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Abstract. The Indus basin is one of the regions in the world the use of alternative water resources like the recycling of
that is faced with major challenges for its water sector, due tovastewater and desalination; (4) land use planning and soil
population growth, rapid urbanisation and industrialisation, conservation as well as flood management, with a focus on
environmental degradation, unregulated utilization of the re-the reduction of erosion and resulting sedimentation as well
sources, inefficient water use and poverty, all aggravated bwas the restoration of ecosystem services like wetlands and
climate change. The Indus Basin is shared by 4 countries -patural floodplains. Water demand management options in-
Pakistan, India, Afghanistan and China. With a current pop-clude: (1) the management of conjunctive use of surface and
ulation of 237 million people which is projected to increase groundwater; as well as (2) the rehabilitation and modern-
to 319 million in 2025 and 383 million in 2050, already to- ization of existing infrastructure. Other demand management
day water resources are abstracted almost entirely (more thamptions are: (3) the increase of water productivity for agricul-
95 % for irrigation). Climate change will result in increased ture; (4) crop planning and diversification including the crit-
water availability in the short term. However in the long term ical assessment of agricultural export, especially (basmati)
water availability will decrease. Some current aspects in thaice; (5) economic instruments and (6) changing food de-
basin need to be re-evaluated. During the past decades waiand patterns and limiting post-harvest losses.

ter abstractions — and especially groundwater extractions =
have augmented continuously to support a rice-wheat system
where rice is grown during the kharif (wet, summer) sea-
son (as well as sugar cane, cotton, maize and other crops
and wheat during the rabi (dry, winter) season. However
the sustainability of this system in its current form is ques-
tionable. Additional water for domestic and industrial pur-

Introduction

"The Indus river basin is one of the most depleted basins in
the world (Sharma et al., 2010). During certain periods of
. . . the year, water even does not really reach the sea any more,
Eoses '(Sj re?_uwe_d for_ th? future a_nd ShOtUId _tl)_tre]_made ava!lablﬁwaking it a closed basin (Molle et al., 2010). Already today

y a reduction In irrigation requirements.  This paper gives;; ¢, .qq large problems with respect to water resources. These

a comprehensive listing and description of available optionswiII only become more challenging in the next decades, due

for current and future sustainable water resources managg; : . - ; L
o . . . 0 population growth, rapid urbanisation and industrialisa-
ment (WRM) within the basin. Sustainable WRM practlcesrgon, environmental degradation, inefficient water use and

include both water supply management and water d_ema_n overty (economic water shortage), all aggravated by climate
management options. Water supply management options i Ehange

clude: (1) reservoir management as the basin is characterise Different aspects of the water cycle in the Indus basin have

by a strong seasonal behaviour in water availability (mon- . . )
soon and meltwater) and water demands; (2) water qualit been the subject of several studies, e.g. hydrology and avail-
' d Yable water resources (Winiger et al., 2005; Archer, 2003; Im-

conservation and investment in wastewater infrastructure; (3 erzeel etal., 2010: Kaser et al., 2010), the impact of climate
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1064 A. N. Laghari et al.: The Indus basin in the framework of current and future water resources management

change on glaciers and the hydrological regime (Akhtar etHimalayan landscape character of this part of the basin. Of
al., 2008; Immerzeel et al., 2010; Tahir et al., 2011), agri-the irrigated area (228 694 Km21 % of basin area) about
cultural water demands and productivity (Cai and Sharma$0.9% is located in Pakistan, 37.2% in India, 1.9% in
2009, 2010), groundwater management (Kerr, 2009; Qureshifghanistan and 0% in China. The Indus Basin Irrigation
et al., 2009; Scott and Sharma, 2009; Shah et al., 2006)System (IBIS) is the largest irrigation system in the world.
reservoir sedimentation (Khan and Tingsanchali, 2009), ecoWater demands are thus by far the highest in Pakistan fol-
logical flows and the Indus delta (Leichenko and Wescoatowed by India. The focus of this paper will therefore be on
1993), water policy (Biswas, 1992; Miner et al., 2009; Shahthese two regions.
et al., 2006, 2009; Sharma et al., 2010) and water resources The wettest regions of the Indus basin are on the south-
management (Archer et al., 2010; Qureshi et al., 2009). ern slopes of the Himalaya-Karakoram-Hindu Kush (HKH)
Within the two latter publications the major challenges mountain range (Fig. 2). The high mountain ranges in the
facing the Indus basin were described, as well as recommemorth of the basin — like Ladakh in India — are very dry,
dations for sustainable water management. However, botlas well as the lowlands. The aridity index within the basin
papers have certain limitations. They both focused only onranges from humid to hyper-arid. The glacial area is very
Pakistan, although 40 % of the basin’s surface area is locatetirge, i.e. 37 134 kidaccording to the DCW database (Raup
within 3 other countries. Qureshi et al. (2009) focused onet al., 2000). Within the GLIMS-Database (Armstrong et al.,
groundwater. The recommendations for sustainable wateR005) glaciers from India and Pakistan are missing. The lat-
management within Archer et al. (2010) were far from com- ter is definitely more accurate than the DCW database, which
plete, as not all available options were accounted for. Withinoverestimates the glacial area for the region. Other sources
this latter paper the focus is on water supply managementhat refer to the GLIMS-database indicate within the Indus
options. The part on “water resources management” is nobasin a glacial area of about 22 000kgimmerzeel et al.,
sufficient, and water demand management options are not a®010) or 20 325 krh (Kaser et al., 2010). These values are
dressed. In a world with finite (water) resources the solutionmore realistic estimates.
is not only in supply management but sustainable manage-
ment options require the inclusion of demand managemen®.2 Water balance
practices. The aim of this paper is to give an overview on all
relevant recommendations for the whole Indus basin. General water balance components have been quantified by
This paper gives a comprehensive listing and descriptiordifferent authors and are shown in Fig. 3. Based upon com-
of all available water resources management options andutations from the 2 datasets (GWSP, 2008; Hijmans et al.,
does not restrict itself to the Pakistani part of the Indus basin2005) and values given by different authors (Immerzeel etal.,
Especially the Indian part of the basin is also included in2010; Karim and Veizer, 2002; Mitchell and Jones, 2005),
the analysis. Also the topic of flooding and especially thethe average annual basin precipitation is within the range
massive floods of 2010 are discussed. The paper also givedd2 to 461 mm or 446 to 497 kinfor the periods 1950-
a comprehensive overview on water balance quantities 0b2000, 1961-2000 and 2001-2007. Varis et al. (2012) indi-

tained from different sources, which is currently not available cate that the annual precipitation in the Indus basin is less
in the literature. than 500 mm. The Indian part of the basin receives about the

same volume in precipitation as the Pakistani part. The Chal-
lenge Program on Water and Food (CPWF) identifies sub-

2 The Indus basin stantial higher values of precipitation for the basin, i.e. 762—
824 kn? (Eastham et al., 2010; Harrington et al., 2009). Es-
2.1 General pecially for the mountainous part of the basin the latter au-

thors state much higher precipitation values, e.g. annually
The Indus basin is located in 4 countries, of which the largestL130 mm for the entire Upper Indus basin. This is a very high
part in Pakistan, and substantial upstream parts in Indiayalue as compared to other sources, e.g. Bookhagen and Bur-
China and Afghanistan (Fig. 1). More than 40 % is located atbank (2010) state annually 0.3 m for the Upper Indus basin
an elevation higher than 2000 m a.s.l. The total hydrographi®r Immerzeel et al. (2009) state 340 mm. These amounts are
basin — as defined by the International Water Management Ineoherent with the precipitation map of Fig. 2b, where it is
stitute (IWMI) — has an area of 1 137 819 knOther authors ~ shown that the high mountain ranges in the north of the basin
(Babel and Wahid, 2008; Eastham et al., 2010; Harrington efre very dry.
al., 2009; Hoekstra and Mekonnen, 2011; Jain et al., 2009) Total basin long term average water availability — renew-
indicate an area range from 1080000 to 1218 508 k@f able water resources — (surface and groundwater) adds up
a total population of about 237 million (Fig. 1), Pakistan ac- to 287 kn? (Sharma et al., 2008; IUCN, 2010) or 252 mm
counts for 61 % (145 million) and India for 35 % (83 million). annually. The Indian part of the basin (including the Chi-
Another 4 % (9 million) live in the Afghani part of the basin, nese upstream part) accounts for 9Pkwhereas the Pak-
and the Chinese population is very little due to the roughistani part (including the Afghani upstream part) accounts for
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Fig. 1. (a)Overview of the DEM and location of political borders of the Indus river basin (boundaries based upon topography, as provided by
the IWMI); (b) population density POPD (persons per’-krim 2005 according to CIESIN (2005), POP =total population in 2005 based upon
the GPWv3 dataset (CIESIN, 2005); country codes according to the UN: AFG = Afghanistan, CHN = China, IND =India, PAK = Pakistan.

