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EXECUTIVESUMMAAY

Tho model of the shallow ground water system of the Nawalparas! (west) district was primarily made to

anive ata global water balance of the whole westem part of the district and to indicato a maxlmum develop
ment potetial for future intensive shallow ground water eaxplotation. In the process, all componerts of the
system have been veified. The model also checked and verified the conclusions of a companion repot
rocertly roleased by the project NEP/88/025: "Nawalperasl District (West Shalow Wels Drillng, Tost
ing and Monitoring in 1987/88. Basic Documentation and Preliminary iterpretation."

The modelting workreported hereln contlmed the following yplcal one-oarwater balance. The recharge

from rainfall which directly infitrates into the subsurface in 1988/89 amournts to about 97 MCM (million

cubic metars) per year. Considering the size of the active model of only 580 km?, the average percentage
of initratsd rainfal in a typical year, in which about 1500 mm of rain talls, is about 11. The total input Into

t shallow ground watar system is augmented by some 18 MCM of Irdlow from the hill sides. Out of 115
MCM, which may be a ypical annual recharge, some 87 MCM are lost through the evaporation dlirecty
from water tablo whera wator levels come close to the land suface; additional 18 MCMoutflows into Indla,

and about 10 MCM couid be foading the Narayanl Alver.

From this dlstribution of water one may easily coclude where are the souroes of shallow ground water

dovalopmant in tho futura The evaporation loss can be reduced, although not eliminated, by lowering the

walur levels to a depth that will prevent or diminish the losses. The outlow into the
reduced or reversed, by inducing the recharge from the river Into the subsurface, by pumping from shak

low wells located along a stetch parallel to the river. The favourabla fact In this sense is in that the shak

low aquiter near the Narayani is the most promising, having cioan "ithology and bost transmssivity in the

whole district The untavourable fact, from the starxdpoint of water resources management, is the existernce

of a surtaco irigation system, the Gandak, which makes the use of shallow ground water superfiuous Ac
tualy, the aea covered by tha Gandak imigation systarn could have been better "serviced" by shaliow

ground water irigation.

aya River can be

Bcath the Basic Documentation study (Tachnical Roport No. 5) and this modeling work have cloarly

dolinoated the zone ofgood developmorntpotental, which is to tha eastof Parasi ell the way to the Narayan

River, excluding a 4-5 km stretch towads the hils. Thus, the oast-southen one haf of the district (its westarn

part) is by far superior to the north-westem one halt.

Aftar succesful calibration and verification of the model on the basls of the past ground wator levels

vocord (wator lavels In about 20 polnts over one-yoar period), three hypothetoal future developmernt

sclemes have been tssted. The ultimate devalopment scheme Inoluded an aroa of 181 km in the certrak
castam part of the model, ftrom whlch a maxdimum of eo MGM could bo produoed annually without caus
Ing an adverse effect to the system, plus an aree of some 87 km? to the west (arournd and near Parasi),

wlich Is much infertor for development but whioh stW can augment the development for anoher 10 MGM



por season. Thus the tolal daevelopmont potseritial af tho shallow ground wator system in Nawa/perasl wast

may be chose to 70 MCM per yeear. The declinos of lovels aftor tho fourth yoar of slmulation were at max-

num about 6m What is mora Important is thet the levels were approachlng a stoady or balanced stata.

This is lustrated with sketches shown hera below, whera the hycirograph traces Iimplcate thatthe loos
will notgo deeper after the fourth yoar. The simulation In the scheme No. 3 (maximum dovelopmet) showed

that In the faurth year the pumpling of some 70 MCM plus evaporation loss0s of 6o MCM are oset by

cumulative racharge trom direct raln lIntltration and intiow from hilly sides of 115 MCM, plus Induced

recharge from the Narayani River of about 22 MCM. (This votumo, equivalert to some 700 llsec, s a veny

small parcentaga ot the Narayanl tiow, which, in minimum, may cary 300 or moie cuble motars per
sacond.)

The model of the Nawalparasi (west) dilstrict is an example of modalling of shallow ground water systam

in the Terai. t offers a sound base for ADBN development plans. The concluslons fomulated In the study

are believed to bo on the safe side. The indicatocd dleveopment potental of some 70 MCM per four-month

pumping season implicatas that between 5000 and 6000 STW's can be constructed over tha pumping area
of some 248 km2 The voume of water could be sufficiont to satishy the agricutural demand on an aroa of

soma 7,000 ha The model and its conclusions can be Improved by drilling several mora shallow ex
ploratory walis, and by conducting pumping tosts in at least 50 of axisting 200 plus shellow wells drlled in

rocert years.

Tho rasuts of this modalling study and conciusions of both technical reports Nos. 5 and 6shouldbe
consuted prior to making decisions on new shallow well driling program whlch is recenty annourced by
His Majastys Govermment. According to the planning, some sbty shallow tubewells shel-be drlled In Kaplk

vastu and Nawalparasi districts with loan assistarnce from the Wortd Bank to imrove the irigation facilitios

to famers. The number of soty wells ls small compared to the overall shalow ground watsr davelopment

poiuntial of aither of districts, but a ralative failure of wels, which may result if wells are not carafully lo
cated and constructed, may load to wrong conclusions and discouraga futre shallow ground-water sus
teined imigation.



Executive Summary

FUTURE DEVELOPMENT SCHEME No. 3: PROPOSED PUMPING AREAS

HHHEEHHH
E HHH+T

MCM
H

71.3

AREA

AREA 161kmH87k
:H 10.4 FFH

LMC'M 60.9 MCM

FUTURE DEVELOPMENT '3: DECLINE OF LEVELS AFTER 4 YEAR:S

S1MALIL HILLS

-0.

-5.0

DEVELOPaT SOEE No. 3 DEVELORYEIT SO-E No. 3
AS. ELEVRT1ON m) FES. ELEVAT10N Ca)

104
106

103

102 04ww.101
102100

6 12 1a24
wm 19

6 12 18 24 30 35.12
9,

612 10 24 30 35 42 4



NEP/86/025 Shallow Ground Water Investigations In Teral

GWRDB-UNDP NEP/86/025

SHALLOW GROUND WATER EXPLORATIONS IN TERAI

EA RLIER TECHNICAL REPORTS:

1. Bhalirawa-Lumbini Ground Water Itigation System Prelininary Mathematicel Modeling. May 1988

2 Shallow Ground Water Level Fluctuations In the Teral In 1987. Preliminary Report May 1988

3. RAUTAHAT DISTRICT. Shalow Wolls Drilling, Testing and Monltoring In 1987/88. Basic Documenta-
tion and Preliminary Interpretation. November 1988

4. RAUTAHAT DISTRICT. Mathematical Model of Shallow Ground Water System. December 1988.

5. NAWALPARASI (WEST) DISTRICT. Shallow Wolls Drilling, Testing and Monitoring In 1987/88. Basla
Documentation and Preliminary Interpretation. March 1989.

ABBREVIA TIONS:

UN/DTCD-United Nations Department of Technical Co-operation for Development

UNDP United Nations Development Programme

GWRDB -Ground Water ResourcesDevelopment Board

ADBN Agricultural Deveiopment Bank of Nepal

ADB Asian Development Bank

STW Shallow Tube Well

DIW -Deep TubeWell

Newalparasi District (West) Technical Report No. 6



Table of Content

Page

1. INTRODUCTION.

1.1. NEP/86/025 Project Document Details
.

1.2. Bas is for This Report. .
1.3. Location, Size, Climate,

Rivers in Nawalparasi District

2. MODEL SBTUP 3

2.1. Model Size and Network ..
2.2. Modelled Processes and Aquifer Paraneters
2.3. Phases of Modelling . ..
2.4. Background and Introduction on Mathematical

Modelling in General . b

2.5. Aquifer Geometry
2.6. Evaporation Control
2.7. Narayani River

. 9

3. STEADY-STATE CALIBRATION (MAY 1988) . 10

3.1. Water Level Contour Map in May 1988
3.2. Input Data Files
3.3. Comments on Available Data ..

10
10
11

3.4. Results of Steady-State Calibration 12

4. UNSTEADY-STATE CALIBRATI0N and MODEL VERIFICATION
(MAY 1988 FEBRUARY 1989) 14

4.1. Basis for Calibration.. ...
4.2. Calibration Process
4.3. Results of Unsteady-State Calibration
4.4. Comparis on Between Observed and

14
15
15

Simulated Hydrographs

5. HYPOTHETICAL FUTURE SHALLOW GROUND WATER DEVELOPMBNT . 18

5.1. Introduction ..
5.2. Schene of Development No.
5.3. Scheme of Development No.
5.4. Scheme of Development No.

18
19
22
23

6. cONCLUSIONS AND REcoMMENDATIONS.... 24



APPENDICES
1. Nawalparasi District Location Map within Nepal
2. Rainfall Stations, River Gauging Station, Monthly Rainfall,

River Flow
3. Model Network, Bounderies, Location of Wells with Known Lithology
4. Model Network and Locations of Observation Wells
5. Lithological Cross Sections
6. Transmissivity Contours: Field Pumping-Test Data
7. Land Surface Blevation - Contour Map
8. Top-of-Aquifer Blevation - Contour Map
9. Bottom-of-Aguifer Elevation - Contour Map

10. Depth to Top of Aquifer - Contour Map
11. Depth to Bottom of Shallow Aquifer - Contour Map
12. Saturated Thickness of Shallow Aquifer - Contour Map
13. Transmissivity Contours: Model Output (May 1988)
14. Cross Sections through Shallow Aquifer
15. Initial Water Level Contour Map in May 1988: Field Observed
16. Depth to Water Table in May 1988: Field Observed
17. Final Steady-State Water-Level Map in May 1988 - Model Output
18. Depth to Water Level in May 1988: Model Output
19. Permeability Input Data File: Model Calibration
20. Recharge Input Data File: Model Calibration
21. Bffective Porosity Data Input File: Model Calibration
22. Storage Coefficient Data Input File: Model Calibration
23. Evaporation Input Data File: Model Calibration

Bvaporation Loss in May 1988
24. Hydrographs (Monitored and Modelled): May 1988 April 1989
25. Narayani River Simulated Hydrographs in 3 cells
26. Water Level Contour Map in September 1988: Field Observation
27. Depth to Water Table in September 1988: Field Observed
28. Water Levels in September 1988: Model Output
29. Depth to Water Table in September 1988: Model Output
30. Rise of Water Table from May through September 1988: Field Observed
31. Rise of Water Levels from May through September 1988: Model Output
32. Distribution of Evaporation Loss in September 1988: Model Output
33. Water Balance in One-Year Simulation Period
34. Monthly Balance in May, July, September 1988
35. Future Development No. 1: Distribution of Pumping
36.
37.
38.

Decline of Levels After lst Year of Pumping
Decline of Levels After 4th Year of Pumping
Map of Levels After 4-Year Pumping Period
Water Balance
Hydrographs at Selected Points

39.
40.
41. Puture Development No. 2: Distribution of Pumping

Decline of Levels After 4th Year of Pumping
Map of Levels After 4-Year Pumping Period
Saturated Thickness of Shallow Aquifer After 4th Year
Water Balance

42.
43.
44.
45.
46.
47. Puture Development No. 3: Distribution of Pumping
48.
49.
50.

Hydrographs at Selected Points

Decline of Levels After 4th Year of Pumping
Map of Levels After 4th Year of Pumping
Water Balance
Hydrographs at Selected Points
Cone of Depression

51.
52.



NEP/86/025 Shallow Ground Water Investigatlons in Teral

1. INTRODUCTION

1.1. NEP/86/025 Project Document Details
The project NEP/86/025-Shallow Ground Water Investigations in the Terai- is executed bythe United

Nations Departmentof Technical Co-operation for Development. It ls deslgned as a fouryear project
primarily oriented to field-data colection, establlshment of ground water data base, and to assessment of

development potentials of shallow aquifers al over the Teral. The government counterpart agency is the
GroundWater Resources Development Board (GWADB) ofthe Department of Irrigation of the Ministry of
Wator Resources. The project's activities started in June 1987.

Among project outputs, reports on mathematical modeling of various parts of the Teral are expected
to provide the means for evaluation and assessment of shallow ground water development potentials.

In the first year of the project, the drilling and pump testing actlvities have been carled out in the fol-
lowing districts of the Teral: Rautahat, Nawalparasi, Kapilvastu, and Dang. Technical Report No. 5 has
been recentyprepared on shallow wells drllng, testing of shallow aqulfers, and monitoring water levels
in 1987/88 in Nawalparasi District (West). The present report is its companion report

1.2. Basis for This Report

This report is based on the following:

(a) NEP/8/025 project wells (for ease of reference called "project" wells) 17 newly drilled shallow
wells (wells are drilled between January and June 1988.

