow tube wells in sone ot the thanas (many ot which were also substantiated in
the field survey).  Some shallow tube wells are being abandoned due w mechanical
problems: some are being in-operative because of deep tube well’s arcal coverage and
lowering of proundwater level by deep tube-well cxtraction; and some people use
surface waler from river at the beginning of irrigation period and after that Llime, they
use groundwater fram deep tube well.  From ihe above discussion, it is pussible that
impact of lowering of water level by deep tube wells on the shallow tube wells was less
Badalgachhi ond Raninagar, while it was more in Nagaon Sadar, Akkelpur and
Adamdighi  As cvident from Figure 6.33, major irrigation water volume is contributed

by the STWs in almost all six thanas.
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Figure 6.33 Year-wise irrigation water withdrawnls in different thanas in the study orea,

Comparison of irrigation development with proundwater level

Irrigation development and groundwater level Muciuations are plotied in Fipure 8,34, It
i$ observed that imigation dl.;vclnpm:m and groundwnter level are related with each
olhrer emd they are inversely correlated.  brigntion development has had impacls on Lhe
ground woter levels in difTerent pans of the study orea
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Figure 6.34 Ci}mpaﬁ;c-n ol Trrigation developments with groundwater level

Correlation analysis

Linear correlation regression analysis was performed with irmgation development and

corresponding average groundwater level (surrogate for groundwater drawdown) in the

study area. The resulling correlation plots are presenled in Figure 6.35. Tmgation

development shows sirong correlation with groundwater level in all six thanas.

The

correlation improves when the irrigation volume exlracied by deep tube wells are added

to the volume abstracted by the shallow tube wells. This indicates a sirong possibility

of good hydraulic conneciion between the upper and lower aquifers.
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From the above analysis, it is clear that irrigation pumping bas had negative impacts an
the greundwater levels, and since rinlall does not apparcntly have any role to play, it is
very reasonable w infer that groundwaler irrigation is one major reason for deplation ol
Oow in the Little Jamuna river. This is furlther cstablished from Figure .36, which

shows a strong negative correlation between Urrigation pumping andl stream flow

45
40 -
a5
aQ
25 .

20 | RE = 0,7182 N
15 M
10

Streamflow in Mm3

&0g 4an 1000 1100 1200 1300
Groundwatar absiraction in Mm3

Figure 6.36 Correlalion between groundwalter abstraction for imigation and stream flow
in Iittle Jamuna river.

6.12 Field Survey

6.12.1 Questionnaire Suryvey and Purposive Interviews

The results [rom the questionnairc survey and purposive interviews (with the help of
semi-struetured guestionnaire) conducted in four thanas (Nagaon Sadar. Badalgachhi,
Raninapar. Adamdighi} ncar the | itlle Jamuna river are summarized below, All Lthe
respondents in questionnaire survey in the visited arcas reported that the source of
drinking water of people is hand twbe-wells throughout the year except April and May.
In Nuogaon Sadar. people drink supply water from adjacent tank constructed near Deep
Tube well {sce Figure 6.37) or colleet water from around DTW in April and May. The

collection of water is mostly done by the women, and It is hard work [or them.
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Figure 637 Photograph showing over-head tank filled with DTW water as source of
drinking water duning April and May in Naogaon Sadar

River drytng up?

All the respondents agreed that the river is drying up.  About 85% of Lhe respondents
thought Lhe river started drying up during the period from 19901995, while 15% of the
respondents thought it staned to occur during 1985-1990. The majonty of the people,
however, had the consensus that Aver has siarted gradunlly drying up since eround
1990-91. All the respondemts reported that there was enough water flow in this river
before 20 to 25 yrars. The river has been almost fully drying up in the months of Morch
and April since 1992, The problem is getting worse and ot presem drying up is
happening from February to April. This is consistent with the finding of the hydrologic
analysis {Section 6.3, Figure 6.6), which showed that flows have been declining over
the years and the problem of very low flow or no flow have been in the months of
March ond April since around 1990, and the problem of very low flow or no flow has
recently been extending to the momth of February.

The respondents fear that pars of the river. which have nlready tumed into slognamt
water during the dry months of March and April, will dry up completely in a fow years.
Farmers now cultiveie crops in the dry riverbeds during the drv season. They have
insinlled shatlow tubewells ot fiver bed ard with the help of these they cultivate Boro,
Petato and various types of vegetables in the riverbed from 8 or 10 yrers ego. They nlso
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breed fish in the stagnating river areas. The respondents {100%) abso added that pends,
khal, and bills are drying up [tom January to April cvery year, and the situation turns to
an acule level towards the end of the dry season (February 15 to April 15). BExamples
of such beels are Munsur Beel, Digli Beel, Gutar Beel and Lal gola Beel in Naogaon
Sudar thana, which have been converted from fish farm to irrigation Lclds since 12

Yedry d B,

Reasony for piver drying up

A majority of respondents (70%0) cited towering of groundwater level as a possible
cause of drying up of the river, Uxtraction of water by deep tube-wells has had impacts
on extraction of water from shallow depths.  [local people, especially located in
Naoeaen sadar. Badalgachi and Raninagar area, pointed out thal their hand tube wells
fail to extract watcr; shallow wbe well can not extract enough waler, while deep tube
wel| can extract cnoush water during the dry season. especially [rom February to April
In the past the people used to pump drinking water from 23 to 30 fect below the land
warlace by using shallow hand tubewells. Now people in some areas do not get water
even fiom 30 feet deep during the lean months of March, April and May since deepest
pummps which have a suction capacity of lilting water from 8 feel deep, are becoming
inoperative. Super lara pumps which can il water from 100 feet deep arc now also

becoming inoperative.