190 kn®. Basin long term average surface water availability Especially in Pakistan, a substantial part of available wa-
is in the order 239 krh (Hoekstra and Mekonnen, 2011) to ter resources diverted in the IBIS canal system leads to the
258 kn? (Gupta and Deshpande, 2004; Kreutzmann, 2011recharge of the groundwater reservoir. According to Van
Sharma et al., 2008). In India, surface water availability is Steenbergen and Gohar (2005), only 21 % (14kof the
73kn? (Gupta and Deshpande, 2004; Sharma et al., 2008pPakistani replenishable groundwater resources (total 63 km
and the Pakistani part accounts for 175%(Briscoe and  originate directly from rainfall. About 45 % originate from
Qamar, 2007) or 185k (Kreutzmann, 2011). This in- recharge from the canal system, 26 % from irrigation return
cludes 165 ki from the 3 western rivers (Indus, Chenab, flows and 6 % from river recharge. The remaining 2 % origi-
and Jehlum) and 10 kirfrom the eastern rivers (Ravi, Beas, nate from other return flows. The Indus Basin is underlain by
and Sutlej). Afghani surface water availability is 25km an extensive unconfined aquifer that covers 16 million ha of
(Qureshi, 2011) and is included in the latter Pakistani vol-surface area, of which 6 million ha are fresh and the remain-
umes. Replenishable groundwater resources in India aréag 10 million ha are saline (Qureshi et al., 2008).

27 kn? (Sharma et al., 2008) and in Pakistan 6 3KBriscoe Irrigated agriculture currently accounts for more than 95 %
and Qamar, 2007; Qureshi, 2011). There is an overlapof blue water withdrawals in the Indus basin (Fig. 3). The
between available surface water resources (about 28p km major agricultural zones are located in the Pakistani and In-
and replenishable groundwater resources (about 160 km dian provinces of Punjab (Fig. 4). Also the Sindh province
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Fig. 2. Climatology within the Indus basina) major climatic zones 1950-2000 — théppen-Geiger system of climate classification
(Kdppen, 1936) adapted according to Hijmans et al. (2005) by de Bie (2Q)@yerage annual precipitation (mm) for the period 1950—
2000, according to Hijmans et al. (200%}) average annual potential evapotranspiration PET in mm (interpolated surface from FAOCIim-
Database) calculated as ETo after the FAO Penman-Monteith equation (Allen et al., @()%®)dity index (Al=PET/P) as defined by
UNEP (1992).

in Pakistan is an important agricultural area as well as theemaining 89 % returns to the system. Industrial water is re-
Indian province of Haryana; the major irrigation system is turned at 91 % back to the system. There is also a large gap
located in these regions. The harvested area of the threbetween water withdrawals for irrigation and actual water
crops wheat, rice and cotton represent 77 % of the area ofonsumed for crop production. Dependent on the source and
all crops harvested under irrigation (33 million ha) (Fig. 4). the assessed period, water consumption by crops in the whole
Total water withdrawals in India add up to 98RrtSaleth  basin is estimated in the range 117 to 143K@WSP, 2008;
and Amarasinghe, 2009), of which 94 &ris for irrigated  Immerzeel et al., 2010; Mekonnen and Hoekstra, 2010b).
agriculture (55 kr or 59 % as groundwater, 39 Bor 41%  Harrington et al. (2009) estimate much higher values. To-
as surface water). Total water withdrawals in Pakistan addal crop consumption in India amounts to 35%ifSaleth
up to 180 knd (Briscoe and Qamar, 2007; Qureshi, 2011), of and Amarasinghe, 2009) for 94 Bmvithdrawn. The total
which 128kn? (71 %) as surface water and 52 &r29 %) consumption in the Pakistani part for irrigation ranges from
as groundwater. However, as indicated before the distinc69 kn® to 99 kn? (GWSP, 2008; Kreutzmann, 2011). Irri-
tion between both is not absolute. A large fraction of the gation efficiencies are low. Much of the surface water that
replenishable groundwater originates from surface water. Irenters the system is wasted (also to groundwater recharge).
the Afghani part of the basin about 10 Riare withdrawn, of ~ This is responsible for the continuous shortage of irrigation
which 96 % is for irrigated agriculture. Water abstractions in water in Pakistan and especially in tail-enders such as the
the Chinese part of the basin are neglectable. Sindh province. Pakistan is close to using all its available
Water consumption values (Fig. 3) show that only aboutwater resources in most years in the current situation. Of
11% of domestic water in the basin is consumed, thethe replenishable groundwater resources of 63 6@ km?
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Fig. 3. Average annual water balance data of the Indus basin, based upon different saRircpsecipitation; RWR =renewable water
resources; GW =ground water; SW = surface water. Values calculated by means of GWSP (2008) data are referred to as (1). Data sources
precipitation (1) and Hijmans et al. (2005), Immerzeel et al. (2010), Karim and Veizer (2002), Mitchell and Jones (2005); total RWR (UNEP,
2009; Sharma et al., 2008); national RWR (IUCN, 2010; Sharma et al., 2008); total SW (Hoekstra and Mekonnen, 2011; Sharma et al., 2010);
national SW (Briscoe and Qamar, 2007; Gupta and Deshpande, 2004; Kreutzmann, 2011; Qureshi, 2011; Sharma et al., 2008); national GW\
(Briscoe and Qamar, 2007; Indian M.\W.R., 2011; Qureshi, 2011; Sharma et al., 2008); total water withdrawal/consumption irrigation (1) and
Immerzeel et al. (2010) and Mekonnen and Hoekstra (2010b); national water withdrawal/consumption irrigation (1) and Kreutzmann (2011)
and Saleth and Amarasinghe (2009); total water withdrawal/consumption domestic and industrial (1) and Sharma et al. (2010); national water
withdrawal/consumption domestic and industrial (1); remaining river flow (1) and Briscoe and Qamar (2007), Karim and Veizer (2002) and
Kreutzmann (2011); storage reservoirs based upon the dataset (Lehner et al., 2008)

is used. Of the available surface water resources of 125 km  The remaining river flow to the sea ranges from 35 to
about 75 %, is withdrawn. In a system with little storage and64 kn?® (Briscoe and Qamar, 2007; Karim and Veizer, 2002;
considerable variability, average values can however be deKreutzmann, 2011).
ceptive. Summer or monsoon crops (kharif, autumn harvest)
and winter crops (rabi, spring harvest) have different de-
mands and water availability during these periods also differ3 Major challenges
Mekonnen and Hoekstra (2010b) calculated both the blue i
water consumption (irrigated consumption) and green wa-1 Introduction

ter consumption of crops in the Indus basin. Large regIonSMajor challenges are foreseen for the water sector in the In-

within the basin — with extensive agriculture — are rainfed. . S
I ) us basin. The region is under extreme pressures of popu-
Irrigation of wheat, rice, cotton and sugarcane crops account__: e

ation and poverty, unregulated utilization of the resources

for 90 % of the total blue water consumption in the basin

(Fig. 3). The same crops and maize account for 67 % of totaf.lnd IO.W !evels of p_rogluctlv_lty (Sharma etal, 201.0)' Popu_la-
o ! ion within the basin is projected to increase — with resulting
green water evapotranspiration in the basin.

higher water demands — and changes in water availability are
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Fig. 4. Crop area (“ca” — net area) and harvested area (“ha” — gross area) within the Indus basin statistics based upon MIRCA2000-
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according to Siebert et al., 200%) total harvested area of both irrigated and rainfed crops as percentage of cdlt predative contribution

(%) to total harvested area by irrigated crops and rain fed c(dpsyop area and harvested area (iff @) for all crops within the regions;

(e) crop area and harvested area under irrigation (ﬁh‘e() for the 5 main crops — wheat, rice, sugarcane, maize and cotton.

predicted (Archer et al., 2010). On the short term climateand the Indus delta, but also to prevent further salt water in-
change is expected to have a positive effect on available watrusion in the delta; and tension between riparian countries.
ter resources, however, on the long term this effect will beThe first 4 challenges are discussed more in detail within the
negative. The following gives an overview of challenges for following Sects. 3.2 to 3.5. The section with recommenda-
the Indus basin: tions (Sect. 4) will however answer to all listed challenges.

