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WATERLOGGING AND SALINITY MANAGEMENT
IN THE SINDH PROVINCE

Volume II1

Strategy for Resource Allocations and Management
Across the Hydrological Divides

I INTRODUCTION

This study 1s part of an integrated assessment aimed at the remediation of the threat of
waterlogging and salinity in the province of Sindh. The emphasis remains on non-capital
intensive strategies that harken management-led reforms across the hydrological divides.
This study, utilizing a digital modeling approach towards the determination of both
ground and surface water balances, foresees adjustments to the cropped areas and yield
growth rates as a balancing act between optimum crop production without the ncmesis of
environmental degradation. Such environmental safeguards arc essential to the peculiar,
but stable, cropping patterns that have cmcrged throughout the province. Recurrent
emphasis on high consumptive usc crops has grossly disturbed the groundwater balance
across much of the irrigated areas in the Sindh province to an extent whereby many of the
deep-rooted crops like cotton and wheat have been replaced by rice and sugarcane. This
has further compounded the already derelict situation for equity of surface water supplies,
especially during the early Kharif season. Accordingly, remedial measurcs must
concentrate on altering the water use patterns and demands that account for the existing
canal capacitics; provision of additional supplics 1s a politically sensitive issuc that will
entail high capital costs. The digital model uscd in this study has been useful to the extent
that it has allowed projection of simulation results to the ycar 2010 that comparc
increased water availability (through Water Apportionment Accord), canal lining of
saline groundwater zones and changes to the cropping patterns across the agro-climatic
divides. ‘

Much of the discussion in this supplement is specific to the canal commands since it is at
this level the interventions suggested in the study could be implemented. The area and
yield growth rates, however, have been spccified separately for each of the four agro-
climatic zones containing whole, or part, of the canal commands. The results have been
projected to the year 2010 in an effort to synchronize the findings to the projections
already madc in the past in licu of the targets sct aside in the Water Sector Investment
Planning Study completed at the beginning of the decade, and alse the potential
requirements for crop growth and yield increascs as sct aside in the recommendations of
the National Commission of Agriculture.

The province of Sindh has a total area of 14,091 Million Hectares (Mha) of which 5,786
Mha are cultivated and another 1,388 Mha arc classified as culturable waste. The
remainder is arid and used mostly as pasture land. The arca of Sindh is imigated through
fourteen (14) canal commands offtaking from the Guddu, Sukkur and Kotri Barrages on
the river Indus, with a cumulative Culturable Command Arca (CCA) of 5,098 million ha.



The underground water in Sindh at most places {89%) has been found to be brackish
(TDS > 3000 PPM according to WAPDA classification) and unfit for irrigation (Table 1).

Table 1. Culturable Command Area by Groundwater Quality in Thousand Hectares.

Fresh Saline Total CCA
157.824 157.824
Begari Feeder 170.369 170.369 340.738
Ghotki Feeder 184.128 184,128 368.256
North West Canal 46.376 262.968 309.174
Rice Canal 46.206 163.822 210.028
Dadu Canal | 39.173 205.657 244.830
Khairpur West Canal 195.459 195.459
Khairpur East Canal 182.510 182.510
Rohri Canal 574.906 470.377 1045.283
Nara Canal 882.603 882.603
Kalri Begar Feeder : 257.375 257.375
Lined Channel 220.145 220.145
Fuleli Canal 360.568 360.568
323.338 323338 -
Sindh Total 574.906 2696.910 5098.131

A, STuDY OBJECTIVES

By virtue of the capabilities of the model to simulate larger areas, the IBM-1IT has been
selected for use as a tool for analysis of performance of irrigated agriculture by canal
command through agricultural modeling techniques, to fulfil the following objectives:

e To ascertain subsystem-wide {canal command level) adequacy of irrigation
supplies for sustainable agriculturc production. '

e To predict long term impact of remedial measures on agricultural production.

e Iterative determination of the non-degrading water balance (surface and
groundwater) conditions at the root zone based on changes in the cropping
pattern.

B. THE INDUS BASIN MODEL REVISED

The Indus Basin Model Revised (IBMR) is a hydrologic and agro-economic optimization
model developed by the Development Research Centre of the World Bank for use by
WAPDA to facilitate large scale planning and invcstigation studies specific to water and
land resources. The model development efforts were initiated in 1976, whereby
innumerable computer algorithms, written in the General Algebraic Modeling System
(GAMS) language, linked the hydrologic details of the Indus Basin conjunctive stream
aquifer system with an economic model of agricultural production based on farm level
activities. The model was partitioned into nine agro-climatic zones (ACZ) rcpresenting
the Indus Basin, together with a network model of the entire irrigation system. Both,
linear "and non-linear programming algorithms can be used for the solution of optimal
problems relating to cropping and livestock activities at the zonal and national levels
against different resource constraints. The objective function of IBMR is the



maximization of the production surpluses against costs, plus the value of exports less the
cost of imports.

The IBMR was updated and streamlined according to 1988 conditions and subsequently
transferred to WAPDA in 1989, ahead of the Water Sector Investment Planning Study
(WSIPS). Here, the model was extensively used to evaluate the minimum and maximum
plans for different water sector development scenarios leading to the year 2000. Further
revisions to the model in 1992 resulted in the IBM-III that was deployed towards a
ranking study of new irrigation projects in the aftermath of the Water Apportionment
Accord. This latest revision not only increased the ACZs from 9 to 12 for greater
conformity with the provincial boundaries, but also, the size of the model was reduced to
2000 equations and 5000 variables (after deleting some constraints relating to labor,
tractor and livestock). The objective function targeted the value-added returns in terms of
economic prices, considered to be the lynchpin in measuring the economic performance

of development projects.

For the current study, limited to the province of Sindh, the IBMR retains four ACZ-based
delimitations (RAP, WAPDA) that are peculiar to the local climatic conditions,
agricultural practices and cropping patterns covering the over 6 Mha of gross canal
commanded area served by 3 major barrages of Guddu, Sukkur and Kotri, all located on
the river Indus (Annexure -A). For the ACZ-based simulations of the IBMR, necessary
modifications were incorporated in the model programs in GAMS so that the zonal
models could be run with the surface water network model (SWM) of the Indus Basin
Irrigation System (IBIS); for the fourteen major canal commands, the results were to be
obtained according to areas of groundwater quality (fresh and saline). This was achieved
through weighting factors provided in the model based on ACZ-canal-subarea (fresh or

saline) CCA mapping.

For the study, the model updates available against the WSIP ranking studies werc used as
a base for diverse inputs relating to agronomy, agricultural economics, surface and
groundwater hydrology, reservoir and canal system operation, project planning
characteristics, availability of resources, etc. For the year 1995-96 (coinciding with the
initiation of the study), efforts were made to update the data as much as possible
according to the availability and volume of data, as well as the time schedule of the study.
The data updates are described below.

1) Agricultural Data

The agricultural input coefficients, like seed, fertilizer, crop water requirements, draft
power, tractor and labor, etc. are based on the 1976 Extended Agricultural Economic
survey (XAES) and the Farm Survey of 1988. These coeflicients have remained
unchanged for the study. The cropped area statistics, by canal command, were collected
from the respective Chief Engineers of the Sindh Irrigation and Power Department;
however, the data pertaining to crop production and average yield was updated from the
district-wise records published by the Bureau of Statistics, Government of Sindh, for the
year 1994-95 and the Ministry of Food and Agriculture, Govt. of Pakistan, for the year
1995-96. The district-wise data was converted to the respective ACZs according to the



district-to-ACZ mapping. Moreover, the crop yield data of some major crops, as collected
by [IMI-Pakistan sample field surveys during the course of this study, was also used.

'2) River and Tributary Inflows

"The river flows data was collected from the Water Resource Management Dircctorate,
Planning Division, WAPDA, as published in the report on the Indus Basin Irrigation
System, Historic Rivers and Canals Discharge Data. The average and 80 percent probable
mflows at rim stations (Indus at Tarbela, Jhelum at Mangla, Chenab at Marala, Ravi at
Balloki, Sutlej at Sulemanki, Swat at Chakdara, Harro at Gariala and Soan at Dhok
Pathan) were updated from the historic flows up to 1995-96. Similarly, the historic river
flows at different headworks/barrages of the Indus Basin Irrigation System were updated
for the water year 1995-96 to determine the river loss and gain coefficients used in the
surface water network model of the IBMR.

3) Canal Head Diversions

The 10-day canal diversions data was also obtained from WAPDA (secc publication
above) for the period 1990-91 to 1995-96, whereby monthly and seasonal average post-
Tarbela historic canal diversions covering the period 1976 to 1996 were computed. The
daily actuals for canal operations were collected from the office records of the respective
Chief Engineers of the Irrigation and Power Department, Sindh Province, for the year
1995-96, and subsequently converted to monthly and seasonal totals. These two sources
of data allowed for the comparison of the actuals and the indented values.

4) Agro-Economic Data

The economic data includes the financial and cconomic prices of crop and livestock
commoditics and their by-products, miscellancous inputs for crop production, O&M of
private tubewells and tractors, farm labor wage rates, ctc. These data were updated for the
financial year 1995-906.

5) Projects Information Data

The public sector projects affect several aspects of the IBIS, like increasing canal
command arca (CCA), canal capacities, storage capacities, improving canal and farm
level delivery efficiencies and watertable depths. The IBMR has been designed in such a
way that it simulates the without and with project scenarios on the basis of project
information as provided in the Water Sector Investment Planning Study (WSIPS) for all
of the identified projects. The contingent information on public sector projects is based
on the information provided by the World Bank was adopted in the IBMR.

6) Resource Inventory Data

The resources (except water) include farm houscholds, farm workers, number of private
tubewells and tractors, livestock population, ctc. and their respective growth rates. This
information is usually listed in the agricullure census or agro-cconomic farm surveys
conducted by the government. The most recent update to this information, bascd on the
Agriculturc Census of 1990, has been incorporated by the World Bank in the 1BM-IIL.



The data pertaining to private tubewells and tractors was updated from the Census of
Agricultural Machinery, conducted by the Agricultural Census Organization during 1994,

1)) Validation and Calibration

When a model is first constructed, or is substantially revised, it must be validated against
the available data to ensure that it simulates the actual conditions with respect to the
critical variables and constraint patterns before it is uscd to simulate policy and project
options. The IBM-II1 has been extensively validated in respect of cropping pattern, crop
production, canal diversions, etc. in the context of the ranking studies during 1992 and on
the basis of the Agricultural Census conducted during 1990. Obtaining a close cropping
pattern "fit" is extremely important when addressing water-related issues because water
requirements differ widely among crops. The model was validated according to the actual
cropped area and canal diversions for the year 1995-96, and the growth rates for crop area
and yields were determined for the period 1991-1996.

8) Evaluation of Canal Command System Performance

To assess the performance of irrigated agriculturc during the 1990-96 period under the
canal commands of the irrigation system in thc Sindh Province, the model results of the
following variables on that canal command level, for the years 1989-90 and 1995-96,
were used as a basis for comparison:

Cropping intensity and average crop yield;

Canal water diversions at canal hcad,

Crop water requirements and supplies at root zone; and
Groundwater inflows and outflows

The model results for these variables are compared for the years 1990 and 1996. The
1090 base year represents the situation in the context of the CCA, canal capacities
(CCAP), irrigation system efficiencies, etc. as cstablishcd under the Revised Action Plan
(RAP) by WAPDA, and consequently formed the basis for the Water Sector Investment
Plan (WSIP) related structural adjustment programs in the agriculture sector.

a. Crapping Pattern

The total area under different crops irrigated by all canals during 1989-90 has been
reported as 3,41 Mha, with 55 percent in Rabi and 45 percent in Kharif seasons; the
annual cropping intensity being 68 percent. The total cropped area reported by the
Irrigation and Power Department of Sindh for the year 1995-96 is 3,49 Mha, with 45
percent in Rabi and 55 percent in Kharif scasons. Intensity-wise, there has been an
overall annual increase of 2 percent during a six year period, with an increase of
cumulative CCA from 5,022 Mha to 5,098 Mha. The seasonal cropping intensities across
the hydrological divides have been illustrated in Figure 1, which shows that the Rabi
cultivations have mostly decreased, whereas the Kharif cultivations are on the increase
(except in the commands of Ghotki, Dadu, Khairpur West and East Canal systems). This
is most significant for the rice crop, a principal contributor to the seasonal rise of
groundwater levels in the Sindh Province. The change in the CCA of cach canal
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command, with a corresponding change in arca under major crops of wheat, ricc, cotton
and sugarcanc, is shown in Figure 2. The CCA of all canals has incrcased, except, the
Begari Feeder, North West and Fuleli Canals; no change has been reported in the CCA of
the Rice Canal command. The area under wheat and cotton has decrcased in seven out of
the fourteen canal commands, whereas there has been a tremendous increase in the area
under rice crop across much of the commanded regime. The increase in the arca under
ricc may partly have been responsible for the reduction in arca obscrved for the sugarcanc
crop across all canal commands, except Dadu, Rohri and Lincd Channel (Akram Wah)
Canals, where the acreage has, instead, increascd.

b. Crop Production and the Average Yields

The actual and simulated production of major crops (wheat, cotton, ricc and sugarcane})
for the year 1995-96 is shown in Figure 3. Figurc 4 draws thc comparison for the same
major crops, but for the yicld changes between 1990 and 19906; the average yicld of rice
has decreased from 2 pereent to 32 percent in Ghotki, Desert, Begari and Rice Canal
commands, whereas all other commands are showing an incrcasing trend {from 21 percent
to more than double the figurc of 1990. The yicld of cotton has declined only in Dadu and
Kalri Canals (26% and 41%, rcspectively), whercas the remainder is showing an
increasing trend. The yield of sugarcane is reported 1o be decreasing throughout the Kotri
Barrage command from 8 percent to 10 percent. A substantial decline of up to 23 percent
in yield has also occurred within the Begari Canal command. All other canal commands
arc showing an increasing trend, from 5 percent to 63 percent.