(b) Shallowdilled wells for the Nepal Drinking Water Supply Scheme in the Narayani Zone by the
Japanese Red Cross Soclety and its contractor Nissaku Co., Ltd., between 1983 and 1988 about 200
wells.

(c) Pumping tests conducted in project wells In 1988.

(d) Water level observations since May 1987, notably maps of water levels in May and September 1988.

Most, if not all, of previous Information ls complled and reported in Technical Report No.5, tited
HAWALPARASI DIsTRICT (WEST), SHALLOW WELLS DRILLING, TESTING AND MONITOR
ING IN 1887/88, BASIC DOCUMENTATION AND PRELIMINAAY INTERPRETATION.

Nawalparasi District (West) Technical Report No. 8
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1.3. Location, Size, Climate, Rivers in Naw alparasi
.

Nawalparasi district belangp to the Western Reglon. Thewholeareaofthewestem partofthe district
of about 580 kmêis IncludedInto the model.The locatlon of Nawalparasi distrlatwithin Nepal is shown In

Appendix 1. The model area is completely wilthina plaln commonly known as the Teral of Nepal.The Teral
piain is composad of interlocked alluvial deposits ofthe widerGanges Plain and that of fans,channets,
fiood plalns of numerous rivers flowing from the Siwallk (Churla) Range. For thesakeofeconomy of dril
ing and well construction, the whole sequence of unconsolldatod materials ls divided into shallowand deop
ground water systems. In thecontextofthis model, the shallow ground water systemincludesthe firstslg
nificant permeable layer of at least 6 meter thlckness, dlredtly orIndlrectly rechargedfrom local ralnfa
As will be clear from appendices, this is normally down toa depth of 20 to 35 meters. The contour lIne of
150 m is consldered to be the physlcal end of the Terail's Quaternary sediments.

The main characteristics of the climate inNawalparasl district, as well as In thewhole Teral,Is mon
soon rainfal which occursbetween June and September and which delivers an average of 85% ofthe toal
annual ralnfal. Locations of two ralnfall statlons (Parasi and Semar) are shownin Appendix 2 along with
monthly sums of ralnfall in 1967 and 1988. The meanannual rainfall Is close to 1600mm, and pan evapora
tion Is also about 1500 mm. Average monthly ranfall exceeds average evaporation during only 4 months,
June to September. For better understanding of the shallow aqulfer behavlour in the period of calbratlon
(May 1988- February 1989) It should be pointed out that the ralnfall in 1988 was much above long-tem
avcrage ((n Semari over 2300 mm compared to average of about 1600 mm).

For this modelling study, the rainfall record from the above twostationswas used, but evaporation data
were imported" from another Terai district, that ofRupandehl(Bhalrawa). The major. potential surface
water source for supplementing natural rainfall is the Narayani River whlch makestheeastern boundaryto
the model area. In the model, It is also the state boundary between India and Nepal. The Narayani Riverls
one of the most Important rivers In Nepal. Unfortunately, the only river flow record that was avallable comes
from a sita at Narayan Gath, which is some 60 kmnortheast of the Tribeni Gath, the placewhere the Narayanl
enters the model area (Appendix 2). Its average monthly flow is also shownin Appendix 2 (second pago).
Betore entering
tant for the shallow ground water system of the Teral in Nawalparasl because it makes a hydraullce barrier
to shallow ground water flow from Nawalparasi district into or from nelghboring Indla.

l the Narayani recelves the flow from the Rapti Rlver. The Narayanl Rlver ls Impor

Since there is no Narayani Rlver hydrograph availab!le for this study, it is assumed that,within the Teral,
in the months of July and August, about 6000-7000 m/sec of water has to flowthrough the river bed. As
suming a width of the riverbed at the entrance Into the Teral of some 600 m fat Tribeni) and a velocity of

ficw between 1.5 and 2 m/sec, the rise of riverstage may be about 5 m in the July-August perlod. The
hydrograph is probably "smoother in the southward direction because the rlver bed becomes extremely
wide and the flow is distributed in several channels.

While the role of the Narayanl Rlver may be that of a constant-head boundary preventing any shallow
ground water exchange across lts banks, the role of other rivers In Newalparasi distict is not clear.Most
of streams are Intermlttent, flowing only during themonsoon time. The Siwallk (Churla) hlls within the
Nawalparasl district appear to be more compact and less dlssected than In other districts of the Teral.The
consequence ls twofold: (1) therels less Bhabar materlal (coarse-grained, generally very permeable, clas
tic material, whlch resulted from river fan and colluvial deposltlon); (2) there are no surface streams of Im-

portance rather than the Narayanl.

Although the Teral of Nepal Is In the subtropical zone, the mean monthly tomperature reaches a low of

16.1C in January compared toa hlgh of 30,5°C in May.

Neuwalparasi Distict (West) Technlcal Report No. 8



Shallow Ground Water Investigations in Teral
NEP/86/025

2. MODEL SETUP

2.1. Model Size and Netw ork
The shallow ground water system of Nawalparas! district, which ls the subJect of this modelling work,

has two natural and two artificilal boundarles. The natural boundarles are the Narayanl Rlver on the south

east, and the Churia (Siwallk) hllls In the north northeast. The artificlal boundarles are the state boundary

with India in the south and southwest and the western boundary with the nelghborlng distrlct Rupandehl in

the west The modelled area, and its boundarles, are shown schematlcally In Appendix 3. The size of each

cell is 1000 m by 1000 m, l.e. the area occupled by one cell is 1,000,000m big. The model's coordinates

are expressed in columns (), which may be taken as an equivalent to X" coordinate axis, and in rows ()
which may be taken as an equlvalent to "Y" coordinate axis. The orlentation of the model ls northwest

southeast (columns) and northeast- southwest (rows). The labelling starts in the south-westerm corner. (The

minus sign for rows in some appendices should not confuse the reader. It is only for the convenlence of

a graphical computer program.)

The total area occupled by the model ls 840 km which ls discretized into 840 equal-slze cells. The

number of columns is 20, and that of rows Is 41. t ls a small-slze model. Consldering the spacing of 1000
m inelther dlrection, themodel ls of a prelliminary nature, sufflclenty accurate for globalbalanoe andas
sessment of overall recharge and discharge components of the system. It ls not to be used for detailed
location of water- supply and/or irrigation wells. The model is two-dimenslonal, meaning that all thologk

cal layers along the vertical to the depth of representation are averaged Into one layer.

The area on the left bank of the Narayani River is eliminated fromsimulation. This is astandard proce
dure since the aquifer in India, on theother side of the tiver is not hydraulically(and physically)connected
with the water in Nawalparasl distrlct in the west. In otherwords, the Nare
head boundary which is the physical termination of the Nawalparasl shallow ground water system.

anl Rlver ls taken as a constant-

The area to the north declared with T-0 (transmissivity equal zero) coincides with the Siwallk hlls
above the absolute elevation150 m. Thereis no Quaternary (alluvium) aquifer inthe hills, and the bound-
ary Is the natural one. All cells declared with T=0 are also eliminated from the modelling.

However, the area to the west, whlah isalso elminated and which is in Rupandehi district, does con
Lein a shallow ground water system, very similar to the one In Nawalparasi district. That areawaselliminated
from the modeling on the following grounds: (a) one of targets of the modellingis to produce the water
belance for Nawalparasi distrlct alone, (b) the groundwater flow ls fromthe north to south, Le. from the
hills towards Indla, and, In natural state, there is very lIttle flow from east towestorvice versa. This Is not
to say that this is a natural condition, since, in nature, any large-scale shallow water developmentnear the
district border would have produced additonal "mport of shallow ground water from Rupandehi district.
However, the planning of shallow ground water development calls equally for Increased pumplng In Rupan
dehl as well as in Nawalparasi district. Itis on the safe slde toassume thatany development in Nawalparas
should count only with the water recharged in thatdistrlct. To conclude, there Is an error introduced when
the Rupandehi portion of the system ls eliminated, butthat error ls on the safe side. It is also noted that the
shallow aquifer in the western part of the modelled district ls much Inferlorto therestof the area. ts very
low permeablity and transmisslvity makes the volumetrc" transfer of shallow ground watar between the
two districts almost negllglble.

The southern boundary of the model, towards indla, is also an artificial one. The model assumes a
physlcal end of shallow aqulfer ln the southern directlon, which Implles that there ls no outflow of ground
water into Indla. Thls ls not true, but the shallow ground water flow rate ls much less when compared with
other components of the system. Yet, the flow is olmulated wlth dlecharging wells, reduclng thus the error.

Nawalparasl District (West) Technical Report No. 6
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2.2. Modelled Processes and Aquifer Parameters

The shallow ground water system of the Teral ls recharged dlrectly from the surface in places In which
a more or less permeable layer occurs near the land surface. It receives the water which infiltrates after
rainfal, or which origlnates from rlvere and other surface steams. Although the water from surface sour
Ces (ralnfall surface streams) may Infilitrate almost overywhere, the major sourçe of shallow aqulfer
recharge In most of the Teralcomes from a zone along the hills, known as the Bhabar zone. It is a very
Permeable zone composed of gravel wlth pebbles, some coarse sand and mlnor amount of finer clastics.
Although generally permeable, It ls characterized by extremely poor sorting. Because It was formed as a
resut of river fan and clluvlal deposltion, the Bhabar zone is not continuous. In Nawalparasl district the
extenslon of the Bhabar zone is only about 80 km, and that is mostly in the northeastern exdension of the
district

he shallowground water, whichInfiltrates after ralns and recharges the aquifer, flows down thegradlent
mosty in the southern direction. On lts way it is belng consumed by evapotranspiration processes which
nay be active In places in whlch the water table comes close to the surface.

TheNarayani River, as well as any other perennial or intermittent surface stream, may elther recharge
the shallow groundwatersystem or discharge from it. The dlrectionof water exchange depends on the
dilerence of water levels between the river and the shallow aquifer. The sketch of shallow ground water
system behaviour is shown here below.

Raufall
Rechange

Tap Evaporatsm
WL-

tuifer

Altiiough the ground water system modelled in this study is two-dimenslonal, with only one value of
hydraulic conductivity (permeablity) and storage coefficlent representing onecell, the modellingcode per-
mits the distinction between fully saturated aqulfer, and Itssemi-ortotally confining layer above. The model
also takes care to calculate the real transmlsslvity of the permeable layer on the basls of saturated thlck
ness and hydraulic conductivity. This ls shown In the sketch here below.

WT-Water table
PS-Plezometric surface

T=Kb T- Transmissivity
K-Hydraullc conductivity
b-Thlckness ofsaturated

layer

WT

Nuwalparasi District (West Technical ReportNo.
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Likewise, the model also takes care to distingulsh between water table condltlons (when thewater table
is inslde the pemeable formation) and confining condltlons (when the water table, or more correctly
piazometric head, rises above the top of permeable formation).

Although the shallow system ls not homogeneous and unlque water-bearlng layer, but composed of
a sequence of permeable and impermeable layers, the model treats such a sequence as only one layer
andcharacterizes It with an averaged value of conductlivity. Numerous lithological logs are avallable from
projoctwells and wells drilled for water supply by Japan Red Cross Soclety (see Appendix3 for echematic
ocaions). The nonhomogenelty of the system is clearly evldenced in lithologlcal cross-sections in Appen
dix 5. The appendlx contalns six typlcal lithologlcal cross-sectlons, with permeable layers coloued blue
and impermeable layers red.

In only eight wells pumping tests have been conducted to define the transmissivity of the shallow
ground water system. The location of pump-tested wells Is shown in Appendbx 6, along with the cotour
lincs of equal transmssivity. The highest transmlssivitles are found In the eastern part, notably toward the
Narayani River. The range of values Is from less than a hundred square meters per day to over 1,000
mday. Actually there Is a clear dlstnction between western and eastern parts of the modelled area. Typ
cal figures in the west for transmissivity are 55 myday, 124, 158. There are also some abandoned wells
dny) from the Japanese drilling program. The hydraullc conductivities of shallow aqufer materlals are
on average between 40 and 50 m/day, exceptionally over 100 m/day. The average permeable thickness
within the upper 30 or so meters is about 16 m, or 48% of the total "shallow penetration

The storage coefficient values from pumping tests are unreliable and not representative for an unco
fined ground water system. Thls ls typlcal for many tests of short duration In slmilar envlronments. The
values obtalned prove that the shallow aquifer Is overlaln by several meters of less permeable materlal In

which vertical pemeability dominates over the horizontal one fanisotroplc medlum), and which may per
mit the exchange of water in vertical direction (recharge from intitrated water and evapotransplraion loss,
but which offers very iitde storage of water.