Interviews with BWDDE and 3MI2A officials revealed that the numbers of shallow tube
wells (STW) are deercasing. But the numbers of Deep tube wells (DI'W) as well as the
numbers of Deep Set tube wells (DSTW) are increasing because shallow tube wells can
not cover expected area for frigation.  For expanding the irrigation area, more Deep
tube wells are installed.  This results groundwater being cxtracted more, teading 10
lowering of groundwater level.  As a consequence, shallow tube wells surrounding
these Deep tube welts can not extract warer any more and they become inactive.
Lowering of groundwater levels due 1o irrigation water withdrawals arc causing decline

in river water ow,

Rise of riverbed was also obsecrved by most of the respondents as one of the important
factors. The same observation was alse lound from interviews with BWBDB and

BMDA oflicials. River bed has been rising continually due to deposition of silt in the
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fast 20 vears, coupled with crosion of crop-field soil and massive encroachmenl.
About 30 years ago, farmers used to cultivate only two crops. Aman and winter
vegetables, Dut now they are growing Boro, which causes more soil erosion and the
eroded soil is ultimately discharged into the canals and rivers Jeading Lo tilling up ol

river beds,  Depletion of riser water has adversely affected navigation.

A conception that is commonly tound ameng many people is that dams and barrages
constructed upstream in India cause decline of waler flows inside Bangladesh.
INoweser, interview with local BWDH oificials revealed that the Little Jamuna river is
not affected by any barrage (for example Farakka barrage) or dams in India. It s the
lack of care and proper management that is the resson behind this. This makes sensc
since Little Jamuna has an independent catchment within Bangladesh, which does nol
receive Mow [rom any of the upper catehments that fall within the Ganges dependent

A,

Iaveivonmental impac s

All the respondents in the questionnaire revealed that Lhe drying up of rivers (and of
beels and khais) have had ncpative impact on the envirommental ¢cosystem Among
the species of Mish that are disappeating include *hheda’, “choto chanda’, “potka’. “hoal”
and ‘koi” {all local pames)  Reduction of water bodies has also had impacts en the

migratory birds

Mitigatin measires — people s peroephion

People’s perception is that mitigation measurcs can be in the Tform of dredging/
excavation of river bed. construction of a rubber dum across the river, and encouraging
plantation ol vepetation cover on the banks of the river to protect erosion of banks and
inhibit silt deposilion. All respondents expect that Government should take initiative
and proper steps o manapge Lile Jamuna river flow for agricultural product and

cavironmental wellbeing.

6.12.2 Hydro-geelogic Characterization of Little Jamuna River Heach
As mentioned in Chapter five, information was gathered through intervicw of people at
every Vi-km over a distance of 17.5 km along the Little Jamuna river. The synthesis of

all information is summarized in Cigure 6,38 and Table 6.7, Depending on similarities
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in characteristics. the river reach is calcporized into three tyvpes of sub-reaches A (AL

A2 A3 A4 AS), B (BI, ’2), and C (C. T2).

In type A. the problem of river drying up is the greatest. This is also manifested by the
drying up of hand tube wells for a considerable length of time because of lowering of
arcundwater table. The effect ol drawdown by irrigation pumping extends to this part;
whallow tube wells are frequently needed o be Jowered into the pround by about 2
melers 10 oxtract water. The exfiltration ol water into the aquifer from the river is
casier because of the sandy characteristics of the bed materials.  The dryness of the

river in these sections, however. has led the Farmiers to cultivate on to the river bed.

In type B, the problem of drying up is moderate comparcd (o that type A sections. The
duration of river drving is less. The problems of hand tube wells becoming ineperative
are there., but the duration is smaller comparcd to that in type A scetions. The effect of
irrigation pumping also rcaches these sections: however. no shallow whe wells are

needed Lo be lowered inte the ground. ncither the people prow any crops in river bed.

In lype C., the river has water and so does (he nearby water bodics. The ctiect of
irrigation pumping has not been as much comparcd 1o other sections. Hand twhe wells
mostly work cxcept for a peried of a little over two weeks,  “Ihe clavey nature of

riverbed allows slow depletion of river flow,

‘The reasons behind the dissimilarities could be manifold, including the heterngeneity in
ayuiler materials, and the difference in hydraulic connection between rivers and aguiler

(which affects the rale at which water will be exchanged berween river and aquifer).
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)

Figure 6.38 Streich of Little Jamuna river surveyed every % a kilometer.
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‘lable 6.7 Hydro-geologic characterization of Little Jamuna river

segment Dverall {haracleristics

condition

in dry season
A river s »  River hottom is completely Jried ep fam harch 15w May 15 each snd
LA A2 completely cuvery sear and that condilion started from 1983 ~ 1990
A3, Ad dned up w  River is partly dried up Tom Feboeacy 07 40 March 13 which starfed from
) 1980 — 1985,

e [onds. khals and beels we completely dried up with dver wlw desing and
seem to be rebated with each other When river s Tull of water. other waler
boddies are full. and «ve versa.

e | ke soil characterislic i3 of sandy in nalure.

e Nand whewells do nal gel aater fin 45 days o the dey season

e Shaltew tubcwelt mealled on the land suclaee, can not extracl cnough waten
Tor iorugation inihe month ol Mareh o Mo

a 11 shallow wibe wells are mstalted below Jand sucloes om 5100 7 1L all thy
shalleny fube wells cun esdract or get enough water for freipation fullill the
required demand akbl aver the year,

¢ For boro ullivaden. inigation wwer is used Tistly foom rver water using
shallow lwhbewell, When river waler is used up completely  then umur'dﬁater
through shallow or devp wbhe wells s used Tor ferigativn

s When there s o watet in sczment A snd shablow wbe wells msialled an the
land surlace cun not extract groumdwater, desp wbe wetls or shallusw wbe
wells arc insldled oo the bactem of the over,

®  Horoand veeclobles are grown on the river bed,

B rever 15 party River bollom s partially doed up [om Febiuary — day and 1hiz situation 1

fL 20 died up continuous Lrom 1985 — 1900

o somc pondds hase water bl no weater i therg in khals or beels When river
stape gocs doewen, walet level in khals or beels Tollow the sane,

s 1he aoil chargelerisue is of sand, silt. clay mrsed in natore

e lland tubewelly do not got water for 30 davs i the dmy season

¢ Shallow twbewel] installed on the land surface. can notextracl or get enough
water for brgaion 0 the month ol Apod ke MMy,

» [ shaltews whewells are instalied below land aurface from 3o 4 08, ull he
shallow tubewells can extract or get enough wuler foe irigation dullill the
reguced demand ali o er the year.

s For boro caltivation, irngation water 15 uscd fally drem river wsing shallow
lubewelh, When river water is used up completely, then groundsater through
shallow or deep lubc welts Is wsed for rdipation But shere small veater level
ta avanlable, Boch grosndwater and river water are waed.