The yield of wheat, a major food grain crop, has deereased across the Desert (33%),

 Began (6%), Dadu (40%), Khaipur West (30%), Robri {306%), Nara (10%), Lined

Channel (59%) and Fuleli (52%) canal commands; the remaimder of the Sindh canal
commands arc showing an incrcasc in average yicld [rom 4 percent to 43 pereent.

C. Canal Water Diversions at Canal Head.

The total annual canal diversions at canal head during 1995-96 were 5,221 Mhm (Rabi
33.6% and Kharif 66.4% ) when compared to 5,412 Mhm in 1989-90 (Rabi 33.9% and
Kharif 66.1%). The annual supplics to Sindh canals have decreased by 4 percent during
this time, with some improvement rcported for the Rabi scason (0.3%). The graphical
summary is shown in Annexure-B, together with the Water Apportionment Accord
allocations. A decreasing trend in water diversions to the Indus Right Bank canals could
be obscrved, except for the non-percnnial Rice Canal, where there has been an
improvement during the Kharif scason of 1995-96. The Indus Lefi Bank canals, offtaking
from the Guddu and Sukkur Barrages, show an incrcasing trend in supplies during the
late Kharif and carly Rabi crop scasons, the exception being the Ghotki Canal, where the
watcr supplics have decreased throughout the year. The diversions during late Kharif and
carly Rabi are excceding those apportioned under the Accord, a phenomenon also
observed for the canals offtaking from the Kotn Barrage.
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Figure 4. Comparison of Average Yield of Major Crops during 1990 and 1996 in the Lower Indus Basin Canal
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d. Crop Water Requirements and Supplies at Root Zone

The water shortages or surpluses are derived through water balance computations at the
root zone, where the water requirements arc met from supplics through surface water
sources (canal and rainfall) and the groundwater sources (pumpage from tubewells and
sub-irrigation through capillary action). A comparison of water requirements and supplics
at the root zone, for the years 1990 and 1990, is illustrated in Figure 5, whercin the total
annual watcr requircments have increased by 5 percent (2,64 to 2,77 Mhm). Internally,
this increasc is adjusted as a 26 percent increase during Kharif and 21 percent decrease in
the Rabi (sce Figure 1). Similarly, the total water supplics have decreased by 8 percent
(1,0026 t0 0,9175 Mhm) during Rabi and incrcased by 2 percent {19,964 to 20,356 Mhm)
during Kharif; overall, there has been an annual decrecase of 1.5 percent (2,999 to 29,531
Mhm} duc to the decrease in supplies from public tubewell pumpage during the Rabi
season. Figurc 5 also illustrates the contribution and trend of different watcr supply
sources, like canal water (73 to 78% in Rabi and 80 to 83% in Kharif), groundwater (5 to
7% in Rabi and 1 to 2% in Kharif), rainfall (2 to 3% in Rabi and 6 to 8% in Kharif) and
sub-1rrigation (15 to 17% in Rabi and 10 to 12% in Kharif).

Province-wide, during 1991-96, shortages during the Rabi season have decreased by 96
percent and the total surpluses during the Kharif scason have also decreascd by 64
percent. This is due to changes in cropping intensity, which has deereased during Rabi
and increased during Kharif seasons, with corresponding increases in canal supplies
durtng Rabi and decreases during Kharif.

The canal command-wise comparison of net water requircments (crop water requirements
besides rainfall and sub-trrigation) and water supphics (canal supplies and pumpage from
tubewells ), for the years 1990 and 1990, has been itlustrated in Figures Ga and 6b for
Rabi and Kharif scasons. For both time periods, Rabi shoriages arc persistent across all
canal commands, except Dadu and North West Canals {on the Right Bank); contrastingly,
the Kotri Barrage commands are showing surplus water, which is due to lower cropping
intensities during Rabi.

During Kharif, water supplies are more than the demands for all the canals, except Dadu,
North West and Khairpur West Canals. The Nara Canal and the Lined Channel have lost
their surpluses during 1995 due to increascs n area under cotton in the former, and
sugarcane in the latter (Figure 7).

e Groundwater Inflows and Outflows

The groundwater balance is the measure of imbalance between inflows through recharge
to the aquifer system from different seepage sources, like irrigation canals, watercourses,
farm fields, link canals, rainfall, rivers, ctc. and outflows in the form of extractions from
the subterranean aquifer through tubewclls and cvaporation from the groundwater
surface. The recharge to the groundwater rescrvoir from different sources of percolation
cannot bc mcasured directly; but rather, can be estimated indirectly from the equation of
hydrological equilibrium, which is based on the theory that a balance must exist between
the quantity of watcr entering any given arca and the amount stored within or Icaving the
same arca for any period of time. These groundwater balance equations can be cxpressed
as under:



Kharif Season

Rabi Season

(wuy) Alddng pue juswannbay

Suply-90 Reqg-96 Suply-86

Req-90

Suply-96

Req-96

Suply-80

Req-90

Annual

3] 1w o~ w3y — [T+4
o~ — (=]

(wypy) Aiddng pue juswalnbay

(=]

Suply-90 Req-36 Suply-96

Reg-90

[@ Canal m Rainfall @ Sub-kr. @ G-Well @ P-Well @ Require|

ce Water Balance at Root Zone for the Years 1990 and 1996,

("anal Commands.

Figure 5. Comparison of Seasonal Surfa

within the Lower Indus Basin



13

Year 1989-90

LeAuld

R { uyoy

: 1 353 Indneyy
i
.
o
a
3
@
B
T
&
-
-]
z
=
!
n [ 2]
b o ™~ (=] -
[~ [ =] o

{(wyw) seipddng pue sjuswennbay tajep 18N

Canal Commands

Yeanr 1995-96

:
|
_ SN
I
|
| >
S
|- W
=
7
| B
- J
P8
i B
T Z
3
s 3 2 3 3§ °
L= — e ]

(wyy) sayddng pue syuswalinbey JAYEAA 19N

ueAuig

lPind

b fauUByY paun
3 ey
J ey
i uyoy

. 1523 andieyy

153 Jndareyy

Eal)

159M UHON

d poys
% 1ebag

¢ U253Q

Canal Commands

Command during Rabi Season for the Years 1990 and 1996, Lower Indus

Figure 6a. Comparison of Net Water Requirements and Supplies at Root Zone by Canal
Basin.



14

Year 1289-30

# Netreq

. o M. tm\:..:.&

13)nd
[PUUBYD PRUN

N

BIEN

 wuoy
1503 Indreyy
359 Ind ey
% npeg

230y

B Supply

S 1SOM ULION
MIoys
uebag

U3sag

0.25

{wuyy) sayddng pue sjuswauinbay saleps 18N

Canal Commands

Year 1995-96

o : ueAuig

d 12Ing

[PUURYD paury

q ey
eJeN
e LYoy

: 1583 Jundaeyy

1S9 Induieyy

Siaad npeg

# Netreq = Supply

{wyw) saddng pue SluswanNbay J81EAA 1IBN

e 90l

IS9M LLION

5]

1ebag

Canal Commands

Figure 6b. Comparison of Net Water Requirements and Supplies at Root Zone by Canal

Command during Kharif for the Years 1990 and 1996, Lower Indus Basin.



15

|71Base-95 ® Base-98|

0.06

-t o [=] (&'} < Lin]
o =] o [= o

{wupy) 2uo7 ooy 1B 33epA sniding

| [RuueyD paun

ey

. npeq .
ey

_
“
i ]
| 359M UMON _
ﬁ

. ueAuly

a1y P !

. BieN .

Luyoy

3523 Jndireyy

35am Jnduaeyy

Canal Command

Kharif Season

i |
. "

. boys
uebag ﬁ

© uasag i

By TR
ST

S
R
R

015 .. -
01

|
N
o
=]

(wiypy) aucz ooy e m snding

» upfug

I#ny

{pusYD paun

WEH

eiEN

Cugoy

1823y

IS M

npeq

sy

153M UON

oy

ueybag

L opesag

Canal Command

Figure 7. Companson of Seasonal Surplus and Shortage of Water at Root Zone for the

Years 1990 and 1996 by Canal Command.



16

Recharge to the groundwater:

Fresh Areas: TR=R, +R, +R, + R, + R+ R, (Eq. 1)
Saline Areast TR= R, + R, +R, + R, + R (Eq. 2)
Discharge from the groundwater;

Fresh Area: TD=D,+ D, +D, (Eq. 3)
Saline Areas: TD =D, + D, + D, (Eq. 4)
Groundwater balance:

AS = TR = TD (Eq. 5)

Watertable depth (meters):

WTD, = WTD,, + (AS/ A¥) / ¢ (Eq. 6)
Where,

R, recharge from river scepage,

R, recharge from canal seepage;

Rw recharge from watcrcourses and farm [iclds;

R, recharge from tubewell operations (Ry-government + Ry-privaic);

R; recharge from lateral flows from adjacent areas;,

R, recharge from precipitation, and

TR  total recharge.

D, discharge from cvaporation and subirrigation;

Dy discharge from tubewel! withdrawals (Dy-government + Dy-private);

Dy discharge from subsurface drainage (subsurface drainage in salinc arcas),

D, discharge from lateral flows to adjacent arcas;

TD  total discharge;

AS  change in volume of groundwater aquifer; and

A*  the gross area and c is the storage cocfficicnt.

Based on previous studies conducted by WAPDA across the Indus Plains, it is assumed
that 70 pereent of the water lost in the canal conveyance system, (R.) contributes to the
groundwater. Similarly, the contribution of recharge from watercourses, farm ficlds and
rainfall (R, and R,;) are 80 percent of the losscs occurring through these sources (World
Bank). These recharge parameters vary according to the mode of system opcration,
physical characteristics of the area affecting the sccpage factors and the climatic
conditions, and can be improved through system rchabilitation (canal lining, watercourse
improvement, ctc.).

R, the sum of Rgt and Rpt, depend directly on the level of tubewell operations in fresh
groundwater areas only. Rpt is determined cndogenously within the model as a function
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of private investment in tubewells installation, whercas Rgt is given cxogenously in the
model as the function of investment in public sector. The scepage losses from public
tubewell water arc computed similar to that for canal water. The private tubewells are
assumed 1o be closcr to the ficlds where the water is used and the watercourse losses,
therefore, arc halved, but the same ficld losscs arc assumed.

The recharge from the river (Rr ) is determined from the cstimates of river losses and
gains computed by the modcel endogenously through river routing for cach of the river
reaches. The losses contributing 1o groundwater are computed from the river reach,
corresponding to the ACZ and canal command mapping provided i the model. The
contribution of recharge (annual) from various sources, as computed by the model for
cach canal command, is given in Table 2 and illustrated in Figure 8 by arcas of
groundwater quality for the years 1990 and 1996.

Tuble 2.

