
1

Thesis title

Basin-scale change in water availability and water quality 
under intensified irrigated agriculture

Rebecka Törnqvist

Department of Physical Geography and Quaternary Geology 
Stockholm University

2013



your name

2

© Rebecka Törnqvist
ISSN 1653-7211
ISBN 978-91-7447-724-5

Paper I, II © Springer Science+Business Media B.V.
Paper III © Elsevier
Paper IV, V © Rebecka Törnqvist

Cover: The shrinking Aral Sea (Centre image; © Visible Earth NASA) and irrigated agriculture in the Aral Sea 
Drainage Basin (Photo: Rebecka Törnqvist and Jerker Jarsjö).

Print: US-AB, Stockholm



3

Thesis title

Changes in land use and water use can greatly impact the cycling of water and water-borne substances. 
Increased redistribution of river water to irrigated fields can cause enhanced evapotranspiration and de-
creased river discharge. Additionally, the water quality can be affected by the external input of fertilisers and 
pesticides, and by changed pollutant transport pathways in expansive irrigation canal systems. This thesis 
examines basin-scale changes in water use, river discharge, water quality and nitrogen (N) loading under 
conditions of intensified irrigated agriculture, using the Aral Sea drainage basin (ASDB) with its two large 
rivers Syr Darya and Amu Darya in Central Asia as study area. Results show that more efficient irrigation 
techniques could reduce outtake of river water to the cotton fields in the ASDB by about 10 km3/year, while 
the corresponding river water saving at the outlet would be 60% lower. The result illustrates the importance of 
accounting for return flows of irrigation water in basin-scale water saving assessments. Moreover, a decrease 
in riverine N concentrations at the outlet of the Amu Darya River Basin (ADRB) was observed during a 40-
year period of increasing N fertiliser input. The decrease was identified to be primarily caused by increased 
recirculation of river water in the irrigation system, leading to increased flow-path lengths and enhanced N 
attenuation. Decreasing N loads were shown to be primarily related to reduced discharge. N export from the 
basin may further decrease due to projected discharge reductions related to climate change. Furthermore, 
nutrients and metals were occasionally found at concentrations above drinking water guideline values in sur-
face waters in the ADRB. However, metal concentrations in groundwater in the lower ADRB were subject to 
orders of magnitude higher health hazards. Projected decrease in downstream surface water availability would 
thus imply decreased access to water suitable for drinking.

Key words: Irrigation, Hydrology, Land-use change, Basin-scale, Central Asia, Aral Sea, Semi-arid, Return 
flow, Water saving, Health risk, Water quality, Surface water, Groundwater, Nitrogen, Attenuation, Recircula-
tion, Climate change
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Förändringar i mark- och vattenanvändning kan avsevärt påverka kretsloppet av vatten och vattenburna äm-
nen. Jordbrukssektorn använder globalt sett ca två tredjedelar av världens sötvattenresurser och har därmed 
en särskilt viktig roll för tillgången av vatten i olika hydrologiska system. Det har påvisats att ett ökat vatte-
nuttag för bevattning, som resulterar i ökade vattenförluster genom avdunstning, har orsakat minskat flöde 
i många stora floder i arida och semi-arida områden. Dessutom kan kvaliteten på vattnet påverkas av extern 
tillförsel av näringsämnen och bekämpningsmedel till jordbruksområden samt ändrade transportvägar i och 
med utbyggnad av storskaliga system av reservoarer, bevattningskanaler och dräneringskanaler. 

Denna avhandling avser att fördjupa kunskapen om förändringar i vattenanvändning, vattenkvalitet och 
massflöden av näringsämnen i avrinningsområden där en ökad användning av konstbevattning sker. I under-
sökningen har syntesiserande datanalys och hydrologisk modellering använts för att identifiera viktiga förän-
dringsprocesser som påverkar de hydrologiska grundförhållanden, vilka är viktiga att förstå för utveckling 
av mer hållbara strategier för att tillgodose kraven på tillgänglighet och kvalitet på begränsade vattenresurser 
i torra områden. Aralsjöns avrinningsområde i Centralasien med dess två stora floder Amu Darya och Syr 
Darya används som studieområde. Området karaktäriseras av en drastisk minskning i vattenflöde som hu-
vudsakligen har orsaktas av en betydande ökning av regionens konstbevattnade jordbruksareal. 

Resultaten från denna avhandling visar på betydelsen av återanvändning av vatten inom det hydrologiska 
systemet i Aralsjöns avrinningsområde. I studien framkom att effektivare bevattningstekniker kan minska 
uttaget av flodvatten till bomullsfälten i Aralsjöns avrinningsområde med ca 10 km3/år, vilket är kopplat 
till minskade återflöden till floden. Detta resulterar i en lägre, men betydande, effektiv flodvattenbesparing 
vid avrinningsområdets utlopp av ca 4 km3/år. Faktiska vattenbesparingar kan framförallt vinnas genom att 
minska vattenflöden som inte går att återanvända, såsom förluster till atmosfären. Till följd av detta visade sig 
vattenbesparande bevattningstekniker vara mest effektiva i torra delar inom avrinningsområdet där det finns 
stor potential att minska vattenförluster genom avdunstning. 

En syntes av vattenkvalitetsdata i Amu Daryas avrinningsområde visade på ytvattenkoncentrationer av met-
aller och näringsämnen som tillfälligtvis översteg WHOs hälsoriskbaserade riktvärden. Dock var metallhalter 
i grundvatten från den nedre delen av Amu Daryas avrinningsområde genomgående kopplade till betydligt 
högre hälsorisker än i ytvatten. Minskad tillgång av ytvatten i denna region kan därmed innebära en potentiell 
minskning i tillgång på vatten som är lämpligt som dricksvatten. 

Minskade kvävekoncentrationer observerades nära utloppet av Amu Daryas avrinningsområde trots ökad 
tillförsel av kväve till avrinningsområdets odlingsområden. En ökad recirkulation av flodvatten i det sam-
mankopplade bevattning-, dränering- och reservoarsystemet, med förlängda transportvägar och en ökad grad 
av nedbrytning och retention av näringsämnen, identifierades som en viktig process för de minskade koncen-
trationerna. Dessutom visade sig ett minskat massflöde av näringsämnen från Amu Daryas avrinningsområde 
vara starkt korrelerat till dess minskade vattenflöde. En framtida förändring i klimat kan leda till ytterligare 
minskat vattenflöde i Aralsjöns avrinningsområde och en ökad nedbrytning av kväve, p.g.a., en ökad kvot 
mellan recirkulerat vatten och vattenutflöde. En sådan utveckling, som även är projicerad för många andra 
arida och semi-arida områden, kan därmed resultera i fortsatt minskat massflöde av kväve från avrinning-
sområdet.

Sammanfattning
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Abbreviations and variables
α – Attenuation constant 

ΔP – Change in precipitation

ΔS – Basin-scale storage change 

ΔT – Change in temperature

λ – Attenuation rate

λT – Attenuation product

γ -HCH – Lindane

ADRB – Amu Darya River Basin

Alt – Alternate furrow irrigation method

Alt surge – Alternate surge flow irrigation method

ASDB – Aral Sea Drainage Basin

CHF – Cumulative Hazard Factor

Cin – Concentration of upstream river runoff

Cirr  –  Concentration of recirculated water 

Cmix  – Flow-weighted average of Cin and Cirr  

Cout  – Concentration in outlet river runoff

Cout/Cin- Output-input concentration ratio

CRU – Climate Research Unit

DDD – Dichlorodiphenyldichloroethane 

DDE – Dichlorodiphenyldichloroethylene

DDT – Dichlorodiphenyltrichloroethane 

DIN – Dissolved Inorganic Nitrogen 

DL – Detection Limit

Drip – Drip irrigation method

ET – Evapotranspiration

ETa – Actual evapotranspiration

ETirr – Evapotranspiration from irrigation water 

ETnat – Natural evapotranspiration without irrigation

ETp – Potential evapotranspiration

FAO – Food and Agriculture Organisation

f – Fraction of irrigation water lost through ET

GCM – General Circulation Model

HF – Hazard Factor

IPCC – Intergovernmental Panel on Climate Change

NNI – Net Nitrogen Input 

Pirr – Irrigation water diversions

PS – Precipitation Surplus

Qin – Upstream river discharge

Qirr – Fraction of recirculated water not lost through ETirr

Qout – Outlet river discharge

Qr – Recirculated irrigation water

Qret – Return flow

Qs-w – Total discharge in soil-water system

Quse – Water use

r – Recirculation ratio

SDRB – Syr Darya River Basin
 
SRTM – Shuttle Radar Topography Mission 

Surge – Surge flow irrigation method

T – Advective travel time

THC – Tuyamuyn Hydrological Complex

US EPA – United States Environmental Protection                   
Agency

Vs-w – Volume of soil-water system   

WHO – World Health Organisation 

WS – Water Saving

WSE – Water Saving Efficiency
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such as Lake Chad and the Aral Sea, may also lead to 
shrinking lakes with associated severe environmental 
consequences (Glantz, 1999; Lemoalle et al., 2012). 
The pressure on water resources in semi-arid and arid 
regions necessitates sustainable strategies to meet the 
requirements of water availability and water quality. 