» o shallow or deep tube wella are installed on the riser bed, they aee insealled
om Lhe lanel sbrface

= o crops are grown on the nsoer bed

Water 1s avudluble all the vear round

Pondys have enough water

I he soil charwvten s is of clax oy im nalure.

Tand tubewells do et get water for 15-20 days in the dey season

e Shaflow twube well installed on the land surlaoe, can not extract or get enaugh
water for irLigation w the month of only May,

w [ shallow tube wells are installed belowa land surface feom 2w 3 11, all the
shallow whe welly van eafract or get cnoueh water for irrigation Jullii the
regquired demand all over the yoar

e I'or borg cultivauon, drogation water iw o oused  romo river owaler and
wroundwater vame shullow webe well m the sludy arca

s o shallow or deep fube wells are wstalled on the river bed. they ure installed
on ghe land surlace,

C River haa
(01, 2 |always waler

- b B

® Mo ocrops are grown on the river bed
grre |




Chapter Seven
CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

The conclusions of the study are listed below:

There is dircet connection between the river and the underiving aquifer in the
loodplain alluvium of the Litle Jamuna river.  There is hydraulic connection
between the floodplain aguifer and the upper aquifer in areas underlain by the

clay aguitard.

There are strong declining trends in the yearly minimum water lesel and river
Mow in dry season months. The flow in Little Jamuna river in January,
lehruary, March and April have decreased by apmoximately 40%, 30%, T0%

and T0%, respectively trom 1974 1o 2003,

Although the recovery is found to be more or less good in most ol the wells,
there is u marked decreasing trend 1 minimum groundwaler level in many of

the nhservation wells over the years.

Iere is a tinte tag of 2 to 3 months between the cifcets of rainfall o be fell in
groundwater fevels bor cxample, correlation cocfficient for a well improves

from 0.075 at zero lag 1o .83 alter a lag of 3 months,

The river-squilcr interaction is stronpest near the river with a correlation
coefficient as high as 0.814 between river stage and groundwater level at 2 km

teom the river,

However. there is a lag time in the response between the proundwater and
surface water, Maximum caorrelation among 0 (0 4 months lag docs not show as
sharp decrease with distance as correlation for only zero lag shows with

distance. Strong correlation cocfTicients were oblained at greater distances after
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some lag ime. A coreelation coctticient of & 760 was obtained with a 3 month
lag time at a distance ¥ km away [rom the river. This is even higher than
correlation coelMicients, obtained at some other observation wells nearer to the

slreim,

[t is thus imperiant o recognize the delayed response between groundwater
level and river in analyezing the interactiom botween surface water and
groundwaler, I is impertant 10 consider the effect of irrigation pumping on

stream flow depletion ¢ven 1n areas relatively far from the tiver.

Sipeam {low in Little Jamuna river is deminated by base flow in the dry months,
especially in January and February, with baseflow contributing feom 47% 1o
76% ot total stream [low during the period.  There has been a sharp declining
trend in bascflow of the dvee, the decline being 50%, T0%, 90%%, and 63% in
the months of January. February, March and April. respectively. from 1974 to

2003.

Rainfall distribution was not found to have plaved any major role in aflecting
aroundwater levels and hence streant flow. 1t is the irrigation development that
have aftected gradual lowering of the groundwater level. which n turn caused

reduction of base Mow and henee stream Mow in the dry season months,

I'ne river had started o dey up since 1990-21, and the dry scason months of
March and Apri! have been mostly affeeted singe then.  However, the recent

trend shows that the probleim is extending to as early as February.

The water bodies in the area [wllowed a pattern similar to the little Jamuna

river: a geod number of beels have dricd up over the years.

Aparl from lowering of groundwaler level by irrigation pumping, another
important factor is siltation in river bed as a result of soil crosion. which

cemtributes to drying up of rivers in several patches.
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»  The flow depletion of rivers and reduction in water bodics have had ncgative
impacts on the environmental ceosysten. with many of the local fish speeics

started 1o disappearing, and the migratory birds gelting lower in number.

o The degree of impact on stream flow by groundwater Iowering depends, ameny
others. on the helerngencily in aquifer materials, and the spatial dilfcrence in
hydiaulic connection between rivers and aquifer. Not all the places along the
river experienced the same degree of the problem of river drving up. | owering
ol proundwater have impacted the drinking water supply by hand tube wellg

aver dilTerent durations of time in ditterent places.

o In arcas where the problem is acule 1o moderate. irrigation by STWs i

floodplaing near the river has been atfected.

7.2 Recommendalions

A number of recommendations are provided helow:

» The provndwater abstraction volume responsible for a declining groundwater
leve] is mainly contributed by shallow whe wells  What is nceded is the
reduction of indiseriminate use aof shallow tube wells, and cnhancement of
community hased use of shallow tube wells. Reduction of shallow tubewels

and enhancement of deep tube wells may be an answer.