Contribution of Recharge to Groundwater from Various Sources (%)

(Right Bank Canals offtaking from Sukkur and Guddu Barrages)

Source of Recharge

Fresh Groundwater Arcas

Saline Groundwater Arcas

Rain

2

b

e

Private Tubewells

]

| Government Tubewells <] -
Canals 30 32
Watercourses and Ficlds 60 06}

| Rivers §) O

-

(Left Bank Canals offtaking from Sukkur and Guddu Barrages)

source of Recharge

I'resh Groundwater Arcas

Sahine Groundwater Arcas

Ram 2 2
PPrivate Tubewells 4 -
Government Tubewells 4 -
Canals 25 28
Watcrcourses and Fields 58 63
Rivers 7 7

L

(Nara Canal and Kotri Barrage canal commands)

- Source of Recharge

Nara Canal Command

Kot Barrage Canal command

P Ram 2 2
Canals 27 13
Watercourses and Fields | 67 02
Rivers 4 -

The results in Table 2 show that the maximum recharge is from watercourses and farm
ficlds (60%). followed by the irrigation canal network (30%). The contribution of
recharge from the Indus River towards its Right Bank is less (< 6%) duc to a high
watertable forming a fresh water lens along the river bed, when compared to the Left
Bank (> 7%). The Nara Canal system is receiving a smaller proportion of river recharge
due to a greater distance from the Indus River.
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From Equations 3 & 4 above, De is the function of the pan evaporation and the
watertable depth, whereas Dd depends on the installed subsurface drainage in saline areas
and is assumed to equal:

Dd=m—Dc_Dx (Eq'7)

De, in this case, is estimated at the watcrtable depth with the drains installed. The
comparison of Equations 4, 6 and 7 reveals that AS for arcas with subsurfacc drainage
will be zero as any net recharge will be exported as drainage cffluent. Similarly, Ri and
Dx, the subsurface inflows and outflows from ncighboring areas, depend on a host of
physical and geological factors in addition to hydraulic head (difference in watertable
depth between adjacent areas). These flows must be ignored given the limited scope of
this study.

AS, the difference between recharges (inflows) and discharges (outflows) in any given
period, is of particular interest because, except in drained (saline) arcas for which AS is
zero by assumption (i.e., all net recharge is draincd), it determines the change in
watertable depth. A positive AS indicatcs progressing waterlogging, and probably
salinity, whereas a negative AS indicates a falling watertable. The watertable varies
considerably during the year, being higher towards the end of Kharif due to higher canal
deliveries and rains. This phenomenon of changing watertables, in both fresh and saline
areas of Sindh canal commands, has been presented in Tables 3 and 4 for the years 1990
and 1996, which show the mean annual change in storage {(as a trend of rising
watertables).

Most of the contamination of fresh groundwater arcas occurs through lateral movement
of saline groundwaters, spurred by differing watertable depths. The higher the head
(difference in watertable depth between adjacent fresh and salinc groundwater arcas), the
greater the pressure for lateral movement and more likely, the possibility of occurrence of
contamination (assuming no vertical hydrological barriers). Too little is known about
these barriers, or the characteristics of groundwater movement to make these predictions.

The water tables are rising, on average, in all canal commands, apart from natural
drainage (surface drains and/or nearby passing rivers or creeks). A presumably small and
only outlet for positive recharge is evaporation. The watertable, thus, rises to the level
where all the recharge is balanced by evaporation, moving substantial quantities of salts
to the soil surface, causing salinity.
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Table 3. Annual Groundwater Balance by Canal Command for the Year 1989-90

(Mhm).
) Fresh Groundwater Areas
Description Desert Begari  [North Rice Dadu Ghotki  |Khairpur * {Rohri
West Wesl
Gross Area (Mha) 0.1300) 02210 00660[ 0.0510{ 0.0380] 0.1910{ 0.1240{ 0.6360
Seepage to Groundwater ]
Rainfall 0.0012| 0.0018 0.004/ 0.0004] 0.0003] 0.0023] 0.0022{ 0.0091
Private Tubewells 0.0008; 0.0013} 0.0003] 0.0003| 00002] 0.0044) 0.0042] 0.0132
Government Tubewells 0.0001] 0.0002f 0.000G| 0.0000f 0.0000| 00044 0.0043] 0.0140
Canal System 00188 0.0287; 0.0070{ 0.0065 0.0053| 0.0286; 0.0277| 0.0802
Watercourses & Fields 00359 00548 00134 00125 0.0102] 0.0612; 0.0595| 0.1971
River 0.0034] 00053] 00013] 00012 00009] 00073 0.0077] 00142
Total Inflows 0.0602) 00921) 00224 00209 0.0169] 0.1088] 0.1056] 0.3278
Groundwater Outflows
Pumpage from Piw 0.0035 0.0054| 0.0013] 00012 00010 0.0159) 0.0155] 0.0480
Pumpage from Gtw 0.0004| 00006 00001 00001 0.0001( 00104 0.0101] 0.0323
Totat Pumpage 00033 00060 0.0014] 0.0013| 00011 0.0263] 0.0256] 0.0803
Evaporation from G.W. 00265 00405 00099) 00092 0.0075( 00274 0.0267( 00914
Total Qurflows 00304] 00465 0.0113] 00105/ 00086 0.0537) 0.0623] 0.1717
Net Recharge 0.0298] 0.0456) 00111 00104 00083 0.0551] 0.0533 0.1561
(Change in Storage)
Net Recharge Per Heclare | 0.2292| 02063| 0.1682] 0.2039) 0.2184| 0.2885] 04296| 0.2454

Saline Groundwater Area

Descnption Begari [North  |Rice Dadu  [Ghotki  [Khairpur [Rohn  [Nara Kalri Lined  [Fuleli  {Pinyari
West East Channel

Gross Area (Mha) (2210 03720 01820; 01970] 01910 0.2080( ©5200] 10480 0.2740| 01870 04050 0.4450

Seepage to Groungwater

Rainfall 0.0018] 00025 00015 00018 00023 00020 ©O0071 00143 00053 0.0045) 0.0082) 0.0068

Canat System 0.0287] 0.0397] 002321 00281 00286] 00248 00687| 01213 00373| 00317[ 00582( 0.0473

Watercourses & Fields 00548( 0.0759[ 0.0443f 00536 00612] 0.0532] 01622 03038 00687 00583 01072 (0880

River 00053 00073 00042] 0.0052] 00079] 0.0069( 0143 00196 00000 ©0.0000| 0.0000| 0.0000]

Total inflows 00906 03254] 00732, 00887 01000 00BRS| 025231 04590 0.1113] 00945 01736 01426

Groundwater Qutllows

E vaporation from G W. 004050 0.05620 00327] 00397 00274] 00238 00745 01415 00724] 0.0614; G U129 00827

Net Recharge 005010 0.0692] 00405 00490 0726 0.0631] G.1778] 03375 00389 G.0331] 0.0607] 0.0499

Net Recharge Per Heclare (2267] 0.1860| 022250 02487] 0.3801] 0.3034] 0.3419] 03030) 01420 ©1770; 01493 0.1121
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Table 4. Annual Groundwater Balance by Canal Command for the Year 1'995-96
(Mhm.).
Fresh Groundwater Areas :
Description Desert (Begari  |North Rice Dadu Ghotki  !Khairpur |Rohri
West Wesl
Gross Area (Mha) 0.1300f 02210 0.0660! 0.0510 0.0380( 01910 0.1240] 06360
Seepage to Groundwater
Rainfall 0.0014| 0.0015 0.004| 00004 00003; 00024 00025 0.0091
Private Tubewells 0.0008{ 0.0009] 00002] 00002 0.0002 00035 00037 0.0087
Governmen! Tubewells 0.0001] 0.00021 0.0000f 0.0000] 0.0006] 0.0037] 00039 0.0131
Canal System 0.0227| 00245 0.0067| 0.0066| 0.0056{ 00241 0.0256] 0.0715
Watercourses & Fields 00433 00467 0.0127| 0.0127] 00107 0.0522| 0.0554; 01774
River 0.0047| 0.0050[ 00014] 0.0014] 0.0012| 0.0085 0.0091{ 0.0150
Total Inflows 0.0730] 0.0788] 00214 00213 00180] 0.0944; 01002 (.2845
Groundwater Outflows ‘
Purmpage from Ptw 0.0036! 0.0038 00010 Q.001¢ 0.0010] 0.0129] 0.0137] 0.0318
Purnpage from Gtw 0.0005| 0.0005| 0.0001] 0.0001] 0.0001! 0.0086 0.0091 0.0302
Total Pumpage 0.0041] 00043 00011 00011 00011 0.0215] 0.0228] 0.0626
Evaporation from G.W, 0.0276! 00298 0.0081] 00081 0.0068] 0.0302] 00321 0.0858
Total Qurflows 0.0317{ 00341 00092 000927 00079] 00517 00549 0.1478
Net Recharge 0.0413] 00447 0.0122] 00121 0.010] 00427] 0.0453] 01467
(Change in Storage)
Nelt Recharge Per Heclare 0.3177| 0.2023] 0.1848| 0.2373] 0.26568| 0.2236] 0.3653] 0.2307
Saline Groundwaler Area
Description Begari |North  |Rice Dadu  [Ghotki  |Khairpur [Rohri  |Nara  |Kalr Lined  [Fuleli  [Pinyari
[West East Channet
Gross Area {Mha) 0.2210] 0.3720] 0.1820{ 0.1970] 0.1910] 0.2080[ 0.5200] 1.0480] 0.2740] 0.1870] 0.4050[ 0.4450
Seepage to Groundwater
Rainfail 0.0035 0.0024] 0.0015 00018 0.0024] 0.0024] 0.0071] 0.0943 0.0057] 0.0049] 0.0079 0.0071
Canal System 0.0245] 0.0378] 0.0236] 0.0296 00241 0.0235] 0.0594] 0.1089] 0.0420] 0.0358] 0.0587] 0.0526
Watercourses & Fields 0.0467] 00721] 00449 00564 00522 0.0518] 0.1420] 0.2747] 0.0775] 0.0663] 0.1086[ 0.0974
River 0.0050f 0.00781 0.0048] 0.0061] 0.0086] 0.0085 0.0149] 0.0207] 0.0600| 0.0000| 0.0000] 0.0000
Tolal inflows 0.0777] 0.1201) 0.0748] 00939] 00873 0.0866] 0.2234] 04186] 01252 0.1070] 0.1752] 0.1571
Groundwater Outflows
Evaporation from G.W. 0.0298] 0.0460] 0.0286] 0.0360] 00302 00300] 0.0722] 0.1301F 0.0983] 0.0841] 0.1377] 0.1235
Net Recharge 0.0479] 00741 0.0462] 0.0579] 00573 00566 015121 0.28850 0.0269] 0.0229 0.0375 0.0336
Net Recharge Per Hectare 0.2167] 0.1992] 0.7538] 0.2938] 0.2990[ 0.272%] 0.2908 0.2753] 0.0982| 0.1225 0.0926] 0.0755




II STRATEGIC OPTIONS FOR IBMR SIMULATIONS
FOR THE YEAR 2010

The single-most important variable leading to waterlogging and salinity problems is
‘annual net recharge to groundwater (recharge from various sources minus groundwater
pumpage and subsurface evaporation). Where this variable has been positive over an
extended period of time, waterlogging has occurred in tandem with soil salinity (induced
by high evaporation from the groundwater). Salinity can also occur in isolation, wherein
groundwater salts have been added to the root zone through tubewell pumpage. The main
source of recharge is the irrigation canal system network and the irrigation practices at
the farm level. Theoretically, there exists a pattern of canal water diversions, which could
bring recharge into balance in each fresh/saline groundwater area zone. This phenomenon
of impact of changes in canal diversions to achieve groundwater balance in fresh and
saline groundwater areas of the Sindh canal commands has been shown in Table 5, which
reports the steps involved in determining such a pattern.

The “Total Seepage” is that component of canai diversions that reaches the groundwater;
the "Desired Seepage” is what would permit zero net recharge; and, “Required
diversions™ are those that are necessary to reduce the seepage to achieve the required
recharge. Finally, the percentage changes in diversions and their magnitudes are reported,
which indicate the requirement for substantial reductions in canal diversions, both in
fresh as well as saline groundwater areas, to arrest waterlogging. These calculations
assume, theorctically, that other things would remain constant. However, in actual
practice, when canal diversions change, virtually all other variables change as well
(notably cropping pattern, intensities, and tubewell operations). The results should only
be considered as indicative of the directions and crude magnitudes that would be
required. Moreover, politically, they are also difficult to bear and hence, canal diversion
policies alone cannot provide a solution.