Drainage basins are the topographically based spatial 
unit of a hydrological system. All the precipitation 
that falls within this area which is not lost through 
ET or is stored permanently in the biota-soil-water 
system in the basin will eventually end up as runoff 
at the outlet of the basin. Consequently, all activities 
that occur within a drainage basin will affect the water 
quality and the magnitude of discharge at the outlet. 
Hydrological and contaminant transport processes 
need to be understood and quantified on the drainage 
basin scale in order to efficiently plan for effects of 
land-water use changes, such as irrigation expansion 
and implementation of water use efficiency strategies. 
Generally, the river basin-scale has increasingly been 
pointed out as the required unit for water resource 
management, for instance in the EU Water Frame-
work Directive (Directive 2000/60/ec). To agree on 
integrated water resources management plans on the 
river basin-scale is of high importance in transbound-
ary river basins as these are shared between different 
countries, but agreement can be difficulty achieved in 
practice (Molle et al., 2007). 

Water savings and increased water productivity, i.e., 
to get more crop yield per applied amount of water, 
are needed to cope with present or approaching water 
scarcity in many arid and semi-arid regions (Pereira 
et al., 2002; Molden et al., 2007; Rosegrant et al., 
2009). Quantifications of the effect of land-water use 
changes can greatly differ between the field plot-scale 
and the basin-scale (Loeve et al., 2004). For example, 
water savings at the field plot-scale can be achieved 
by increased application efficiency by decreasing deep 
zone percolation or excess runoff (Periera et al., 2002; 
Lankford, 2006). At the basin-scale, on the other hand, 
the return flows, i.e., the water applied minus crop 
water requirements, is not necessarily considered as 
losses as these water quantities can be reused several 
times further downstream (Molle et al., 2007). Water 
savings at the basin-scale are thus achieved through 
reductions in non-reusable return flows such as losses 
to the atmosphere and percolation to saline aquifers 
(Molden et al., 2001). Water accounting by use of wa-
ter balances and identification of non-reusable water 
is a common approach to identify the potential of wa-
ter savings in a river basin (e.g., Molden et al., 2001; 
Khan et al., 2008).

1. Introduction

1.1 Problem description

The cycling of water and water-borne substances has 
been heavily affected by human driven changes in 
land-water use (Foley et al., 2005; Piao et al., 2007; 
Weiskel et al., 2007; Wisser et al., 2010). About 70% 
of the global freshwater withdrawals are used in the 
agricultural sector, which therefore has an especial-
ly important role in the changed water cycle (Shik-
lomanov, 2000). The rerouting of water from rivers 
or groundwater aquifers to cropped fields in irrigated 
agricultural systems has been estimated to increase 
the global net water fluxes by 2 600 km3 per year (Gor-
don et al., 2005). Irrigated areas and agricultural water 
consumption have almost doubled during the period 
1960−2000 at a global scale, and are projected to fur-
ther increase during this century (Shiklomanov, 2000; 
Jackson et al., 2001; Molden et al., 2007). Fresh water 
is hence becoming a scarce resource in many parts of 
the world due to these changes. Decreased fresh water 
availability can greatly affect the livelihood of people 
and the environment by leading to failures in meeting 
the requirements for drinking water, crop production 
and environmental beneficially river flows. Irrigated 
agriculture is not only connected to decreased wa-
ter availability but also to deteriorated water quality 
caused by excessive fertiliser and pesticide use. The 
worldwide consumption of fertilisers and pesticides 
(herbicides, insecticides and fungicides) amounts to 
200 million ton/year (Food and Agriculture Organ-
isation (FAO), 2008) and 3 million ton/year (Horri-
gan et al., 2002), respectively. Furthermore, irrigated 
agriculture with inadequate drainage is often related 
to water logging and salinization of soils, with associ-
ated decreased soil fertility which leads to increased 
fertilisation requirements (Gordon et al., 2008).

Arid and semi-arid regions are characterised by low 
precipitation and high evapotranspiration (ET). These 
regions are thereby especially vulnerable to decreased 
water availability due to land-water use and climatic 
changes. It is mainly the arid and semi-arid regions of 
the world that are reliant on irrigated agriculture for 
agriculture expansion and for efficient food produc-
tion (Shiklomanov, 2000). Irrigation water withdraw-
als and associated ET increases have caused decreased 
river discharge in many arid and semi-arid regions 
(Falkenmark and Lannerstad, 2005). Some examples 
of large rivers that have been observed to dry up dur-
ing parts of the year are the Yellow river, the Colorado 
river, and the Ganges river (Postel, 2000). However, in 
contrast to these exorheic river basins which discharge 
into the ocean, river flow reductions in endorheic riv-
er basins which discharge into terminal inland water, 

Basin-scale change in water availability and water quality under intensified irrigated agriculture
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Modelling of water savings related to changes in ir-
rigation systems or cropping patterns at a basin-scale 
level involves integrating processes of rerouted flow-
paths in irrigation-drainage systems, return flows, and 
losses of water to the atmosphere. Hydrological mod-
ule based modelling is used to quantify water savings 
at large scales (e.g., Cai et al., 2003; Yakubov and Man-
thrithilake, 2009; Nikouei et al., 2012). This modelling 
approach is based on availability and requirement of 
water use for different purposes for one specific unit,  
for example a country, or multiple nodes, for example, 
different segments of a river. Crop pattern and irri-
gation efficiencies are parameters that can be altered 
to investigate future scenarios of water savings. To 
account for spatial differences in return flows can be 
especially challenging in this kind of modelling as it 
requires large amounts of information on site specific 
conditions of the efficiency in irrigation-drainage ca-
nals. Distributed hydrological modelling is another 
approach to investigate land-water use changes (see, 
e.g., Abbott and Refsgaard, 1998). For instance, rel-
atively simple distributed hydrological modelling 
based on water balance principles, which mainly re-
quires easily available topology and climate data as 
input, has been shown to be successful in modelling 
hydrological responses of land-water use and climatic 
changes in different world regions (Shibuo et al., 2007; 
Asokan et al., 2010; Jarsjö et al., 2012). These kinds of 
models allow for investigating the impact on regional 
differences in climate and non-reusable water losses 
for basin-scale water saving potentials. 

Leaching from agricultural fields may transport ex-
cess fertiliser and pesticide input to the connected 
surface water-groundwater system, from which fur-
ther transport of the constituents to the terminal wa-
ter body can occur. For instance, global nitrogen (N) 
use efficiency is around 50% (Bouwman et al., 2009), 
i.e., only half of the applied N fertilisers are used by 
the crops. As a consequence, water for drinking water 
purposes might be severely affected by pollution re-
lated to agriculture to such an extent that it is a hazard 
for human health (e.g., Oren et al., 2004), and lakes 
and oceans can be affected by eutrophication and pol-
lution with negative consequences on their flora and 
fauna (Carpenter et al., 1998). Other anthropogenic 
impacts, such as mining, can additionally pollute the 
water by contributions of toxic heavy metals (Crosa et 
al., 2006). There might be many different pollutants 
that contribute to the overall health risk from drink-
ing water at the basin-scale. Health risk assessments 
or ecological risk assessments can be powerful tools 
to identify which contaminants at which locations 
that are related to unacceptable pollution levels and 

decide on rational target levels (Hall et al., 1998; Fryer 
et al., 2006). Moreover, trend analysis of spatial and 
temporal differences of water quality within a drain-
age basin is important to perform for understanding 
hydrological processes behind changes in pollution 
levels and to mitigate pollution risks.

Increased surface water withdrawals for irrigation 
have caused diminishing surface water availabil-
ity in many arid and semi-arid regions (Falkenmark 
and Lannerstad, 2005), which consequently cause 
groundwater to become a more important water re-
source both for irrigation water and drinking water. 
In irrigated drainage basins accumulated salt and 
anthropogenic pollution can easily percolate to the 
shallow groundwater due to inefficient irrigation wa-
ter use (Quadir et al., 2009; Ibrakhimov et al., 2011) 
and cause pollution levels of health risk (Jalali, 2005; 
Fetouani et al., 2008). When assessing the basin-scale 
water quality it is thus of high importance to consider 
the connected groundwater-surface water system.

The change in transport pathways for nutrients and 
contaminants is another process that can affect water 
quality. Generally, increased basin-scale flow-path 
lengths lead to longer travel times and increased 
attenuation-retention of nutrients and contaminants 
(Persson et al., 2011). The river is naturally the main 
transport pathway for nutrients and contaminants 
in a river basin. The expansion of irrigation systems 
with accompanying drainage canals and reservoirs 
can largely alter and extend nutrient and contami-
nant transport pathways to the terminal water body. 
Return flows of excessive irrigation water to the river 
or groundwater allow for multiple reuse of the irriga-
tion water along its way in the river basin, which fur-
ther extends the flow-paths. Arid systems have been 
found to be characterised by higher N attenuation-re-
tention compared to mesic systems (Caraco and Cole, 
2001). More favourable conditions for denitrification 
and larger density of reservoirs in arid systems com-
pared to mesic systems was pointed out as impor-
tant factors (Caraco and Cole, 2001). In agreement, 
enhanced N attenuation-retention rates, from for 
instance favourable conditions for denitrification in 
drainage canals and irrigated top soil, has been iden-
tified at different scales in agriculture systems (e.g., 
Seitzinger et al., 2006; Scheer et al., 2009; Lassaletta 
et al., 2012). Nevertheless, studies of the impact of 
agricultural production on N riverine concentrations 
or loads are predominantly focusing on the leaching 
processes of excessive N input on agricultural fields.
Analytical relationship between irrigation water re-
circulation (expressed as a recirculation ratio between 
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recirculated river water for irrigation and outflow 
from the system) and N attenuation has been devel-
oped at plot scale for paddy fields in Japan (Hitomi et 
al., 2006; Hama, 2012). However, at larger scales such 
analytical relationships have not yet been established 
due to incomplete knowledge of underlying processes. 