The modeling of the Nawalparasi shallowground water system is made possibleby monitoring water
levals in shallow tube and dug wells in the period from May 1988 through February 1989 (see Appendlx 4
for locations). In the said period two extremes are observed: minimum water levels (or maximum depths
to water) in May-June 1988, and maximum water level In Septamber of 1988. Two maps of waterlevel con-
tours are reproduced in Appendices 15 and 28, and compared with the model output. The actual measure
ments In nature are expressed in depths to water table below land surface.These are shown In Appendlces
16 and 27 for the months of May and September 1988. The map of maximum depths to watertable,Ap
pendx 16, shows that in someparts of the dlstrict the watertable ls still within 2 m from the land surface
(Banjariya, 1.2 m; Rampurwa, 1.7 m). In most of the model area the levels In May 1888 are deeper than
3.0 m under the land surface. Athough not directly measured, it is expectedthat near the hills thedepth to
waler is much greater. The map of minimum depth to water table (Appendix 27, September 1988) shows
that water table is close to the land surtace In the greatestpart of the district. In the whole central and
southern part, the water table ls within 1 m from the land surface. These facts shall be discussed in more
detall when comparison is made between the model output and the nature.

2.3. Phases of Modelling

The madellng started with steady-state calbration of the model. The month of May 1988 was selected
for the initial phase of the modelling. The water-level contour map (Appendix 15) is taken asan end ofa
long dry period. Although there is no "steady-state in nature, t lsassumed that the minimum levels would
have prevalled should there be almoet no ralnfall for a long perlod of time. Ina steady-state modelllng, the
dominant parameters in the slmulation are: (a) recharge, (b) hydraullc conductivity, (o) evaporation con
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tol, plus the connection with the Narayanl River. (Also, the flow intothe model from the hlly sides and as
undertiow In dry creeks, as well as outfiow into Indila along the southern border, are very Important.)

The second phase of the modeling was to confim the rise of levels ovor the period fromMay 1888
through September 1988 and subsequent declineafter monsoon ralns In the perlod from September
through February. For this many polnts all over the modelled area were used, as shown In Appendix 4.

Coupled to the second phase, the third phase ofthe modelling was to simulate the system behavlour
over one year period. This ls more the verificaton of the model than the calibration, because no aqulfer
or system parameters are matched. The perlod ofsimulation was between the monthsof February and May
1989. The model should have proved that the May levels In 1889 would have comecloseto the ones In

May 1988, provided that all input parameters are globally correctly taken. (In the case of the simulated
period, it is more accurate to say that the May 1989 levels should be sllghty above the May 1988 levels be
cAuse of over-average ralns In 1888.)

The final, fourth, phase of the modelling is to find an optimum dlstributionof hypothetical "uture' shal
low tube wells and thelr cumülatlve pumping rate, whlch could be Interpreted as a "safe yleld' of the sha-
low aquifer.

2.4. Background and Introduction on Mathematical Modelling

in General

The use of microcomputers in ground water resources has grown rapldly within the past few years. A
model is a system of finite-difference equations that replace partial differential equations that goven the
giound water flow. One such finite- difference equation is written for each cell of the model. The user does
nol necessarily need to be involved in mathematics behind the modelling or programmer's code and mode
of solution.

The software used for the modelling of the Nawalparasl shallow ground water system Is proprietary
United Nations ground water software, belng, incidentally, prepared by the author of this report

The finite difference grld is superposed over a map of aquifer, such as shown In Appendix 3. The
aqufer Is thus divided into volumes having dimenslonsm x y, where m Is the saturated thickness of the
aquifer. The system of finite-difference equationss solved for the principal unknown hhead). The method
of solution used is an terative alternating direction Impliclt method. Between two iterations a resldual error
remains which is either reduced in successive iteration or accepted as suitable solution.

Essentially the modelling process can be thought of a black box such as the following sketch
demonstrates.
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INPUT DA TA + PROGRA M FOR SOLUTION = OUTPUT

Water BalanceBoundary data
Land Surface Map of Levels

Hydrographs
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Evaporatlon
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Top of Aqulfer
Bottom of Aqulfer
Permeability
Storage Coefficient
Rocharge

Evaporation
Naruyani River
Initial Levels

Permeability
Distributlon of

Storage Coeff.
Distrlbuton of
Etfective Porosity

The role of input data cannot be overemphaslzed. A model ls only as good as the data used to make lit.

As far as the Nawalparasi model ls concemed, t is belleved thatthe data are sufficlently good to warant
its construction. (During the modelling process it was discovered that some of information is not to be
trusted: (a drillers description of lithology, (b) some water level measurements, () reported dates of
measurements.)

2.5. Aquifer Geometry

Thegeometry of anaquifer includes the elevation of land surface, the top of permeablesequence, and
the bottom of permeable sequence. The land surface ls Important for having a means of controling thee

evaporation process. tis a known factthat the shallow ground water shall be lost through the process of
evaporation when the water table comes within several meters from the land surface. There is an empiri-
cal formula by Schoeller according to whlch thereis a critical depth of the water table below which there
shall be no water loss on account of evaporation. This depth is found from a mean monthly or annual air
temperature:

d8 xt+/ 15 cm

where d is the critical depthexpressed In cm, tis the mean temperature. In the Teral of Nepal, the mean
annual temperature is about 23°C, but in the months of highest evaporation potentlal the temperatures are
wcll above 30°C. Thus the maxlmum depthbelow whlchthere should be no evaporation loss from the water
teblecould be between 2 and 3 meters. (The evaporation control in the model shall be discussed in Sec-
tion 2.6.)

The land surface elevation le also Important for limlting the rlse of water table above the land surface.
Onlyinparts ofthe model in which the aquifer Is covered with completely lmpermeable clays, the modell-
ing permits the plezometric surface to rise above the land surface.
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The top-of-aquifer elevation ls important for two reasons: (1) to check whether the cell ls under water

table or confined conditions, (2) to recalculate the transmlsslvity if and when water table drops to below

the top of aqulfer.

The bottom of aqulfer elevation ls used to calculate the saturated thlckness of the aqulferwhlch Is then

usad to obtaln the transmissivity by multiplying it by the hydraullc conductlvity. It ls also used to assign a

niinimum thickness to the saturated aquifer of 0.01 m should the level ever fall below the aquifer bottom.

Thus the aquifer transmisslvity always has some positive value, and this allows refilllng of the aqulfer if the

opportunity ever occurs.

The geometry of the shallow ground water system ls amply llustrated In Appendices 5,7,8,0,10,11,12

land surface, top-of- aqulfer, bottom-of-aqulfer, depths to top and bottom, sahurated thlckness, otc.)

The cross-sections through various parts of the model are shown In Appendices,14. The blue-coloured

layer Is the shallow aquifer which Is the subject of this modelling

unit, this is in essence a sequence of several permeable and Impermeable layers, whlch are all hydraulk

Cally connected and have the same source of recharge and discharge.

udy. Although shown as unlterTupted

The geometry of the shallow aqulfer, In its noth-south direction, Is also sketched here below.
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The change of land surface slope is evident some 6 or so klometers from the hills (Appendices 14,

ow 13, row 32). Although the sketch showe the "bottom of the shallow aqulfer, It ls In noway an Indica
ion of the absence of permeable layers underneath. Father than that, it is a subjective indication of what
one may call 'shallow aquifer, that ls the uppermost sequence of permeable layers directly recharged from

railall and surface streams.

The break of the land surface slope ls mostly responslble forthe Introduction of two tems: "phreatc
scepage line' and 'saturatlon line'. The seepage line is defined as the line where shallow watar table emer
gesat the land surface. If t is assumed that the near-the-surface layer le permeable, than along thls line
here will be a loss of shallow ground water in the form of dispersed seepage. In Nawalparasi distict, the
water table ls everywhere deeper than 1 m below theland surface and there Is no any seepage" In the
above sense. However, in September the water table may rlse all the way to the land surface and be dls-
charged In elther form: evaporatlon, seepage.
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The saturation line ls an artificlal projection onto the land surface of the line where the first permeable
layer becomes fully saturated. In the sketch, the saturation line may be somewhere near the 8th kllometer
from the northern edge of the plaln. Evldently both lInes are constantly shlfiting, depending on the season
and the vertical position of the water table.

In Appendices, some other geometric features are also presented. Each Is the outcome of an automatic
modelling opportunity which "crossinterprets" the geometry of the system. The depth to the top of aquifer
in each model cell is shown In Appendix 10, the depth to the bottom of shallow aqulfer ls shown In Appen
dix 11, and the saturated thickness ofaqulfer at the beginning of simulation (May 1988) ls shown in Appendix 12.

The geometry of the shallow aquifer was interpreted from many recently drlled shallow wells. Their
schematc locations within the model network are shown In Appendix 4. All f rEantdy drilled wells (UN
projec) have thelr land surface elevations accurately surveyed under the subcontract with Swissair Photo
+Surveys Ltd. For others, the land surface elevation was read froma 1:125,000 topographic map (English
verslon), with an acouracy of some 0.5 m in most cases, except in the very north where the accuracy could
be several meters.

2.6. Evaporation Control

The process of evaporation of shallow ground water is one of the most dominant and decisive proces-
Ses in the Nawalparasl ground water system. Therefore, the model pays an adequate attention to its role.
t is assumed that in every cell in which the evaporation process is possible, the loss shall be calculatedd
according to the following:

(a) When water table comes to the land surface or above it, the loss shall be equal to the potential
evaporation (maximum evaporation, or free-water surface evaporation that is the one reported in
meteorologlcal manuals).

(b) When water table drops to below the crltlcal depth of evaporation, which is in this model set at 3.0
m below the land surface, there wll be zero evaporation loss.

Between 3m depth and the land surface, the loss Is calculated according to the exponential for
mula:

E-Eexp(-0.6d)

whereE s the currentloss (function of space, depth, end, indirectly, time), E, ls the free-water sutace
evaporation rate, d is the current depth of water table below the land surface.

fhe shallow aquferis covered by a semiconfining layer (slity, sandy clay) and water table" ls within
this semiconfiningzone,theevaporation loss shll be reduced when compared to thae loss that would have
OcCurredhad the permeablemedium reached the land surface. Between ten and thirty per cent may be a
reasonable "guess'.Although thls parameter may dominate the slmulatlon, especiallywhen water table ls

veryclosetothesuface,yettwill be hardly ever known better than "guessing. The model keeps an ac-
count of cumulative evaporation losses whlch are then compared to cumulative recharge.
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2.7. Naray ani River

The Narayant River makes the eastern boundary of the shallow ground water flow system. The eleva
tion of the water table in the river cells Is taken from the topographlc map, scale 1:125,000. At one polnt
near the bridge at Tribeni Gath, the rlver surface was surveyed in February. The elevation was 104.5 m.

Theniver's actuai hydrographs, at various cells, throughout the period of simulation, are shown in Appen
dix 25.

3. STEADY-STATE CALIBRATION (MAY 1988)

3.1. Water Level Contour Map in May 1988

The basis for the steady-state calibration is the contour map of water levels in May 1988. The map is
produced by subtractng the depth to water table in selected wells from absolute land surface elevation.
The map of depths to water table from the land surface is shown in Appendix 16. In absolute elevations,
thhe watertable contour map is produced in Appendix 15. The model is expected, in the steady-state callbra-
tion to duplicate this map. The map (Appendix 15) was produced from some 20 measured values in the
observation network, covering all parts of the model.

The land surface elevations in observation wells are shown in Technical Report No. 5 (Basic
Documentation, Nawalparasi West). They are also Indicated on hydrographs (Appendices 24) here in.

3.2. Input Data Files

The model demands the following input data files:

(a) General Data: number of columns, number of rows, size of one time step (DELTA) (In the steady-state
calibration the size of tme step ls very large; normally 1x10 days is sufficlent, maximum permitted num-
ber of iterations, error convergence criterion (ERROR).

(b) Hydraulic conductivity (permeablity) data file.
(c) Recharge data input file.
(d) Evaporation data control file.
(e) Land surface elevation data file.