An alternative is to increase the tubewell withdrawals in fresh as well as saline
groundwater areas to check the increasing net recharge to groundwater aquifer (see Table
4 and Figure 9), which requires a heavy capital investment in the public and private
sectors. Another capital-intensive option is the increase of delivery efficiency.by canal
lining (to reducing the seepage losses) in saline groundwater areas only. The provision of
subsurface drainage in saline areas is also another capital-intensive option to intercept the
seepage losses and maintain the watertable at a specified level, but it is commonly
recommended for non-rice areas. From the above discussion, it can be conceived that no
panacea exists for correcting the imbalances leading to, or perpetuating, waterlogging and
salinity. But, it indicates the existent scope through some carefully conceived
combination of policies to redress the imbalances.

To study the effects of resource allocation and capital investment under the existing
irrigation constraints and identification of different options for improvement of irrigated
agriculture, the following IBMR simulations have been generated for year 2010 under a
set of scenarios {Annexure- C), which aim towards favorable changes to the groundwater
balance and concurrently minimize the inequities in surface water supplies.
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Table 5. Changes in Canal Diversions to Achieve Groundwater Balace by Canal Command (in 000 hectare meters).

1- Total Seepage is that component of canal diversions that reaches the groundwater.
2- Desired Secpage is that that would permit zero net recharge
3- Required Diversions are those necessary to reduce or increase the seepage 1o achieve the required recharge.

(Fresh Groundwater Areas)
Descriptions Desert Began Nw. Rice Dadu Ghotki K-West Rohri Canal
Canal Canal Canal Canal Canal Canal Canat

Net Recharge 42.080 45.425 12.363 12320 10444 42 898 45517 146.786
Canal Efficiency 0830 0.820 0.801 0.854 0.804 0.765 0.748 0810
W.C.Command Efficiency 0.575 0.610 0.585 0.655 0.585 0.470 0.460 0.470
Canal Diversions 172.073 198.408 43.728 80079  [38.905 141.051 132463 336.844
at Canal Head
Total Canal System Losses 89.951 99.165 2324 33285 [20.606 90.336 87.542 332.467
Seepage from Canal, W.C. and Fields
Canals 22.707 24.512 6.672 6.648 5636 24.159 25.646 71.476
WC&Flds. 43.289 46,730 12.720 12674 |10.745 52230 55.445 177.136

Total 65.996 71.242 19.393 19.322 16.38) 76.390 81.091 248.612
Desired Seepage 23916 25818 7.028 7.002 5.936 33492 35.553 101.826
Required Diversions 62.358 71.902 15.847 29020  [14.099 61.842 58.516 101.016
Change in Diversions 109715 [-126.507  [-27.881  [-51.05% (-24.806 [-79.209 -74.949 -435.828
Percent Change -64 -64 -64 -64 -64 -56 -56 -81
Saline Groundwater Areas
Descriptions Begari N.W. Canal |Rice Dadu Ghotki K-East R. an Canal {Nara Canal |Kain L.Chanel |Fuleli Pinyari

Canal Canal Canal Canal Canal Begar Canal Canal

Net Recharge 18.082 74.167 46.234 58.040 37197 56.694 151113 288 845 26841 [226G39 37.603 33.721
Canal Efficiency 0.820 0.801 0.834 0.804 0.765 0.738 0.810 0.811 0.800  j0.800 0.800 0821
W.C Command Efficiency 0.610 0.585 0.585 0.655 0.480 0 463 0470 0.459 0.585 [0.590 0.605 0.595
Canal Dwersions 198.408 247748 460.219 1204218 [141.051 [i79.228 139.225 794.004 377.944 |177.377  [475.761 [337.345
at Canal Head ..
Canal Imigation Systemn Losses  [99.165 131.657 230298 [96.673 |B9.257 117.722 272.012 498.437 201.066 [93.655 245493 |182.784
Seepage from Canal, W.C.and Fields
Canals 24,512 37.810 23570 29580 [23.139 23947 59.384 108.951 41916 [35.853 38.722 32,659
WC&F1ds. 46.730 72.082 44934 56.409 [52.230 51.771 141,719 274.708 77.538 |66.322 108.627 [97.410

Total 71.242 109.892 68.504 85998 [76.390 75718 201.102 383.660 119.454 [102.175  (167.349 [150.069
Desired Seepage 23.160 35,725 22270 27.958  [19.193 19.024 49.989 94 815 92,613 [79.216 129.745 |116.348
Regquired Diversions 22.340 34.924 21.416 27.154 118428 18.286 49.179 94.004 91.813 [784106 128.945 [115.527
Change in diversions -176.068 [-212.824  1-438.803 {-177.065 }-122.623 |-160.941 [-390.045 |-700.000 -286.132|-98.961 -346.816 [-241.818
Percent Change -E9 -86 -85 -87 -87 -60 -89 -88 -16 -56 -73 -68
Note:--
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A, CROP AREA MANAGEMENT

This simulation is based on a sct of six scenarios (Scenario-l to Scenario-111(c) in
Annexure-C) that define the key variations in cropping pattern towards favorable changes
{o the groundwater balance and minimize the incquities in surface water supplics. The
crop area and yield growth rates of four major crops (wheat, colton, rice and sugarcane)
for the ycar 2010 were determined according to the ACZ divides. The arca under rice has
been decrcased from 0.25 percent to 2.5 percent per annum across the traditional zoncs;
similar adjustments for other major crops also aimecd to minimize the gap between net
crop waltcr requirements and supplics as well as the recharge to the aquifer system. Thesc
growth rates (Table 6) were established according to IIMI's on-farm estimates of fallow
and culturable waste arca that could benefit from the redistribution of irrigation supplies
{cstimated through agro-economic sample surveys conducted during 1997-98). The
figures for crop area and average yields for the year 1995-96 have been used as a base for
simulation results targeting the year 2010. The surfacc water supplies are set equal to the
monthly average canal diversions at canal head during 1990-91 and 1995-96 periods, The
growth rate for private tubewell development has been varied from 2 to 6 percent per
annum and the pumpage from government tubewells for irrigation purposcs in {rcsh arcas
has been assumed to be zero by year 2010 (in keeping with historic rates of deterioration,
abandonment and the GoP policy of proceeding with the program of SCARP transition).

For the privatc tubewell extractions, the fresh groundwater lenses along the Right Bank
of River Indus have been included in the program for development. The groundwater
pumpage in saline arcas has also been assumed under Scenarios 11I{a-c) to scc the cffect
of lowering the watcrtable on the groundwatcr balance. From amongst these six
simulation scenarios, I1l{c) is showing less shortages and more surpluscs within the entire
svstem. According to this scenario, the surplus in the Rice Canal during both scasons can
be reallocated to other Sukkur Right Bank canals, which arc showing shortages within the
same season. Similarly, the surplus of the Kalri Beghar Feeder can be reallocated to other
Kotri Barrage canals in both seasons; the Fuleli Canal surplus can be reallocated during
Kharif scason only. The groundwater inflow-outflow analysis for these simulation
scenarios has been depicted in Figure 10, which shows that the net annual recharge to the
groundwater has been minimized under scenario 111(c) for all canal commands, cspecially
in the rice-growing arcas becausc the decreasc of arca under rice crop has been allocated
to the cotton crop, together with the pumping of saline groundwaters for lowering the
watertables only.

B. CAPITAL INVESTMENT OPTIONS

Tlis option targets increascs in the delivery cfficiency of canals and watercourses
through lining in arcas affected. by waterlogging and soil salinity.  Concurrent
improvements are also sought in the prevailing urrigation practices at the farm through
better on-farm water management. The canal losses (70% of which enter the aquifer as
recharge) depend on the length of the canal, soil type of the carthen bed and flow
conditions (World Bank). Prevention of these delivery losses in fresh groundwater arcas
is not desirablc since they replemish the fresh groundwaters being extracted through
tubcwells.
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Table 6, Growth Rates of Crop Arca, Average Yield and private Tubewclls Under
Different IBMR simulation Scenarios for the Year 2010 by Agroclimatic Zones
(in pcrcent).
Crop Area
Name of Crop Scenario Agroctimatic Zones
SCWN SRWN SCWS SRWS
Wheat I 3.16 6.54 349 13.97
Il 3.16 £.54 3149 13.97
Il 2.75 6.54 2.50 13.00
Hl-a 275 6.00 250 13.00
Il 275 6.00 250 13.00
Ill-c 250 6.00 2.00 12.00
vV 316 6.54 349 13.97
v 3.16 6.54 3149 1397
Cotion I 5.10 18.42 5.94 18.53
I 5.00 18.42 5.00 23.47
I 5.00 15.00 3.00 18.00
H-a 5.00 15.00 3.00 19.00
ill-b 5.00 15.00 3.00 19.00
Hi-c 5.00 18.0 3.00 20.00
v 5.10 18.42 6.94 18.53
v 5.10 18.42 6.94 18.53
Rice | 0.00 -1.00 0.00 0.00
i 0.00 -1.00 0.00 -0.25
il 0.00 -1.25 0.00 -0.40
Ill-a 0.00 -1.50 0.00 -0.40
Il-b 0.00 -1.50 0.00 0.40
ill-¢ 0.00 -2.50 0.00 -0.60
v 0.00 -1.00 0.00 0.00
v 0.00 -1.00 0.00 0.00
Sugarcane ! 3.49 15.00 345 759
i J.49 14.00 251 7.00
Hi 3.25 14.00 2.00 7.00
lll-a 3.25 14.00 2.00 7.00
fll-b 3.26 14.00 200 7.00
Hl-g 275 14.00 075 7.00
IV 3.49 15.00 2.51 759
U 349 15.00 251 7.59
Average Crop Yield
Name of Crop Scenario Agroclimatic Zones
SCWN SRWN SCWS SRWS
Wheal All 2.78 5.53 4.61 481
Cotton All 4.96 1.00 619 1.84
Rice All 5.65 4.57 5.84 6.69
Sugarcane All 4.16 246 423 528
Private Tubewells
Name of Crop Scenarip Agrociimatic Zones
SCWN SRWN SCWS SRWS
Wheat ! 2.00 2.00 2.00 2.00
H 3.00 2.25 3.00 2.00
1} 3.00 1.00 5.00 2.00
lll-a 3.00 1.00 5.00 2.00
lI-b 5.00 3.00 6.00 4.00
lNl-¢ 6.00 5.00 6.00 4.00
IV 2.00 2.00 200 2.00
v 2.00 2.00 2.00 2.00
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Figure 9. Results of IBMR Simulation Scenarios for Seasonal Surpluses and Shortages
of Water at Root Zone in the Year 2010, Lower Indus Basin.
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The canal losses through saline areas are very undesirable since the water is not only lost
to recycled use for irrigation, but also contributes to environmental deterioration through
raising the saline groundwaters to cause waterlogging. The canals passing through saline
groundwater areas of Sindh, along with their current efficiencies and those expected to
prevail if remodeled with concrete lining, arc listed in Table 7. These, of course, are main
canals, and each has a number of associated branches minors and distributarics.

Table 7. Saline Groundwater Canal Commands for the IBMR Simulation on Canal
Lining Option.

Canal Length Efficiency  Efficiency Canal Length Efficiency Efficiency

Name (000- Without With Name (000- Without With
meters) meters)

Begari 294 0.820 0.946 Robhri 1523 0.811 0.943
Ghotki 751 0.765 0.929 Nara 2609 0.816 0.945
North 1148 0.804 0.941 Kalri 1009 0.800 0.940
West

Rice 772 0.854 0.956 Lined 717 0.800 0.800

Channel

Dadu 981 (.804 0.941 Fuleli 1078 0.800 0.940
Khairpur 727 0.738 0.921 Pinyan 1221 0.821] 0.946
East

Much of the irrigation system seepage-related losses occur below the main canal level,
i.e. in the watercourses and farmers’ fields. The history of successive On-Farm Water
Management attests to the desirability of pursuing strategies that aim to reduce these
delivery losses at the sub-system and farm levels. To account for the seepage losses in
saline areas from the above-mentioned sources, water loss recovery factors (the
proportionate saving of water losses through canal lining and /or improvement of
watercourse command efficiency, as shown in Annexurc-D) were computed and used in
the IBMR Simulation specific to this scenario. The growth rates for crop areas, yield and
private tubewell development (only in the fresh groundwater arcas) are maintained as per

Scenario 1.