— Water resources changes due to climate change. .
g g 3.2 Water resources changes due to climate change

— Population increase and increased urbanisation and in-
dustrialisation, resulting in higher water demands for Water from the sparsely inhabited upstream mountains in
domestic and industrial purposes, food production andthe Indus basin is essential for the densely inhabited semi-
energy. to hyper-arid lowlands (Fig. 2) with its extensive irrigation
) . system. In many basins with mountainous regions, the sea-
— Ashift from surface water to groundwater use resulting g5 storage of water in snow and ice is very important for
in rapid depletion of groundwater resources —an obsery, s |gwlands, so that water resources management analy-
vation made for both the Indus and Ganges basins.  goq need to be conducted on at least a seasonal level (Van-
— Flooding ham et al., 2008). Also basins with monsoonal regimes like
the Indus basin require water resources management anal-
Other challenges include the low water productivity in food yses on at least a seasonal level (Vanham et al., 2011b),
production at particular locations; a declining reservoir stor-as both available water resources and water demands (Van-
age due to sedimentation; water logging and salinity, lossham et al., 2011a) fluctuate over time. Total surface water
of productive agricultural land, land degradation, contami-availability in the basin has its peak in the summer months
nation of surface and groundwater resources; an increase ifkharif) whereas water availability is generally lower during
environmental flows to sustain ecosystems within the riversthe winter months (rabi) (Fig. 3). During the winter months
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November to February, average monthly surface water availis in contrast to the prevailing notion that all glaciers in the

ability is about 10 krd whereas during the summer months HKH are retreating. Basically glaciers in the Central Karako-

July to September this value is larger than 3Gkin systems  ram are stagnating or even expanding, whereas glaciers in

with considerable water availability and demand variability, the Afghani part and the western Himalayas part of the Indus

averages can therefore be deceptive. basin are retreating. An overview on this situation is given in
Immerzeel et al. (2010) showed that meltwater is ex-Fig. 5.

tremely important in the Indus basin. For the present day cli- There is general consent that in the Indus basin climate
mate, discharge generated by snow and glacial meltis 151 %hange will result in increased water availability in the short
of the total discharge naturally generated in the downstreamierm. However in the long term water availability will de-
areas. About 40 % of the meltwater originates from glaciers,crease. Immerzeel et al. (2010), for example, indicate a de-
60 % from snowpack. Also Kaser et al. (2010) stress the im-crease in mean upstream water supply from the upper Indus
portance of glacial melt water to the Indus flow, as well as(—8.4 %) by 2046—2065 with respect to the reference period
Tahir et al. (2011). Bookhagen and Burbank (2010) calcu-2000-2007. The authors indicate that these changes are con-
lated the meltwater contribution to annual discharge for thesiderable, but they are less than the decrease in meltwater
major southern Himalayan catchments where the rivers ﬂOV“production would suggest, because this reduction is partly
into the plains (at the foot of the Himalayas): 66 % for the In- compensated for by increased mean upstream rainfall (In-
dUS, 25 % for the Jhelum, 43 % for the Chenab, 16 % for thedus +25 %) Regarc“ess of the Compensating effects of in-
Ravi, 21 % for the Beas and 57 % for the Sutlej river. Further creased rainfall, summer and late spring discharges are even-
downstream these fractions become smaller. The regimes ifhally expected to be reduced consistently and considerably
the basin are (Archer, 2003): around 2046 to 2065 after a period with increased flows due
. . . . . to accelerated glacial melt. The authors also analyzed an ex-
B 'gnnt';]lzl r;e(g;mg ;E ;nelggclfr]let;trl:gvf/smtehgﬂroev;tgsf c(:a:r?t?irt])tu treme scenario in_ which all glaciers are assumed to hav_e di_s-
tion to total flow comes from this'regime appeared, for which the Indus shows the largest reduction in
' water availability of all major Himalayan rivers. Mukhopad-
hyay (2012) states similar conclusions. According to the
author, global warming is expected to dramatically alter the
flow regime of the Upper Indus river. The predicted change
— A rainfall regime dependent on runoff from rainfall in flow regime is an initial increase in summer flows in the
mainly during the monsoon season. This regime domi-early decades of 21st century followed by a sharp decline of
nates on the southern foothills of the Himalayas (Fig. 2) the same during the latter parts of the century. Similar results
and also over the plains but with much reduced totalwere found for the Sutlej river (Singh and Bengtsson, 2004).

amounts. Although the effects of climate change will not be as vis-
Climate ch il definitelv affect the t land i Iible in the short term, they will be prominent on the long
imate change will detinitely afiect the temporal and spatialyy ., - pequced water availability will be the most profound

availability of water resources. A listing of potential effects during the spring and summer months. Water from the snow
and studies conducted on the three hydrological regimes i : : ; ' X

. : nd glacier melt will r earlier than the main monsoon
given in Archer et al. (2010). Also Immerzeel et al. (2010) ?ILO\?vsg acler melt appear earlier than the ma onsoo

indicate that upstream snow and ice reserves of the Indus

basin, important in sustaining seasonal water availability, are ) )

likely to be affected substantially by climate change, but3-3 Increase in population

to what extent is yet unclear. A new study by Scherler et

al. (2011) actually indicates that debris coverage may be &Vater demand increases for domestic and industrial pur-
missing link in the understanding of the decline of glaciers poses, food production and energy relate primarily to the
in the HKH. Controversy about the current state and futurepredicted population increase in the basin, associated with
evolution of Himalayan glaciers has been stirred up by erro-an increase in urbanisation and industrialisation but also an
neous statements in the fourth report by the IPCC. Accord-increase in living standards. The current population in the
ing to Scherler et al. (2011), glaciers in the Karakoram re-basin of 237 million is projected to grow to 319 million in
gion are mostly stagnating. This anomaly was already de2025 and 383 million in 2050 (medium population estimates)
scribed by Hewitt (2005). However, glaciers in the West- or 336 million in 2025 and 438 million in 2050 (high popu-
ern, Central, and Eastern Himalaya are retreating. Half oflation estimates) (Fig. 6). Substantial population increases
the studied glaciers in the Karakoram region are stable oare predicted in all Pakistani and Indian Indus basin regions.
even advancing, whereas about two-thirds are in retreat elsé<abul is located in the Indus basin, and its population has
where throughout High Asia. Also Tahir et al. (2011) con- tripled in size since late 2001, to approximately 4.5 million
cluded a rather slight expansion of cryosphere during the pepeople, making it perhaps the world's fastest-growing city
riod 2000-2009 in the Hunza basin in the Upper Indus. Thisin the last eight years (Lashkaripour and Hussaini, 2008;

— A glacial regime at very high altitudes with river flow
closely dependent on summer temperatures.
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Many glaciers in the

Central Karakoram show a positive

mass balance, while most glaciers in the
adjacent parts of the Karakoram to the North
and West continue to decrease

The glacier area in Afghanistan
and surrounding regions decreases

The vast majority of
studies on glaciers

in the Western
Himalayas show
_retreating snouts

and decreasing
glacial mass balances

glaciers

Fig. 5. Glacier behaviour in the Upper Indus Basin. Data source of Karki et al. (2011).

Setchell and Luther, 2009). The number of people that live However, the main change came by the independent deci-

in the Chinese part of the basin is extremely low. sion of farmers to use groundwater as a substitute or to sup-
_ plement for direct surface water irrigation. The explosion
3.4 Shift from surface water to groundwater use in the installation of private tubewells within the Pakistani

) ) provinces in the Indus basin is shown in Fig. 7a. With a to-
During the last decades there has been a shift from surfacgy ot apout 822 000, more than 85 % of private tubewells

water resources to groundwater resources within the Indug,e cyrently located in the Punjab province. Especially after
basin, for irrigation but also for domestic and industrial pur- 1g9q the increase in private tubewells went extremely fast.
poses. On demand availability of groundwater has transy, 5005 the total amount was almost 1 million. The amount
formed the concept of low and uncertain crop yields (be-t nyplic tubewells was only 20000 (GOP, 2005). As a re-
fore predominantly fed with surface water) into more as- g it groundwater abstraction in Punjab from 1965 to 2002
sured crop produgt!on (Qureshi et al., 2009). The availability, 15 increased from 9 Khto 45 kn? (Qureshi et al., 2009).
of inexpensive drilling technologies allows even poor farm- e total groundwater withdrawal in the Pakistani part of the
ers to access groundwater. Over 80% of the groundwatef,,qin currently amounts to 52 BnfFig. 3). In the Indian
exploitation in Pakistan takes place through small capacitysiates of the Indus basin the same observation can be made.
private tube wells. During the last decades, the number Ofiq re 7 shows the changes in net irrigated area under sur-
tube wells in the main agricultural zones of the Indus basing, -« \water and groundwater from 1993-1994 to 2000-2001
has increasc_ad dramatically. By the early 19603,_ an estimatef, the main provinces of the Punjabs and Sindh. Over this pe-
23 % of Pakistan's land suffered from waterlogging and cropyjog for example, the net irrigated area under surface irriga-
root zone salinity. Initial response was through the SCARP+;q, i pakistani Punjab decreased from 4.2 to 3.7 million ha
project, which aimed at lowering the groundwater table by (jecrease of 12 %) and the net irrigated area with groundwa-
means of the instalment of 13500 publicly owned and oper-gy jncreased from 8.8 to 10.3 million ha (increase of 18 %).
ated tubewells (Qureshi et al., 2008). The same observation is made in Sindh and Indian Punjab.
In the latter the net irrigated area under surface irrigation
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450 - 438 between extraction and replenishment. Water tables are
[ | falling at alarming rates, both on the Pakistani (Qureshi et
400 383 ik al., 2009; Tiwari et al., 2009) and Indian sides (Rodell et
350 | 379 33° o I o ARG al., 2009; Sundarajan et al., 2008; Tiwari et al., 2009).
e OdR. For the Indus basin Tiwari et al. (2009) estimated a change
300 - . 1
I 1K, (loss) of terrestrial water storage of about 10%m? be-
250 | 237 I HPr  IND tween April 2002 and June 2008. The Indian Ministry of
56, = = Raja. Water Resources (Indian M.W.R., 2011) lists for the Indian
l i faegs states of Punjab and Haryana an annual overdraft of 9.89 km
150 u 1. Punj. (stage of groundwater development 145 %) and § kstage
100 1 oPR ] of groundwater development 109 %), respectively. Excessive
B lowering of the groundwater table has made pumping more
50 i RS expensive. As a result, many wells have gone out of pro-
o1 - QUctlon, yet the water table continues to decline and salinity
- increases.