¢ Dredging of 1ivers and construction of a rubber dam at the downstream location
of the river may cnhance the water availability in rivers. However. since these

are costly methods, detailed data colleetion and analysiy would be needed.

s he study used a varicty of analvtical techniques 1o study the interaction
between the Little Jamuna riser and the underiving aquifer. owever. detailed
analysis ol resources {surface waler and groundwater) and how surlace waler
and groundwater can be used coryunctively can be investigated in future, Use

of numerical model simulations will be a useful waol in this regard.
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The spatial varation ol river-aquifer interaction mechanism could nol be
analyred beeause of lack of adequate number of observation wells veny close 1o
the river and lack of water level and discharge measuring stabions at vatious
focations. A pilol study ean be taken in consideration 1o this [ollowed by the

application of a combination of analytical and numerical modeling approaches.
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APPENDIX - B

Location together with specification of observatiun wells in the study area

Well_ID | New 1d | Thana Villzgge | Wellivpe | Ins_Date | Lai. |Long. [RL |PH |Depth
T1008001 | BOGO1 | Adamdigh Talzhogs Cug AGTE | 244925 |Bo0dds | 1475 08| BS5D
GT1006001 | BOGEIT | Adamdighi Ta'shoes | Piezometer | 14MSRG | 244975 (890245 [ 14211 034] 3294
3T10060G2 | BOGON2 | Adamdighi Sontehar | Dy 20i0:1977 1 244000 (855540 | 1581 | d73] 745
GT1006002 | BOGOG2 | Adaimdigh Zantshzs Fiezometer | 17511924 | 244800 | 835540 | 1559) 0.45] 328
GTI0EINZ E BOGO02 | Adamdighi Sontehar | Pezomeler | 241908 | 244900 285940 ) 1665 45| 3744
GT1006005 1 BOGA0Y [Dhupchancha | Baregram | Dug G207 | 245440 |BG0T48 | 1915) D74 EW
STi0060J0 | BOGO0? | Dhupchanchia | Barogram | Piezometer [ 1471986 | 245448 EopT4g | 1905 D74 2821
GTEAA004 | NADDD4 | Badaloschhi Badalgachhi | Dug VENEES 243736 | 685450 [ 1953, 075 THS
f3T6406004 | HAQOM | Badalgachhi Badalgachhi | Piezomete: | 2301592 | 240736 |BE5450 19591 037 3293
GTH406005 | MAQODS | Badalgachhi Gopa'pur | Dug WBES J250012 [B857T10 [ 193) OBS| SE4
BTH406005 | MADOOE | Bada'gachhi Gapa'pur__j Piezometer 15,3065 | 25012 |BBET10 | 1898 | 045| 3243
GTHLGIGE | MADIOE | Badakachh Jagad shpuwr [ D 1731580 | 250035 830015 | 2139 099) T

GTE40E006 | NADDODS | Badalgachhi Jagadishpur | Plezameter {1:1/1992 | 250035 | 280015 | 2083 | 0421 23 7R
576480025 | MAOC2S | Nacgaon savar Dubulhati [ Dug L5955 | 244700 | AR5303 | 1743 13) 1985
GTELE0025 | WADDES | Maogaon sadar | Oubu'halr | Piezemetsr | S501883 244708 | BAR303 | 16T2| D45[ 3283
GTA4E0G26 | WAQD2E | Naogaon sadar | Kirbpur Oun 121066 | 250013 [BAG10 | 17 7T OE] 8
GTE460026 | NAODEE [ Maogaon sadar | Kichpur Plezometes | 18SH1986 | 250012 |RBE110 | 1684 | O55| 2699
GTRARO0ZT | NADOZT | Waogaon sadar | Parnaogaon | Dug 12MBEG | 244848 |BRSMO | 1635] L7 2109
GTE4E0027 | MAQUZT | Waagaan sadar | Parnsogecn | Fiezometer anges | 244648 | BRS040 [ 1586] _0.2[ 3204
GTE425047 | NAD4Y | Raninagar Abedpur Dug 1050966 | 244254 | 300524 | 1576 T4 GE4
GTR485047 | HADDAT | Raninargar Ahedpur Prezometer | 260131984 | 244254 | RG24 | §526| 045 3253
GTE455048 | NADGAE | Raninagar Rannagar | Piezemeler |25:51570 | 244415 05640 | 1418| 045| 5669
Where:

Depth, Pepth from Measoring Point to Grownd Water Tovel in Meters; fron Dhoer Dave of
Inctaliation: Lar. Latitude i1 8TM (Banglodesh Tramverse Mercade) Covrdinate in Meters!
Long. . Lompude in BIM (Rasgladesh Tranyverse Mercado) Coordutaie in Metess, New_Id-
Ghen By BWDB, Incorporating The Abbreviated New Dhstrict Name (Where The Well Iv
Situatedy With ID Le BOG For Bogra, PH: Paraper Height in Meiers; RL Redced Level (RL)
af the Mewuring Point Wotl in Meters; Thonea Thatie Name;: Village: Filtage Name, Well_{L),
Well identification Number (Last theee digit is for well mber, Middte twe is disivict code and
the vost iy division code), Well Tepe: Plezometer well or divg well,
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APPENDIX-D