The canal water supplies at canal head are set equal to the monthly averages of canal
diversions during 1990-91 and 1995-96 periods. The pumpage from govermnment
tubewells has been assumed to zero by the year 2010. From Figure 11, shortages in the
Sukkur Right Bank command and the entire Kotri Barrage command, having maximum
saline groundwater zones, have decreased or become surplus in both seasons (although
the area of cotton and sugarcane has been increased tremendously). The exception is the
Lined Channel, for obvious reasons. The surplus water availability is owed to the
improvement in system delivery efficiencies and reduction in areas sown to rice crop.
The remaining canal commands are showing an increase in shortages during the Rabi
season and decrease in surpluses during Kharif. There is no improvement in water
shortages under Rohri and Nara Canal commands under this scenario because the system
cannot sustain the higher growth rates for sugarcane and cotton crops. The water saved
through the lining process is consumed in reducing the water stress occurring across
saline groundwater zones; and, since there is no assumption of lining in fresh areas, the

Next >>
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shortages have increased. The groundwater inflow—outflow analysis under this scenario
{Figure 12) shows that the net annual recharge to the groundwater aquifer has been
minimized under all the rice-growing areas, cspecially in the Koltri Barrage commands, in
addition to the Rohri and Nara anal commands.

Given the argument that the process of canal tining is highly disruptive to the production
process due to lengthy closure periods, an alternative method of intercepting the scepage
losses from main canals is the installation of intcrceptor drains, which probably costs
less. The interceptor drains scrve to retricve the lost waler before it becomes
contaminated, and rcturn it to the system. Their installation would not requirc canal
closure, and thus, would not suffer from the same disruptive effects as canal lining. If the
water loss recovery factors, as mentioned earlier for canal lining, are assumed to be the
same for interceptor drains, these results can be applied under this option also.

C. CANAL DIVERSION REGULATION TO MATCH THE WATER APPORTIONMENT
ACCORD ALLOCATIONS

This simulation is based on setting the watcr diversions at canal head equal to the Water
Apportionment Accord allocations for each canal command of the Sindh Province. The
growth rates for crop area, yield and private tubcwell development (only i fresh
groundwater areas) are kept the same as used under Scenario I. The pumpage from
government tubewells has been assumed to zcro by the year 2010. A comparison of the
Accord allocations and the actual diversions during 1995-96 (Figure 13) indicates that
during rabi season, out of the 14 major canals, 10 are drawing more water than
apportioned (from 2 to 87%); the exceptions being the Desert, Begari, Rice and Pinyari
Canals. During the kharif season, only 4 canals, i.c. Rohri, Kalri Beghar, Lined Channel
and Fuleli are drawing excess water supplies (4 to 18%) than permitted under the Accord.

The impact of this deviation in canal diversions, on a scasonal water balance at the root
zone, is depicted in Figure 14, which shows the surpluses and shortages of irrigation
waters at the root zone. According to this scenario, the shortages have incrcased and
surpluses have decreased under all canal commands during the rabi season, except for the
Desert and Rice Canals. Similarly, during the kharif season, the shortages have reduced
under all canal commands, except the commands native to the cotton and sugarcane-
growing areas (because of the proposed higher crop arca growth rates for thesc crops).
The groundwater inflow—outflow analysis, resulting in net annual inflow (nct annual
-recharge) under this scenario, has been illustrated in Figure 15 and comparcd with the
base year of 1995-96. The net annual recharge to groundwater has decreased in the
Ghotki, Khairpur West and Rohri anal commands, due only to pumpage from privatc
tubewells in the fresh groundwater arcas, to mect the nct crop water requirements at the
root zone during the rabi season. The remaining canal commands are showing an increase
in net annual recharge lo the groundwater aquifer whercby watertables would be cxpected
to rise in the absence of adequate drainage.
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D. WATERTABLE CONTROL UNDER RESOURCE MANAGEMENT OPTION

The effect of resource allocation and capital investment on the changes in groundwater
balances (net recharge to groundwater aquifer system) and the cquitable distribution of
surface water supplies has been discussed in the preceding paragraphs under Simulations
A 1o C. A comparison of the seasonal surplus at the root zone and the net annual recharge
to the groundwater, under the three simulations, is illustrated in Figures 16 and 17,
respectively. The net annual recharge is minimum under the Capital Investment Option
(Sim-1V), which is based on the option of canal lining in salinc groundwater arcas. The
option of maintaining canal diversions as per Water Apportionment Accord allocations
has socio-political repercussions since the allocations can only be met if ncw surface
water storages are added to the IBIS. The remaining option of "Crop Area Management”
under Stmulation "A”, which is based on changes to the existing cropping pattern of
major crops, rcveals that Simulation IIl{c) 1s showing thc acceptable results by
minimizing the net recharge to the groundwater, as well as the incquitics in surface water
supplies, by reducing the shortages and surpluscs at the root zone. This has been achieved
through reducing the arca under rice in the rice-wheat zonc, increasing the arca under
cotton crop in the cotton-wheat zone, with an across-the-board increasc in the arca under
wheat and sugarcanc crops. With these adjustiments, the changes in arca under the major
crops by the year 2010 are shown in Table 8.

Table 8. Barrage Command Level Changes in Cropped Arca by the Year 2010.

Name of Crop Barrage Command Change (%)
Wheat Sukkur 54
Guddu 94
Kotri >100
Rice Sukkur -29
Guddu -25
Kotri -8
C'otton Sukkur 90
Guddu >100
Kotri >100
Sugarcane Sukkur 43
Guddu 42
Kotri >100

Given the objective of minimizing the surplus water at the root zone to control the
scepage loss contributions (as net recharge to the groundwatcer), the surpluses during both
growing scasons have been minimized, from 0,0836 Mhm in Rabi 1996 to a shortage of
0.0748 Mhm in Rabi 2,010 and from 0,2447 Mhm in Kharif 1996 to 0,0504 Mhm in
Kharif 2010 (Table 9). The shortages during the rabi scason, which are maximum under
the Sukkur Barrage command, can be allteviated through re-allocation of surpluscs native
to the Rice and Dadu Canals, as part of the adjustment within the samc barrage
command.
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Table 9. Comparison of Water Surpluses (+) and Shortages (-) at Root Zonc in Million

Hectare Meters for Years 1995-96 and 2010 under IBMR Simulation 11l ( ¢ ).

Canal Command Rabi Season Khanit Scason
1996 2010 1996 2010
Desert -0.0112 -0.0051 0.0056 0.0254
Began -(0.0137 -0.0393 (0.0339 0.0529
Ghotki -0.0201 -0.0293 0.0058 0.019
North west 0.0304 0.0089 -0.0582 -0.0199
Rice -0.0053 0.1120 0.1208 0.1139
Dadu 0.0155 0.0049 -0.0303 -(0.0032
Khairpur-West -0.0082 -0.0179 -0.0072 -0.0298
Khairpur-East -0.0010 -0.0113 -0.0011 -(0.0182
Rohri -0.0069 -0.0667 0.0360 -0.0775
Nara -0.0122 -0.0485 -0.0095 -0.0508
Kaln 0.0453 0.0266 0.0414 0.0152
Lined-Chanel 0.0109 -(0.0093 -0.0044 -0.0317
Fuleli 0.0320 -0.0004 (.0765 0.0477
Pinyari 0.0275 0.0000 (00354 4.0074
Total for Sindh 0.0830 -0.074% (0.2447 0.0504

The effect of these reductions in surpluses on groundwater balance (net recharge) can be
visualized from Figure 18 and Table 10, where a comparison has been made with the base
year of 1995-96. The net annual recharge in the overall Sindh canal command system has
decreased by 3 percent from 1,2989 Mhm to 1,2612 Mhm, cspecially within the Rohri,
Nara and the entire Kotri Barrage canal commands. Across the Indus Right Bank canals,
the net recharges arc little more than the basc year valucs duc to higher growth rates of
the sugarcane crop (itsclf a high delta crop). This higher growth ratc of sugarcanc within
the otherwisc traditional rice growing arcas has resulted in a tremendous increasc in the
arca under this crop (from 3,700 ha to 12,800 ha).

Table 10. Comparison of Net Annual Recharge to Groundwater (in Mhm).

Canal Command Net Recharge during 1996 Net Recharge during 2010
Desert 0.0432 0.0517
Begari 0.0965 0.1345
Ghotki 0.1080 0.1135
North West 0.0897 0.1104
Rice 0.0600 0.0699
Dadu 0.6709 0.0817
Khairpur West 0.0497 0.0495
Khairpur East 0.0600 0.0662
Rohri 0.3063 0.2528
Nara 0.2925 0.2659
Kalrn Beghar 0.02068 0.0143
L.ined Channel 0.0229 0.0122
Fuleli 0.0375 0.0207
Pinyari 0.0337 0.0179
Total Sindh 1.2989 1.26012
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1 CONCLUSIONS

On the basis of the assessment of the performance of irrigated agriculture during the
1991-96 period under the canal commands of the Sindh Province and the IBMR
simulations to the year 2010 {to favor changes in the groundwater balance to control
watcrlogging and salinity, and minimizing the inequitics in water supplics at root zones of
crops), the results are concluded as under:

1.

The cropping intensity during rabi scason is showing a decreasing trend, but
increasing in kharif. This indicates an incrcasing preference towards rice
cultivation.

The canal head diversions for the Indus Right Bank canals (excepting the non-
perennial Rice Canal) have decrcased by 4 percent. The diversions to the Indus
Lcft Bank canals, including all of the Kotri Barrage canals, are showing an
increasing trend during the late kharif and carly rabi scasons.

From the performance assessment comparison of water requircments and
supplics at the root zone, both rabi seasons of 1990 and 1996 show water
shortages to be prevalent across most of the canal commands. During the khartf
season, water supplies arc more than the demand, cxcept in the Sukkur Right
Bank canals. The Nara Canal and the Lined Channel have become water-short
environments since1996, which is due to the increase in area under cotton (Nara
Canal command) and sugarcane (Lincd Channel command).

The groundwater balance for the years 1990 and 1996 shows a rising trend in the
watertable depths in all canal commands.

From amongst the proposed set of stratcgic options for the IBMR simulations
targeting the year 2010 (to control the watcrtable and minimize the incquities in
surface supplies), the net annual recharge to the groundwater is at a minimum
under canal lining or installation of interceptor drains (in saline groundwater
arcas only). But, this option is highly capital-intensive, time-consuming and
disruptive to the production process. The Water Apportionment Accord
allocations option entails socio-political conscquences and is linked to upstream
storage projects (presently uncertain to be realized in the near future).

The Crop Area Management option, which is based on changes to the existing
cropping pattern by shifting from high delta crops to crops that require lcss water
up to the stage of crop maturity, requircs modifications to the traditional culture
of rice cultivation to that of a system of mixed cropping. This option oversces the
installation of tubewells (of 28 Ips capacity) in the private sector to harvest fresh
groundwaler regimes as a supplement to the canal supplics. There is concurrent
stress on watertable control through fractional scavenger and compound wells (of
14 lps capacity) exclusive to the saline groundwater areas. Bascd on the
simulation results, the surpluses during both scasons have been minimized (Table
9). The shortages during the rabi scason, which are maximum under the Sukkur
Barrage command, can be alleviated through the re-atlocation of surpluscs of the
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Ricc and Dadu Canals (as part of the adjustment within the samc barrage
command}).

The simulated nct crop water requirements and total supplics at the rool zonc for
the year 2010, by canal command as well as barrage command, arc given in
Anncxure-E. Under the Crop Area Management option (Simulation 111(c)), the
annual net water requirements arc incrcasing across the Guddu Barrage
command (28%), Sukkur Left Bank command (64%) and Kotri (73%), while
there is a decrcase of 4 percent within the Sukkur Right Bank commands because
of a reduction in arca under the rice crop. Similarly, the annual supphcs arc
increasing at Guddu (33%), Sukkur (30%) and Kotri (13%) Barrages, based on
the average volume of canal supplics for the period 1991-96, and conlributions
from private tubewells. The gap between requirements and supplies is due to the
reduction in surpluses, as mentioned catlicr.

The reduction in surpluses has affccted the groundwater balance through an
overall reduction in net annual recharge to the groundwater aquifer (particularly
in the commands of the Rohri and Nara Canals, and all of the Kotri Barrage canal
commands). For the other Indus Right Bank canal commands, the net recharges
are little more than the base year because of a higher growth rate assumed for the
sugarcane crop.



v RECOMMENDATIONS

Bascd on the findings of the irrigation systcm performance of canal commands during the
6-year period between 1991-96, and the IBMR simulation results to the year 2010, the
cmergent conclusion is that reliance on management-rclated interventions provide the
best mix of returns in terms of long term investment considerations. For the management
option to be successful, an integraled approach must focus on modifying the traditional
cropping patterns to suit regional lowering of the groundwater tables, cspecially across
saline groundwater zones. The emphasis should be on shifting from the cultivation of
high delta crops to low delta crops with favorable economic and farm level returns. The
IBMR simulations have shown that if, for the Sukkur Right Bank canal commands, the
rice area is decreased by 30 percent and the arca under cotton is increased by 90 percent
{over the 1995-96 estimates), the net irrigation water requircments can be decreased to
the extent that possible surplus could be reallocated to other canal commands under the
same barrage command. This will also result in dcereasing the net recharge to the
groundwater and controlling the watertables. Stmilarly, under the Kotri Barrage
command, where the existing cropping intensitics arc low, if the rice cultivation is
reduced by 10 percent and the arca under cotton increased, there will be a net reduction in
recharge to the otherwise saline aquifer.