2005 2025 2025 2050 2050

. . A factor which also contributed to the increase in ground-
me hi me hi

water withdrawals is simply the increase in cropped and irri-
Fig. 6. Population projection data for the different regions within gated areas during the past decades as well as the increased
the borders of the Indus basin for 2025 and 2050. The regiongultivation of more water intensive crops like rice, cotton
and their codes are displayed in Fig. 4; me=medium popula-and sugarcane. The harvested area of these crops accounted
tion increase estimate; hi=high population increase estimate; datfor 20 % 13% and 3 %, respectively, of all harvested area
sources: UN (2011) for PAK, AFG and the Indian states of Hi- ynder irrigation in the year 2000 (Fig. 4). The principal
machal Pradesh, Jammu and Kashmir and other regions, Mahregions where these crops are grown are the both Punjabs
mo_od and Kundu (2008) for the Indian states Punjab, Haryana an%nd to a lesser extent Haryana and Sindh. The irrigation of
Rajasthan. these 3 crops accounts for 28 % 19 % and 13 %, respectively,

of the total blue water consumption in the basin (Fig. 4).

These values show their water intensive nature as compared
decreased from 1.3 to 1.0 million ha (decrease of 25 %) ando the harvested areas. Figure 8a shows the increase in both
the net irrigated area with groundwater increased from 2.6 tahe area (million ha) and production (milliont) of rice (bas-
3.1million ha (increase of 17 %). Also Shah et al. (2009) in- mati and other varieties) in Pakistani Punjab from 1987—
dicate that in Pakistan’s Indus Basin Irrigation System, the1988 to 2004—2005. Note the increasing gap between area
area irrigated with tubewells increased during 1990-2006 byand production due to increased yields. Punjab accounts for
38 % while that under flow irrigation declined by 11 %. Pub- more than 50 % of the total rice production and more than
lic irrigation is shrinking rapidly, whereas private irrigationis 90 % of the total basmati production in Pakistan. About 70—
growing rapidly. The IBIS is a gravity run system with mini- 80 9% of rice produced in the province is basmati. However,
mum management and operational requirements (Qureshi @4rge quantities of rice produced in Pakistan are for export
al., 2009). lIts operation is based upon a continuous wate(Fig. 8b). From 2001 to 2005, about 40-60 % of all rice pro-
supply and is not related to actual crop water requirementsguced in Pakistan was exported. Basmati exports increased
Despite significant increases in storage capacities, itis essefirom 0.6 to 0.9 million t during that period.
tially a supply-based system. It can thus not accommodate
changing water demands during the crop season. Ground.5 Flooding
water exploitation has enabled many farmers to supplement
their irrigation requirements and to cope with the uncertain-Flooding has always been an issue in the Indus basin (Tariq
ties of surface supplies. The access to the natural buffer oand van de Giesen, 2011). Monsoon rainfalls are the main
groundwater resources has helped poor farmers not only teource of floods in the basin. High flows are experienced in
increase their production and incomes, but also enhance thegummer due to the increased rate of meltwater and monsoon
opportunities to diversify their income base and to reducerains. The nature of flooding varies according to geography.
their vulnerability against seasonality of agricultural produc- Fluvial floods in the Indus plain prove most devastating, as
tion and external shocks such as droughts. This is a first reate terrain is flat, densely populated and economically devel-
son for the drastic increase in groundwater use: the inabilityoped. Hill torrents (flash floods) are the second most destruc-
of the large irrigation systems to meet the variable and on-ive type of flood.
demand nature of the farmers’ water requirements, as well as The July—August 2010 floods in Pakistan were one of the
their poor maintenance and management. greatest river disasters in recent history (Gaurav et al., 2011,

However, current groundwater exploitation rates are un-Houze et al., 2011; Mustafa and Wrathall, 2011; Webster

sustainable in many regions. There is a large imbalanceet al., 2011). More than 20 million people were affected,
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Fig. 7. (a)Increase in private tubewells in the main Pakistani provinces of the Indus Basin. Data source: GOR((20@%5)rrigated area

under surface and groundwater irrigation for the periods 1993-1994 and 2000-2001 for the 3 provinces Sindh, Pakistani and Indian Punjab.
Data Source: Shah et al. (2009) for Pak. Punjab and Sindh; Minor Irrigation Census 1993-1994 (Government of India, 2001; CWC, 2010)
for Indian Punjab.

almost 2000 lost their lives and financial damages were in theluring monsoonal seasons and slowly releasing them again.
range of 40 billion dollars (Webster et al., 2011). Although Change in flow regimes due to low flows in eastern rivers
excessive rainfall has been cited as the major causative faafter the Indus Water Treaty and enhanced flood protection
tor for this disaster (Houze et al., 2011; Tarig and van demeasures have attracted economic activities and settlements
Giesen, 2011), the human interventions in the river systemin the floodplains, in a country with an increasing population
over the years made this disaster a catastrophe (Gaurav et ahnd substantial poverty. Vulnerability on such locations has
2011). Also its geomorphic character with a high sedimentincreased due to a false sense of safety. Due to increased
load, typical for many Himalayan rivers, adds to the extentsettlements and constructions in the floodplains, water that
of the catastrophe and the unpredictability of the river. As aenters the inundation zone has its drainage path back to the
matter of fact, Gaurav et al. (2011) compare the 2010 Indusnain river interrupted by levees, roads, railway lines and
floods to the Kosi disaster in 2008 in India because of manycanal embankments. The result is that water does not drain
similarities. The average annual sediment load — originatingoack. The relationship between anthropogenic environmen-
from the relatively young Karakoram and Himalaya moun- tal degradation and catastrophic flooding is well documented
tains ranges — of 291 milliont per year (Gaurav et al., 2011),(Mustafa and Wrathall, 2011). Conversely, we know there
ranks the Indus as one of the highest sediment load carryings an established link between healthy watersheds with flow
rivers in the world. capacity — wetlands, marshes, estuaries and mangroves —and
Geomorphic analysis suggests that the Indus River has haffiood mitigation. This disaster has stressed the urgent need to
a very dynamic regime in the past. However, the river hasmove from “river control” to “river management” strategies.
now been constrained by embankments on both sides, cuffhe latter will be discussed in the following Sect. 4.1.4 “Land
ting it off from its natural floodplains. Barrages and dams use planning and soil conservation; flood management”.
were built. Flood control strategies on Himalayan rivers are
primarily embankment based. Therefore the river has been
accumulating sediment and aggrading rapidly during the las## Recommendations in the framework of water
decades, making it a “superelevated river” in several reaches, resources management (WRM)
which is considered to be prone to avulsion. Deforestation
in the basin has led to increased erosion and sedimentatiohiterature on solutions and alternative policy options for fu-
(Da Silva and Koma, 2011; Ali et al., 2005), as well as fasterture sustainable WRM in the Indus Basin and India in general
flood runoffs. The draining of natural wetlands has increasednclude (Gupta and Deshpande, 2004; Kumar et al., 2005;
flooding. The wetlands that once surrounded the Indus RiveSharma et al., 2010; Thakkar, 2008). Sustainable WRM
tamed floods, by regularly taking up parts of flood waters practices include the management of water supply and the
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Fig. 8. (a)Area (million ha) and production (milliont) of rice (basmati and other varieties) in Pakistani Punjab from 1987-1988 to 2004—
2005. Data source: GOP (200%)) total production and export of rice (basmati and other varieties) for Pakistan from 2001-2002 to
2005-2006. Data source: GOP (2005).