Furthermore, high linear correlation between dis-
charge and N export has been found in many highly 
agricultural managed river basins (Basu et al., 2010). 
This implies that changes in river discharge from 
land-use changes is another process which further 
needs to be investigated for understanding the impact 
on N loading from irrigation development in a river 
basin. Additionally, arid and semi-arid regions are 
projected to be specifically vulnerable to the impact 
of climate change due to their climatic conditions (In-
tergovernmental Panel on Climate Change (IPCC), 
2007). Projected climate induced river flow changes 
may thereby be an additional processes of high im-
portance for changing N export patterns.

 1.2 Thesis objectives

This thesis aims to examine basin-scale change in 
water availability and water quality under intensified 
irrigated agriculture. To address this problem, 
connections between basin-scale changes in water 
use, river discharge, water quality and N loading 
are investigated, which allow for identification of 

underlying factors for such changed conditions. The 
Aral Sea drainage basin (ASDB) is used as a case 
study site. The large-scale hydrological consequences 
and critical changes of the agricultural expansion 
within ASDB are widely recognised. Therefore, 
analysis of data on changing hydrology, land use and 
contamination in the ASDB may reveal long-term 
trends and underlying causal factors from irrigation 
development that may be masked by random 
fluctuations in many other river basins. 

This main aim of the thesis is covered by three study 
themes: 1. Basin-scale water saving (Paper I and II), 
2. Basin-scale patterns in water quality (Paper III), 
and 3. Basin-scale changes in nitrogen loads (Paper 
IV and V). Figure 1 illustrates the impacts of irrigated 
agriculture on hydrological systems analysed in 
the different study themes. The overreaching study 
questions of the three different themes are outlined 
below:

1. Basin-scale water saving 

Irrigation affects the spatial and temporal trends 
in water availability in a river basin. Water saving 
approaches are required to cope with reduced water 
availability in vulnerable areas. How could water losses 
be reduced in irrigated river basins? Which processes 
need to be considered for basin-scale quantifications? 
What is the impact of spatial differences in climate for 
the efficiency of water saving strategies?

Basin-scale change in water availability and water quality under intensified irrigated agriculture
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Figure 1. Impacts of irrigated agriculture on a hydrological system (grey bars) analysed within the 
different study themes, where Themes 1 is Basin-scale water saving (considered in Paper I and II), 
Theme 2 is Basin-scale patterns in water quality (considered in Paper III) and Theme 3 is Basin-scale 
changes in nitrogen loads (considered in Paper IV and V).
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2. Basin-scale patterns in water quality

Excessive fertiliser and pesticide use in agricultural 
production systems together with other anthropogenic 
pollution can cause health risks related to deteriorated 
water quality. At the basin-scale level, which are the 
most hazardous contaminants from a human 
health perspective in the connected surface water and 
groundwater system? Which large-scale water quality 
patterns between groundwater and surface water, 
between upstream-downstream locations and between 
seasons or years can be identified? 

3. Basin-scale changes in nitrogen loads 

Increased N input and irrigation expansion together 
with climate induced discharge changes can impact 
the N export from irrigated agricultural river basins. 
How does intensified irrigated agriculture and climatic 
changes affect N concentration levels and N loading 
from a river basin? Which dominant processes behind 
changed N concentrations and loading can be found in 
irrigated river basins? 
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The ASDB is an endorheic basin with an extent of 
about 1 900 000 km2 (Figure 2). The basin contains 
two large rivers: the 2 400 km long Amu Darya river, 
which drains into the southern part of the Aral Sea, 
and the 2 500 km long Syr Darya river, which drains 
into the northern part of the Aral Sea (Figure 2). The 
Amu Darya river basin (ADRB) is located within the 
borders of Uzbekistan, Turkmenistan, Tajikistan and 
Afghanistan, and the Syr Darya river basin (SDRB) is 
located within the borders of Kazakhstan, Uzbekistan, 
Tajikistan and Kyrgyzstan. 

The major part of the ASDB is located in a continental 
semi-arid climate zone with low mean annual 
precipitation of 100-200 mm/year and mean 
annual temperatures of 10-15°C (Climate Research 
Unit (CRU) database; Mitchell and Jones, 2005). 
The continental climate implies highly variable 
temperature throughout the year with hot summers 

and cold winters. The mountainous eastern part 
of the basin is subject to much lower mean annual 
temperatures of around 0°C and higher precipitation 
of up to 700 mm/year (CRU database; Mitchell and 
Jones, 2005). Precipitation in the Pamir and the Tien 
Shan mountains located in this part of the basin is the 
main source of river runoff in the ASDB (Nezlin et 
al., 2004).

The main irrigation expansion in the ASDB started in 
the beginning of the 20th century and was intensified 
from the 1950s when cotton monoculture heavily 
expanded (Saiko and Zonn, 2000; irrigated areas 
outlined in green in Figure 2). The extent of the irrigated 
areas increased by about 1 000 km2 per year, during 
the period 1960-2000 (Figure 3). More than 90% of 
the region’s freshwater withdrawals are currently used 
in agriculture (FAO Aquastat, 2003). Over 90% of 
irrigation water diversions come from surface water 

Figure 2. The Aral Sea drainage basin (red solid line) with the location of sampling sites for discharge and water 
quality in Paper I-V. The main irrigated areas (green areas), and the extent of the Aral Sea in 2005 (filled blue) 
and in 1960 are shown.

2. Study area

Basin-scale change in water availability and water quality under intensified irrigated agriculture
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Figure 4. Changes in the volume (grey circles) and salinity (black squares) of the Aral Sea 
during the period 1960-2002 (Mamatov, 2003). 

Rebecka Törnqvist

Figure 3. Changes in discharge into the Aral Sea during the period 1960-2002 (grey circles 
and linear trend line; Mamatov, 2003) and extent of irrigated areas in the Aral Sea drainage 
basin during the period 1960-2000 (black squares and linear trend line; Aus Der Beek et al., 
2011).
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The ASDB agriculture system is also characterised by 
high rates of fertiliser and pesticide use (Kurbanbaev 
et al., 2002; Karimov et al., 2005). N-compounds are 
the most commonly used fertilisers, for which use 
efficiencies of as low as 35% are reported (Kienzler, 
2010).  Surface water  irrigation (most  commonly 
furrow  irrigation) is applied in about 95% of the 
irrigated areas (FAO, 2003). Salinization and water 
logging are other consequences of low irrigation 
efficiency in the surface irrigation systems and 
the earthen irrigation-drainage canal systems. It 
is estimated that more than 50% of irrigated soils 
are affected by salinization and water logging 
(Quadir et al., 2009). The situation is generally 
worse in downstream regions. For instance 95% 
of the irrigated areas in the Amu Darya delta are 
affected by salinization (Rakhmatullaev et al., 2010). 
Consequently, irrigated areas in the most downstream 
regions in the Amu Darya delta have in recent years 
been abounded due to water scarcity and salinization 
(Johansson et al., 2009). 

The population of the ASDB, especially those in the 
vicinity of the former Aral Sea border, suffer from 
many potential health hazards related to the devastat-
ing changes in their surroundings such as exposure 
of pollutant through food and soil contamination, 
airborne contaminants, inadequate nutrition and low 
quality of drinking water (Elpiner, 1999; Muntean 
et al., 2003; Small et al., 2003; Erdinger et al., 2004). 
Water with high concentrations of chemicals and pes-
ticides can cause severe health affects while elevated 
salinity can make the water unusable as a drinking 
source. It is estimated that 96% and 89% of the popu-
lation in the ADRB and the SDRB, respectively, live 
under some degree of water scarcity (Porkka et al., 
2012).

sources and mainly from the two principal rivers 
(FAO Aquastat, 2003). The water flows of the main 
rivers are highly regulated by the constructions of 
reservoirs (Froebrich, 2004), associated with latent 
upstream-downstream conflicts regarding the use 
for hydropower versus irrigation (Glantz, 2005). The 
Karakum Canal is the largest canal in the ASDB, 
which annually is diverting approximately 12 km3 

of irrigation water to Turkmenistan from the Amu 
Darya river (Glantz, 2005). 

The increased use of irrigation water in the ASDB is 
associated with enhanced ET losses from the fields 
and open irrigation canal system (Shibuo et al., 2007). 
The major increase in ET has had a great impact on 
the basin’s water balance, leading to a drastic decrease 
in inflow to the Aral Sea during the period 1960-2000 
(Figure 3). The diminishing discharge has resulted in 
the well-known shrinking of the Aral Sea (Figure 4), 
and an overall ecological decline for the downstream 
environment. 

The shrinking of the Aral Sea is associated with an 
increase in salinity from about 10 g/L to 75 g/L during 
the period 1960−2000 (Figure 4). This critical change 
in salinity together with the loss of habitat in the 
drying shoreline and delta regions has led to that over 
80% of the fish species have vanished, which have 
caused the collapse of the fishery industry (Micklin, 
2003; Karimov et al., 2005). The typical riparian 
Tugai forests in the delta regions, consisting of poplar, 
tamarisk, and oak (Rüger et al., 2003), have decreased 
by about 80% since the 1950s (Novikova et al., 1998). 
This, in combination of the diminishing wetlands, 
has reduced the habitat for many mammals and bird 
species (Micklin, 2003).  