Thanawise Irrigation data
Thana: Akkelpur

Thana: Raninagar

Year NWo.of 1 Nowof | Lerigation r.'atcr, Year No.of | Mo, of | Irrigation ;-rah:r,
5TW | DTW Hm™Year STw | DTW Mm Y ear
1990 | 2084 73 115.453 1991 37 19 17954
1991 | 2380 33 132,133 1992 362 22 20,534
1992 | 2651 113 147,943 1943 431 29 24.621
1993 | 2824 138 158,540 1994 513 43 20,760
1954 | 2933 143 164,642 1945 nsl 62 38217
1995 | 3203 |57 179,843 1646 869 g3 51.59%
19496 | 4594 191 2561140 | 1997 | 2262 94 126,104
P97 | 45346 162 251,095 1998 | 2467 a7y 137238
1908 | 4622 176 230 812 1999 [ 2604 99 | 145213
1999 | 5034 19 279 007 200 | 2444 124) 137,238
2000 ] 4717 188 2R2.539 20010 1 2186 111 122 5493
2001 | 3235 194 291,657 2002 1 2167 113 122037
2002 | 5A82 192 208.347 2003 | 2143 16 120913
2003 | 5425 185 300,274 2004 | 1817 134 14,641
200 | 3201 183 2RK2RS
Thana; Badalgachhi Thana: Navgaon Sadar
Vear No.of | Mool | Trrigatien ;r'l-'il[i‘,]‘. Yeur Mo, of | Na.of | [rrisation ;waler.
STW | DIW M Year - STW | DTW Mm /Year
198 | 1452 34 79,538 19940 | 387 03| 57.807
1992 | 1757 47 DG, 350 1991 | 1632 | 103 83,936
1993 | 2367 07 130,279 10063 1908 117 108,388
P9%d | 2784 a2 1542058 1993 | 1967 | L3A 1123119
1995 | 3062 42 166,141 1994 | 2209 147 126,104
1996 | 30360 201 173.260 (995 ] 2394 163 147675
1997 | 334] 1t} 18& D 1996 | 3191 [ 207 181.877
1998 | 3322 156 i87.763 1997 | 3441 237 194,864
199G | 3697 204 208.800 1908 | 2946 | 241 170,584
2000 | 3785 184 | 212,440 190G | 3242 | 247 186,748
2001 ) 4696 189 261409 20005 3086 | 258 178 987
2002 | 4701 188 261.683 20011 2805 | 271 164,642
2003 | 47T 187 262057 2002 | 3109 | 270 180.860
2004 | 4649 211 260131 2003 | 3012 272 [ 75775
12004 | 2945 | 263 171.708
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Thana: Adamdighi Thana ; Phupahanchia

Ve | No.of | Ne.of Irripation _;.-.-atur, Year No.oof | Naoof | Drrigation :vatnr.
STW W Mm ) Year STwW T ¥l {¥ear

1970 | 141 65 21.463 197 112 55 8,539
1980 | 179 65 23.4%7 1980 132 54 94956
1981 | 242 % 27.512 19%1 154 31 L9773
1982 | 384 75 36611 |82 287 58 18.466
1483 568 81 47 744 (K2 o4 30 24.247
1984 | 840 97 £3 728 1084 | 436 6l 26.602
1985 | 929 102 T1.563 1985 504 fi3 35106
1086 | 1206 103 86.603 986 631 1 39.073
RELY 1369 14161 059710 1987 355 150 53792
1988 | 15304 L) [(}].322 198K a23 147 57.272
1989 1 1833 106 1720 803 1989 ] 179 150 TE134
1990 | 18161 106 F19.8%0 1900 | §293 i3l ety
(98] | 1796 107 18038 (091 | 1445 157 85.747
1947 | 1845 108 121876 ez | 1274|177 77.604
19493 | 1894 125 128245 1903 | 1074 200 | 38,030
1904 | 741 140 } 12314l o094 | 1034 | 215 60,837
1995 | 1926 153 135 840 1905 [ 1034t 227 67.493
1996 | 193] 1] 137 826 16| 1118 2df] T2 687
1997 | 2054 161 144 410 1997+ LIS | 245 76,540
(998 | 1876 | L6l 13,882 19981 (114 | 249 73001
L994 | 2012 147 139,164 (949G | 1309 | 234 $2.589
200mr | 2111 164 149,174 2000 | 1343 244 84044
2000 | 17724 164 127,330 2001 12052 221 70.166
2002 | 1457 173 115024 2002 | 1183 | 223 74183
2003 | 1385 187 114,168 2003 1013 229 66,478
2004 | 1329 1938 113.526 2004 Q431 238 63,159

Sources : DAL BADC, NMIC, WARDPO
N Noof STW = (Nou of STWHNo of DSSTW-FNo o[ VDSSTW)
FPomping Hour:

10 hriday

105 day/ season or (05 day/ year

Pumping Rate : Pumping rate 2 cusec for DTW
Pumping rate 0.5 cusec lor STW
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APPENDIX -E
QUESTIONNAIRE SURVEY FOR LOCAL RESPONDENTS

(Naogaon sadar, Badalgachi, Raninagar and Adamdighi)

Titic of the Thesis Work: River-Aquifer Interaetion in Little Jamuna Catchment
in the Northwest of Bangladesh

Serial Noo. ...
. Location: Date: . ... /05200 .
Village: . . .. . ... ..
Union: . . . ... ... ..
Upawla: . . . ... - ..
Distract .~ ... . oL o

. [dentification of the respoendent:

Name of'therespondent . . .. . . ...
Father'smame . . .. .. . .. ..

Aper . .

. Lducation;

< Don’ L know how 1o read and write
s [assed -—---- class
@ Passed $.8.C/1LS.C /Bachelor degreeMaster degree/More

4 Madrasha

. Oceupation:

O Agnculwre, O Service, O CGeneral Labour, [ Business/Trader,
O Artesian, O Transport eperator, O Unempleyed, O Old/Handicapped.
O ther ..es

. Penod of living in the village/iocality:

O Less than!0 years,[0 10 to 135 years, 0015 to 20 years, O 20 to 25 years,

O More than 23 years

. Source of drinking wates:

O Hand tube well, O Well. O Pond O River, O Rainwaler harvesting,

1f hand tube well is used: O With arsenic. O Arsenic free. O Don’t know

- Do you think that river 1 drying up? O Yes, U No, O Don’t know
. Does the river dry up completely? O Yes, O No, O Don’tknow

It yes. since when it has been the case?