managing of water demands. Applicable practices for the Intemaining reservoir volume (26 éhis located in Pakistan,
dus basin are discussed in the following sections. Section 4.&specially in the reservoirs of the Tarbela Dam (13.§xom

discusses water supply or availability management, Sect. 4.the Indus River, Mangla Dam (7.3 &non the Jhelum River
water demand management and Sect. 4.3 discusses the togiad Kalkri Lake (2.5 k). However, a decline of reservoir

of international collaboration. storage due to sedimentation is observed in the Indus basin.
The Indus River and its tributaries carry a very high sedi-
4.1 Water supply-availability management ment load which has seriously affected the storage capacity
of these dams (Archer et al., 2010). The live storage capacity
4.1.1 Reservoirs, rain water harvesting and artificial of the Indian dams is estimated to be 16.FK@WC, 2010).
ground water recharge (AGWR) Sedimentation resulted in a reduction of 28% in the initial

capacity of 13.9 krh of Tarbela — commissioned in 1978 —

Due to the monsoonal characteristic of precipitation and theby 2000 and the useful life of the dam is now estimated to be
seasonal character of melt water flow in the basin as well a85yr (Archer et al., 2010). Similarly, the capacity of Mangla
the seasonal changes in crop water demands, the storage -efcompleted in 1967 — was reduced by 20 % by 2007, al-
water and rain water is essential. In a system with little stor-though a current project to raise Mangla will soon restore
age and considerable variability in both water demand andhe capacity to an amount greater than when originally con-
water availability, average water balance values can be destructed (Archer et al., 2010). Of a total volume of 48.7km
ceptive. In the past large reservoirs have been built (e.g. thabout 39k is currently available (when the Mangla vol-
Tarbela Dam) and farmers gradually shifted from surface wa-ume is supposed to be 100 % active). Replenishable ground-
ter usage to groundwater for irrigation to cope with these natwater resources amount to a volume of 272kmIndia and
ural conditions. The use of the natural buffer of the ground-63 kn® in Pakistan (Fig. 3). When the latter are regarded
water reservoir has, however, led to an unsustainable fall ofis natural buffer or reservoir, the total reservoir volume is
the groundwater table, draining aquifers faster than natural29 kn?. Nevertheless, unless new storage dams are built
processes can replenish them (Qureshi et al., 2009; Rodell ¢here will be a progressive reduction in active storage, which
al., 2009; Tiwari et al., 2009). will seriously limit the capacity to transfer surplus summer

The 25 largest reservoirs in the basin represent a volum#ow to the winter (wheat) crop and downstream irrigation
of 48.7kn? (Fig. 3) — based upon the dataset of Lehner etWwill return to run-of-river management. As described in the
al. (2008). Of this volume 22.2 kiis located in India, es- Sect. 3.2 “Water resources changes and climate change”, on
pecially in the reservoirs of the Pong Dam (8.6%ron the  the long term there will be a substantial reduction of water
Beas River, Bhakra Dam (9.6 Enon the Sutlej River and availability during spring and summer. To compensate this,
Thein Dam (3.7 krA) on the Ravi River. In Afghanistan an increase in water storage is required. The loss of existing
the two included dams represent a volume of 0.68kifhe  storage volume due to sedimentation needs to be reduced to
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a minimum by means of land management measures as d&vithdrawn for domestic and industrial purposes in the Indus
scribed in the following Sect. 4.1.4 “Land use planning andBasin is 8.8 km (Fig. 3). Water consumption values show
soil conservation; flood management”. that only about 11 % of domestic water in the basin is con-
Reservoir management needs to be sophisticated to maxsumed, the remaining 89 % returns to the system. Industrial
mize yield from a given catchment and storage combinationwater is returned for 91 % back to the system. In other words,
the desire to minimize evaporative losses, and the demand fof.9 kn? of wastewater is returned to the system of which
optimum water quality outcomes. There should be a multi-only a small fraction is purified. In order to maintain quality
purpose controlled management for hydropower generationstandards of the receiving water bodies, massive investments
other uses and flooding control. need to be made. Water quality conservation includes the im-
Apart from these multipurpose dams, decentralised rainflementation of water pollution prevention strategies (legis-
water harvesting can have a small impact in the Indus basinlation, polluting taxes, ...) for the different polluters (Kumar
Rainwater harvesting also prevents soil erosion, an esseret al., 2005). Society and individuals in the riparian coun-
tial matter in the basin. It can focus on (1) capturing watertries should have a greater knowledge and ability to bring
for domestic use (e.g. by rooftop rainfall collection); (2) re- about the required changes and mentality.
plenishing green water (e.g. through stone bunds on the con- Deteriorating groundwater quality is also a big issue in the
tour line); or (3) increasing blue water availability locally Indus basin. The quality of groundwater in the basin varies
(e.g. through small check dams that increase recharge tfrom fresh to saline. Salinity remains a serious problem es-
the groundwater or store water in small reservoirs). Decenpecially in the irrigated areas of the Sindh province, where
tralised water harvesting is definitely an important factor for much of the groundwater is naturally saline (of marine ori-
poor communities. gin) and thus unsuitable for irrigation as a substitute for canal
If suitable aquifers are accessible, AGWR has many benwater. The joint management of surface and groundwater is a
efits when compared to other storage options, e.g. lowkey requirement. Farmers need to be educated about suitable
evaporation rates, natural treatment and storage capacity terops that can be grown under the conjunctive management
buffer seasonal supply and demand variations. Basically thef surface water and groundwater resources (Qureshi et al.,
aquifers in the Indus basin have large reservoir capacities2009). In the Punjab provinces farmers largely rotate crops
The observed gradual depletion of the ground water tableof wheat and paddy over the year. Since the Green revolu-
can be (partly) compensated by AGWR. It can compensatdion these intensive monocultures of wheat and paddy have
for the lack in reservoir storage which is highly vulnerable to displaced other crops. The immediate impact of intensive
sedimentation. This storage has to be conducted in the framenonoculture cultivation practices is seen on the soils, farm-
work of IWRM. Also, Qureshi (2011) indicate that aquifer ers have started using much larger doses of chemical fertilis-
management is considered as the most effective way of esers and pesticides in the last 50yr. After Andhra Pradesh,
tablishing a balance between discharge and recharge conper hectare application of fertilisers is the highest in Indian
ponents. In recent years, India has taken serious steps to uginjab. These substances have contaminated water bodies.
harvested rainwater to recharge its aquifers and recently alloAdditionally, groundwater in the Punjab is contaminated by
cated significant funds in the central government budget forurban runoff, seepage from contaminated industrial sites, and
further promotion of the practice. industrial discharges (Singh, 2001). A more green approach
Natural floodplains of the Indus and its tributaries shouldin farming is required and the policies that impose them.
be maintained as much as possible. This topic is discusse@uantification and timing of fertilisation has to be managed
in the Sect. 4.1.4 “Land use planning and soil conserva-<carefully in order to avoid water pollution.
tion; flood management”. With sustainable floodplain man-
agement, large water quantities of monsoon floods could*.1.3 Use of alternate water resources
be temporarily stored and groundwater reservoirs thereby

replenished. Alternate water resources include the recycling of wastewa-
ter and desalination. Since both domestic and industrial wa-

4.1.2 Water quality conservation and investment in ter demands will increase substantially in the basin, so will
wastewater infrastructure the potential for recycled wastewater. As discussed in the

previous section, about 90 % of water withdrawn in the In-
The conservation of water quality and investment in wastew-dus basin for domestic and industrial purposes is returned
ater infrastructure are a necessity in order to maintain theo the water system (7.9 khof wastewater), predominately
already quantitative scarce water availability. Especially thewithout purification in a treatment plant. The present water
wastewater generated by municipalities, cities and industriesvithdrawals for municipal and industrial uses in the whole
should be purified before discharging them again in the re-of Pakistan are 5.4 kin This demand is expected to increase
ceiving water bodies. In 2000, total wastewater produced into about 14 km by the year 2025 (Qureshi, 2011). Also in
Pakistan was estimated at 12.33%while treated wastewa- the Indian and Afghani parts of the basin domestic and in-
ter was estimated at 0.135 Rpthis is only 1 %. Total water  dustrial withdrawals will increase. The potential for recycled
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wastewater is therefore substantial. A general discussion oKoma, 2011). Current forests should be maintained and re-
recycling of wastewater in India is given by Kumar (2009). forestation should be considered as an option to reduce ero-
A role model in sustainable urban water management andion, especially in the mountainous regions of the basin to
recycling of wastewater can be seen in Singapore (Vanhamgontrol flash floods. Erosion can also be reduced within
2011). The city state has invested and still is investing mas-agricultural zones by particular resource-conserving agricul-
sively in a sustainable self-sufficient water supply system.tural practices. For an overview on such practices refer to
Singapore aims at being self-sufficient in its water supply byBossio et al. (2010). These include agroforestry (the incor-
effective measures like water recycling (NEWater) and de-poration of trees into agricultural systems) or conservation
salinization, amongst others. Water purification is 100 %. Byagriculture (which combines non-inversion tillage (minimum
2060, the city plans to increase the current NEWater capacityr zero tillage in place of plowing) with mulching or cover
so that NEWater can meet 50 % of future water demand. Al-cropping and crop rotation).
ready today citizens are drinking recycled wastewater. The The 2010 floods in the Indus Basin stressed the urgent
water cycle of the city is becoming more and more closed.need to move from “river control” to “river management”
Singapore has, of course, the financial and technical meanstrategies (Gaurav etal., 2011). Alternatives to embankments
to implement such a system. Nevertheless, the city showfor flood management must be implemented with an empha-
sustainable solutions, which could also be implemented irsis on the “living with the flood” concept. Floodplain zoning
the future in cities throughout the Indus Basin. and mapping projects need to be completed on priority basin