()Top of aquifer elevation Input data file.
(o) Bottom of aqulfer Input data file.
(h) Initial water levels (May 1988).
() Storage coefficients and/or effective porositles,
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Thehydraullcconcuctivity Inputdata fle lo reproduced in Appondix 19. The flirst lIne contalns the values
oflfferentoategories ofpemeablitios (hydraulic conductvitles) and the remaning 41 lInes contaln the

Calgorles for each cel, one row by row. The format of Input la 5x,2011, which means that in the firot tive
columns anythingcanbe typed since It shall be lgnored by the computor. (Thia tree space Is used for
Ypingnumbers of rows)There ls also a legend, whlchoxplalnethe relatlonshlp betwaen the values and
alegories.Forexample, the code 4 mans the permeablity of 7.5 m/day, otc. As mentoned before, these
ateakind of atificial values of permeabltios, because they are averaged overthe whole saturated thick-
ness espective of the proporilon of permeable versus Impermeable materlal. (The real value of the
hydraulic conductivty must be higher than the one used hereln.)

The distribution of hydraulic conductlvltles as shown in Appendix 19 ls the final outcome of the model
ing (calibration) process.

The recharge data Input file isshown In Appendlx 20. t ls also anoutcome of the modelling callbra-
onprocess.Slmllar to the hydraulle conductivitles, the first line in the filecontaina the values, expressed
inercentagesofrainfall, and the remainlng 41 lines the codes (categorles) whichare transiated by the
mdelinto the values of recharge. There ls also one lineat the end of the file, whlch shows the rainfall
dailyrate)for aparticulartme interval. Thus, the value of 0.002 le 2 mm/day, or 60 mm/month, because
thebeslcunits In thismodelare meter for length (distance), day for tme. (There are two more basic unts:
mday for transmissivity, m/day for pumping rates.)

Theevaporation input data file is showninAppendbx 23. There are only two categorles of data, zero
or blany and 1. The first implies thattherewllbe no evaporation process, either because the cell is out
sideof themodel,orthe aqutfer iscovered by completely Impermeable formation. The last ine (the 42nd
In this case) contalns the dally melmum (ree-aurface) evaporation rates for each time Interval. (n the
sleady-state calibration only the first value is used, since, by definitüion, the steady-state is achjeved In only
one time step.)

Thelandsuface elevation fle ls numerlcal data file, ith one line for one modelrow. The Indlvidual
values from one column to next are separated by eitherblankspace or a comma. This is so-called tree
format The map shown in Appendix 7 is only for reporting. (The program cannot read graphical input)
Similarly, other twogeometric files are prepared: top of aqufer, bottom of aquifer. Thelr graphical
equlvalents (used only for reporing) are presented In Appendxes 8 and 8, respectively.

The initial water levels input datafile, with its graphical equivalent shown In Appendix 17, is prepared
Inthesimilar way. It lsabsolutely required that eachcell in the model be given one value for each of Input
parameters Also, Inthecase of Initlal water levels, it is very important thatthe input fle contains as close
Initallevels as posslble to what is beilleved to be the realwater level configuraion. The Importance comes
from thefact that these levels are used to calculate Inittel transmisslvities of the shallow aqulfer, and Initial
evaporailon rates. Both of these wll preval throughout the steady-state calibration without any modifica
tion.

3.3. Comments on Available Data

The aerlaldlstributlon of locatlons with known lithology is shown in Appendix 3. At least 38 wells (some-
whore more thanone Inone model cell) heve available lithologlcal deecription of formations drilled through.
However,two factors should be considered. First, the spread of Informatlon is not adequate, and wells are
nolcovering somepartsof the area. There ls a gap in the central part between rows 13 (Parasl) and 20
Jamunlya. (As itappears,the boundary between very promising area for extenslve ground water develop
ucritand very poorarea lHes between thetwo sltes.) Likewise,there ls no informatlon ín the southeast corner
near the Narayani River and In a belt of 3 km near the hlls. Second, ithologlcal descriptlon of dilled for
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mations is often misleading. The driller reports "gravel" when the formation contalns gravel mlxed with silt

arnd/or clay. Thus the 10-m thick gravel and sand layer, as reported by driller, ls not commensurate with

treunsmlsslvity of only 50 m/day.

It was mentioned before that there are about 200 recently drilled STW's (Japan Red Cross Soclety,

ADBN). Out of these only about 15 wells could be located and thelr lIthologlcal logs utillzed. Map of loca

tions is not appended to the report on drlling by Japan Red Cross Soclety and present offlcers-In- charge

arc not famllar with the project. There ls no doubt that thle Information could be unearthed. More than lithol-

o0y, these wells could be used for additional pump testing and providing more values of transmlssivity

and permeablity.

3.4. Results of Steady-State Calibration

The steady-state calibration Is necessary to produce a good Initial map of water levels. The levels must

be In equilibrium (recharge-fiow-dlischarge) so that any subsequent non-steady state devlationfrom the
balanced state produces changes in wanted direction. E.g, the levels should declinein dryseason arise
In wet They wll not do so unless the map of Inital levels s perfectly balanced in the antecedent period.

Ater many computer runs, inwhich the hydraulic condtuctivides, boundary linfiow and outiow, recharge
rates and evaporation dlistribution were changed (sometimes also geometry of aqulfer, Including double
check of land surface elevations, lithology, etc.) the final outcome wasthe map of levels in May 1988, as
produced by the model. This is presented in Appendix 17 In graphical form. The successof thesteady-
state calibration becomes evldent when two maps are compared: Appendlx 15 (initial lavels, subjectively
input by themodellen and Appendix 17 (model final outcome). Clearly, the flow net (direction of flow and
absolute elevations of contour lines) in both maps are very close one t
ground water flow ls steeper In northwestern part, and much milder in the southern part toward India and
the Narayani River.

the other. The slope (gradient) of

Since the only known water level elevations in May 1988 are in observation wells (17 *project wells), the
qualty of match can be assessed only in these cells. This Is llustrated in table on the next page (for loca
tions see Appendix 4).

**

Locationn May 88 Model Difference
(m)

Cell
(m) (m)

14,5 Rampurwa
16,12 Badera

9,13 Parasi
14,20 Jamuniya
16,28 Paldanda
10,23 Dablla
11,34 Kuniya
12,38 Raninagar

9,27 Khairani
10,6 Banjarlya
11,6 Parsawal

128.1 128.1 0.0
124.1 124.1 0.0
108.4 108.6 0.2
110.0 110.1 0.1

120.4 120.0 -0.4
104.7 104.2 0.5
104.7 104.0 0.7
108.4 108.0 0.4
103.1 102.7 -0.4
113.8 113.5 -0.1
115.8 118.3 0.5
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0.13,8 Lalpat
5,9 Hakuai
7,22 Gobrahlya 102.0 102.4 0.4
4,29 Surajpura 101.2 101.0 -0.2

3,32 Guthi Pars. 100.5 100.6
1,14 Blsnupura 101.1 101.1 0.0

105.0 105.1

106.1 106.0 -0.1

O.1

Avarage: 0,25 m

The match between 'nature' and model ls acceptable in the whole model, belng mostly inthe range from

0.4 to +0.4 m. In two cells, the level Is strongly Influencedby thepresence of the rtver (Ranlnagar and
Kuniya). In others, artificlal outfiow condtions prevent from beter fit.Yet it ls belleved thathe mapesshown
in Appendixk 17 is a good starting polnt for the unsteady-state calbretion of the rise af levals in themon

soon season of 1988 and their subsequent decline in the postmonsoon period.

The map of levels in Appendx 17 Is obtalned with thefollowinginput data distrlbutions: (e) transm

siviies as shown in Appendlx 13 (or permeablities in Appendix 18), (b) evaporationcodes as shown In

Appendix 23, (d) recharge rates and distributlons asshown in Appendix 20. Although the modeller has a
certain freedom to modify some parameters, themodifications may not exceedsometolerances. Thevalues
of conductivities and recharge rates, inparticular, mustbe based on the conclusions ofprevious
hydrogealoglcal studies. The final distribution of transmissivities (Appendix 13)is not materialy too much
different from the map of transmissivities produced In Report No. 5 (Nawalparasl District, Basi
tation and Preliminary Interpretation from shallow wellsdrling, pumpingtests and water levelsmonitor
ing) (see Appendix 6). Inboth maps the westen part of the area is very much Inferlortotheeastern part
The contour line 200 mday is at about the same place, both in model output and in ield- measured
(pumping tests). The model proves a higher transmissivity near the Nareyani Rliver whlch is to be expected
considering greater gravel content and very clean shallow aquifer.

Documen

The model also keeps an account of thewater balanceand shows the total convergernce 'eror, plus
indicates the cell (,J coordlinates) in which the error is the largest In eachparticulariteratlon.In the final
steady-state callbration computer run, the convergence was achieved In 38 teratlons (on an lBM AT
equipped with numerical co-processor, the total processlng time was slightyover 3minutes), andthe
cumulative error was less than 1.0 m for all 592 active cells. (This "cumulative" error Implies an average
"error of only 1.7 mm per cell.)

The total recharge from Infiltrated rain, as shown by the model,in the dry season was about 58,360
mday, which makes an equivalent of 1.7 MCM/month(mililon cubicmeters). The evaporation lossisequal
to 5,147 mday, or 1.6 MCM per month. The outflow into Indla across 27 km section is abaut 45,000
mday, or 1.5 MCM/month. The inflow from the hilly side(eitheras underlowbelow dry river beds, or
springs discharge, or surface runofi) amounts to about 46,000 m/day, or 1.5 MCM/month.

Thius, what remainsas asurplus of recharge flows into the Narayani River. This ls a very small volume of

anly about 2073 m/day, or 82,000 mYmonth.

One must admit that the model did not take Into account any pumplng fromshallow tube wlls. There
may be about 200 STW's (shallow tube walls) In western part of Nawalparasi District. f, In the dry perilod
and average numberof 100 wells is belng pumpedfor4 hoursdaly throughoutthedry season atan average
rate of 5 /sec, this would amount to a total of 7200 m/day. Ths lsa minor amount whlch is, in this simula
tion, lumped Into the evaporation loss. Thus, the more accurate water balance could be as shown In the
sketch below (for the dry perlod February-May 1988).
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t appears that the recharge from direct infiltratlon of rainfal balanceswith evaporatlon loss plus pump
lrng from shallow Irigatlon and water-supply wells, and that the inflow from ill sldes balances with outiow
into India.

4. UNSTEADY-STATE CALIBRATION MAY 1988- FEBRUARY 1989 and
MODEL VERIFICATION THROUGH MAY 1989

4.1. Basis for Calibration

wnty plus observation wells were under once-a-month monitoring inthe period fromMay 1888 through
February 18s9 (Appendix 4). On the basis of observations, acontour map of water levels in September (in

absolute elevations) was drawn as shown In Appendix 26. Indivldual hydrographs, as observed In thena-
ture, are presented in Appendices 24.

The rainfal record was avallable through the end of 1968 in Parasi, and through the end of 1987 In

Semari (both are unauthorized records to be used in draft form for the model). On the basls of this, the
daily rainfall was Input Into the model.
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4.2. Calibration and Verification Process

The twelve-month period (May through May) was divided into 12 equal time intervals, each of 30 days

(one attempt was made with 24 time Intervals each of 15 days, but the benefits did not warrant the time

necded for preparing the run). At the beginning of each time interval, a new value of ralnfall and potential

evaporation was read into the model (in m/day). Likewise, the Narayanl River cells were assigned different

values in each time Interval (see river hydrographs used In slmulation, Appendix 25). In the absence of

reallstic river stage measurement, it was accepted that the Narayani River rises in the monsoon perlod 4.2

m from the pre-monsoon level, and that by November it recedes about 3 meters remaining In November

stil more than one meter above the May levels. Of course, this applles only to the narrow rlver bed at the

exit from the gorge, and upon entering the Teral. Further south, the amplitude of the monsoon rise is much

less (2.8 m some five kilometers south, and 1.5 m 14 km south). Even if thils is not quite accurate the error

should not be decislve. The error influenced the area near the river and

the interior. Yet, for future modeling, It ls Important to have more informatlon on the Narayanl River.
snot propagated too much into

For the period from February through May 1989 (three time steps, or three months), the "misslng"

parameters were taken from one year before: (1) raln, almost negligible (Appendix 20): in February O mm,

in March 24 mm/month, In April 54 mm/month; (2) evaporation (Appendlx 23): In February 4.1 mm poten

tial (free water surface evaporation), in March 5 mm/day, in Aprll 6 mm/day: (3) Narayani Rlver water stagee

Appendix 25), (4) inflow from hill sides and outflow into India constant, the same as in other steps.

In the process of calibration major changes were made In the distribution of different storage coeff-

cients, both under water table conditions (effective porosity) and under confined conditions (storativity).

The final outcome is presented in Appendices 21 (effective porosity) and 22 (storativity).