-



10. How many years ago do you think there was enough water low wn this river?
O 5 vears, O 10 vears, O 15 years, O 20 years, O 25 years, 1 30 years
O Morc than 30 years
11. Since which year this river is being dried up?
0O 2000, O 1995 1o 200¢. O 1990 1o 1995, O 1985 1o 1990, O 1980 to 1955,
O 1975 w 1980, O 197010 1975, O <1970
12. Is the problem of river drying up getting worse?: O Yes, O Ne, O Don't know
13 Rate of drying up of river:

High Medium Low Daon™t know

19735
1985
1995
2005

14, Duraiion over which river remains dry:

Year

hMonth

Duration

I5. When is the niver at the lowesl level ar dries up?
O December, O Janvary. O February, O March, O Apnl
16. Causes of decrease of the river flow or water level/Causes of drying up of the nver:
O lowering of groundwater level, O nsufficient ol raintall,
0 Upstream embankment, (1 Upstream withdrawl of water, O Risc of river bed,
O Don't Know O Others ...
17, What are the other water bodies drying up?,
O Ponds O Khal, Bils are dried op 0 Don’t know
18. Is dryiung up ol uther water bodies related to the river being dried up?
O Yes O No 0O Don’t know
19, What kind of irrigation system you are practicing?
O Groundwater. O Surface water, O Rainwater, [ Ne [rrigation
20. 1s your dug well water level gelting lowered? IT yes, since when?
21, Iow many shallow tube wells did you have in the past and you have at present in

your Incality?
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22. How muny deep lube wells did you have m the past and you have at present in your
locality?
23. Do vour shallow tube wells dry up? O Yes, OWNo, O Don't know
It yes. since when?
24. Do you think that O Hand Tubewell can not extract enough water in dry season?
O Depth of Hand Tubewell . . . . .
O Shallow Tubewell can not extract enough water in dry seuson
O Depth of Shallow Tubewell . .. ..
O Deep Tubewell can not extract enoogh water in dry season
O Depth of Deep Tubewell . . . . .
75. The number ol Shallow Tube well (STW): O Increasing, [ Decreasing
26. 1he number of Deep Set Tube well {DSTW): O Increasing, U Decreasing
27, Do you think, the demand ol umgated water will gradually increase?
O Yes, O No, O Don’tknow
2%, Do you think that due 1o tiver flow or waler level reduction, navigation is
hampering?
O Yes. ONo, O Dan’t know
29, Condition of irrigation development (Area of Trrigation) in this area in the recent:
O Inereasing, O Decrcasing
30 Condition of crop yield in this mea in the recent: O Increasing, [ Decreasing
If decreasing. why?
31. What can be the mitigauion measure for dry up of river, do you think?
O Inedeine / Excavation of river bed, O Prohibit upstreamn embankment,

O Construction ol rubber dam, O No mitigation measure, O Don’t know

32, Availability ol birds at present: O Increasing, O Deereasing
33, The source of [ish:  Refore: O River, O FPomd, O Haoe-baor, O Khal-13ill,

U BazarMarket
Arpresent: O River, O Pond, O Haor-baor, [ Khal-Bill,
L Bazar/Market
34, Availability of [ish al present: O Increasing, L Decreasimg

35. Any change in fish diversity: O Increasing, O Decreasing
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APPENDIX-G

| ithological laver formation (Magor eight layers) using borelog data inlormation

l_“ Major Laver Lithological status
1| Purc Sand 1) Only Sand
|2 [ Graveliferous Sand iy Sand+Gravel

in Sund+Mica
iviSand+Mico+ Gravel
v} Sand+Plastic Gravel

3 | Sily Sand i) &il+Sand

iSiit+Mica

1) Silt+Graved

iv) Silt+Sand I Mica
VISilH Sand+Mica+Gravel
vipsilitSand+Gravel
vinSilshicat+{irave|

4 1 Pure Silt il Only Silt

3 1 Sandy Clay il Clay+Sand
ii) Clay+Sand+Gravel |
10 lay+5andd Mica

6 | Sand Clay Silt Mixed | 1) Sand+5it+Clay

7 | Silty Clay iy Clay-+HSilG
i) Clay=SiltH angret
i) Clay+Silt+Grave |

8 | Pure Clay i) Clay
ii} Plastic Clay




Rainfall pattern compared with groundwater level in the study area
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Rainfall and Groundwater correlation in the study area
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Patterns of groundwater level and Surface water level at Little Jamuna river

Lo b lnn e h tamgah Bppol G031 HASTILS gl Hover swats rlE wcl

Erwer waier Level, m [FIAT
PR Y]

3

B D470 L)
g1 R = 4w (Exponennalt

L=l
E=1

LG

) 4 3 5 o 12
Oravndverier Layvel, m (PW0)

{ amelica nweh Imasch gged Gl R ALCHIZE wod Breervate rievel

ll.P-i
K-
i ]
F]
2

b -

Rover aater Level, m (PRD)

14 _| R = 5047 (Linzar]
| B% = & 5739 (Expunum=al
12 - .

o

1)

-] - L] 11
Cronndearer | ewel, m (PY T

e
-

Corzhlm edh & menll mggod (] _MADN% g A esrapics kel

14

Baver vewler B2t el, m {FINT)
OOk o Bom

J—l— — b=

T# =0 2417 {Linar
| RE= 0 TTAR Fanneqyry)
*

L=l

16

e
-~
-]
w

{roundearer [ evel, m ¢ PY T

L amelron wah J mosch igged GAL_NACKILY 2ud Hver woperkeiel

[ F]
[

Hivedr wittr Lovdd i PR

= & o 3

K2= 00bd2| Lirear)

A= Dﬂ‘é‘i'ﬁswtlf.
.

o
R
b

e o)
i’ *

|

1 dq 4 ] L] 11
Croundasier Level, m (PO T

Cnmelren wch 4 mad bpped GWRL MACKES 20d Hieer waee kel

Rrerr watgr | evel, m, (BT

|Fz=n mﬁo:qwu}
*

B = 1 254 (Linew]

a 2 4 t R

I

Taonifagter Loved, 4, §FW D)