The use of domestic and industrial wastewater for irri- (Tarig and van de Giesen, 2011; Gaurav et al., 2011). Basin-
gation also creates possibilities for irrigating crops. Not scale flood risk maps should be based on historical data as
only will greater benefits be generated per unit of water di-well as modelling approaches. They could be linked to an
verted from a freshwater source, but some of the nutrient®nline database and flood warning system.
required to produce crops also will be recycled at a cost that Where possible wetlands should be restored and inunda-
is smaller than continuously developing new supplies. How-tion zones should be implemented. In the past, wetlands have
ever, wastewater irrigation also creates health risks for farmgenerally been considered as wastelands, and have been used
ers, their families, and consumers. An overview on the differ-for drainage of water, reclaimed for agriculture, or treated as
ent aspects of wastewater for irrigation is given by Wichelnsdumping grounds for all kind of refuse (Briscoe and Qamar,
and Drechsel (2011). With increasing water withdrawals for2007). Both wetlands and inundation zones would have a
domestic and industrial purposes, this issue offers a lot of optarge impact in moderating high flow peaks, in addition to
portunities as generally 90 % of withdrawn water is returnedproviding important ecosystem services such as groundwa-
to the system. When the bulk of this returned water is useder recharge and biodiversity benefits (Mustafa and Wrathall,
for irrigation, a required reduction in irrigation requirements 2011). People living in such inundation zones could be relo-
to meet other future demands will be not so substantial. cated after fair and just compensation. Water managers and

In the Sindh Province there are substantial deposits okengineers of the Indus basin need to be sensitised to the need
brackish water in the underground. As the cost of desalinfor adapting to the rhythm of the Indus basin rivers instead
isation is falling (Kumar et al., 2005), the prospects of de- of the urge for engineering to control the river. Especially in
salinating brackish water — and also seawater for the coastahe wake of climate change, due to which the monsoons will
communities — are becoming more attractive. Studies dondecome more unpredictable, the idea of controlling the rivers
in Pakistan and India have also shown that brackish wa-100 % is an illusion.
ter can be used for irrigating different crops under different
soil types and environmental conditions (Qadir et al., 2001;4.2 Water demand management
Sharma and Rao, 1998).

4.2.1 Managing conjunctive use of surface and
4.1.4 Land use planning and soil conservation; flood groundwater
management
The explosion in groundwater use has led to an unsustain-

These practices include a change of land use, reforestatioable depletion of groundwater resources. Within Sect. 3.4
and the reduced sealing of areas in order to prevent erothis phenomenon has been discussed in detail. It is identi-
sion and high surface flow coefficients. As discussed in thefied as one of the major challenges for the Indus basin. Due
Sect. 3.5 “Flooding”, erosion and the resulting high sedi-to the enormous number of wells installed by small farmers,
mentation loads in the river system of the Indus basin leadicensing is not the best option to resolve this, as observed
to the rise of the river beds between their embankments am both Pakistan and India (Qureshi et al., 2009). The con-
well as the level of floodplains, diminishing their buffer ca- junctive use of surface and groundwater by farmers should
pacity. Additionally the capacity of reservoirs is reduced be managed as described by Qureshi et al. (2009). The un-
substantially due to sedimentation. An important cause ofmanaged conjunctive use of surface and groundwater at the
increased sedimentation is past deforestation (Da Silva antiead ends of the canals causes water tables to rise resulting
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in waterlogging whereas at the tail-ends salinity problems are An overview on crop areas and harvested areas is shown
increasing. Through the encouragement of planned conjuncn Fig. 4. Dominant agricultural production regions are the
tive use this situation can be improved. Upstream farmerdwo Punjabs, Indian Haryana and Pakistani Sindh. The crop
should make better use of the surface supplies — more rearea and harvested area under irrigation for the five main
liable to them — in the canals. For this purpose, the canatrops — wheat, rice, sugarcane, maize and cotton — are also
department needs to regulate the canal flows to match thdisplayed in Fig. 4. Figure 8 displays the area and production

requirements. of rice (basmati and other varieties) in Pakistani Punjab from

1987-1988 to 2004—2005. This province accounts for more

4.2.2 Rehabilitation and modernization of existing than 50 % of the total rice production and more than 90 % of
infrastructure the total basmati production in Pakistan.

An overview on yields in selected states/regions in the In-
. L . . dus basin and national averages (India and Pakistan) for the
Existing infrastructure for domestic, industrial and agricul- eriod 1950-1951 to 2008-2009 for the four maior Crops
tural water supply should be rehabilitated and modernised" o najor P
Leakage reduction in domestic water use should be adi % wheat, cotton and sugarcane is displayed in Fig. 9. It

X . . e is shown that average yields generally rose during the past
dressed. A major task is adapting yesterday'’s irrigation sys- . . : .
tems o tomorrow's needs. Modernization. a mix of tech_decades. The average vyield of rice, e.g. in India, rose from

nological and managerial upgrading to improve res onsive—abom 1000kg per ha in 1960 to more than 2000kg per ha
9 9 P9 9 b P urrently. Similarly the average yield of rice in Pakistan rose

ness to stakghpldgr needs, wil enab!e more procjupuve "?m(g‘rom about 1500 kg per ha in the eighties to about 2000 kg
sustainable irrigation. The average irrigation efficiency in

India is about 40% for surface and 60 % for groundwaterper ha at the beginning of this century. The average yield of
Lo . L2 wheat in India rose from about 850 kg per ha in 1960 to al-
irrigation (Singh, 2007). Total crop consumption in the In- _ .
dian part of the Indus basin is 35 Rrfor 94 kn? withdrawn most 3000 kg per ha currently. Similarly, the average yield
. L L of wheat in Pakistan rose from about 1700 kg per ha in the
(Fig. 3). Irrigation efficiencies in the IBIS are also very low ~. . S i
(Archer et al., 2010). Of the 175 Kravailable surface wa- eighties to about 2500 kg per ha at the beginning of this cen-

ter resources, about 125 Rr72 %) is withdrawn in the IBIS tury. There is also an important difference in yields of a cer-

. . tain crop between different regions in the Indus basin and
0, -
(Fig. 3). About 25 % of this amount (31 Kincan be quan production method. Yields are very high in certain areas and

tified as conveyance loss in the canal system. Due to watef . . . . .
. c low in other regions of the basin. In the Indian Punjab, for
course conveyance losses and field application losses, $9 km

according to Kreutzmann (2011) or 99 Ratcording to the example the yield of irrigated rice is more than 3500 kg per

dataset (GWSP, 2008) are still available for irrigation agri- ha, whereas the yield of rainfed rice in H|_machal Rrade;h s
. : ) only about 1500 kg per ha. The average rice yield in India is
culture as blue water consumption (Fig. 3). This low value

is responsible for the continuous shortage of irrigation wa-abOUt 2000kg per ha. Average rice yields of basmati rice in

) . : S Pakistan are only about 1500 kg per ha. The same observa-
ter in Pakistan as a whole and especially in tail-enders such : . .

. . .~ ~tions are valid for wheat. As a country average in Pakistan
as Sindh province. The present methods of surface irriga- . ) .
. .~ ~and India, the yield of wheat increased to about 2500 kg per
tion are wasteful and larger doses of through flood irrigation

. . ha in 2005. In the Indian Punjab irrigated wheat has an av-
with fresh water only add to the non-retrievable pool of poor . .
. . P erage yield of more than 4000 kg per ha, although rainfed
quality saline groundwater. As such irrigation infrastructure

) ; wheat in the same province only has an average yield half of
should enable farmers to apply just the right amount of water, . ) .
; L . . . _this value. The figure also shows that average yields of cot-
in small and frequent quantities (e.g. by installation of drip

) L o 2T . " ton are much less than the yields of wheat and rice, which are
or sprinkler irrigation). Irrigation efficiencies can also be in- . X . :
creased by reducing irrigation canal leakage. in the same range. Espeqally rainfed cotton halls.low yields

(e.g. about 250Kkg per ha in Haryana) whereas irrigated cot-
ton yields are higher. Cotton yields are lower in India as com-
4.2.3 Increasing water productivity (WP) for pared to Pakistan. Sugar cane has very high yields, ranging

agriculture (irrigated and rainfed) from about 25 000 kg per ha as rainfed sugarcane in Haryana

up to 60 000 kg per ha in the same state.