Apart from other supportive details already summarized as part of the foregoing analysis,
it is highly desirable that a conscious effort be made to introducc a system of crop zoning
and typical cropping patterns for different canal commands that, in terms of consumptive
use requirements, match the current canal capacities and maximum deliverable volumes.
This would require detailed evaluation of the existing cropping patterns, the cropping
calendar and other socio-economic factors, including the need for coordination between
the provincial Irrigation and Agriculture Departments.

From the canal operation data for the year 1995-96, it is cvident that almost all of the
canals designed to operate as non-perennial have, in cffect, been converted into perennial
systems. These include the Desert, Begari and Ghotki Canals offtaking from the Guddu
Barrage, and Fuleli and Pinyari Canals within the Kotri Barrage command. Current
operational procedures cannot sustain full supply levels to match the perennial demands,
and are likely to receive only sporadic supplies amounting to a relatively small portion of
their designed full supply depth. This mode of operation is not conducive to maintaining
the canals in the regime.

In lieu of the above-mentioned crop arca adjustments, water budgeting i1s an cmergent
requirement that will be needed to suit the introduction of demand-sensitive irrigation
scheduling. These budgcts would constitute a rolling mechanism for modifying the canal
system allocations based on the changing pattern of water availability and cropping
pattern. A significant benefit of water budgeting is the possibility of agreeing to mutually
beneficial sales or exchanges of water supplics so as to supplement the shortages during
the critical demand periods, which may be experienced at different times in various parts
of the province.
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Related to the proposed adoption of demand-sensitive irrigation scheduling, it would be
appropriate to prepare annual rule curves for operational contro! of each canal systcm, on
the lines uscd for reservoir operations. The rule curves will st the upper and lower limits
of indents to be made for the system for cach 10-day period of the cropping scason, based
on the projected climatic trends for the year, as well as the cropping pattemn and intensity
approved for the system. The rule curves would be accompanicd by a system opcration
manual defining the authorized shares of each distributary canal. The integration of rule
curves for all the canal systems would provide a logical framework for the formulation of
provincial water budgets as described above.

The practice of deficit irrigation is recommended, aimed at optimizing the crop
production under conditions of water deficit. This practice allows the crops to be stressed
to varying degrees during the cropping scason. while attempting to minimize the stress
during the critical stages of crop development when moisture deficits can affect crop
yiclds most adversely. The use of computer modcls is recommended as a practical tool
for applying the princtples of deficit irrigation.

Under the crop area management interventions cited in Simulation I11(c), the significant
contributions from private tubewells and skimming wells cannot be overlooked. The
skimming wells are suitable for recovering fresh groundwater from thin layers or lenses
ol limited thickness and sizes. Technologically, they are difficult to implement in the
absence of site-specific data on aquifer geomctry, aquifer properties, lens geometry,
salinity concentrations and dominant recharge mechanisms. Such data arc scldom
available from regional investigations, such as the ones covering the Sukkur Right Bank
commands where skimming wells may also help towards lowering the watertables, as
well as supplement irrigation supplies towards mecting the crop water requirements.

In contrast to the skimming wells, the scavenger wells produce both fresh and saline
discharges from aquifers having as little as a 25-m interface. The former can be used for
crop irrigation and the latter has to be disposed of. Some of (he scavenger well systems
have been installed in the Left Bank Qutfall Drain project on a pilot basis. Based on their
performance, their installation could be extended to cover arcas of shallow fresh-saline
groundwater divides elsewhere.

Any development regime imposed on a groundwater system also affects the rccharge.
The increased groundwater abstractions lcad to a decline in the groundwater levels,
which tend to increase the inflows from recharge sources and decrease some outflows,
such as cvaporation from groundwater surface. A detailed study is required to determine
the extent and magnitude of this interaction on a sub-basin level, like the arca irrigated by
the Right Bank canals offtaking from the Guddu and Sukkur Barrages. The scope of such
investigations will be crucial to the conscripts of the policy formulation antccedent of a
regional groundwater development and management program.

In saline groundwater areas of the lower Sindh Province, poor drainage has been the
primary cause of rising watertables with ncgative impacts on the expansion of cultivable
arcas and a concomitant decline in cropping intensities and crop yields. Where local relief
lmtations inhibit the provision of carrier drains for the agricultural effluent, the
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construction of evaporation ponds over the un-culturable patches of land offers a viable
alternative.

Some of the input parameters used in the IBMR will also need to be updated, like the
recharge coefficients, which are currently based on the studies undertaken by WAPDA
during  1976-78 for the formulation of thc Revised Action Plan (RAP) for the Indus
Basin irrigated agriculture. The update is morc desirable at the canal command level for
more accuratc determination of some recharge components. Relatedly, across the history
of public sector projects implemented by WAPDA, there is a tremendous volume of data
on groundwater development, that is cither not rcadily available or has not been
computerized for modeling purposes. Therefore, there is a strong need to develop a
computerized data base, whereby much of the unutilized information could be usefully

deployed.
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A. MAIN FEATURES OF SINDH IRRIGATION SYSTEM

IBMR Agroclimatic Zones (ACZ) Political Districts:

Sindh Cotton-Whcat North (SCWN) Khairpur, Sukkur, Nawabshah, Nowshcra
Fcroze

Sindh Cotton-Wheat South (SCWS) Sanghar, Mirpurkhas Hyderabad,
Tharparkar, Badin

Sindh Rice-Wheat North (SRWN) Jacobabad, Shikarpur, Larkana, Dadu

Sindh Rice-Wheat South (SRWS) Thatta, Hyderabad, Badin

Canal Command and ACZ Mapping

ACZ Canal Command % CCA CCA CCAP Canal Efficiency
(Mha.) (Mha) (Mhm/M) (%)
SCWN Ghotki Feeder 100 0.368 0.0799 76
Khairpur West 100 0.195 0.019%4 75
Khairpur East 100 0.182 0.0204 74
Rohri Canal 59 0.617 0.1210 81
Nara Canal 20 0.176 0.1077 80
SCWS Rohri Canal 41 0.428 0.1210 81
Nara Canal 80 0.706 0.1077 81
SRWN Desert Feeder 100 0.158 0.0372 83
Begari Feeder 100 0.341 0.1425 82
North West 100 0.309 0.0470 80
Rice Canal 100 0.210 0.1022 85
Dadu Canal 100 0.245 0.0393 80
SRWS Kain Begar 100 0.257 0.0673 80
Lined Channel 100 0.220 0.0253 80
Fuleli Canal 100 0.361 0.1103 80
Pinyari Canal 100 0.323 0.1025 82
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B. WATER DIVERSIONS AT CANAL HEAD IN MILLION HECTARE METERS (MHM)

1989-90 1995-96
Rabi Kharif Annual Rabi Kharif Annual
Desert Feeder 0.025 0.193 0.218 0013 0159 0.172
Begari Feeder 0.041 0370 0410 0.051 0346 0397
Ghotki Feeder 0.133 0.256  0.389 0.090 0.193  0.282
North West 0.121  0.203 0324 0.143  0.149 0.291
Rice Canal 0.026 0.254 0.280 0.037 0327 03064
Dadu Canal 0.100 0.152  0.253 0.093 0.150 0.243
Khairpur West 0.075 0.089 0.164 0.058 0075 0.133
Khairpur East 0.088 0.105 0.193 0.086 0.093 0.179
Rohri Canal 0.470  0.571 1.041 0.390 0.586 0.976
Nara Canal 0377 0.480 0.857 0.361 0433 0.794
Kairi Beghar 0.115 0229 0343 0.140 0238 0378
Lined Channel 0.062 0105 0.167 0.057 0.120 0177
Fuleli Canal 0.115 0339 0454 0.127 0348 0.4706
Pinyari Canal 0.086 0232 0319 0.107 0.250 0.357

Cropped Area of major crops during 1995-96 (in thousand hectarcs)

Wheat IRRI Cotton Sugarcane
Decsert Feeder 34.60 79.43 0.23 0.00
Begari Feeder 53.24 206.29 0.03 0.01
Ghotki Feeder 102.73 22.38 100.90 4.79
North West 31.94 107.49 0.00 0.34
Rice Canal 23.70 135.40 0.00 0.02
Dadu Canal 59.89 56.08 5.21 4.38
Khairpur West 81.81 9.15 25.08 4.76
Khairpur East 52.90 0.90 38.71 4,00
Rohri Canal 310.87 25.39 2006.24 84.21
Nara Canal 159.88 13.39 167.91 38.18
Kalri Beghar 3.67 43.25 0.82 5.96
Lined Channel 12.01 30.63 0.16 47.33
Fuleli Canal 17.02 89.43 0.03 22.88
Pinyari Canal 6.20 61.15 0.02 20.95
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C. SIMULATION SCENARIOS FOR THE YEAR 2010

The generation of IBMR simulations for year 2010 corresponds to a host of scenarios that
independently definc the key variations in cropping patiern that would inducc favorabic

changes to the groundwater balance and minimize the inequities in the surfacc supplies.

The stress was on the alternative cropping pattem, or the most judicious distribution of
the same, in lieu of the physical constraints specificd for a canal command. The scenarios

were formulated based on IIMI’s on-farm estimates of the fallow and cultural waste arca

that could benefit from redistribution of irrigation supplics. For cach of thc sccnarios,

growth rates of crop area and average yield of major crops were established for the year

2010 (Table 6) according to the 1IMI sample surveys of 1997-98. Thesc surveys

benchmarked the potential for crop area and yicld of major crops (wheat, cotton, rice and

sugarcane) under existing conditions, for each canal command. Estimates of the current

CCA and crop area were obtained from the 1995-96 figurcs of the Sindh Irrigation and

Power Department, whereas crop yield statistics were owed to the Development Statistics

of Sindh. Consequently, the following simulation scenarios were formulated within the

IBMR for projection to the year 2010.

Crop Area Management
Scenario I:

A base year, or benchmark starting from the ycar 1995-96; the growth rates of crop area
and average yield from IIMI surveys (Table B.1) sct as target for the year 2010. Surface
water supplics are sct equal to monthly average diversions at canal head during 1990-91
and 1995-96 periods. The pumpage from Government tubewells is assumed to be zero by
the year 2010. The growth rates for privatc tubewell investment were set cqual to 2
percent. The arca of fresh water fenses along the Right Bank of the river Indus werc
included.

Scenario I1:

No change in growth rates of crop yield of all major crops, and, the crop arca of wheat.
The growth rates for cotton arca were decreased in SCWN and SCWS, but increased in
SRWS. The rice arca was also decreased in SRWS, and sugarcane arca was decreased in
SRWN, SRWS and SCWS. The private tubewell growth ratcs were set equal to 2 percent
in all zones, except in SRWN, where it was sct equal to 2.25 percent per annum. All other
parameters remained the same as under Simulation 1.

Scenario I11:

The growth ratcs were further reduced for crops likc wheat (SCWN, SCWS and SRWS,
" but no change in SRWN), cotton (SRWN, SCWS, and SRWS and no change in SCWN),
rice (SRWN and SRWS) and sugarcane (SCWN and SCWS). The growth rates of private
tubewell development were set as SCWN=3 percent, SRWN=1 percent, SCWS=5 percent
and SRWS=2 percent per annum. Other parameters remained the same.
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Scenario 111 (a):

The crop arca growth rates were kept the same as under Simulation III, except that the
arca of wheat and rice was further reduced. No change was made in the per annum
growth rates of yield of major crops. The growth rate of private tubewells in fresh areas
was kept the same as under Simulation III. The pumpage in saline groundwater areas was
also included via skimming wells (14 Ips capacity). All other parameters relating to canal
diversions, yields etc., were the same as undcr Simulation 111.