Basin-scale change in water availability and water quality under intensified irrigated agriculture
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In this thesis, the combined use of synthesised data 
analyses and distributed hydrological modelling has 
enabled a comprehensive assessment for identifying 
basin-scale changes in hydrology, water quality and N 
loading processes under intensified irrigation.
 
3.1 Data synthesis and analysis

Studies of reported effectiveness of alternative 
irrigation techniques compared to furrow irrigation 
from the ASDB and study areas of similar climatic 
conditions as in the ASDB were compiled in Paper I. 
The synthesis comprised of study areas with different 
soil texture and climate and had the aim to investigate 
the variability in reported water use and yield changes 
from improved irrigation methods (Mateos et al., 
1991; Kanber et al., 2001; Cetin and Bilgel, 2002; 
Ismail et al., 2004; Ismail, 2006; Rajak et al., 2006; 
Ibragimov et al., 2007; Horst et al., 2007; Ünlü et al., 
2007). The impact of alternative irrigation techniques 
on both water use and crop yield was considered by 
investigating the resulting water use change if: i) the 
current area for cotton production was maintained 
or ii) the current yield of cotton was maintained by 
altering the area needed to produce it. 

A data synthesis of reported water quality 
measurements from the ADRB was performed in 
Paper III, which comprised 24 monitoring stations and 
11 contaminants (Kurbanbaev et al., 2002; Nasrulin 
and Zahidova, 2002; Crosa et al., 2006; Froebrich et 
al., 2006). Further statistical analyses were performed 
for river water quality data for four substances at four 
locations for five years. The in total 680 water quality 
data measurements were grouped into categories of 
(1) location, (2) location and year and (3) location 
and season. The in total 84 category pairs were tested 
for statistically significant differences in mean values 
by using Smith-Satterthwaite two sample two tail test 
for populations with unknown and unequal variances 
at a 95% confidence level. 

In Paper V, temperature (T) and precipitation (P) 
from the CRU TS 2.1 database for 1961−1990, which 
was used as a reference period, were compared 
to projected changes in climate from 65 Global 
Circulation Model (GCM) projections from IPCC’s 
fourth assessment. The projected changes in T and 
P, i.e., ΔT and ΔP, for the near future (2025), the 
mid-century (2050) and the long distance future 
(2100) were extracted from two previous studies 
(Lioubimtseva and Henebry, 2009; Jarsjö et al., 2012). 
The total prediction envelope of ΔTi and ΔPj for 
different GCM projections were discretised to  i × j 

evenly spaced nodes where i and j was 1,……, 10 and 
1,……., 8, respectively. The hydrological model was 
run i × j (i.e., 80) times yielding values of river flow 
resulting from different combination of ΔT and ΔP. 
The resulting river flow values for each node were 
interpolated to produce a continuous hydrological 
response map to visualise responses from climate 
changes. Ranges and ensemble average output were 
used to evaluate the uncertainties and trends in ΔT, 
ΔP and river flow from different GCM projections. 

3.2 Sampling methods

Concentration measurements of 13 substances; nitrate 
(NO3

-), nitrite (NO2
-), chromium (Cr), arsenic (As), 

fluoride (F), copper (Cu), lead (Pb), cadmium (Cd), 
mercury (Hg), dichlorodiphenyltrichloroethane 
(DDT), dichlorodiphenyldichloroethane (DDD), 
dichlorodiphenyldichloroethylene (DDE) and 
lindane (γ-HCH), were conducted in the downstream 
Mejdurechye reservoir in the ADRB (see location in 
Figure 2) during four campaigns in 2007 and 2008. At 
each measurement occasion, two samples were taken 
at three different locations in the reservoir. Detailed 
information on the reservoir, sampling procedures, 
analysis methods, instruments and detection limits 
are provided in the Supplementary Information to 
Paper III.
 
3.3 Quantification methods and models

3.3.1 GIS based basin-scale hydrological modelling 

Distributed hydrological modelling was performed in 
Paper II, IV and V by application of the water flow 
routines of the PCRaster based Polflow model (De 
Wit, 2001) to the ASDB. The model has previously 
been used for hydro-climatic modelling in the ASDB 
(Shibuo et al., 2007; Jarsjö et al., 2012), and in other 
irrigated basins (Asokan et al., 2010) and non-
irrigated basins (Darracq et al., 2005; Jarsjö et al., 
2008). The model is based on a water balance approach 
for river discharge, Q = P – ET − ΔS, where ΔS is the 
water storage change. ΔS is assumed to be small on 
the considered decadal scales. The main input data to 
the model were P and T data (CRU TS 2.1 database; 
Mitchell and Jones, 2005), digital elevation data 
(SRTM; Farr et al., 2007), and land use data (Global 
map of irrigated areas; Siebert et al., 2005). The area of 
the ASDB region covered 3000 × 3000 grid cells and 
the spatial resolution of the data was 0.5°.

The basic steps of the modelling can be summarised 
as:

3. Materials and methods

Rebecka Törnqvist
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1. Calculating potential ET (ETp) and actual ET (ETa) 
in each grid-cell. The ET was estimated by use of 
methods by Langbein (1954; Eq 1) and Turc (1949; 
Eq 2): 

                                                                                        (1)
                                                   
                                                                                         (2)
                                              
                                                                              

2. Calculating precipitation surplus (PS) as P minus 
ETa in each grid-cell.

3. Calculating flow directions and flow network based 
on topography. Specifically, based on the slope in the 
digital elevation model, each grid-cell was assigned a 
flow direction towards the neighbouring cell with the 
lowest elevation. 

4. Calculating discharge as the sum of PS along the 
flow-path. The flow directions and resulting flow 
network were then used to calculate flow accumulation 
in a grid-cell as all the PS in grid-cells contributing to 
the river flow in that specific grid-cell. 

Irrigation was considered in the model through 
spreading reported amounts of water withdrawn 
for irrigation (FAO, 2003) over irrigated areas 
(Siebert et al., 2005) as extra P (Pirr). The total P in 
an irrigated grid-cell thus consisted of Pirr+nat, which 
thereby allowed for wetter conditions and increased 
ET associated with irrigation. The groundwater flow 
was assumed to follow the topography, and modelled 

river flow in a specific grid-cell could be generated 
by both groundwater inflow and surface water inflow 
from the interconnected upstream groundwater–
surface water system. The main modelling steps are 
illustrated in Figure 5. 

Basin-scale water savings (WS) through use of 
improved irrigation techniques were modelled in 
Paper II. Water use (Quse) was quantified as river 
water diversions to the fields (Qin) minus return 
flows to the river (Qret in Eq3; Qout in Figure 6a). Qret 
was quantified as Qin minus ET losses (related to the 
diverted irrigation water) over the field, between fields 
or the river (ETirr; Figure 6a). ETirr was calculated 
as the total ET from the irrigated system (ETnat+irr) 
minus the natural ET without irrigation (ETnat; Eq 
4). WS could then be quantified as the changed water 
use from use of improved irrigation techniques (Eq 
5). Water saving efficiency (WSE) from an improved 
irrigation technique was defined as the increase in 
river discharge divided by the reduction in irrigation 
water diversion to the fields. 

Quse = Qin – Qret = Qin− (Qin−ETirr) = ETirr   (3)

ETirr = ETnat+irr – ETnat     (4)

WS = ETnat+irr – ETnat+irr, improved             (5)

In Paper IV and V, the model was used to calculate 
ETirr (using Eq 4), the fraction of Pirr that was lost 
through ET and Qout for the periods 1960-1980, 
1981-2000 and 1961-1990 and the single years 2025, 
2050 and 2100 in the ADRB. In Paper V, P and T were 

Basin-scale change in water availability and water quality under intensified irrigated agriculture

Figure 5.The main modelling steps (1-4) and related input and output data of the water flow routines of the 
PCRaster based Polflow model. 
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altered according to the projected change between 
the reference period 1961-1990 and the considered 
future periods (see section 3.1).

3.3.2 Health risk screening 

In Paper III, hazard factors (HFs) were used to 
express health risk and to facilitate comparisons 
between pollution levels of substances. HFs were 
calculated by dividing measured concentrations 
with a substance-specific drinking water guideline 
concentration which can be considered to be related 
to low risk for adverse health effects (World Health 
Organisation (WHO), 2006). A HF above one thus 
indicates a potential health risk. Cumulative health 
factors (CHFs) were calculated as the sum of HFs 
for the mixture of contaminants. CHFs can be used 
as an additive estimate of the aggregated toxicity of 
a contaminant mixture when more detailed data on 
synergies are absent (US EPA, 1989; WHO, 2006). 
Guideline values from WHO (2006) were used to 
calculate HFs and CHFs.

3.3.3 Nitrogen attenuation and irrigation water 
recirculation relationship

In Paper IV, a relationship between outflow-inflow 
N concentration ratio (Cout/Cin) and recirculation 
ratio (r) of irrigation water was developed, where r 
was defined as the recirculated irrigation water from 
the river in the basin (Qr=Pirr) divided by the outflow 
from the basin (Qout). A certain fraction (f) of Qr was 
assumed to be lost through ET over the irrigated fields, 
expressed as ETirr/Qr (Figure 7a). Figure 7b shows a 
conceptual model of how N concentrations change 
along the hydrological flow-paths in an irrigated 
river basin assuming a first order N degradation 
expressed as exp[-λT], where λ is the attenuation 
rate and T is the advective travel time. λT is denoted 
the attenuation product. The attenuation can be 
considered to occur in the connected surface water, 
groundwater and soil water system. The attenuation 
rate λ was further assumed to change as function of r 
where λ(r) = λ(1 + αr) and α is a constant that allows 
for different conditions of the significance of r on the 
attenuation effect. 