Erver vwader Leavel m {PRTN

Faver waler Lan,el, m 1 P&~ Ruver water Level, m [FHD) Rrver wares Level, m (PWD

River warer Lavyel, m {[MATH

Lomboon vek U month bgged G'AL M A 26 and Bner voce rievel

1t
R2= 0242 ¢1incorg
141 R = 0255 {Expunenimly
12 -
1
1
i
q 4
2 4
[H] T
a 2 4 -] - 14 12 L4 14 1B
Groundualer Level m (PRI
Cameharanweh 1mamh lpged GL NAOOE o Rove rvater kvl
14
14 | Rz 08257 (1 mgpr}
12 | Bt =0 died (Evponenhal}
14 1|
n I
L] i
T
2:
i ! —— —— | ———]
a = q G X 14 12 14 L5 1k
- Lronanshwaler Level, oo (FW 1)
£ numekarn nweh 2 saanos lagged Gwl_PaCots aud Hneevater evel
It
' [RE=015%60 (Lineary
141 272 40" Exponentnl) N ¥
12 *
] LR .
5 4 f *
+*
L] .
4
7 ]
a
i 2 4 ] -] 14 12 14 16 1%
Croumdsater Lewel, m (W)
Camehsien nih 1 moeech lapged QWL MAGNE and Kpycwaler kberl
16
p M3 = 01 PR Lamar)
14 1Rt = 02110 [Exp=mential)
11
10
z
5
4 -
2
a T T T
r] 2 q -] B 10 12 14 16 13
Orounshvaler Lavel, m (WD)
[ amemicn mdh 4 mo rh seped (YL SNATIUSG aod Reve reoteclevel
Ity
14 | RE=NRITZ (L minrp
12 | BF= 00564 (Exponentaly
19
i
-]
|
)l
i+ | —_——— —
o 1 4 fa i LI¥] 12 14 16 13

Grgsmdaarer Lewel, m [PW )



River woler Level, m |PWT)

Fawer waler Level. m {1e ]

Rwer weaeer | pwel, m [P

Baves waber Lewid, o { [PYL1)

Rrver waxter Level m (1MW}

g relaiwna sith O reh loged Gl _SAOMIS aid Hreer vaner kevel

201 4
R = 3141 [Lanmz)
R? = 3 155 [Eamanenialp
13
1 -
5 -
a . T T
10 11 12 13 14 L5 1 17 18
Granideter Lewcl, n {PWEH
Corpbénn vath |oonth lappod Dt SNACHHTS g Hiser warer el
|
REZ=0&174 (1 menrk
R2 204272 (Fzpiwmitipl)
15
*
L ] b
1 . .
L]
»
5
+] T T
L0 11 12 13 14 15 16 17 1%
Grownckaier 1 gwel, m (PWT)
Corrboon vah 2 manih bggend WL SL075 wid Rige wkier keogl
L
ELi =i 5376 (Linear)
Qi 5201 (Exporendial)
15
L *
*
* »
%
a T T v
10 12 14 1t 18
Grownctamter T ewel, m (P TR
Comelahon wih 1 month lagyed Tl NADODS and Krer vaier brsl
Pl
R =0, %04 Linear]
. R* =0 2453 [Brpupyipial)
1%
*
14k 1 ﬂ’
‘ +* &
5
1] 1 T T T T
Lo Ll 12 i3 14 L5 & 17 14
roanchenrer Level m [P,
Carmelzhon wih # mooth lagged G4 RADOS nd Exer vadter kvl
1]
. K2 =l uaes rl -
Rt - U Kl (T *
12 1 x.p-un:nun‘} - *‘
1 ’“
] 1 * ‘# *
. L
-
‘|
2.
al S —
L4 11 12 13 14 15 1t 17 1%

Twowndwwd cr Lewol, ny ¢ PW0)

Ko or waler [ esgl m {PATH

R.neat wpder [ esel, m ( FEIN

Bt watn Licwel, no § 2% L0

Fowirr wmler Lesel, moiPITD

Piver waier Level m [ PI

137

Comelnbo nwih 0 monih bgged WAL HADE and Rrver waber sl

16
| R¥a0224 QL sesrh
a &*
14 prag z2v ik aponeounl) ipte v B
12 'hw 4% s
ok . .&‘ " ?
& - %
1
i
a 1 T
] 10 13 14 16 1B n
Crvunsdvatar Level, o §12% 1)
Cosreh v with Iutosih bgged CGWE ™ SOU0G 4 8 Rnat vacas byel
14 :
Rl =163 [Linearl
4 -* . ]
14 1R = 3754 Expunenialy . e hy
12 * Lo *
11 N *
Iy * & . m
'
1
a ]
0 ' ' —
] 1n 12 14 14 13 b
Cromlwta Level, b {12 L
Comlaikin wih 2 manch lpened 481k ADGS ond Rwver water leve]
&
R = [ 3022 [Linear}
A {R! = (003 [Cuwponanial)
2
LH]
*
W L]
& -
4
+
o r .
4 14 L ] 16 15 o
Croundasier Level, m {FWL
Cormelation weh 1 manth mpged G0 NADKK and Buver water Bvel
L&
L4 It:-uld-?z[linﬂ.r} | .
RE =11 1347 [E nn:ntu.;l I
[ [rep ‘ .
nf '-'\"H &:ﬁ
i
4
4
: |
a . T T
1 I 12 14 14 1] 20
Grovnbsaer Level m (P T
Cumetiten wih 4 o anl b g CAd] N An0Ge snd Kneer wacer kel
b
W23 ) N29A { Lanizr] - * [ 3
| azagnmz {Fagenenei ) - -
12 . PVl *‘f
L}
10 +*% ﬁ" . -
s * * el
6!
2l
2 }
i] . T T T
B 1n 12 14 14 18 T

Gromndagter [ evel, m [FPWTY)