Basically the crop system in the Indus basin is a rice-wheat Figure 5 displays the average annual blue and green wa-
system. During kharif (summer months, wet season, autummner consumption of crops in the Indus basin for the period
harvest) rice is grown. In Indian Punjab sowing occurs from1996-2005, based upon data from Mekonnen and Hoek-
Mai to July and harvest from September to October (CWC,stra (2010b). The authors estimate blue water crop con-
2010). Other kharif crops include cotton, sugarcane andsumption at 117 kfhannually. Wheat blue water consump-
maize. During rabi (winter months, dry season, spring har-tion is estimated as the highest fraction of total consumption,
vest, water availability is generally lower) wheat is grown. In i.e. 41kn? (35%). Additionally the green water consump-
Indian Punjab sowing occurs from October to November andion of wheat is estimated at 23 BmThe sum of green and
harvest from April to Mai (CWC, 2010). blue water consumption is thus 64 RmDuring 1996—2005
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Fig. 9. Yield (in kg per ha) in selected states/regions in the Indus basin and national averages (India and Pakistan) for the period 1950-1951
to 2008-2009 ofa) rice; (b) wheat;(c) cotton andd) sugarcane. Data sources: for Pakistan (GOP, 2005), for India (CWC, 2010).

the total annual production of wheat in the Pakistani part ofthe blue water consumption of cotton in the Indus basin is
the Indus Basin was about 18.5 milliont (98 % of total Pak- 20 km?® and the green water consumption is 14%For a to-
istani production) whereas in the Indian part of the basin thistal annual production of 17.6 milliont (of which 5.1 million t
amount was 18.7 milliont (27 % of total Indian production). in Pakistan and 0.7 milliontin India), the WP is 0.17 kgt

For the total basin production, this results in an average WPThe latter is a very low value, and cotton is defined as a water
of 0.6 kg kn3 for wheat. For the Indo-Gangetic basin, Cai intensive crop. Gaining more yield and value from less water
et al. (2010) state an average value for wheat of 0.94k§ym  can reduce future demands for water, limiting environmental
For the IBIS, Bastiaanssen et al., (2003) state a productivitydegradation and easing competition for water. Specific ir-
per unit consumed of 0.64 kgmA. The same authors list for  rigation techniques (drip irrigation, sprinkler irrigation) that
the IBIS a WP of 0.42 kg m? for rice, 0.22 kg mr® for cot- can deliver water at the appropriate timing and quantifica-
ton and 4.79 kgm? for sugarcane. For the Indo-Gangetic tion for the different growing stages of the plants, have large
basin, Cai et al. (2010) state an average value for rice opotential for increasing water productivity. The percentage
0.74kgnT3. In Indian Punjab this value is 1.18kgth of irrigated area under drip irrigation, e.g. in Indian Pun-
whereas in the Pakistani part of the basin itis 0.69Rg@ai  jab and Haryana, was 0.5% in 2000 whereas the potential
et al. (2010) and Mahajan et al. (2009) give a value of 1.1-for both states is estimated at 5.5% of total irrigated area
1.63 for rice in Indian Punjab. According to Mekonnen and (Narayanamoorthy, 2009). In 2005 0.5 % of the irrigated area
Hoekstra (2010b), the blue water consumption of rice in theof Punjab was under sprinkler irrigation, whereas in Haryana
Indus basin is 29 kfhand the green water consumption is this value was 30 %. For rice the system of SRI (System of
18kn?. For a total annual production of 17.6 milliont (of Rice intensification) has a lot of potential. Average yields
which 4.6 million tin Pakistan, GOP, 2005 and 13 milliontin are considerably increased with this technique, with a reduc-
India — 9.2 milliont in Punjab alone) the WP is 0.37kg®n  tion in water requirements up to 70%. An overview of this
considerable lower than wheat. In Pakistan the fraction ofmethodology is given by Sharif (2011).

blue water to total consumption is relatively higher than in  Additional approaches to increase water productivity in-
India. Not included in these consumption values is the ad—|ude: (1) providing appropriate quantum of fertiliser to
ditional percolation water required for traditional rice pro- the crop to realize yield potential; (2) cropping planning
duction. Only for Pakistan, Chapagain and Hoekstra (2011and diversification (which will be discussed in the next
estimate this value at 1.7 Khgreen water and 9.6 khirriga- ~ Sect. 4.2.4); (3) increasing the value per unit of water by in-
tion water. According to Mekonnen and Hoekstra (2010b),tegrating livestock and fisheries in irrigated systems; (4) in
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situ soil and water management and water harvesting techsubsidized agricultural inputs (including water for irrigation)
niques (bunds, terracing, contour cultivation, land levelling, and are assured high prices for the wheat and rice they pro-
etc.). An overview on resource-conserving agricultural prac-duce as in Punjab — were to be revised in favour of the wet-
tices that increase water productivity is given by Bossio etter Indian states, water rich states would no longer have to
al. (2010). import virtual water from water scarce states (Verma et al.,
Not included in the WP values water withdrawals are lost2009). Since wheat is a low-value crop, one may question
in the system due to poor irrigation efficiencies. This topic whether water allocation to wheat production for export in
was addressed in the previous Sect. 4.2.2 “Rehabilitation andtates such as Punjab is worth the cost (Mekonnen and Hoek-

modernization of existing infrastructure”. stra, 2010a). Especially for products that are exported out of

the Indus basin, an evaluation of benefits (economically and

4.2.4 Crop planning and diversification; concept virtual livelihoods) to costs (depletion of water resources) should be
water import-export made.

Cropping planning and diversification includes the growing 4.2.5 Economic instruments (e.g. water pricing)
of crops in regions where or at times of the year when ET
requirements are lower. An example of a policy acting onAccording to Singh (2007), part of the reason for the low
this, is the Punjab Preservation of Sub-Soil Water Act (2010)irrigation efficiencies is the highly subsidized price of irriga-
which prevents farmers from transplanting of paddy beforetion water that encourages the excessive application of water
15 June to reduce ET (groundwater pumpage and energyp crops. An overview of potentials, problems and prospects
during the extremely hot summer months. Pakistani Punjalior water pricing for irrigation is given by Reddy (2009), and
and other states may also emulate such regulations. particularly for the Indus basin by Shah et al. (2006, 2009).

Certain crops produced in the Indus basin are partially exHowever, Qureshi et al. (2009) argue that direct manage-
ported out of the basin. Especially rice is exported fromment of an economy with such a large number of farmers
Pakistan and rice and wheat from Indian Punjab to other Inthrough enforcing laws, installing licensing and permit sys-
dian states. Figure 8 shows the area and production of riceems and establishing tradable property rights did not prove
(basmati and other varieties) in Pakistani Punjab from 19870 be effective in Pakistan. In Pakistan, the use of electric-
1988 to 2004-2005 and was discussed in Sect. 3.4 “Shifity for groundwater pumping started in 1970s. During this
from surface water to groundwater use”. Punjab provinceperiod, all capital installation costs were borne by the gov-
represents 90 % of overall Basmati rice production and moreernment and electricity tariffs were based on a metering sys-
than 50 % of the total rice production in Pakistan. Abouttem. In the 1980s, the population of tube wells surged and
70-80 % of rice produced here is basmati. However, fromdue to increasing electricity costs, the government withdrew
2001 to 2005, about 40—60 % of all rice produced in Pak-subsidies on electricity tariffs in the Punjab and the Sindh
istan was exported (Fig. 8b). Basmati exports increased fronprovinces. As a result, large numbers of electric tube wells
0.6 to 0.9 milliont during that period. As discussed in the were replaced with diesel tube wells. The massive increase in
previous Sect. 4.2.3 “Increasing water productivity (WP) for private tubewells, as displayed in Fig. 7a, is thus due to diesel
agriculture (irrigated and rainfed)”, rice is a water intensive pumps and not electric pumps (which amount has remained
crop with an average WP of 0.37 kgth Additionally, large  rather stable at about 100 000 since the 1980s). Diesel pumps
quantities of water (percolation and soil moisture) are re-however increased from about 200 000 in 1987 to 900 000 in
quired in traditional rice production, which are not consumed2005 (GOP, 2005). This clearly shows that changing energy
by the plant. Especially basmati from Pakistan has low yieldsprices only forces farmers to shift from one mode of energy
as displayed in Fig. 9. Therefore, it is to be re-evaluatedto another but could not help resolve the real issue of ground-
whether the production of such a water intensive crop forwater overdraft. Therefore, changing electricity pricing poli-
export is defendable in the current and future situation ofcies, as the case in parts of India, would have a minor im-
the Indus basin. Reducing areas under rice crop may be pact on controlling the groundwater overdraft. This clearly
long term policy by encouraging rice cultivation in wetter ar- demonstrates the need to search for more innovative ways
eas or growing water-efficient but high value crops. Also, to solve the problem of groundwater over-exploitation while
Qureshi (2011) questions whether Pakistan should continuenaintaining the current levels of agricultural production in
to grow rice for export or instead use this water for other view of the increasing population. In the wake of this paper
crops that represent a comparative advantage for the countryhese options are not further explored.