Scenario 111 (b):

There was no change in the growth rates of cropped arca. The growth rates of private
tubewells were increased as follows; SCWN=5 percent, SRWN=3 percent, SCWS=6
percent and SRWS=4 percent. The pumpage in salinc arcas was also allowed as under
Simulation I1I{a). All other parameters relating to canal diversions, yields, etc., were the
same as under Simulation III. |

Scenario I11 (c):

The areal growth rate of wheat was decreased in SCWS and SRWS; increased for cotton
in SRWN and SRWS; Turther decreased for ricc in SRWN and SRWS; and sugarcane was
decreased in SCWS. The growth rates of private tubewell development wcre set as
SCWN=6 percent, SRWN=5 percent, SCWS=6 pcrccnl and SRWS=4 percent per annum.
Other parameters relating to groundwater pumpage in saline areas, growth ratc of crop
yield, canal diversions, ctc., remained the same as under Simulation IH(c).

Scenario IV (Capital Investment Option):

This simulation accounts for lining of the irrigation canals passing through waterlogged
and saline arcas, along with remodeling watcrcourses and the improvement of itrigation
practices at the farm level through OFWM Program. The WAPDA and World Bank
figures for canal delivery and watercoursc command efficicncies, with and without
project conditions, were used for the year 2010. All the annual growth rates relating to
crop area, yicld, private tubewell development in fresh areas, and the canal diversions
were kept the same as under simulation Scenario . Saline groundwater pumpage is not
permitted.

Scenario V  (Canal Water Regulations):

This simulation scenario is based on the assumption that all the canals receive supplies at
their diversion points according to the agrced formula of thc Water Apportionment
Accord of 1991. All the annual growth rates rclating to the cropped area, yield, private
tubewell development in fresh areas, etc., werc kept the same as under simulation
Scenario 1. Once again, pumpage in saline arcas is not permitted.



D. WATER L0SS RECOVERY FACTORS IN SALINE AREAS

Canal Water Loss Recovery Factors in Saline Areas by Canal Command (in the Context

of IBMR).

Canal Command

Canal Effictency
(Without Lining)

Canal Efficiency
{Canal Lining)

Loss Factors
{(With Lining)

Begari Feeder

0.820

0.946

0.70

Ghotki Feeder 0.765 0.929 0.70
North West Cana 0.804 0.941 (.70
Rice Canal 0.854 0.956 0.70
Dadu Canal 0.804 0.94] 0.70
Khairpur East 0.738 0.921 0.70
Rohn Canal 0.811 0.943 0.70
Nara Canal 0.8106 0.945 0.70
Kalri Begar 0.800 0.940 0.70
Lined Channel 0.800 0.800 0.70
Fuleh 0.800 0.940 0.70
Pinyart 0.821 0.946 0.70

Watercourse Command Water Loss Recovery Factors in Saline Areas by Canal

Command (in the Context of IBMR).

Canal Command Canal Efficiency Canal Efficiency Loss Factors

(Without Lining) (Canal Lining) (With Lining)
Begari Feeder 0.600 0.620 0.05
Ghotki Fecder 0.450 0.480 0.05
North West Cana 0.575 0.595 0.05
Rice Canal 0.625 0.660 0.09
Dadu Canal 0.575 0.595 0.05
Khairpur East 0.455 0.475 0.04
Rohri Canal 0.456 0.490 0.06
Nara Canal 0.450 0.479 0.05
Kalri Begar 0.575 0.590 0.04
Lined Channel 0.555 0.595 0.09
Fuleli 0.600 0.610 0.03
Pinyari 0.585 0.600 0.04
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E. ANNUAL NET WATER REQUIREMENTS AND SUPPLIES AT ROOT ZONE (Mhm.)
A Comparison of 2010 Simulations with Basc 1995-96.

Cana! Command Base-96 Sim-lllc Sim-1v Sim-V
Desert Requirements | 0.0918 6.08061 0.1026 0.1026
Supplies 0.0880 0.1062 0.1066 .} 0.2348

Begar Requitements | 0.1981 0.2211 0.2635 0.2635
Supplies 0.2174 0.2347 0.2012 : 0.2016

Ghotki Requirements | 0.1410 0.2453 0.2561 0.2561
Supplics 0.1203 0.2350 0.2762 0.2299

North West Requirements | 0.1797 0.1803 0.2149 0.2149
Supplies 0.1433 0.1692 0.2059 0.2151

Rice Requirements | 0.1221 0.1139 0.1365 0.1365
_ Supplies 0.2316 0.3409 0.3855 0.4459

Dadu Requirements | 0.1424 0.1335 0.1591 0.1591
Supplies 0.1207 0.1352 0.1638 0.1401

Khairpur West Reguirements | 0.0748 0.1302 0.1359 0.1359
Supplies 0.0593 0.0825 0.0845 01215

Khairpur West Requirements | 0.0699 0.1210 0.1270 (.1270
Supplics 0.0676 0.0920 0.1092 0.1045

Rohri Requirements | 0.4127 0.6728 0.7223 07772
Supplies 0.4413 0.5286 0.6293 0.7211

Nara Requirements | 0.3515 (.5622 0.6091 0.0085
Supplies 0.3296 0.4629 0.5309 0.5658

Kalri Requirements | 0.0921 0.1573 0.1700 0.1740
" [Supplies 0.1789 0.1993 0.2466 0.2042

Lined Channel Requirements | 0.0788 0.1346 0.1454 0.1488
Supplies 0.0852 0:0936 0.11068 (1181

Fuleli Requirements | 0.1290 0.228) 0.2466 0.2525
Supplies 0.2383 0.2756 0.3398 0.1140

Pinyari Requirements | 0.1157 0.1977 0.2135 0.2180
Supplies 0.1786 0.2052 0.2498 0.3163

Net Requirements and Supplies by Barrage Command.

Barrage Base-90 Sim-lllc Sim-IvV Sim-V
Guddu Barrage | Requirements | 0.4309 0.5525 0.6222 0.6222

Supplies 0.4317 0.5759 0.6441 0.7660
Sukkur Barrage | Requirements | 1.3531 1.9145 2.1048 2.2191

Supplies 1.3934 1.8113 2.1091 2.3140
Sukkur Barrage | Requirements | 0.4442 0.4277 0.5105 0.5105
{Right Bank) Supplics 0.4956 0.6453 (.7552 (0.R011
Sukkur Barrage | Requirements | 0.9089 1.4868 1.5943 1. 7086
{ Left Bank) Supplies 0.8978 1.166 1.3539 1.5129
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R-11 Development of Sediment Transport Technology in Pakistan: An M. Hasnain Khan Oct
Annotated Bibliography 1996
A-12 Modeling of Sediment Transport in Irrigation Canals of Pakistan: Gilles Belaud Qct
Examples of Application 1996
{M.Sc Thesis published as Research Report)
R-13 Methodolegies for Design, Operation and Maintenance of lrigation Alexandre Vabre Oct
Canatls subject to Sediment Problems: Application to Pakistan 1996

{M.Sc Thesis pu'blished as Research Repor)
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R-14 Govermnment interventions in Social Organization for Waler Waheed uz Zaman Oct
Resource Management: Experience of a Command Water D.J.Bandarageda 1996
Management Project in the Punjab, Pakistan
R-15 Applying Rapid Appraisal of Agricultural Knowledge Syslems Derk Kuiper Nov
(RAAKS) for Building inter-Agency Collaboration Mushiag A. Khan 1996
Jos van Oostrum
M. Rafique Khan
Nathalie Roovers
Mehmeod ul Hassan
R-16 Hydraulic Characteristics of Chishtian Sub-division, Fordwah Canal Anwar Igbal Nov
Division 1996
R-17 Hydraulic Characleristics of Irrigation Channels in the Malik Sub- Khalid Mahmood Nov
Division, Sadiqgia Division, Fordwah Eastem Sadigia lrrigation and 1996
Drainage Project
R-18 Proceedings of National Conference on Managing Irrigation for M. Badruddin Nov
Environmentally Sustainable Agriculture in Pakistan Gaylord V, Skogerboe 1996
M.S. Shafique
Volume-!: tnauguration and Deliberations (Editors for all velumes)
R-18.1
R-18.2 Volume-il: Papers on the Theme: Managing Canal
Operations
R-18.3 Volume-lll: Papers on the Theme: Watet Management
Below the Mogha
R-18.4 Volume-V: Papers on the Thema: Environmental
.Management of Irigated Lands
R-18.5 Volume-V: Papers on the Theme: Institutional
Development
R-19 Detailed Scil Survey of Eight Sample Walercourse Command Soil Survey of Pakistan Nov
Areas in Chishtian and Hasilpur Tehsils HIMI-Pakistan 1998
R-20 Unsteady Flow Simulation of the Designed Pehur High-Level Canal Zaigham Habib Dec
and Proposed Remedeling of Machai and Miara Branch Canals, Kobkiatl Pengput 1996
North West Frontier Province, Pakistan Gaylord V., Skogerboe
R-21 Salinity Manag?ement Alternatives for the Rechna Doab, Gauhar Rehman May
Punjab, Pakistan Wagar A. Jehangir 1997
’ Abdul Rehman
R-21.1 Volume One: Principal Findings and implications for Muhammad Aslam
Sustainable Irrigated Agriculture Gaylord V, Skogerboe
R-21.2 Volume Twe: _History of lmgated Agricutiure: A Select Gauhar Rehman Jan
Appraisal Hassan Zia Munawwar 1997
Asghar Hussain
R-21.3 Volume Threa: Development of Procedural and Analytical Gauhar Rehman Jan
Liniks : Muhammad Aslam 1997
Wagar A. Jehangir
Abdut Rehman
Asghar Hussain
Nazim Ali
Hassan Zia Munawwar
R-21.4 Yolume Four Field Data Collection and Processing Gauhar Rehman Jan
: Muhammad Aslam 1997
Wagar A. Jehangir
Mobin Ud Din Ahmed
Hassan Zia Munawwar
Asghar Hussain
Nazim Ali
Faizan Ali
Samia Ali
R-21.5 Volume Five: Predicling Future ‘Tubewell Salinity Discharges Muhammad Astam Jan

1997
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R-21.6 Volume Six; Resource Use and Productivity Potential in the Waqar A, Jehangir Feb
IrAgated Agricullure MNazim Al 1897
R-21.7 Volume Seven: Initiative for Upscaling: lrngation Subdivision as Gauhar Rehman Apr
the Building Block Asghar Hussain 1097
Hassan Zia Munawwar
R-21.8 Volume Eight: Optlions for Sustainability; Sector-Levet Abdul Rehman Apr
Allocations and Invesiments Gauhar Rehman 1997
Hassan Zia Munawar
R-z2 Salinisation, Alkalinisation and Sodificalion on Irrigated Areas in Nicolas Condom Mar
Pakistan: Characlensation of the geochemical and physical 1997
processes and the impact of irrigation water on these processes by
the use of a hydro-geochemical model {M.Sc Thesis published as
Research Report) _ ‘
R-23 Allemalive Scenatios lor Improved Operalions at the Main Canal Xavier Litnco Mar
Level: A Study ol Fordwah Branch, Chishtian Sub-Division Using A 1997
Mathematical Flow simulation Model(M.Sc Thesis published as
Research Report)
R-24 Surface Imgation Methods and Practices: Field Evaluation of the Ineke Margot Kalwi Mar
Irrigation Processes for Selected Basin Irrigation Systems during 1997
Rabi 1995-06 Season
R-25 Organizing Water Users lor Distributary Management: Preliminary D.J. Bandaragoda Apr
Results from a Pilot Sludy in the Hakra 4-R Distributary of the Mehmood Ul Hassan 1997
Eastern Sadigia Canal System of Pakistan's Punjab Province Zafar Igbal Mirza .
M. Asghar Cheema
Waheed uz Zaman
R-26 Moving Towards Paricipatory Imigalion Management D.J. Bandaragoda May
_ Yameen Memon 1997
R-27 Fluctuations in danal Water Supplies: A Case Study Shahid Sarwar June
H.M. Nafees 1997
M.S. Shafique
R-28 Hydraulic Characteristics of Pilot Distributanes in the Mirpurkhas, Bakhshal Lashari June
Sanghar and Nawabshah Districts, Sindh, Pakistan Gaylord V. Skogerboe 1997
Rubina Siddiqui
R-29 Integration of Agtricultural Commodity Markets in the South Punjab, Zubair Tahir July
Pakistan _ 1097
R-30 Impact of Irrigation, - Salinity and Cullural Practices on Wheat Yields Florence Pintus Aug
in Southeastem Punjab, Pakistan 1997
R-31 Relating Farmers’ Practices to Colton Yields in Southeastem P.D.B.J. Meerbach Aug
Punjab, Pakistan 1997
R-32 An Evaluation of Outlet Calibration Methods: A contribulion to the Arjen During Aug
study on Collective Aclion for Water Management below the QOutlet, 1997
Hakra 6-R Distributary
R-33 Fammers’ use of Basin, Furrow and Bed-and-Furrow Irrigation Nanda M. Berkhout Sep
Systems and the possibilities for traditional fammers to adopt the Farhal Yasmeen 1997
Bed-and-Furrow Irrigation Method. Rakhshanda Magsood
Ineke M. Kalwij
R-34 Financial Feasibility Analysis of Operation and Maintenance Costs Amin Sohani Sep
lor Water Users Federations con three distributaries in Province of 1997
Sindh, Pakistan. :
R-a35 Assessing the Field Irrigation Peformance and Altemative Ineke Margot Kalwij Oct
Managemenl Options for Basin Surace lrrigation Systems through 1997
Hydrodynamic Modelling.
R-36 Socio-Economic Baseline Survey for Three Pilot Distributaries in Yameen Memon Nov
Sindh Province, Pakistan. Mehmood Ul Hassan 1997
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R-37

Socio-Economic Basline Survey for a Pilot Project on Waler Users
Crganizations in the Hakra 4-R Dislributary Command Area,
Runjab.