Rebecka Törnqvist

Figure 6. a) Water use in an on-farm perspective, and a basin scale perspective, and b) basin-scale reduction in water 
application (outtake), and c) corresponding water savings, by changing the current cotton irrigation practice of continuous 
furrow irrigation to drip irrigation (Drip), alternate furrow irrigation (Alt), surge flow irrigation (Surge) and alternate 
surge flow irrigation (Alt surge), under a constant area scenario (1) and a constant production scenario (2).
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Cout/Cin can under these assumptions be expressed 
analytically as: 

                                                                           (6)

where r is the recirculation ratio, f is the basin-scale 
fraction of recirculated irrigation water lost through 
ET, β=(1+αr)∙((f-1)r/(1+fr)-1)-1, λT is the attenuation 
product, Cout(r) is the concentration at the basin 
outlet, and Cin is the concentration of upstream runoff 
(Qin=P-ETnat; Figure 7). See Supplementary 

Basin-scale change in water availability and water quality under intensified irrigated agriculture

Figure 7. A conceptual model of the impact of basin-scale recirculation of irrigation water on a) water flows 
and b) nitrogen concentrations, where P is precipitation, ETnat is actual evapotranspiration from precipitation, 
Qin is inflow from P -ETnat, ETirr is actual evapotranspiration from irrigation water, Qr is recirculated water, 
f is the fraction of recirculated water lost through ETirr, Qs-w is flow through the soil-water system, Qout is 
the outflow, T is the travel time in the soil-water system, Vs-w is the volume of the soil-water system, Cin is 
the N concentration in Qin, Cout is the concentration in river water at the outlet, Cirr is the concentration of 
recirculated water and Cmix is the flow-weighted average of Cin and Cirr.
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Information to Paper IV for details on development 
of the relationship. 

Observed Cout/Cin for the first period was used to get 
basin characteristic values of α and λT values. The 
model was then run again to test if it could predict 
the Cout/Cin  for the later period with considerable 
larger r-value. In Paper V, the relationship was used 
to analyse changes in concentrations from altered 
r-values connected to projected future river discharge 
changes.

          ⁄      
      [    ] (   

      [    ])⁄  



your name

20

4.1  Paper I and II - Basin-scale water saving

In Paper I, potential reductions in irrigation water use 
on the cotton production fields in the ASDB through 
use of alternative irrigation techniques instead of the 
relatively inefficient traditional furrow irrigation were 
quantified. Two irrigation development scenarios 
were considered: (1) a constant-area scenario, 
where the current area for cotton production was 
maintained, and (2) a constant-production scenario, 
where the current yield of cotton was maintained 
by changing the area of cotton production. Results 
showed that alternative irrigation methods can allow 
for irrigation water outtake reductions of 10-40% 
on cotton fields in the ASDB (Figure 6b). The results 
from field studies conducted in the ADSB (Horst et 
al., 2007; Ibragimov et al., 2007) were comparable to 
results from study areas of similar climate. 

The magnitude of reductions in irrigation water 
outtake to the fields depends on the irrigation method 
used and whether yield changes were considered 
or not (Scenario 1 and 2, respectively, in Figure 
6b). For the constant-area scenario, surge flow on 
alternate furrows irrigation technique was shown to 
reduce water use the most, whereas for the constant-
production scenario, drip irrigation was most efficient 
in reducing water use. This could be explained by the 
fact that all alternative techniques were associated 
with lower yields than traditional furrow irrigation 
in the ASDB field studies, except for drip irrigation. 
A lower yield per area thus requires an extended 
irrigated area, for which more water is needed to keep 
the production constant. 

Paper II further explored possible basin-scale water 
savings from the irrigation water outtake reductions 
quantified in Paper I, by use of distributed hydrological 
modelling. The basin-scale net river water savings were 
between 1 and 6 km3/year depending on irrigation 
method and land use scenario (Figure 6c), which were 
about 60% lower than the reductions in water outtake 
to the fields (Figure 6b). This discrepancy could be 
explained by the presence of return flows of excessive 
irrigation water back to the river, which means that 
reduced irrigation water diversions are not directly 
shown as increased river flow. Return flows would 
also decrease along with decreasing water diversions 
to the fields. Therefore, the net water saving, which 
would result in increasing river discharge at the 
basin outlet is lower than the reduction in river water 
diversions. 

The impact of regionally climatic differences on 

potential water savings was further assessed. In 
specific, WSE investigations were performed to 
identify regions of the ASDB where changes in 
irrigation methods would lead to the largest increases 
in discharge. The irrigated areas in the ASDB were 
divided into seven different regions, which had WSE 
ranging between 0.2 and 0.8 (Table 1). Results showed 
that implementation of improved irrigation methods 
in cotton fields in the downstream regions (with WSE 
equalling 0.8; Table 1) would be four times as efficient 
as in the wetter and colder upstream regions (with 
WSE equalling 0.2; Table 1). The Amu Darya delta 
had the highest WSE due to its dry climate related to 
large non-reusable water losses through ET and small 
return flows.

4.2  Paper III - Basin-scale patterns in water 
quality 

Paper III had the aim to identify the most hazardous 
contaminants from a human health perspective in 
the ADRB. Data from downstream reservoir water 
quality measurements were analysed together with 
synthesised reported upstream water quality data to 
investigate temporal and seasonal trends, trends along 
hydrological pathways and differences between main 
components of the hydrological systems (river water, 
reservoir water and groundwater). Results from the 
sampling campaigns in the downstream Mejdurechye 
reservoir showed NO2

- and Cd concentrations 
occasionally above health based guideline values. 

Rebecka Törnqvist

Table 1. Climate characteristics and water saving efficiencies 
(WSE) of the seven irrigation regions considered in the 
spatial analysis of water saving quantifications. 

Region
Mean tem-

perature 
[°C]

Mean
precipita-

tion
[mm]

WSE 

ADRB
1. Downstream 13 106 0.78
2. Middle reach 15 225 0.35
3. Upstream 14 400 0.27
SDRB
4. Downstream 10 159 - *
5. Middle reach - 1 14 373 0.41
6. Middle reach - 2 9 413 0.22
7. Upstream 4 364 0.17

* No reported cotton production in the region

4. Results
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Figure 8. Mean hazard factors (HFs) in a) drainage water and river water for nitrite and nitrate, b) groundwater, reservoir 
and river water for fluoride, arsenic, mercury and copper, and c) groundwater, reservoir and river water for cadmium, 
chromium, manganese, nickel and lead. Values below the horisontal solid lines indicate samples with concentrations 
below the detection limits (DL) and thereby of low HFs. Locations are categorised according to upstream to downstream 
mean surface waters and groundwater flows, i.e., from left to right in the figure. Abbreviations: Res. THC = Tuyamuyn 
Hydrological Complex Reservoir, Res. Mejdu. = Mejdurechye Reservoir. See Figure 2 for sample site location.
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High concentrations of Cu, NO2
-, F, As and Cd 

contributed to CHFs above one, i.e., indicating health 
risk from the contaminant mixture observed in the 
reservoir water, for three of the four measurement 
campaigns. Trend analysis of substances contributing 
to high CHFs in Mejdurechye were performed in four 
stations along Amu Darya River (Figure 2; Termez, 
Tuyamuyn, Nukus and Kziljar). The analysis showed 
primarily seasonal variability in Cu concentrations, 
primarily spatial variability in As concentrations, and 
primarily temporal variability in F. For NO2

- both 
seasonal and spatial variability was identified. 

Figure 8 shows comparisons between mean HFs 
for groundwater, drainage water, river water and 
reservoir water in the ADRB. The measurement 
stations are ordered considering surface water and 
groundwater flow directions, from upstream stations 
to downstream stations. HFs exceeding one were 
found for Cr, Pb, Mn and Ni in Tuyamuyn reservoir 
water and upstream stations, with lower values 
downstream. Reported groundwater quality data 
were only available for Cu, Cr and Pb. Cu HFs were 
two orders of magnitude higher in groundwater than 
in river water, and Cr and Pb stand out with HFs up 
to 280 and 65, respectively. Overall, surface water 
was related to much lower HFs than groundwater. 
Adverse health effects related to contaminants found 
at HFs above one in surface water and groundwater 
have been frequently observed in the population of 
the region. It is therefore plausible that untreated 
drinking water is a source of these contaminants for 
the population. 

4.3 Paper IV and V  - Basin-scale changes in
nitrogen loads 

In Paper IV, long-term changes in dissolved inorganic 
nitrogen (DIN) concentrations and loads at the 
outlet of the ADRB were investigated. Decreasing 
riverine DIN concentrations were observed near the 
Aral Sea outlet during the considered period 1960-
2000 (linear decreasing trend; Figure 9a). The later 
20-year period (1981-2000) showed half the mean 
concentration of the observations during the earlier 
20-year period (1960-1980). The full considered 
period 1960−2000 was characterised by increased N 
fertiliser application and net N input (NNI; N fertiliser 
application minus N crop uptake) due to changed 
crop patterns and yields (Table 2), which could not 
explain decreased N concentrations. The reduction in 
concentrations could not be explained by improved 
fertilisation application or irrigation efficiency either. 
Instead, the decrease in concentrations was identified 
to mainly be caused by a considerable increase 
in the irrigation-drainage-reservoir system and 
recirculation of irrigation water, causing increased 
N attenuation-retention. An analytical relationship 
between increased ratio of irrigation water diversions 

Figure 9. Temporal trend in a) annual mean dissolved 
inorganic nitrogen (DIN) concentration (linear trend) and b) 
annual DIN load (exponential trend), c) linear correlation 
between annual DIN load and annual mean discharge, 
near the Amu Darya River Basin outlet for the period 1960-
2000, and d) five year averages of the ratio of N fertiliser 
application and DIN load and the recirculation ratio (r) in 
the Amu Darya river basin for the period 1960-2000. 
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and river discharge (r) and decreased Cout/Cin  ratio 
was developed (see section 3.3.3), and shown to 
match observations for both 20-year periods with 
significantly different r-values (Table 2). 