According to Verma et al. (2009), the state of Punjab is
amongst the largest net virtual water exporters (total amount.2.6 Changing food demand patterns and limiting
20.9 kn? per year) within India. Basically large amounts of post-harvest losses
crops produced are consumed elsewhere in the country, out-
side the Indus basin. Proponents of the virtual water traddnfluencing diets towards more water-efficient food mixes,
argue that if certain policies — where farmers receive highlysuch as less meat can be a demand management practise.
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Diets can be influenced through advertising campaigns ané Conclusions
appropriate pricing of foods to reflect the scarce resources
used in food production (de Fraiture and Wichelns, 2010).The Indus river basin — shared by Pakistan, India, China
The food requirements of diets based on meat from grainand Afghanistan — is one of the most depleted river basins
fed cattle may require twice the water required to supportin the world. The basin is confronted with a list of cur-
vegetarian diets. A diet without meat requires an estimatedent and future challenges. Irrigated agriculture is by far
20001 per day to produce, while a diet high in grain-fed the most important water demand stakeholder, but water
beef requires 5000 | of water (Renault and Wallender, 2000)demands for domestic and industrial purposes are increas-
Thus, the potential to reduce pressure on water resources bing, due to population increase (from currently 237 million
changes in food consumption patterns seems high. Howevepeople to 319 million in 2025 and 383 million in 2050), in-
in both rural and urban India, the demand for non-grain foodcreased urbanisation and industrialisation and the rise in liv-
crops (vegetables, fruits, oil crops, ...) and animal productsng standards. Water availability will decrease on the long
(milk, chicken, eggs, fish, ...) is increasing (Amarasinghe etrun due to climate change. A shift from surface water to
al., 2008). Increasing income and urbanization will further groundwater use resulted in rapid depletion of groundwa-
increase the demand for non-grain food products in the Inter resources in the past. There is a large gap between wa-
dian and Pakistani diet. ter withdrawals for irrigation and actual water consumed for
Post-harvest losses can be reduced by improving transsrop production. Irrigation efficiencies are low. Much of
portation and storage infrastructure and systems. Estimateifie surface water that enters the system is wasted (also to
of agricultural produce lost in the steps between productiongroundwater recharge). Other challenges in the basin in-
and consumption are between 40 % and 50 % (Lundgqvist etlude water logging and salinity, loss of productive agricul-
al., 2008). A study commissioned by the FAO (Gustavsson etural land, land degradation and the contamination of surface
al., 2011) has quantified the amount of global food losses anénd groundwater resources.
food waste. Roughly one third of the food produced in the This paper lists all challenges for the Indus basin, pro-
world for human consumption every year — approximately vides for a review on the different water balance components
1.3 billionto — gets lost or wasted globally. Fruits and veg- as quantified by different authors and own quantifications
etables, plus roots and tubers have the highest wastage ratgsresented in Fig. 3) and identifies all applicable sustainable
of any food. Food losses — occurring at the production, harWWRM practices to meet these challenges. The latter include
vest, post-harvest and processing phases — are most impdpoth water supply management and water demand manage-
tant in developing countries. Food waste is more a problemment options. In this sense it differs from available literature
in industrialized countries, most often caused by both retail-regarding the Indus basin up to this date. Different papers
ers and consumers throwing perfectly edible foodstuffs intohave been written on the basin with recommendations to cope
the trash. Per capita food loss in South Asia is about 125 kg avith current and future challenges (e.g. Archer et al., 2010;
year, whereas per capita food waste is only 6—-11 kg per yeaQureshi et al., 2009; Qureshi, 2011; Sharma et al., 2010).
However, none of them gives a comprehensive overview on
4.3 International collaboration all recommendable options for the entire basin (including all

. 4 countries). Because the challenges are so massive and be
For nearly S0yr a relatively stable Indus Water Treaty (IWT) ¢4,se sustainable WRM requires the inclusion of all avail-
moderated competition for the Indus water between Pakistan o options, it is essential for scientists and policy makers

and India (Miner et al., 2009). Rising demand for water in 1, haye a holistic vision for the Indus basin. In the past the

each nation could unsettle this stable relationship. For thg,. s has always been on the increase in water availability,
benefit of their people, Pakistan and India could coordinatemosﬂy implemented by technical measures. Even now tra-
bilateral development and resolve issues rather than defediitionally trained engineers often tend to look only for so-
them. . , ) lutions within water supply management options. However,
The Permanent Indus Commission (PIC) is responsible fot, aier resources are not a finite resource. Sustainable water
resolving disputes between India and Pakistan over the iy anagement also requires for the incorporation of water de-

plementation of the Indus Waters Treaty. Disputes are mang,5nq management options. This paper shows that the chal-

aged primarily through regular meetings of the engineers anggnges of the Indus basin need to be taken upon by a list of
officials that make up the two national sections of the com-maaqres within both options. This needs to be done within

mission (Zawahri, 2009b). Monitoring development projects o concept of IWRM, regarding the Indus basin as a natu-

in the Indus river system by PIC has eased fears of chealz,| gystem, independent of political borders, where flooding
ing between India and Pakistan (including the confirmation

needs to be tackled by means of “river management” mea-
of accuracy of all exchanged data) and helped promote comg,res not merely “river control” strategies. The past vision

pliance with the 1960 Indus Waters Treaty (Zawahri, 2009a) 4, engineer the natural river system to a network of water

providing canals has led to the physical cut-off of the river
to its floodplains and the loss of natural buffer capacity due
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to the drainage of wetlands. Due to both deforestation andArcher, D. R.: Contrasting hydrological regimes in the upper Indus
one of the worldwide highest sediment loads, reservoirs in Basin, J. Hydrol., 274, 198-210, 2003.

the Indus basin tend to lose their capacity rather fast. OnlyArcher, D. R., Forsythe, N., Fowler, H. J., and Shah, S. M.: Sus-
by accepting the natural character of the basin again, flood- tainability of water resources management in the Indus Basin
ing can be addressed. Current forests should be maintained Under changing climatic and socio economic conditions, Hy-
and reforestation should be considered as an option to reduce gg’;fg%gyg' Sci., 14, 1669-168Mi:10.5194/hess-14-1669-
erosm;n. F;Ioodp!aln ngng an(:] mapplngbp;rOjectls n(;aedhtot? rmstrong, R., Raup, B., Khalsa, S. J. S., Barry, R., Kargel, J.,
completed on prlprlty a;m. Where possi ewet ands shou Helm, C., and Kieffer, H.: GLIMS glacier database. Boulder,
be restored and inundation zones should be implemented.  cojorado USA: National Snow and Ice Data Center, Digital me-

Water supply management options that need to be ad- dia, http://glims.colorado.edu/glacierdgtast access: 1 Decem-
dressed to deal with the challenges of the Indus basin are: ber 2010), 2005.
(1) reservoir management (an increase in reservoir storBabel, M. S. and Wahid, S. M.: Freshwater under threat: South
age and the implementation of artificial groundwater stor- Asia, Asian Institute of Technology (AIT), United Nations Envi-
age (AGWR)); (2) water quality conservation and invest- _ fonment Programme (UNEP), 2008. _ _
ment in wastewater infrastructure; (3) the use of alterna->astiaanssen, W., Ahmad, M.-U.-D., and Tahir, Z.: Upscaling Wa-
tive water resources like the recycling of wastewater and ';er: dp(r;guf:rte“gmg:o"inegsat?r? Q/%gtc:rltgrri d%?g\%tR??Xti;zSES'rgg
desalination (with a substantial potential due to the future gies, M- ’ g '

. ) . . . . Limits and Opportunities for Improvement, edited by: Kijne, W.,
increase in domestic and industrial water demands in the Barker, R., and Molden, D., CAB International, 2003.

basin); (4) land use planning and soil conservation as welljswas, A. K.: Indus Water Treaty: the Negotiating Process, Water
as flood management. Int., 17, 201-209, 1992.

In addition to the presented water supply managemenBookhagen, B. and Burbank, D. W.: Toward a complete Himalayan
options, water demand management options are a necessity. hydrolpgical budge_t:. Spatioterr_lpora! distribution of snowmelt
Options that are applicable to the Indus basin and would and ralnfalland.thelrlmpacton_rlver discharge, J. Geophys. Res.,
have an important impact to deal with the basin’s challenge% 115, F03019(0i:10.1029/2009jf00142@010.

are: (1) the management of conjunctive use of surface ang°sS%: D Geheb K., and Critchley, W.. Managing water by man-
) 9 | aging land: Addressing land degradation to improve water pro-

groundwater; (2) the rehabilitation and modernization of ductivity and rural livelihoods, Agr. Water Manage., 97, 536—

existing infrastructure; (3) the increase of water productivity 545 4oi:10.1016/j.agwat.2008.12.00010.

fOf agricu!tgre; (4) crop planning Q“d diversification i”C|U_d' Briscoe, J. and Qamar, U.: Pakistan’s Water economy running
ing the critical assessment of agricultural export, especially dry, Oxford University Press, Karachi, Commissioned by World

(basmati) rice; (5) economic instruments and (6) changing Bank, 2007.

food demand patterns and limiting post-harvest losses. Cai, X., Sharma, B. R., Matin, M. A., Sharma, D., and Gunasinghe,
S.: An Assessment of Crop Water Productivity in the Indus and
Edited by: A. Gelfan Ganges River Basins: Current Status and Scope for Improve-

ment, IWMI Research Report 140, International Water Manage-
ment Institute (IWMI), Colombo, 2010.
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