Faver wier | evel, m (BT Hawsn waber Lenel, m ¢ &)

m

1t
14
12
10

1

]

=

: LD

Firor wer Level

River water Level, m {7 Dy

Rre er warer Eavel m (MY

13
14
12
1

[

o3

%]

(=]

Cartgiien il Srsunb Lol WL B0 Tard River walar kol

1 K2=0 20k [Lieark
Kt =0 LI {Fapancin ity
3 k] 7 o 1§ L3
Craundwerer Lavel, m (MY 00
Camelrionwh Imanth bgped ¢4 _HEH0 ond R B er wageries l
1
i
! " =0 3T (Linear]
'1 F*= 1 3310 (Expunsnnal}
k] -] T 9 1 1%
Crowmichosi ey Lavel, m 1P %Y
Corebitnn sl 2 uventh bpged G%1 BOOXLand Bnec water el
|
t . et
- (ol !
r L)
_ adas Nt
F i) L L
1 L]
| »
K7 =0 4013 [Linear)
5 R w0 3051 [Fapamial)
1 5 7 & N 1}
Giovaduaier Level, in (WD
Caormelation with »eondy L eged [T _ KO8 AN River wiigr ]
%)
. ¥ a et
& ]
- *
_ AT foe g N
] * b . *
1 w2 =0 2661 Lmean
1 B2 = 2572 (Cxpanesiiol]
¥ ] T 4 1] L3
raundvater Lervel m (PN
Cnatelaenl wih 4 awesh Inpped (AL, DOGN) [ und Bover valerlovei

]

R? = 1 G434 (Linerr]
R = 0 (§4d (Exponenbal}

El

5 T & 1| I

Clowtdwita Lusdl, i (TY D)

Rover wper Toved i d PR

Haver vatiu Lewel, m | PN

Euver waer Lenel, m (FATH o v Loved mod W0

Rt wan | @eil, moPWTH

16
14
12
Ly

Ity
14
12
10

[EUNE = 8

E=1

1]

17

LG

=

- TR

15
14
11

= hi &

P e —— 1

138

Cumelaiwn with & munth hpged CWL DO wod Barnr vadar kel

. Tt d
] * = *
N +* ! "
- +*
i
.I A =1 134 [Lunear)
A! =0 1} [Exponecuial]
q [ -3 1d 13 14

iundean e Liwel, i {FWEH

Cnzrelation wal Imenile Bgged (T _HOEE2 18 B ngf sk [0 b1

Rl=0E]¥ [Liesar)
BT = 0611E {Exponennal)

t ] L 12 14
Graunlwaier Level, m (VD

B [h—— s

ComeXxlw nweh 2 menih lgred (7 _RCEEN0E e B bge w67 kel

|
*
L)
L
-, “; - ¥
L) L) -
| * - * . *
* L
by
-
T R=e [ a0dd {0 inegrk
Bt = i} 5506 ¢Dxpenendd)
1 -] 1 14 11 14
- Caomdhani o Lewsl, e (W 13)
Combiten wih 3 month meped G BOC0E and Bnecwalercieve]
- e
ot 8 8 '%;
i &
_ . ﬂfﬁg PATE R
ﬂ‘ . - . L)
+*
LI Y
BE = 0 5140 {Linear} -
R*= [ 1090 {Expunenlzal)
4 & i Li 13 14

Grgainehamler Lavcl, i [FwW L)

Coemebiun wih | menth beed GWL DOC02 end Kneer wnler level

R w0417 || ansar)
Rl =0 0395 [Fapanesdiol|

L X 1a 12 14
Croundvater [avel m {P%D




Camebsion wih{ monts hgped GAL, N 400ME and Rvar water lovel

16
_—
g m o ™ "x:
.;E_, Ili
£ ap: bt
E 4!
E oo
3 .
o 4 71 R'=0 586 (Line)
E 1 :| [22 = 1 G024 {Ewponentialy
[ T T T
4 4 & E 11] 12 L4
Cwpundwar er Level, m P W D
Cnmekoon wnh Imanch Wpged GPA WAL and Rever wacer bevel
L
14 ” *
£ 1] . " . *
3 ot ”
g
i a0 EI—=i0 714 {1 inear) .
5 11 gr=0718% (Exponentinl) .
[ T '
1 4 & z L) 1% 14
Crawchaeer Level, o (FW L)
{armekoon weh 2annih bgged (AL MACHME and Bneer waber level
1&
Co4 j
Ln -1
Eio ] M .
e s ,,,.
K
2 . .
G B= — A4S [ Linsar}
B 1 Ri =04703 (Expoicisbal i
n T v v T T
1 4 fi f 10 12 L4
Creamilvater | evel, m (P
Comebbwnvahd mocth bed WL WAQDAT e [Kraer v lec kevel
L]
g 14 * ¥ o .
= WLl SR '
B 12 - ’.‘ AR Yl
o ﬁa& *“ T S .
3 I Y A M
5 G-
[
E a | Ri=015fLinca)
=] é -l 132 = 0 1351 {Lspamamiial )
2 4 i+ E 10 12 14
Graundvater Lew el i (1% L)
L ome e st h 3 gl b eed £l RACHKA il R oty ol 7 vl
14
= +*
E 1 e N e
E leg hi s, WS
= 12 . "y . a 4 ¥ *
E #ﬂ\:\r 4
¥ ", . . .
R . B
5 &
£ 4l
E 5 _| Tid = [ LA (] Lt }
= [; ! R*=00020 (Exponeanaly
2 4 & L e 1 14

Crawmdvater Lok, i (PW 1)

139



	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	00000130
	00000131
	00000132
	00000133
	00000134
	00000135
	00000136
	00000137
	00000138
	00000139
	00000140
	00000141
	00000142
	00000143
	00000144
	00000145
	00000146
	00000147
	00000148
	00000149
	00000150
	00000151
	00000152
	00000153
	00000154
	00000155