Three of simulated river stage - distance cross-sections are shown in Appendix 25. These are the graphs

of absolute river elevation starting from cell 14,41 and ending at cell 1,38. The cross-sections are shown

for the months of May, July and September 1988. The simulated river slope is greater in the upper half of

the model than in the lower part of the model, but on average It Is only about 8 m per 14 kilometers, or

0.06%.

Some changes have been made also In the dlstribution of recharge and hydraulic conductivity. The out
Come is discussed next

4.3. Results of Unsteady-State Calibration

The model produced several outputs in this phase of simulation:

(e) Map of Water Lovels in September 1989 (Appendix 28), which matches a similar map constructed
fron field observations (Appendix 26).

(b) Hydrographs at selected polnts, shown in Appendices 24, and compared to the hydrographs con-
structed from field observations.

(c) Depth to water in September1988, chown in Appendix29, which should be compared with a similar
map (Appendix 27) constructed from field observations.
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d)Rise of levels from May to September 1988, shown in Appendix 31, whlch should be compared with

a similar map in Appendix 30.

() Distribution of Storage Coeficlents, under water tablo and confined conditions, as shown In Appe

dies 21 and 22, respectively.

() Evaporaton losses in September 1988 (when water table is nearest the land surface), as shown in

Appendix 32.

) Water Balance, whlich is shown In Appendices 33 and 34, and reproduced In the table here below.

NAWALPARASI (WEST) MODEL....
WATER BALANCB (MONTHLY) FROM MAY 1988 THROUGH APRIL 1989

OUTFLOW
to India

STEP RECHARGE EVAPORATION INFLOW

M3/DAY L/SEC M3/DAY L/SEC fron hillsi

50540.
50540.
50540.
50540.

-49500.-95750. -1108.i 133599.
JUNE:-622375. -7203.: 104086.
JULY-1196875.-13853.: 156037.
AUGUST -813875. -9420. 549840. 6364.

SEPT. -287250. -3325. 457475.
-19160. -222.; 320565.

0.

1546.
1205.

MAY

-49500.
1806. -49500.

-49500.
-49500.5295.

3710.
50540.
50540.
50540.
50540.
50540.
50540.
50540.
50540.

-49500.
49500.
49500
-49500.
-49500.

OCT.
NOVEM. 0. 232635. 2693.
DECEM. -86175. -997. 166019.

0.
1922.
1866.0. 161259.

0.1 191887. 2221.
JAN.
FEBR. 0.

MARCH -38300. -443.: 204280. 2364. -49500.
APRIL -86175. -997. 219328. 2539. -49500.

'TOTAL: 97 MCM 87 MCM 18 MCM 18MCM

In the above table, the recharge is shown under two headings: Recharge and Inflow. Infiow is the entrance
of either surface, spring, or river water directly recharging the shallow aquifer In near-the-hillsarea (Bhabar
2one), or contrilbuting the recharge in a form of subsurface flow through the beds of rlver whlch enterthe
Teral plain from Siwalik hills. The "Inflow Is taken as a constant, l.e. not belng so much influenced by
seasonal rain. (This may not be true, but the results are on the conservative slde.) Recharge ls dlrect in
filtraton of rain water all over the model area. As shown in the last line of the data file 'Recharge', Appen
dix 20, in the months of maximum ranfall thedally average ls reduced to account for "rejected" recharge.
This is a subjective criterion, which was modified In unsteady- state callibration runs. Its Interpretation ls as
follows. In the middle of ralny season, when the soll ls fully saturated, a sudden one-day high-raln event
(niore than a hundred mm of ralnfall) results in a portion of raln belng rejected by the soll cover and not
contributng to ground water recharge. In such a case, the Infiltration capacity of the soll ls less than pos-
sible infiltration rate of raln water. This Is to say that more water shall infiltrate and recharge the shallow
uquifer If ran falls ten days In row 10 mm each day, than If lt ralns 100 mm In one day.
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Inflow, as shown above, was slmulated In 23 cells along the northern edge of the model in the form of

artiliclal recharge (through wellsy. Indlividual ratesamounted to 1500 to 3000 m/day per one cell of 1000
m length. This is equlvalent to about 17 Vsec to 35 /sec per one cell.

Outlow, which Is shown In the table above, Iis simulated es arliliclal dlachargethroughwels In35 cells
in boundary cells along column 1 and at the model boundary with Rupandehi dlstrlct. This ls a compen
sation for cuting offthe aqulfer which nomally oxtends into India, and partially toRupandehl.Contrary to
expectations, this component of the water balance is not a minor one, especlally notin dry period,I
dividual rates amounted to 900 to 2000 mday per one cell, or an equlvalent of 10 to 23 sec per cell.

The balance shown above may be Interpreted in the folowing way.The total Input ofwatarIntothe
siallow ground water system in one-year period between May and May Is equal to about 115 MCM (mll-

lion cubic meters). Out of this volume, about 07 MCM comes from direct Infiltration of rain andground
water accretion on accout of Infltrated ralnreachingthewater table, and 18 MCM comeas Inflow Into
the shallow ground water system from the hill sldes. Clearly, on an annual basls, the Inflitration of ralnfal
ls much superlor to the infiow from hlls. The total discharge of water from the aqulfer in one year period
amounts to about 105 MCM, out of which to evaporation loss (cupled with some minor pumping Tom
shallow wels) goes 87 MCM and to outilow across model boundarles to India another 18 MCM. Agaln, in

one-year period, the evaporation loss outwelghs theoutfiow Into Indla by the factor of 5. Whatremalns,
i.e. 10 MCM, may elther fill up the storage (levels in May 1989 could be higher than in May 1888), or out
flow into the Narayani River. The model does not distingulsh between the two.

The monthly water balance is shown InAppendices 33 and 34. The rechargefromainfallexceedsthe
evaporation loss In June, July and August, and evaporation exceeds the recharge in othernlne months.
The "ple' graphs in Appendix 34 Indicate (1)the total transier of water Involved (diameter of cirale, max
mum in July, less In September, much less in May), (2) the relative proportions of each offourbalance
components.In July the recharge-from-raincomponent amounts to 82.4% of the total water involvedin
and out, while evaporatlon is only 10.7%. In September the evaporatlon loss domlnates in the baance
(54.2% of all water taken in or from the system) over the recharge (34%), while in May the evaporation and
recharge come closer (40.6% and 29.1%, respectively).

4.4. Comparison between Observed and Simulated Hydrographs

This comparison is actually the measure of it and quality of the model. Eighteen hydrographs are
presented in Appendices 24. Themodel did not make any attempt to "match" some portions of hydrographs
which are unrealistic, or for whichthere Is no explanation in nature (decline of levelsfrom July In Kuniya
November-December levels in Paidanda, minimum levels in Julyin Rampurwa, ete) LIkewise, the model

need not 'duplicate' the absolute levels everywhere. It is enough if the shape of hydrographsisthe same,
meaning the same amplitude of rlse and decline. In our opinlon excellent fit is obtained in wells: Raninagar,
Guthl Parsaunl, Paldanda, Dabla, Bionupure, Germl, Reampurwa, Parasl. Acceptable fit ls in well:Par
sawal, Khairani, Gobrahlya, Lalpati, Hakual, Badera, Sagaraha. Less acceptable fitls inwells:Banjariya,
Kunlya, Surajpura. Banjariya wel specullar showing In upper 30 orsometors mostly clay, Itsriseof water
level ls only 1m compared to 3 meters or more in other wells. In Kuniya fleld observationsof levels cant
be fully trusted, and in Surajpura observation stopped altogether In October for unknown reason.

As a concluslon, the fit coutd have been better with more computer runs and manlpulations wth
parameters (storage coefficlents, recharge rates, geometry of shallow aquifen, but the water balance would

not be appreciably affected.

From this water balance one may conclude that afuture ground water development from shallow aqulfers
niay come mosty on expense of reduced evaporation and outlow Into Indla. The evaporation loss can be

Nawaparasl District (West) Technlcal Report No. 8B



8 Shallow Ground Water Investigatlons In Teral

NEP/86/025

reduced by lowering the water levels to a depth that will prevent the losses. The outflow lnto the Narayani

Hiver, which is a small component of the balance, can be reduced or ellminated by pumplng from shak

low wells located along a stretch parallel to the river cOurse. It la a favourable colncldence that along the

right bank of the Narayanl River the shallow aqulfer in Nawalparasi district Is the most promislng, having

Clean sand and gravel content and almostthe best transmissivity In the whole distrlct. The outilow to Indla.

can be reduced or ceased by pumping on a larger scale near the border. However, thls applles only to

the southern one half of the distrlct boundary wlth Indla where transmisslvity is more promlsing.

The water balance ls sketched here below.

18 97
87CWANG

ROHARGE (NFALL

FROMHLs

18
XVaPORATiON

FLOW

SALLON
AQUIFER

10 n"

5. HYPOTHETICAL FUTURE SHALLOW

GROUND WATER DEVELOPMENT

5.1. Introduction

The final modelling attempt was made to find out a future potentlal development potential by locating
shiallow wells in areas in which water table comes closest to the surface, provided the aquifer has accept
able thickness and lithology (transmissivity).

Once the model is sufficlently successful In calibrating the past record of evolution of water levels, it
could be used for future predictive purposes. The Nawalparasl model was shown to correctly duplicate
the behaviour of shallow water table in the period from May through September 1988. Likewise, It was also
successful in conflrming thedecline of levels In the post monsoon period (Seplember-May). None of input
Parameterswasquestionable. The map of transmissivities produced by the model at the end of the calibra
tionprocessis very similarto the concluslons of the Repot No.5 whlch precededthe modeling study. The
recharge, evaporation loss, Inflow and outflow volumes are all acceptable quantitles.

Once the callbration process was successfully terminated the model was used to predict the future,
hypothetic, behaviour of the shallow ground system, which was subjected to a stress. The term 'stress" In
this context means the drilling of numerous shallow wells, and thelr pumplng In the dry portion of the year.

Afiut several check runs, it was decided to fuly test three development schemes, which are explalnedone by one.

Nuwalparasi Distrlct (West)
Technical Report No. 8
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5.2. Development Scheme No. 1

Development scheme No. 1 is believed to be at the lower end of promlslng scenarlos for future shal-

low groundwaterdevelopment. Following the concluslons of the BaslcDocumentallon Peport (Technloal
Report No. 5) and the callbration of this model, It was declded to locate future wells in an areaof some
61 km-in the south-central part of the district (Appondlx 35). The total pumplng rate In this scheme ls 53.1
millioncublcmeters (MCM) In pumplng soasonwhlch etarts In February andterminates InMay.Thecriterion
Tor locating the pumplng wells (cells) was the following: (a) acceptable transmissivity, (6) water table close
to the surface, (c) site near the Narayanl Aiver. It was learnt, from the modelling studybeforecomingto
this stage, that the shallow ground waterdevelopment shouldcome on expenseoflossestoovaporatlon
(87 MCM/yea) and outfiow of about 18 MCMyear to Indla. Some induced rechargefrom theNarayan
Fiver may augment the total "safe yield" of the Nawalparasl shallow ground watersystem. However,about
40 kmnearthe Narayani River, although the most promisingfor development, delberately arenot Included
into the pumplng scheme slnce there exlsts a surface-irrlgation system Gandak whlch takes water drectly
from the Narayani River.

The number of pumping cells is 161. Since one cellis 1000 m by 1000 m large, the numberof wellsthat
may actually be located ln one cell could beon average 25, if the wellsare located at 200 m dlstance one
from the other. Thus the total number of wells could be about 4000.

For the purpose of the forecast, it was assumed that eachcell is producing 330,000 m/seasoneach
year, Actually, the daily pumping rate of almost all cells is2,000m In February, and 3,000m In March,
April, and May. This is equivalent to an average of about 32 /sec from each squarekilometerthroughout
the pumping season. With an average agricultural demand of 10,000 mha/season,with 330,000 m one
may irigate about 33 ha, or one third of the total area. If wells are spaced at 200 m (25 wells In one sq.km
each well should be pumplng about 14,000 m° in a season of four months.

t was further assumed that the recharge in the future shall be distrlbuted In the same way as lt was in

the past, as shown in Appendix 33. The inflow from hilly sides Iskept constant throughout the period of
simulation (45,200 mday or 16.3 MCM in a yea), as shown in Appendix 33. Thls Is also obtalned from
the calibration of the model. The Narayanl Alver was modelled exactly the sameasin theyear 1988-89 (as
shown in Appendix 25). The outilow Into Indla ls handled In the following way: (a) In the firstyear the rates
are exactly the same as in the 1988-89 (unsteady-state calilbration period): (6} in the second year the out-
fiow rates are reduced for 25%, in the third for 50%, and in the fourth for 75% of the rates In the first year.
This ls an arbltrary condition which takes into account the fact that with more ground waterdevelopment
the gradient of flow from north to south shall be reduced and less flow shall leave the district. (In reality,
one may eliminate all the outflow and, moreover, reverse the gradient and get the water from south into the
cone of depression formed in Nawalparasi.) All input parameters are taken from the calibration phase (per
meability, storage coefficient, effective porosity, distribution of evaporatlon, aquifer geometry). The start
ing levels are the May 1988 levels which were also used in unsteady-state callbration (Appendix 17). The
period of simulation is four years.