An observed six-fold decrease in DIN loads between 
the periods 1960-1980 and 1981-2000 was a 
combined result of drastic river flow reduction and 
decreased DIN concentrations at the basin outlet 
(exponential decreasing trend; Figure 9b). However, 
the high linear correlation (R2 = 0.8; Figure 9c) 
between DIN load and discharge suggest that changed 
river flow is the key factor for DIN export from the 
basin. High linear correlation (R2 = 0.9) was found 
between the ratio of N fertiliser application and DIN 
load, and r (Figure 9d), which is in agreement with 
the modelling result of a strong relationship between 
basin-scale r and N attenuation. 

In Paper V, the findings from Paper IV were used to 
further explore how projected future climate change 
additionally could change hydrological conditions 
and N attenuation in the ADRB. Results showed 
that temperatures are projected to increase between 
1 and 2°C in 2025 and between 3 and 5°C in 2100, 
compared to the reference period 1961−1990. 
However, projected precipitation changes (ΔP) were 
inconclusive, since individual GCM projection results 
showed both increased and decreased precipitation 
for all the considered time frames. Ensemble means of 
multiple GCMs future climate projections; however, 
showed increased ΔP for all the considered time 
periods, with a ΔP of 5 mm/year for the near future 
(year 2025; Table 3) and a ΔP of 13 mm/year for the 
more distant future (year 2100; Table 3). Due to the 
large uncertainty in future ΔP the modelled discharge 
based on projected future climate was consequently 
also uncertain. Based on the ensemble mean ΔP and 
ΔT; though, the discharge is expected to be reduced 
by 3 km3/year in the near future and is at risk of being 
lost entirely in the more distant future (Table 3).

The results further indicated that r-values will increase 
with projected decreased discharge. For instance, 
the projected hydrological conditions based on the 
ensemble mean for 2050, with a decrease in discharge 
with 4 km3/year (Table 3), would yield an r-value of 
17, i.e., a three times as large value as for the present 
conditions. A larger r-value would lead to increased 
N attenuation. In 2050, the Cout could be expected to 
be one order of magnitude lower than for the period 
1981−2000, assuming a constant irrigation water 
diversions and N fertiliser input. Consequently, the N 
export could be expected to decrease even more in the 
future due to changed climate induced hydrological 
conditions which would lead to increased r and N 
attenuation.

Table 2. Development of N fertiliser application, net N input 
(N fertiliser application minus N crop uptake), irrigation 
water withdrawal and recirculation ratio between the 
periods 1960 − 1980 and 1981 −2000.

1960 −1980 1981−2000
N fertiliser application 

[ton/year]
282 500 412 000

Net N input [ton/year]* 22 500 84 000

Irrigation water 
withdrawal 
[km3/year]

41 51

Irrigation water 
withdrawal  

[m3/ha]

18 000 16 500

Recirculation ratio (r) 1.4 5.7

* Only for the Uzbek part of the ADRB

ΔT 
[°C]

ΔP
 [mm]

ΔQ 
[km3/year]

2025 + 1.4 +4.9 −3
2050 +2.2 +4.0 −4
2100 +4.0 +13.3 −8

Table 3. Ensemble means of multiple GCM projections of 
future temperature (T) and precipitation (P) change, and 
modelled future discharge compared to the reference period 
1961−1990 in the Amu Darya Drainage Basin. 
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5.1 Impact of reuse of irrigation water on water 
saving potentials

Results from the hydrological modelling of basin-
scale water savings in Paper II show that net river 
water savings from changed irrigation methods were 
about 60% lower than the corresponding reductions 
in basin-scale irrigation water outtake to the fields 
(Figure 6b and c). Water savings would equal the 
reductions in water outtake if the impact of return-
flows was neglected (Figure 6a). With the presence 
of return flows; however, reduced irrigation water 
outtake are not directly shown as increased river 
flow, since a certain amount of water is reused. Water 
savings that lead to increased river flow are then 
achieved by decreasing water losses that cannot be 
reused, for example water losses to the atmosphere 
over the irrigated fields. How water use is defined is 
therefore of great importance for quantifying basin-
scale water savings (Figure 6a). This also demon-
strates the importance of reuse of irrigation water 
for the hydrology of ASDB, like in many water scare 
regions with inefficient and extensive irrigation-
drainage systems (Quadir et al., 2007).

The modelled basin-scale increase in river discharge 
from water saving measures on the cotton fields in 
ASDB was in the order of 1 to 6 km3/year (Figure 
6c). Such increased discharge could help to prevent 
small lakes and reservoirs (e.g., the Mejdurechye 
reservoir studied in detail in Paper III) in the Amu 
Darya delta to dry up and contribute to the recover-
ing ecosystem of the northern part of the Aral Sea. 
For instance, fishery has once again become im-
portant for local livelihood after restoration efforts 
of lakes and reservoirs in the northern Amu Darya 
delta (Schlüter et al., 2009). Diversified income 
opportunities from fishery in addition to irrigated 
agriculture can enhance the overall resilience with 
regard to variability in water availability (Schlüter et 
al., 2009). 

Regional differences in WSE due to climatic factors 
were identified in the ASDB. Reductions in water 
outtake to the fields will more directly be shown 
in increased river flow in dry regions of the basin, 
which are related to large losses of water through 
ET that allow for a large potential for water sav-
ings (expressed as high WSE; Table 1). The present 
results thus suggest that implementation of improved 
irrigation techniques in dry regions would be most 
efficient in terms of yielding the largest water savings 
from a certain degree of reduction in irrigation water 
diversions to the cotton fields. On the other hand, in 

regions with low water availability, reuse of irriga-
tion water may be an important additional water 
resource for parts of the population. One can thus 
argue that the implementation of improved irriga-
tion techniques for instance in the dry Amu Darya 
delta would lead to decreasing water resources for 
the parts of the population which are dependent on 
drainage water for irrigation (Olsson et al., 2013). 
However, for performing sustainable recommenda-
tions and planning for where in the basin to imple-
ment water saving measures, more aspects such as 
water quality of return flows, the dependency or 
unwillingness of the local population to use return 
flows for irrigation, cost of measures, and other 
socio-economic factors need to be considered (Törn-
qvist et al., 2008). 

In other studies, potential water savings at large 
scales in different parts of the ASDB have been mod-
elled (Cai et al., 2003; Yakubov and Manthrithilake, 
2009). The impact on discharge from changed crop 
patterns and increased irrigation efficiency was stud-
ied for the SDRB using a node-link network model 
by Cai et al. (2003). Results showed that the inflow 
to the Aral Sea was estimated to double if the area 
of cotton-forage production was decreased by one-
third in favour for maize-wheat production, and that 
a 20% increase in irrigation efficiency would occur 
(Cai et al., 2003). Module based simulation model-
ling of crop production, water demand and water 
supply in Uzbekistan showed that a future scenario 
of a 10% increased water use efficiency would lead 
to an increase in the Aral Sea inflow of 2 km3/year 
(Yakubov and Manthrithilake, 2009). This would 
correspond to a WSE of about 0.33, when consider-
ing the change in basin-scale irrigation water diver-
sions and increased discharge, which is in the same 
magnitude as the result in Paper II with a mean WSE 
of 0.4 in the cotton production areas of ASDB. Addi-
tionally, also regional WSE estimations for the Amu 
Darya delta were in agreement with results from 
basin-scale water savings from improved irrigation 
methods in regions with similar dry climatic condi-
tions, such as the Zayandeh-Rud basin in central 
Iran (Nikouei et al., 2012). The corresponding WSE 
in the Zayandeh-Rud basin was 0.75 which is similar 
to the WSE in the Amu Darya delta of 0.78 (Table 1). 

The results from Paper I and II demonstrate that to 
choose an alternative irrigation technique that not 
only reduces the water use but also increases the 
water productivity is favourable if a certain crop 
production should be maintained when the pos-
sibility to expand irrigated areas are limited due to 

5. Discussion
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salinization and water scarcity. Drip irrigation is 
an irrigation method which has been reported to 
give higher yields and increased water productiv-
ity compared to traditional furrow irrigation in arid 
and semi-arid regions (Cetin and Bilgel, 2002; Rajak 
et al., 2006; Ibragimov et al., 2007). However, this 
irrigation technique is more expensive to implement 
and maintain than the instead more labour-intense 
traditional surface irrigation methods (Lioubimtseva 
and Henebry, 2009). Another promising water sav-
ing approach is the use of conservation agriculture 
techniques which aim at conserving soil moisture 
and soil organic matter by low soil-disturbance and 
soil covering with mulch and crop residues (Stagnari 
et al., 2009). A synthesis of studies of conservation 
agriculture techniques for different agricultural 
production systems in ASDB showed that especially 
raised beds, i.e., no tillage applied, and mulching of 
crop residues could increase water use efficiency and 
yield for cotton and winter wheat in irrigated regions 
(Kienzler et al., 2012). Other strategies for water 
savings and increased water productivity could be to 
change from water demanding crops, such as cotton, 
to less water demanding crops such as wheat and 
maize, as demonstrated in model results above from 
Cai et al. (2003). 