Muhammad Asghar Cheema
Zalar Igbal Mirza
Mehmood Ul Hassan
Don Jayalissa Bandaragoda

Dec
1997

R-38

Baseline Survey for Famers Organizalions of Shahpur and Mirwal
Small Dams, Punjab, Pakistan.

Muhammad Asghar Cheema
Don Jayatissa Bandaragoda

Dec
1997

R-29

-0

R-09.2

R-29.3

R-19.4

Menitoring and Evaluation of Irrigation and Drainage Facilities
for Pilot Distributaries in Sindh Province, Pakistan

Volume One: Objeclives, Stakeholders, Approaches and
Methodology

M.S. Shalique
B.K. Lashari
M. Akhtar Bhatti
Gaylord V. Skogerboe

Dec
1997

Volume Two: Bareji Distributary, Mirpurkhas District

B.K. Lashar
Waryam Balouch
Ghulam Mustafa Talpur
Muhammad Nadeem
Asghar Ali Memon
Badrul Hassan Memon
- M. Akhtar Bha}ti
M.S. Shafigue
Gaylord V, Skogerboe

Dec
1997

Volume Three; Dhoro Naro Minor, Nawabshah District

B.K. Lashan
Abdul Rehman Soomro
Nizamuddin Bharchoond
Muneer Ahmed Mangrio
Parvez Ahmed Pirzado
Fateh Mohammad Mari

M. Akhtar Bhatii
M.S. Shalique
Gaylord V. Skogerboa

Dec
1997

Volume Four: Heran Distributary, Sanghar District

B.K. Lashar
M. Naveed Khayal
Niaz Hussain Sial
Abdul Majeed Ansari
Abdul Jali! Ursani
Ghulam Shabir Scomoro
M. Ghous Laghari
M. Akhtar Bhatti
M.S. Shalique
Gaylord V. Skogerboe

Dec
1997

R-40

R-40.1

R-40.2

Maintenane Plans for Iririgation Facilitles of Pilot Distributaties
in Sindh Province, Pakistan,

Volume One: Dhoro Naro Minor, Nawabshah District

Abdut Rehman Scemro
Munir Ahmed Mangrio
Nizamuddin Bharcheond
Fateh Muhammad Mari
Parvez Ahmed Pirzado
Bakhshal Lashari
M. Akhtar Bhatli
Gaylord V. Skogerboe

Dec
1997

Volume Two: ‘Heran Distributary, Sanghar District

Abdul Majeed Ansari
Niaz Hussain Sial
Abdut Jalil Ursani

Ghulam Shabir
M. Ghous Laghan
M. Naveed Khayal
Bakhshal Lashari
M. Akhlar Bhatti
Gaylord V. Skogerboe

Dec
1997
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R-40.0 Volume Three: Bareji Distrbutary, Mirpurkhas District Asghar Ali Memon Dec
Waryam Balouch 1997
Ghulam Mustala Talpur
Muhammad Nadeem
Badrul Hassan Memon
Bakhshat Lashan
M. Akbtar Bhatli
Gaylord V. Skogerboe
R-414 Preliminary Business Plans Pervaiz Ahmad Pirzada Dec
Mohsin Khatri 1997
R-41.1 Volume One: Dhoro Nare Minor, Nawabshah Disinct Syed Daniyal Haider
R-41.2 Volume Two: Bareji Distributary, Mirpurkhas Disincl Muhammad Nadeem Dec
Mohsin Khatn 1997
Syed Daniyal Haider
R-41.3 Volume Three: Heran Distributary, Sanghar District Niaz Hussain Sial Dec
Mohsin Khatri 1997
Syed Daniyal Haider
R-42 Prospecis lor Farmer-Managed trrigated Agriculiure in the Sindh D.J. Bandaragoda Dec
Province of Pakistan. Final Reporl. Gaylord V. Skogerboe 1997
Yameen Memon
R-43 Study Tour of Pakistani Pilot Project Farmer-Leaders to Nepal Mehmood Ul Hassan Jan
Yameen Memon 1998
fR-44 Seli-Help Maintenance Activities by the Waler Users Federation of Waheed uz Zaman Feb
Hakra 4-R Distributary 1998
R-45 Semi-Delailed Soil Survey of Chishlian Irrigation Sub-Division Soil Survey of Pakislan Mar
1IMI-Pakistan 1998
R-46 Tenancy and Water Management in Soulh-Eastern Punjab, Annemiek Terpstra Mar
Pakistan 1998
R-47 The Collaboration between the Inlemalional Irmgation Management HEY Apr
Inslitute and Cemagref in Pakistan: Proceeding of a one-day Cemagref 1998
workshop
R-48 Melthodelogies for Developing Downstream Gauge Ratings for Paul Willem Vehmeyer Apr
Qperaling Canal Discharge Regulaling Structures Raza ur Rehman Abbasi 1998
Mushtaq A. Khan
Abdul Hakeem Khan
Gaylord V. Skogerboe
R-49 Community Irrigation Syslems in the Province of Balochistan Olal Verheijen Apr
1998 It
R-50 Modelling Soil Salinity and Sodicity Processes in an Unsalurated M. Aslam Apr
Zone using LEACHM: A Case Study from the Chishtian Irrigation J.C. van Dam 1998
Sub-Division
R-51 Water Measurement Training for Subsystem Management of Hakra Waheed-uz-Zaman May
4-R Distributary by the Water Users Federation Anwar lgbal 1998
Abdul Hamid
Gaylord V. Skogerboe
R-52 Comparison of Different Tools lo Assess the Water Distribution in Mobin ud Din Ahmad May
Secondary Cangls with Ungated Oullets E.G. van Waijjen 1998
' Marcel Kuper
Steven Visser
R-53 Sediment Behavior of Sangro Distributary, Mirpurkhas Sub-division, Gilles Belaud May
Sindh Abdul Hakeem Khan 1598
Ghutam Nabi
R-54 Evaluation of the Integrated Approach Developed in the Context of Patrica Garin May
the IMI-CEMAGREF Collaboration in Pakistan Marcel Kuper 1998
Frederic Labbe

Pierre Strosser
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R-55 Development of a Modified Low-Cost Pitot Tube for Measuring M.S. Shafique June
Pump Discharges Nisar Hussain Bukhan 1998
. M. Mohsin Haleaz
F-40 Institutional and Physical Determinants of Water Management Cris H. de Klein June
Performnance at the Tertiary Level: The Dynamics ol Walercourse Robina Wahaj 1998
M:aintenance in the Pakistan Punjab.
R-57 Formalization of Water Users Associalions by Farmer Leaders of Waheed uz Zaman July
Hakra 4-R Distributary, Nasir Sultan 1998
Bilal Asghar
Muhammad Amjad Kamran
F1-58 Water Batance in Dhoro Naro Minor Cemmand Area Sindh, Bea Keller July
Pakistan Gabor Jaimes 1998
R-50 Performance Assessmenl of the Water Distribution System in the Zaigham Habib July
Chishlian Sub-division At the Main and Secondary Canal Level Marcel Kuper 1998
R-60 Transition from local level Management to State Regulation: Mehmood ul Hassan Aug
Formalization of Water Allocation Rules in Pakislan Abdul Hamid 1998
D.J. Bandaragoda
Ré&t Multiple Uses of Iriglion Waler in the Hakra 6-R Dislributary Wagar A. Jehangir Aug
Command Area, Punjab, Pakistan Muhammad Mudasser 1998
Mahmood ul Hassan
Zulfiqar Ali
A-62 Field Discharge Calibration of Head Regulators, Mimpurkhas Sub- Abdul Hakeem Khan Aug
Division, Jamrao Canal, Nara Circle, Sindh Province, Pakistan Gaylord V. Skogerboe 1998
Rubina Siddigi
Bakhshal Lashan
Zahid Hussain Jalbani
Muhammad Ali Khuwaja
Muhammad Hashim Memon
Wagar Hussain Khokhar
R-63 Training Famers lo Organize Farmers: Lessons Leamed in Social Mehmood ul Hassan Sep
Organization lor Irgated Agriculture at the Hakra 4-R Distnbutary “Zalar lgbal Mirza 1998
_ D.J. Bandaragoda
R-64 Physical Characlenstics and Operational Perfermance of Mirpur Abdul Hakeem Khan Sep
Khas Sub-Division, Jamrao Canal Division, Nara Circle, Sindh RAubina Siddigui 1998
Province, Pakistan Zahid Hussain Jalbani
Muhammad Ali Khowaja
Wagar Hussain Khokhar
Muhammad Hashim Memon
Bakhshal Lasharn
Gaylord V. Skogerbos
R-65 GIS Metadata for an Irrigation System Mobin-ud-Din Ahmad Oct
Yann Chemin 1998
R-65.1 Volume | Chishtian Sub-Division Saiman Asil
Samia Ali
H 60 Volume i1 Sclocled Waletcourses within Chishlian Sub- Samia Ali Ocl
e Division Yann Chemin 1998
Salman Asif
. Mobin-ud-Din Ahmad
R-66 Application of Crop-Based lrrigation Operalions to Chashma Right Juan Caros Alurralde Oct
Bank Canal Carlos A. Gandarillas 1998
Gaylord V. Skogerboe
R-67 A Gender Analysis of Casual Hired Labor in Irrigated Agriculture in Cris H, De Klein Nov
the Pakistan Punjab A 1998
R-68 Pre-Takeover Comparative Perdormance of Waler Users Wahee-uz-Zaman Nov
Organizations of Hakra 4-R Distribulary, Punjab, Pakistan Abdul Hamid 1998
R-69 Preliminary Business Plan for the Water Users Federation of the Mehmood LN Hassan Nov
Hakra 4-R Distributary Mohsin Khatn 1998
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Waterlogging and Salinity Management in the Sindh Province
R-70 _ :
R-70.1 Volhume k Irrigated Landscape: Resource Availability Gauhar Rehman Dec
across the Hydrological Divides: Asghar Hussain 1998
Abdul Hamid t
Amjad Siddique Almas
Mehmooda Tabassum
Muhammad Anas Nomani
Kamaran Yousaf
R-70.t0 Supplement LA; improved Water Management Praclices for the .Muhammad Aslam Dec
Rice-Wheal Cropping Syslems in Sindh 1998
Province, Pakistan
R-70.1b Supplement 1.B: : Farmers' Perspectives on Warah Branch Muharmmmad Akhlar Bhatti Dec
Canal Operalions Abdul Rehman Soomro 1998
Pervez ahmed Pirzado :
Munir Ahmed Mungrio
Gauhar Rehman
R-70.1c Supplement 1.C:  Drainage in the LBOD Project: Operalional Shalqal Haz Dec
Concems and Quality of Pumped Effluent 1998
R.70.1d Supplement 1.0:  Drainage In the LBOD Projecl: Impact Rubina Bult Dec
Assesment Nausheen Munir 1998
Muhammad [Rikhar Bhatli
Amjad Siddique Almas
Gauvhar Rehman
Asghar Hussaln
M. Tariq Soonwo
Mehmooda Tabassum
Kamaran Yousal
R-70.2 Volume |1 The Farming Syslern; Polenlial for Investmenl Wagar A. Jehangir Dec
and Relurns in Sindh, Pakislan Nazim Ali 1598
R-70.3 Volume iN. Slrategy lor Resource Allocations and Abdul Rehman Dec
Managemenl Across the Hydrological Divides Gauhar Rehman 1998