The following objectives are specified:

(1) To confirm that water levels will stablize within the period of slmulation (4 years) at an acceptable
depth (within an easy reach of pumping).

2) To demonstrate that at least 60% of shallow aquifer shall remain fully saturated, I.e. that the decline
of levels shall not appreclably dewater the shallow aquifer.

(3) To produce water balance which will indlcate the source of water for development and trends in the
fou-year perlod.
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The whole period of 4 years was dlvided Into 48 equal intervala, each of 30 days duration. (n this

nodel, each month has 30 days.) With 161 celle involved In ground wator development, atanaveragerate
of about 3,000m/day,thetotalground water withdrawal ls equal to about 53 MCM/season. ThisIsabout
62% of the total recharge into the model area. Evidently, this Is a very high developmentrat,whlch may

have chances to succeed provided wells are properly located to lowerwater table beyond the reach of
evaporation, or to prevent the outlow into Indla and/or Narayanl Rlver.

Raauta

The results are shown in Appendices 36 (declineofleveis after1st year, 37 (decline of levels after
fourth yea), 38 (absoluta levels after fourth year), 39 (water balance), 40 (selected hydrographs), and in

thu balance table here below.

STBP RBCHARGE PUMPING BVAPORATION RBTURN. IRR OUTFLOH INFLOH

M3/DAY L/SBC M3/DAY L/SBC M3/DAY L/SEC M3/DAY L/SBC: M3/DAY M3/DAY

95760. -1l08.
2 -622375. -1203.
3 -957500.-11082.

: -718125. B
-239375. -2771.i

i9L5U. 2z2.i
0.

0.: 133599. 1546.:
0.104366. 1208.
0. 1561l6. 1807.
.392808. 4546.
0.443T78. 5136.
0.i 280s64.3Z40.i
0. 208366. 24l7.i
0. 149357. 1729.

0.322000. 3726.i 149310. 1728.i -64400. -746.
0. 483000. 6590.: 163252. 1774.-96600. -ll18.

483000. 5590.i 164290. 1901.i -96500. -1118.1

50540.45200.
60540.45200.
60540. -45200.
50540. 45200.
50540.45200.|
D0b40. 15200.
50540.45200
50540.45200.

45200.

0. 0. 0.i
0.i. .. 0.

0.i
0. 0.

-86175. -997. 0. 0.. 50540.
50540. 45200.
50540. 45200.
50540. -45200.

.
38300. 443.
B6l75. -997.i 483000. 6590.: 169026. 1956.i-96600. -1118.:

3 95750. -1108.:
14 -622375. -7203.
15 -951500.-l082.i
16 -718125. 8312.i
17 -239375. -2771.
18 -19150. -222.
19

0. 170639. 1975.;

0. 156791. 1815.
0. 170097. 1969.i
0.i 273519. 3166.
0.; 370354.

40130.-45200.
40130. 45200.
40130. 45200.
40130. 45200.
40130. 45200
40130. 45200.. 40130. 45200.
40130. 45200.

0. 0.i. O.i

4287.1 0.. 0. 232529. 2691.i
0.i 188860. 21B6.
0. 41ll7. 1633.i

0.
0.

20 -86175. 997. 0.i.
0. 322000. 3726.; 139134. I610.;-64400.145.i. 40130. 45200.0. 483000. 6590. 164522. 1788.i -96600. -1l18.i23 -38300. 443. 483000. 5590.i 160020. 1852.i -96600. -1118.

5590. 165853. 1920.i-96600. -1ll8.i

.
40130. 45200.
40130. 45200.

24 -86175. -997.i 483000. 40130. 45200

-95750. -1108.5
-622375. 1203.i

27 -957500.-i1082.i

0.i 167369, 19S7.
0. 163604. 1778.;
0L6703. 1933.i
0. 278071. 3218.i
0. 355133. 41l0.i
0.i 234125, 2710.
0.i 191321.

.
0.

. 0. 29120. 46200.
29720. 45200
29720. 45200.
2S720. 45200.
29720. 45200.
29720. 45200
CZU. 45200.
29720. 45200.
29720.-45200.
29720. 45200.
29720.-45200.
29720. 45200.

26

.i
28 718125. -8312.
29 -239375. -277l.i
30 -19150. 222.i

0. 0.i
.i

0.i 0. 2214.
2 -86175. -991.i . 0.i 1499l. 1643.i

2Z000.37126. i 140166. 1629.i -64400.-745.
0. 483000. 6690. 154660. 1790.-S6600. -1118.

0.
0.
0.

35 -38300. 443. 483000. 5590.i 174602. 18A7,1 -96600. -11l8.t
-56173. 997.i 483000. 6590. l66340. 1926.t -96600. -1118.:

S7 -95750. -1108.; 0. 166982.
0. 163510. 1777.1
U.i167617, 1940.

.284223. 3290.i
O.i363438. 4091.;
0. 238335. 2769.1
0. 191947. 2222.i
0.i 143506. 1661.

U. 1933. 9310.45200.19310. 45200
-622375., -7203.i O. .
957500.-11082.
-718125. -B8312. i

O. 19310. 45200.
19310. -45200.
19310, -45200.

0.
239375. "2TTl.
-19160. -222.i.
-B6175, -997.

42
19310.45200.
19310. 46200.
19310. 45200.

0.i

0.i.
0,; 322000, 3726.1 141322. 636,1 -64400. -746.
0 483000. 6690. i 167121, 1819.1 -96600. -1118.i

6690.1 161923. 1874. -96600, -1118.
48 -B6l75. 997.1 483000. 6690.1 168773. 83. 1 -Su600. 8 i

93L0. 45200.
200.19310, q9z00
19310, 45200.

A 38300. 443. 483000
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Out ofthe total pumping volume, 20%ls assumed to have returned Into the subsurface, recharging the
shallow aqulfer, inthe form of "return" ierigation. This ietosay that any Irigation over a permeable surface
S quivalentto artifricial recharge by surface spreading. The percentage of 20 is assumed consldering the
muthod of irrigation, the one practiced with rice crop.

Thus the water balance in each of four years of simulation may look as follows (see also Appendx 39).

All values in MCM/year

Year Recharge Inflow Return Pumping Evaporation Outflow

85.9
85.9
85.9
85.9

10.616.3
16.3
16.3
16.3

53.1
10.6 53.1
10.6 53.1
10.6 53.1

75.2
69.7
69.7

18.2
14.4
10.7i

4 69.9 6.9

In the lastyear, theinput into the system(techarge from ralnfall, return irrigation, Inflow from hills) amounts
to about 112.8 MCM. The discharge is equal to 129.9 MCM. There is stili ade-balance between recharge
and discharge. This is to say that the shallow ground system Is notyet fully In equllibrium and adlitional
declineof water lavels beyond the fourth year could be foreseen. Alternatively, the system can be In full
equilibriumand the"missing'volume comes from the Narayani River. That this second isthe case is proven
by the fact that waterlevelsdo notdecline beyondthe third year (see Appendices 40): The differencebetween Inputand output of 17.1 MCM Is about 0.5 msec which Is negliglble compared to the minimum fiow
rate of the Narayani River of several hundred cublc meters per second.

The best demonstration of the evolutionof water levels in the four-year pumping scheme Is given In Ap
pendices 38and 37. After the firstyear of pumping the maximum decline of water levels is about 3.9 m;
after the fourth year the maxlmum Is about 43 m.

The map of water levels after the fourth year ofextenslve ground water development as shown In Ap
pendix 38, Indicates that the Narayanl Aiver contributes water to the zoneof ground water development.
This is clear from the curvature of water lovel contour lines. A portion of the flow net is reproduced in the
sketch below.

i075
09.0
102.5
io0.0
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The scheme of development as tested herein was not qultesuccessful In utilzing the evaporation loss.
Theloss was diminished from 75.2 MCMyear to some 89.7 MCM/year, but thls wasInsuficlent. Still pler
ty of water is being lost through the evaporation process. Instead, the "unbalanced" development (pump-
Ing) was offset by the contributlon from the Narayanl Rliver.

It may be concluded that the scheme of shallow ground water development as tested in this phase of

tio modelling is qulte acceptable. t appears that such distributlon of wells and theirpumping rates are not
the absolute development potential of the shallow ground water ofthe Nawalparasi district.Additonal water
cancome from the Narayani River, If wells arelocated near by. Likewise, there is still about 6.9 MCM of
shallow ground water outflowing into nelghborlng Indla. Thiscould be 'salvaged" by eliminating the bound-
ary condition according to which this water stll flows out of the modelled area. Also, some addlitüonal pump
ing, but not a large-scale development, can be spread all over the western part of the model, reducing the
evaporation loss by lowering water level. This last scenario shall be tested in the Development Scheme
No. 2, which is explained below.

5.3. Development Scheme No. 2

The second development scheme tested, in addition to wells from scheme 1, some development to the
west and center of the district. Transmissivities in those areas are low, less than 200 mday, and one does
not expect favourable conditions for extensive and large-scale shallow ground water development. Yetit
is up to the model to prove itl

In additional 87 cells, as shown in Appendix 41, pumping rates amountto 1,000mdaythroughoutthe
pumping period of four months (120 days).Thus, the total additonal pumplng ls 10.44 MCM. However,
the pumping from the previous zone (Scheme 1) is slilghtly reduced in thenorthern pat(columns 10,11,12).
Thus the pumping from zone lis 50.1 MCM, or the total tested in thisscheme is 60.5 MCM. The results are
stown in Appendices 42 (decline of levels after fourth year of pumping), 43 (map of levels after four years
of pumplng), 44 (saturated thickness at the end of the fourth yean, 45 (water balance In four years), 46
(solected hydrographs).

The hydrographs indicate that the spread of cone of depression beyond the fourth year shal be minor.

The water balance for each of four years Is shown here below.

All values in MCM/year-
Year Recharge Inflow Return i Punping Evaporation Outflow

85.9
85.9

.9

16.3
16.3
16.3

12.1
12.1
12.1
12.1

74.3
65.2

60.5 18.2
60.5
60..5 64

64.1

14.4
10.7
6.985.9 16.3 60.5

In the fourth year of pumping, the total Input Into the system Is 114.3 MCM and output 131.5 MCM (Ap
pendix 45). The difference ls 17.2 MCM, which ls exactly the same as in the first scheme. The additional
7.4 MCM of water avallable for development come from reduced evaporation (5.8 MCM) and from storage
(1.6 MCM). One may assume that there wl be addltional decline for a year or so untll the evaporatlon loss
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is uducedfor2 MCM. As in the case In the development scheme 1, the difference of some 17 MCM comes
from the Narayani Aiver In the form of induced recharge.

This scheme ls also favourable wlth one caution. The walls in the zone wlth less transmisslvity must be
numerous and spread all over the selected zone. Individual pumplng rate of a well should not be more than
Usec, or the time of pumping should be less In a day. ldeally, each well should be producing about5,000
ni3 of water in 4-month season.

5.4. Development Scheme No. 3

The scheme of development occupies exactly the same area as in Scheme 2 with the same number of
producing cells. The difference Is in pumping rates in the central part of the area Iwhich are almost
doubled (from 2,000 and 3,000 m°/day to 5,000 m/day). Thus, central cells (30 km9 shall pump additlon
a 7.2 MCM, making the total tested withdrawal in that area equal to 80.9 MCM, and the total from both
areasequal to 71.3 MCM (see Appendix 47). The results are shown In Appendices 48 (decline of levels
alterthe fourth yea), 49 (map of levels after the fourth yean, 50 (balance), 51 (selected hydrographs), and
52 (cone of depression).

The water balance for each of four years is shown here below.