A distributed hydrological model was used to quan-
tify basin-scale water savings. The model is based 
on a general water balance approach that allows for 
calibration of the difficult to measure and estimate 
ET when distributed climate data and discharge 
observations are available. In this case the mod-
elled ET corresponded well (4% difference) with ET 
derived from the water balance closure, even though 
ET equations which require small amount of input 
information and do not consider seasonality were 
used. Additionally, the Langbein method employed 
here has previously been compared with the Thorn-
thwaite method (Thorntwaite, 1948), which consid-
ers seasonality, for ET computation in the ASDB 
(Shibuo et al., 2007; Jarsjö et al., 2012). The com-
parison showed that the ET and resulting discharge 
from the two methods only differed with less than 
5% both for historic and future conditions (Jarsjö et 
al., 2012). The use of global data sets such as CRU 
climate data (Mitchell and Jones, 2005) can be asso-
ciated with additional uncertainties. For instance, er-
rors in P would lead to errors in ET estimations from 
the water balance closure approach. From a com-
prehensive water balance assessment of more than 
50 Australian catchments (Australian Government 
National Water Commission, 2007), an average error 
term of 14% of the total inflows was estimated to be 
associated to such water balance approaches as used 
in this thesis (Asokan et al., 2010). For comparison, 
even with the use of ET methods which considers 
more parameters, for example the Penman-Monteith 
method (Monteith, 1981). ET errors of up to 50% 

could be attained if no calibration to observed dis-
charge is performed (Kite and Droogers, 2000). 

Despite potential uncertainties in model results 
derived from input data or model assumptions, the 
results were in agreement with other water saving 
quantifications from ASDB (Yakubov and Man-
thrithilake, 2009; Cai et al., 2003) and basins of 
similar climatic conditions (Nikouei et al., 2012). 
This implies that the distributed model used in this 
thesis, which mainly requires easily available topol-
ogy and climate data as input, can yield results with 
accuracy comparable to hydrological module based 
models. These; however, require large amounts of site 
specific data, e.g., for drainage and irrigation canal 
efficiencies in order to account for effects of return 
flows. The distributed modelling approach used in 
this thesis is therefore promising to use for water 
saving quantifications, especially in regions with low 
availability of data. 

5.2 Impact of decreased surface water availabil-
ity on health risks and transport pathways

Results from the ADRB synthesis of water quality 
studies and water quality data sampling in Paper 
III, showed varying pollution levels between sea-
sons, locations and water systems. In particular, 
the results show that surface waters in the ADRB 
occasionally were subject to health hazards. How-
ever, groundwater was overall related to much higher 
HFs than surface waters (Figure 8). Consistent with 
these findings of overall higher pollution levels in 
groundwater than surface water, average groundwa-
ter salinity (Johansson et al., 2009) was observed to 
be double the levels compared to river water salinity 
in the upper Amu Darya delta (Crosa et al., 2006). 
Additionally, many of the substances with relatively 
high HFs in ADRB surface waters (As, F, NO3

−, and 
Cd) had much higher HFs in groundwater (of up to 
5) than in river water in the SDRB (below 0.6; Chiba 
et al., 2006; Bosch et al., 2007). Groundwater has also 
been observed to be highly polluted by in particular 
salt and N from agricultural activities in many other 
irrigated arid and semi-arid regions (Böhlke, 2002; 
Oren et al., 2004; Jalali, 2005; Fetouani et al., 2008). 
For instance, 75% of groundwater NO3

− concentra-
tion observations were exceeding the WHO drinking 
water guideline values in the irrigated plain of Triffa 
in Morocco (Fetouani et al., 2008), and groundwater 
NO3

− concentrations up to eight times the WHO 
drinking water guideline values were observed in the 
irrigated Arava valley in Israel (Oren et al., 2004). 

Severe droughts in the ADRB in 2000 and 2001 led 
to recommendations from the Uzbek government to 
construct 2 600 new shallow wells and to repair old 
malfunctioning wells for irrigation water and drink-
ing water purposes (Rakhmatullaev et al., 2010). 

Basin-scale change in water availability and water quality under intensified irrigated agriculture
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At the same time, it has been reported that shallow 
wells used for drinking water have been abandoned 
due to highly salinized groundwater (Rakhmatul-
laev et al., 2010). The drinking water situation in 
the downstream ADRB is consequently extremely 
vulnerable in dry years. The expected intensification 
of the surface water scarcity, as projected in Paper 
V, may require a further shift from surface water to 
groundwater as the main drinking water source. The 
present results from the health risk screening imply 
that this could impair the quality of untreated drink-
ing water even more. It is therefore recommended to 
perform groundwater quality assessments of more 
substances related to high HF contaminants identi-
fied in Paper III and at more locations to get a more 
complete picture of the groundwater health risk.

In the downstream regions of the ADRB, irrigated 
areas are abandoned along with water scarcity and 
salinization (Johansson et al., 2009). Hydrologic 
distributed modelling in accordance to Persson et al. 
(2011) of transport pathways and mean groundwa-
ter travel times to surface water under diminishing 
surface water availability in the Amu Darya delta 
was performed. The aim of the investigation was 
to illustrate the impact on groundwater travel time 
from profoundly changed surface water availability 
and transportation pathways from the time of a full 
functioning irrigation system around 1980 compared 
to the present state and future conditions in response 
to projected hydro-climatic trends. The estimates of 
groundwater travel times were based on mean values 
of hydraulic conductivity and effective porosity for 
the whole Amu Darya delta (Shibuo et al., 2006). 
Refined analysis of local heterogeneities would be 
needed for more exact absolute values. 

The groundwater travel times to surface water were 
relatively short in the full functioning irrigation-
reservoir system (red in Figure 10a). Large exchange 
between surface water and groundwater was thus 
present in the delta as a result of fine-branched canal 
systems. The current drying of small canals in the 
most downstream part of the delta implies that travel 
times from some locations within the delta have 
increased to a year or more (yellow and green in 
Figure 10b), which implies an increasing importance 
of groundwater contaminant transport. The expected 
continued drying of surface water in the near future 
would lead to irrigated areas mainly being present 
close to the river and main canals. In parts of the 
delta formerly supplied by water from smaller canals, 
groundwater would be the main transport pathway 
and patches of higher travel times would appear 
throughout the delta (Figure 10c). In accordance to 
projections of extreme dry future conditions, the 
groundwater may be the only water resource and 
transport pathway available. If the rest of the surface 
water resources dry out within the delta, the aver-

age travel times to the former Aral Sea border will 
increase by an order of magnitude in comparison 
with the situation in the 1980s (Figure 10d). Over-
all, this modelling illustration shows that reduced 
surface water availability would mean that ground-
water would be the main water system for transport-
ing contaminants, and would to a larger extent be 
governing the total travel time in the delta. 

5.3 Impact of development of irrigation           
systems on nitrogen attenuation and export

The results in Paper IV showed decreased DIN 
concentrations during a period of intensified irri-
gated agriculture with increased N fertiliser input to 
the ARDB (Figure 9a; Table 2). This is in contrast to 
many observations of increased N riverine concen-
trations from agricultural activity mainly due to 
leaching of excessive input of synthetic N fertilisers 
(e.g., Carpenter et al., 1998). In agreement with the 
findings in this thesis; however, connections between 
increased irrigation and N attenuation have been 
observed in other river basins (Oelsner et al., 2007; 
Brown et al., 2011; Lassaletta et al., 2012). Specifi-
cally, significant correlation between irrigated agri-
cultural area and decreased N delivery from land to 
water have been shown for the Missouri river basin 
(Brown et al., 2011), as well as between N attenua-
tion-retention and the density of reservoirs and irri-
gation channels in catchments in the Ebro river basin 
(Lassaletta et al., 2012). In the Middle Rio Grande, a 
pattern of lower DIN concentrations in agricultural 
return flows than in diverted river water and of lower 
DIN concentrations in dry years compared to wet 
years was observed (Oelsner et al., 2007). This was 
explained by high N attenuation-retention on the 
agricultural fields and larger relative contribution 
of agricultural return flows to the river in dry years 
(i.e., higher r-values; Oelsner et al., 2007). 