All values in MCM/year
i

Year Recharge Inflow Return Pumping Bvaporation Outflow

14.3 71.3
14.3

16.3
16.3
16.
16.3

85.9 68.1
63.3

18.2
14.4
10.7
6.9

85.9 71.3
85.9
85.9

14.3
14.3

71.3 60.7
60.471.3

In the fourth year of pumping, the total Input Into the system is 116.5 MCM and output 138.6 MCM (Ap-
pendix 50).The diference is 22.2 MC, whlch alone should not Indicate that the developmentschemeIs
not acceptable. Also, hydrographs shown in Appendbx 51 Indicate that equilibrium between input and out
put has been reached after four years, or shall be reached a year or so afterwards. Additional decline
beyond the fourth year could be anticlpated but to a minor amount. Probably the development scheme No.
3is close to the maximum development potential of the shallow ground water system of Nawalparasi West

ConcluadingAemarks

The model s ready to test soma addidonal schemes of development, with ditferent aerlal distiburtion, dt.
forerit individiual pumplng rales, and dhverse time schodules. The testing of acaditonal schemes of dovelop
niant can bo dona In cooporation with othor concerned agencles, such as the Agricutural Devalopmart
Bank of Nepal.

Nawalparasi Distrlct (West) Tochnical Report No. 8
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6. CONCLUSIONS AND RECOMMENDATIONS

The model of the shallow ground water system of the western part of Nawalparasi distrlct was primarly
adeto arive at a global water baleance of the modelled area, and to indicate a maxlmum development
potental for future ground water exploitation. In the process, all components of the system have been
verified.

,The modelling study is a companion work to the UNDP-GWAD3 project field activities. It could be con
sicderedas the state-of- the-art in quantitative evaluatlon of the natural system and its future development
potential.

The whole simulation was divided Into fourphases. The phase l was to confirm an Initial map of water
levelswhlch wasconstructed on the basls offield monitorlng in May 1988. Thls ls called the "steacty-state
cllbration andis equlvalentto confiming the minimum water levls (maximum depths to water table) at
theend ofa long dry season. The primary resuit of the steady-state calibrationwas the distribution of per
meebility coefficients (hydraulicconductivitý), setting up the geometryof the shallowaquifer, and ariving
acorrectrechargeand evaporation values. The conclusion of the steady-atate callbratlon was that the
recharge(frominfilitratedrainfal) in the dry porion ofayear isequlvalentto about 1.7 MCM/month (mi-
loncubicmeters, and from inflowacross model boundaries In the hilly north (either as underfiow In dry
river beds,orspringfiow, or simply surface runoff from hils Into the plain) to another 1.5 MCM/month.
Outofthisamountsome 1.6 MGMare consumed bytheevaporation process, 1.5 MCM outflows into India,
andverylitle remalnstofeaedthe Narayanl iver (only 2073 mday). This is to say that the recharge in the
dry season comes from infiltrated rainfall (in March through May) and from hilly sides in the north (Siwalik
hills), in a form of subsurface flow through dry river beds that cut the Siwalik hills. Both components are
of about the same order of magnitude. The evaporation and outilow into India are also of about the same
order. The evaporation loss is less than one would expect in other months because water levels are at max-
imum depths from the land surface. In the process of steady-state calibration, the map of transmisslivities
was produced, which did not differ materially from the one obtalned from pumping tests.

The second phase was that of unsteady-state calibration of the model in the period from May 1888 through
February 1989. This ls the period of the rise of water levels lin the monsoon season, and postmonsoon
decline. The rise is well documented in some 17 observation wells which were the basis for the whole
modelling. The unsteady-state calibration was consldered successful since the model did reproduce both
the water level rise and decline that were recorded in the nature.

The third phase of the modelling was to confirm that the "model" levels shall make a full cycle in one
year, arriving at May levels at the end of the simulatlon. Only in that way, when the filling up and depletion
of the storage are balanced, one may conclude about the recharge-dlscharge relationship. This phase was
called the verification" of the model. In this case, the period to "cover was only three months (February
May). Also, since the year 1888 was with much more raln than In a long-term average, one would expect
that the end May 1989 levels would be above the May 1988 levels. (However, thls ls in the domaln ofspeculation since the May 1989 Is two months aheadl) The model Indlcated that, In one-year cycle, most
of the water recharged from inflitrated ralnfall or entered from the hllls ls lost through evaporation process
and that the flow into the Narayani River ls a minor component of the total balance. The simulation Ind-caled the source of water that may be utillzed more beneficlally than letting the water to flow Into nelghbor
ing India, or be consumed by the evaporatlon. The water balance may be Interpreted In the following way.
The total input of water into the shallow ground water system in one-year period between May and May isecjual to about 115 MCM (mllon cublc meters). Out of thls volume, about 97 MCM comes from dlrect infiltratlon of raln and ground water accretlon on account of Infiltrated raln reachlng the water table, and 18MCM come as Inflow into the shallow ground water system from the hill sldes. Clearly, on an annual basis,

Nwaiparasl District (West)
Technical Report No. 8
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the Infiltration of ralnfall is much superlor to the Inilow from hills. The total discharge of water from the
aquifer in one year perlod amounts to about 105 MCM, out of which to evaporation loss (coupled with
some minor pumping from shallow wels) goes 87 MCM and to outflow across modelboundarles to India
another 18 MCM. Again, In one-year period, the evaporation loss outweighs the outflow into Indla by the
factor of 5. What remalns, l.e. 10 MCM, may elther fill up the storage(levelsIn May 1089 could be hlgher
than In May 1988), or outflow into the Narayanl River. The model does not distingulsh between the two.

From this water balance one may conclude that any future groundwater development from shellow
aquifer may come mostly on expense of reduced evaporation and outflow into the Narayani River. The
evaporation loss can be reduced by lowering the water levels to a depth that wlHi prevent or diminlsh the
losses. The outflow linto the Narayanl Rlver can be reduced by pumplng from shallow wells located along
a stretch parallel to the river course. It is a favourable coincldencethat along the right bank ofthe Narayani
River the shallow aquifer is the most promising, having good thickness and almost the best transmisslvity
in the whole district. In the process, an average recharge Into the shallow ground water system was calcu
lalcd. The volume of 97 MCM of direct recharge from infltrated rainfall in a year ls equlvalent to about 11%
of he total average annual rainfall fallling over an area of some 600 km (active model area). This percent
age may be accepted as an average recharge percentage for the whole district.

All the previous phases were a kind of establishing the model as a credible tool for forecasting an ex
tensive future development of shallow ground water. The philosophy behind the last phase is the follow
Ing. If the model is successful in reproducing the past, it could be used In predicting the future. The
Nawalparasi model was shown to correctly duplicate the behaviour of shallow water table in the period
from May through February 1988.

Aftcr several check runs, it was decided to fully test three development schemes. The criterion for locat
ing the pumping wells (cells) was the following: (a) acceptable transmisslvity, (b) water table close to the
surface, (c) site nearthe Narayani River. It was learnt, from the modelling study before coming to this stage,
that the shallow ground water development should come on expense of losses to evaporaton (87
MCM/yea) and outflow of about 18 MCMyear to Indla. Some induced recharge from the Narayani River
may augment the total "safe yleld" of the Nawalparasi shallow ground water system. However, about 40
km2 near the Narayani River, although the most promising for development, dellberately are not included
into the pumping schemesince there exists a surface-irigation system Gandak which takes waterdirectly
from the Narayanl River. Followlng the conclusions of the Baslc Documentation Report (Technical Report
No. 5) and the calibration of this model, it was decided to locate future wells in an area of some 161 km
in the south- central part of the district (development scheme No.1), and to test expanslon of development
in the central western part between Parasi, Parsawal, Lalpati, Bisnupura (development schemes 2 and 3)

over a n area of some 84 km. The total pumping rate in scheme No. 1 is 53.1 million cubic meters (MCM)
in pumplng season which starts in February and terminates in May. In schemes 2 and 3, the total withdrawal
was higher, 60.5 and 71.3 MCM, respectlvely.

The central area (Gobrahiya-Dabla-Khairanl-Guth! Parsauni) contains 161 pumping cells In each of three
development schemes. Since one cell is 1000 m by 1000 m large, the number of wells that may actually
be located In one cell could be on average 25, If the wells are located at 200 m distance one from the
other. Thus the total number of wells could be about 4000 in that area alone. The individual rates of pump-
ing from cells differ from scheme 1 to 3. In scheme no. 1 an average pumping from one cell in the whole
pumping season of 120 days amounts to about 330,000 m. The same ls in scheme no. 2, but in scheme
no. 3 it ls ralsed to 500,000 to 600,000 m. Thus thls area alone ls slmulated as producing from 50.1 to
60 9 MCM in a pumplng season.

The northern-central area ls simulated in schemes 2 and 3 as producing addltonal 10.4 MCM of sha
low water In one season. Individual cells are subjected to much lower stress, 1,000 m/day everywhere, on
the grounds of much Inferlor transmlssivlty.

The pumplng volumes of about 330,000 m3/season are equlvalent to an average of about 32 Vsec from
each square kilometer throughout the pumping season. With an average agricultural demand of 10,000

Nawalparasl District (West) Technlcal Report No.
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mha/season, with 330,000 m3 one may irrigate about 33 ha, or one third of the total area. If wells are
spaced at 200 m (25 wells in one sq.km) each well should be pumping about 13,200 m in a season of
four months.

The development schemes were tested over a perlod of four years, on a cycllc basls: pumping In 4 dry
months, ldling in the remaining eight months. The resuts are encouraging in each of tested schemes. The
dynamic levels after four seasons of pumping are very close to belng steady, and the total drawdown in

iost of the modelled area ls less than 8 meters. In each of tested schemes of development there Is a
debalance between total Input Into the system (recharge from raln, from hlls, and return Irrlgation) and out
put(evaporation, pumping, flow Into India). However, the debalance Is a minor component, between 17.1
and 22.2 MCM, which is actually "covered by the contribution of the Narayanl Rlver. (This amounts to less
than 600 Vsec of river "induced" recharge, compared with minimum rlver flow of several hundred cubic
melers per second)

Themodel of the Nawalparasi district Is an example of modelling of shallow ground water system in the
Teral. t ofersasound base for ADBN development plans. The concluslons formulated herein are believed
to be on the safe side. The model did not count wlth any recharge from other rivers except the Narayani
River. It also, did not take into account an eventual inflow of water from neighboring districts. Although
previous reports have speculated about the maximum pemissible number of shallow wells in varlous dis
tricts of thee Terai, mentioning the number of 2037 for Nawalparasi (which is an understatement consider-
ing that more low-capacity wells should be constructed in relatively lowtransmissivity area), this modelling
sludy formulated not only the number of wells, but suggested the area which may be favourable for the
overall development of the shallow ground water resource. In the slmulation process, the model evaluated
quantitatively all components of the shallow ground water system: recharge from Infiltrated rain, evapora-
tion loss from very shallow water table, filling up and depleting the storage, connection with the Narayani
River.

In order to improve the model and its conclusions with respect to potential shallow ground waterdevelop-
ient the following is recommended:

(1) Drillseveral exploration shallow wells between Parasi and Jamuniya (between model rows 13 and
20). This is to make a better demarcation between favourable zone to the southeast and less favourable to
Uie north west.

(2) Make additional drilling near the hlls, on theline Badera- Jamuniya - Paldanda, to prove or disap-
prove the poor lithology of shallow zone near the Siwalk hills.

3) Make pumping tests from as many as possible existlng shallow tube wells. t ls expected that at least
200 STWs exist in the area, and most of them were drilled in the last 5 years.

(4) Establisha river gaugingstailon in Tribenl Gath. Describe the river flow in filood stage at the
downstream end of the Narayanl Rlver in Nepal,

(6) Define the plans of future shallow ground water development in Nawalparasl district and testthe plan-
ning alternatives with the present model.

Nawalparasi District (West) Technical Report No. 8
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NAWALPARASI MODEL
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NAWALPARASI (WEST) TRANSMISSIVITIES (M2/DAY)

3058000 sIWAL

IKH
I L Ls

3058000

HI L L s
3053000

3053000
100

JAMUNYA100

200- PALDANDA3048000
3048000

ALPAT 300
-400

500

200

300
400 600-

3043000 00
KHRAHANI800

3043000
5

BISNUPUA

800
3038000 I. N D

I A
SURA

500-

00- 3038000

S00.
dAHLARS

3033000 30330000

3028000 3028000



NAWALPARASI (WEST) MODEL: LAND SURFACE ELEVATION
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NAWALPARA SI (WEST) MODEL: TOP OF AQUIFER ELEVATION
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NA WALPARASI MODEL: BOTTOM-0F-AQUIFER ELEVATION
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NAWALPARASI MODEL: DEPTH TO TOP OF AQUIFER
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NA WALPARASI MODEL: DEPTH To BOTTOM OF AQUIFER
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TRANSMISSIVITY DISTRIBUTION IN MAY 1988 (MODEL
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NAWALPARASI (WEST) WA TER LEVEL CONTOUR MAP MAY 1988
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NAWALPARASI (WEST) DEPTH TO WATER TABLE MAY 1988

.

IWA
LIK

ILL
S

3058000
3058000

RAMPURWA

BADERA
O

3.0
ARSAWAL HIL

Ls
3053000

3053000
BALH4RA

JAMUNYA

PARS 4.0 PALDANDA
3048000

3048000

5.0LPAT3
40

DABILA6
3043000

GoBRAHNAs 3.0 3043000

AANIBISNUPURA
I ND

I A
-5.0

RANNAGAR

3038000
-40

3038000
/SURANPURA

RS
3033000

3033000

3028000

s028000



FINAL STEADY-STATE WATER-LEVEL MAP MAY 1988
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DEPTH TO WATER TABLE FROM LAND SURFACE: MAY 1988
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PERMBABILITY DATA INPUT FILB

0 1.0 2.5 5 7.5 12.5 20 30 40 60 values of K in m/day
222222

Codes
0 or blank

222222
222222222
221122222

222221122222

K=0 M/DAY
1

2.6
3333222112222
33333221112222

3333333321112222
33333322311112222
33333332211112222

333333333322112222

6
4 7.5

12.5

3

9
10
11
12 3333333333322112222
13

20
30
40
60

33333333333222222222
14 3333333333322222222
16 3333333333322222222
16 4443333333333322222
17 444444444333333222
18 444444444334443332
19 444444444444443332
20 5555555334444543332
21 555555533555443111

555555533454431lll
23
22

5555555334433211l
24 55555554444331114
25 555555555443311ll
26 666666677653311l1
27 66666778876331111
28 666677888774311
29 66777888877441
30 77778888877332
31 77787788887722
32 77777888888722
33 77778888998841

88888999999841
35
34

99999999988841
36 99999999988841
37 99999999 88841
38 99 9886
39 886

8640
41 3

1234512345678901234567890
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RECHARGE DATA INPUT FILE

0.00 0.03 0.05 0.075 0.10 0.15 0.25 0.30 0.35 0.50
444444

0334444 Codes:
333344444
l13444444
44444444
1144444
44444444

4453333333444444
44533333334444444
55533333334444444

113333333332233444
12 1113333333332233444
13 44441111333322434444
14 4444411133333334444
15 3334411l13333334444
16 333411l133333334444
17 333441111333333444
18 444444111333333333
19 444441ll1333333333

Recharge 0.00
0.03
0..05331

5533 0.076
0.10
0.15

.25
0..30
0.35

10
7
8
9 0.50

20 444441113333333333
21 444444444443333333
22 444433335554444433
23 444433335554444333
24 44443333555444333
25 111ll444555444333
26 11lllllll44443333
27 11lllllll44444333
28 11llllll1444444
29 111illll144444
30

.

111llllll44444
31 44444444444444
32 45555444444444

5555544444444433
33 55554444222444
35 55555555222444
36 55555555 22555
37 55 5555
38 555
39 55
40
41

5

0.002 0.013 0.025 0.017 0.006 0.0004 0.00 o.0018 0.00 o.00 0.0008 0.0018
MAY JUNE JULY AUG SRP OCT NOV DEC JAN FEB MARCH APRIL
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KFFECTIVE POROSITY DATA INPUT FILE

0.1 0.05 0.08 0.l 0.125 0.16 0.175 0.20 0.26 le21
444444

2 144444 Codes
444444444

0.1
0.05.08

10

0 or blank: Effective porosity444444444
444444444444

4

24444444444444
22444444444444

2222344444444444
22244444444444444

6

3
0.1253

0.1
0.175
0.20
0.25

9
10 22244444444444444

44444444444444444411
12 4444444444444444444
13 44444444444444444444
14

8
9 1E21 . Constant Head

4444444444444444444
15 4444444444444444444
16 4444444444444444444
17 444444444444444444
18 444444444444444444
19 144444444444444444

14444444444444444420
21 444444422222444444
22 444444222222444444
23 444422222244444444
24 44442222224444444
25 44444444444444444
26 44444444444444444
27 44444444444444444
28 444444444444444

44444444444444
30
29

11444444444444
31 11114444444444
32 111l1444444444
33 1lll1444444444
34 11114444444444

1144444444444435
36 44444444944444
37 44999999 97774

99 9774
974
94

38
39
40
41 9

1234512345678901234567890
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sTORaGk coKF¥ICIKNT DATA INPUT FILE
000.001 0.001 0.01 0.02 0.03 0.04 0.05 0.06 0.08 1e21

444444
446666

444466666
Codes:

3
0.0010 or blank: Storage coeff.444466666

466622466666
4446662246666
44466662455555

4444444444455555
44444444444555555
44444444444444444

444444444444444444
12 4444444334444444444
13 44444441144444444444
14 4444444334444444444
15 4444444444444444444
16 4444444444444444444

444444444444444444
18 444444444444444444
19 444444444444555554

444444444444555554
444444444444555554

22 444444442222444444
23 444444422222444444
24 44444442222444444
25 44444442222444444
26 44444433322244444

44444434422244444
888884234222444

29 88888444444444
30 88888444444444

5
6

0.001
0.0

.02
2

7 3
.03
04
.05

4
59

10 5
0.06
0.088

9 1E21 Constant Head

17

20
21

27
28

44444444444444
32 44444444444444
33 44444444444444
34 44444444777644
35 44444444777644
36 44444444977444
37 44999999 94444
38

31

99 9444
944

94
39
40
41 9

1234512345678901234567890
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EVAPORATION DATA INPUT FILK

3.0 0.6 0.3
110000

111000
1llll1000
111ll1000

111lll1l1000

2 Codes:

Zero evaporation
Evaporation possible
provided water level within
3.0 m from land surface

5
6 11l1ll11111000

11111lliiii000
3 1111ll1lllll1000

1llill1liliilo000
1111111lll1111000

l1111lllll1llll000

9
10
11
12 111lllllllllllll000
13 11llllllllllllll1000
14 1ll111lllllll1l1000
15 111ll1lllil1lll1000
16 11111l1lllllil10000
17 ll1l1llllillil0000
18 11lll1llll1lll1000
19 1111111llllll11000
20 111llllllllllll000
21 111l1lllllllll1000
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0.0066 0.0052 0.0049 0.0049 0.0046 0.0041 0.004 0.0031 0.0031 0.0041 0.005 0.0
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EVAPoRAT:ION LOSs MAY 1988
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PARSAWAAL
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BANJARIYA
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SURAJPURA
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KUNIYA
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PALDANDA
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COBRAHIYA
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BISNUPURA

LS 106. 10 m
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LALPATI

LS 107. 90 m
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BADERA (16,12)
LS 127.52 m
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RAMPURWA (14,5)
LS 129.87 m
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NARAYANI RIVER
SIMULATED STACES IN 1988-89

113E
112
111
110
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108
107
106 RIVER

9,36105 ****

104
103
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-RIVER
1,38

RIVER
14,41100

99
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PBS. ELEVATION CM)

110

105

SEP 88

JULY 88
100 -MAY 88

14 13 12 11 10 9 8 7 6 54 3

COLUN NUMBERS
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NA WALPARASI (WEST) WATER LEVEL CONTOUR MAP SEP 1988
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NA WALPARASI (WEST) DEPTH TO WATER TABLE SEP 1988
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WATER LEVELS IN SEPTEMBER 1988 (MODEL OUTPUT)
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DEPTH TO WATER TABLE IN SEPTEMBER 1988 (MODEL)
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NA WALPARASI (WEST) RISE OF WA TER TABLE MAY SEP 1988
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RISE OFP HATER LEVELS FROM MAY TO SEPTEMBER 1988
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F VAPORATION LOssS SEPTEMBER 1988B

2 3 4 5 6 7 8 9 10 11 12 13 14 15 18 19 20*********************I**#****************************************** 1303. 1168.
2****************************************n**********n***** 418. 898. 888.

3* ti*ittI**i**************************
4******************t*1ttit******************** 381. 381. 291. 4900. 820. 1028.
5 ********HHH*H *********

b** ********** 86. 350. 255.

**************1** 985. 755. 592. 357. 419. 949. 1157. 4900. 1038. 873. 1287.
8 * **** 3113. 2499. 832. 698. 649. 601. 565. 4900. 4900. 1152. 625. 250. 762.
9 * #** 4900. 959. 356. 466. 513. 535.

10 ************ 1285. 981. 603. 452. 490. 591. 731. 1361. 1323. 1332. 985. 791.
11 HH* 5r9..691. 687. 576. 490. 604.

U. U.

0.
0. 878. 759. 1137.

O. 0.* H *
0. 0.+# #

0. H

0.* *
0. * ##**

U. H

0. H

0. J. U.
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0. 0. 0. 427. 879. 1236. 4900. 1247. 794. U.
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0..
682. 4900. ?70. 1097. 873. 524. 921. 0. J.

0l. 1269.
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U.
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O. 0.13 0.
495., 594. 633. 567. 473. 413. 470. 622. 582. 4900. 1420. 1431. 1307. 720. 794. 4900. 0. H

U.
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0. #
U. H *
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O.
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271. 0. 312. 437. 565. 741. 940. 1063. 706. 1030.
0.

0. 305. 501. 5r8. 708. 851. 901.
0. 371. 490. 600. 760. 790.
0. 315. 378. 532. 735. 729.

0. 422. 612. 500.

.
431. 287. . 0. O. 387. 576. 40. 909. 629.J. U.

18 0. 0. 0. O.
19 754. 698. 5r8.407. U. U.D. U. U. U. U.
20 4900. 4900.
21 4900. 4900. 845. 602. 1335.
22 4900. 4900. 707. 468. 523. 1469.
23 1416. 4900.
24 1206. 1370. 579. 500. 771. 554. 516. 350. 377. 260.
25

764. 533. 883. J. U. U. U. 0. 0.
0. 0. 0. 0. 0. 0. U. 0. ** *0. U. 256. 257. 0. P. J. U. 0.

657. 3r8. 604. 1645. 1417. 0. 33U. 0. 0. U. 0. 0. 0. 0. . H *. SOu. B01.** * *
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0.*** *
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0. H H H

0.
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coMMENTS:

Evaporation is in [n3/day)
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Naualparasi (Wlest) Model
Monthly Water Balance in 1988-89

m3/day
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Monthly Water Balance in 1988-89
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MRY 1988

29.12 Recharge

Evaporat. 40.6

15.0% Infloau
CH1lls)

15.3% Out flo
CIndia

JULY 1988

Recharge 82.4%

3.4% Inflau
3.5% Outflou

CIndia)
10.7% Evaporat.

SEPTEBER 1988

34.% Recharge

5.9% Inflou

6.0% Qut flou
CIndia)

Evaporat. 54.2%
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FUTURE DEVELOPMBNT SCHEME No. 1
DISTRIBUTION OF PUMPING CELLS
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FUTURE DEVELOPMENT '1: DRAWDOWNS AFTER 1 YEAR
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FUTURE DEVELOPMENT '1: DRAWDO WNS AFTER4 YEARS
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FUTURE DEVELOPMENT '1: WATER LEVELS AFTER 4 YRS
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DEVELOPMENT SCHEME 1

4TH YEAR BALANCE

MCMyear
100

85.9

69.975

53.1

50

25
16.3

10.6
6.9

m4th ear
Rain. Int Ret.Irr Evapotr

Inflow Pumping Out flou

DEVELOPMENT SCHEME No. 1
ANNUAL BALANCE CINPUT vs. OUTPUT)

MCM

150

100

50

CE 4th Year
3rd Year

SSY 2nd Year
1st Year

INPUT OUTPUT DIFFERENCE
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DEVELOPMENT SCHEME No. 1

FBS. ELEVATI0N Cm)
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6 12 18 24 30 36 42 48
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FUTURE DEVBLOPMENT SCHEME No. 2

DISTRIBUTION OF PUMPING CBLLS
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18

9
20

2121
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FUTURE DEVELOPMENT 2: DECLINE OF LEVELS AFTER 4 YEARS
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FUTURE DEVELOPMENT '2: WATER LEVELS AFTER 4 YRS
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4 5 10
**********************************************************************

5.6 L3.9 Z.0 Zb.4 Z7.1 25.7************

9 11 Z 13 14 5 16 17 18 19 20
2 ****************************************¥************************
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FUTURE DEVELOPMENT SCHEME No. 3
DiSTRIBUTION OF PUMPING CELLS
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FUTURE DEVELOPMENT 3: DECLINE OF LEVELS AFTER 4 YEARS
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FUTURE DEVELOPMENT 3: WATER LEVELS AFTER 4 YRS
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DEVELOPMENTr scHEME 3

CONES OF DEPRES SION
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