In agreement with the basin-scale findings, field 
studies from the ADRB also show that on average 
40% (and up to 70%) of applied N fertilisers to the 
agricultural fields are lost through volatilisation, 
and are much larger than N losses through leaching 
(Kienzler, 2010; Scheer et al., 2009). Coupled irriga-
tion and fertilisation events, which promote favour-
able conditions for denitrification by increased soil 
moisture and availability of N, were identified as 
one key factor behind the high volatilisation losses 
(Scheer et al., 2009). Four interconnected dams, the 
Tuyamuyn Hydrological Complex (THC), in the up-
per Amu Darya delta were constructed in the early 
1980s (Olsson et al., 2008). This additional irrigation 
related modification of the lower ADRB could cause 
increased basin-scale N attenuation-retention due to 
increased residence time in the reservoirs, which has 
been observed in many other regulated river basins 
(Caraco and Cole, 2001).
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Figure 10. Groundwater travel time (in years) to surface water recipients for four cases (a-d) of the surface water 
situation in the Amu Darya delta. Case (a) represents the situation of the 1980s, with a well-developed and functioning 
irrigation canal - reservoir - river system, case (b) represents the current situation, in which small canals in downstream 
regions have dried out due to water shortage, case (c) represents a projected near-future scenario (around 2025), in 
which all small canals have dried out, and only the larger ones and the river remain, and case (d) represents a projected 
future scenario (around 2100), in which the delta’s surface waters dry out completely, and water-borne pollutants are 
transported by groundwater only. The extent of the reservoir-river-canal system is shown in white. The former Aral Sea 
shoreline is located north of the delta.

a)

c)

b)

d)

In basins modified by irrigation, N attenuation-
retention processes can thus be enhanced from 
increased flow-paths and travel times along with 
expansion of the irrigation-drainage-reservoir sys-
tems. In this thesis, the relationship between such 
increases in N attenuation-retention from irriga-
tion canal-drainage-reservoir system development 
was further explored by considering r, i.e., the ratio 
between recirculated river water to irrigated fields 
and outlet river discharge. An analytical relationship 
between changed basin-scale r and Cout/Cin  in the 
ADRB was developed and shown to match obser-
vations for two 20-year periods (1960−1980 and 
1981−2000) with considerable different r-values. By 
use of long-term averages (20-year periods) poten-

tial uncertainties related to single measurement 
events were reduced. Potential uncertainty in data 
due to data gaps and changed analysis method of 
NH4

+ was also explicitly assessed. Possible effect 
on estimated annual average DIN concentrations 
and loads from such uncertainty sources was 
shown to be much smaller than the 50% decrease 
in DIN concentrations (Figure 9a) and the six-
fold decrease in DIN loads (Figure 9b) observed 
between the two 20-year periods.

In agreement with the analytical modelling 
results, high linear correlation (R2=0.9) be-
tween N fertiliser application-DIN river outlet 
load ratios, and r, was observed for the ADRB. 
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The results imply that increased development of 
irrigation-drainage-reservoir systems in a river basin 
could lead to enhanced N attenuation-retention 
conditions, which could outweigh N leaching from 
the fields, and cause decreased riverine N concen-
trations. However, for substances not attributed to 
attenuation-retention processes an increased recircu-
lation of irrigation water would evidently not lead to 
decreased concentrations. On the contrary, salt is for 
instance subject to downstream accumulation from 
reuse of irrigation in regions with high ET (Crosa et 
al., 2006; Olsson et al., 2013).

In Paper IV, a high linear correlation between dis-
charge and N export from the ADRB was observed. 
Similar patterns have been observed in many other 
river basins characterised by high agricultural inten-
sity (Basu et al., 2010). River discharge has decreased 
drastically during the considered historical 40-year 
period in the ADRB (Figure 3), which has caused 
a six-fold decrease in DIN load from the basin 
between the periods 1960−1980 and 1981−2000 
(Figure 9b). This implies that reduced discharge is 
even more important for decreased N export from 
the river basin than decreased N concentrations. 
Accordingly, reduced discharge related to irriga-
tion water diversions has caused reduced N export 
in both river basins with increasing and decreasing 
concentration trends (Ludwig et al., 2009; Tao et al., 
2010). 

N fertilisation has been maintained high throughout 
the period of considerable decrease in N export from 
the ADRB (Table 2). This implies that the decrease 

in N load from the basin has led to that N accumula-
tion in the soil-groundwater system and volatilisa-
tion losses have become increasingly important for 
the N cycling in the river basin. Such accumulations 
of N have been observed in field studies from ADRB 
(Shanafield et al., 2010; Kienzler et al., 2011), which 
implies that N sources may be retained in the river 
basin for a long time after the input has ceased. 
The build-up of N sources can buffer concentration 
variations and lead to more homogenous loading 
pattern, which has been observed in many agricul-
tural catchments (Basu et al. 2010; Basu et al., 2011; 
Thompson et al., 2011). 

In Paper V, the impact of projected future climatic 
driven changes in discharge on N attenuation was 
further explored, while keeping the present irrigation 
water diversions and N input constant. The results 
imply that N riverine concentrations would likely de-
crease in the future due to increased r-values caused 
by ceasing outlet river flows. Future N export from 
the ADRB would thus decrease even more along 
with projected decreased discharge and increased N 
attenuation. Future hydro-climatic changes (investi-
gated in Paper V) or irrigation water use changes (in-
vestigated in Paper IV) can thus lead to reductions in  
N export from irrigated river basins. Many arid and 
semi-arid regions around the world are projected 
to undergo reductions in discharge due to climate 
change and agricultural intensification (Jackson et 
al., 2001; IPCC, 2007; Yasin et al., 2010), and may 
therefore undergo comparable shifts in N export and 
internal N storage in the soil-groundwater system as 
shown here for the ADRB. 
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In this thesis, synthesised data analyses and distributed hydrological modelling were performed to investigate 
basin-scale changes in water use, river discharge, water quality and N loading. Connections between such 
changes were investigated and allowed for identification of underlying factors for changes in water availability 
and water quality in river basins modified by irrigated agriculture. The main findings of this thesis are:

- If traditional furrow irrigation would be replaced by more efficient irrigation techniques in the cotton 
fields of the ASDB, the outtake of river water to agricultural fields could be reduced by about 10 km3/year, 
which is on the same order as the current downstream discharge of the main rivers in ASDB.

- However, results also show that the basin has a high degree of water recirculation, which means that 
reduced irrigation water diversions are not directly shown as increased river flow, since a certain amount 
of water is reused. Return flows back to the river would also decrease if the outtake would be lowered. 
Therefore, the net water saving, seen as increasing river discharge at the basin outlet, is considerable lower 
(around 4 km3/year) than the outtake reduction. This illustrates the importance of quantifying internal 
return flows in basin-scale water saving assessments. 

- The water saving efficiency of the considered improvements in irrigation techniques, expressed as the gain 
in downstream river discharge divided by the outtake reduction associated with the improved irrigation 
techniques, differed considerably between irrigation regions in the ASDB due to regional climatic differ-
ences. The water saving efficiency was found to be up to a factor four larger in dry regions characterised 
by large non-reusable ET water losses and smaller return flows compared to colder and wetter regions. 

- Nutrients and metals from agricultural and mining activities were occasionally found at concentrations 
exceeding WHO’s health risk-based guideline values in surface waters in the ADRB. However, metal con-
centrations in groundwater wells distributed across the lower ADRB were subject to orders of magnitude 
higher health hazards than in surface waters. 

- With such considerable groundwater contamination, decreased availability of surface water resources 
(e.g., due to water losses from irrigation expansion) implies decreased access to water suitable for drink-
ing. Analogously, polluted groundwater may increasingly become the only remaining water source in 
many arid and semi-arid areas of the world, since surface water discharges are expected to decrease glob-
ally in arid and semi-arid areas, in response to global irrigation increase and projected climate change.

- Decreasing riverine DIN concentrations during a 40-year period were observed at the outlet of the ADRB 
despite increasing N fertiliser input to agricultural fields of the basin. A developed analytical relationship 
between recirculation ratios of recirculated irrigation water and discharge, which increased considerably 
during the 40-year period, and DIN outflow-inflow concentration ratio was shown to match observations. 
High linear correlation between N fertiliser application-DIN river outlet load ratios and recirculation 
ratios was also observed. This suggests that the observed decrease in concentrations is primarily caused by 
increased irrigation canal-drainage-reservoir systems causing increased flow-path lengths and associated 
enhanced N attenuation-retention.

- A large decrease in DIN export from the ADRB was shown to primarily be the result of drastic river 
discharge reduction. Decreased N export indicates an increased internal N storage and degradation in 
basins where N fertiliser inputs are maintained, as in the ADRB. Projected future climate change is likely 
to further decrease the Amu Darya discharge, which would lead to continued decrease in N export both 
directly by further reducing the DIN mass loads at the basin outlet and by increasing recirculation ratios. 

- Many arid and semi-arid regions around the world are projected to undergo reductions in discharge, as 
mentioned earlier. This thesis has shown that basic hydrological functioning can shift in such river basins, 
for instance in terms of decreased N export and related increased internal N accumulation.

6. Conclusions

Basin-scale change in water availability and water quality under intensified irrigated agriculture
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Methodological contributions of this thesis are the development of an analytical relationship between basin-
scale recirculation ratio (r) and the outflow-inflow concentration ratio (Cout/Cin), and of a distributed hydro-
logical model approach to investigate water saving potentials. The validity of the analytical relationship and 
the modelling approach would be interesting to assess in irrigated regions from different parts of the world. 
Effects from different degrees in agricultural versus urban impacts, irrigation practices and many other river 
basin characteristics would be interesting to investigate to expand the conclusions drawn from this thesis. 

This thesis has mainly studied impacts from historic changes in land-water use from intensified irrigation. 
Additionally, impacts of future climatic changes were studied in Paper V. The findings in this thesis could 
be used to further explore the impact on the hydrology and water quality from changes in future irrigation 
development in the ASDB. For instance, investigations of impacts from possible shifts in spatial patterns of ir-
rigated regions from downstream regions to further upstream locations, due to the abandonment of irrigated 
areas in water scarce and salinized downstream areas, could be an interesting aspect to study for the future 
water resource situation in the region. 

Furthermore, additional groundwater quality assessments including substances with herein identified health 
risk are recommended to perform to obtain a clearer overview of the groundwater health risk situation. 
Such assessments could be complemented with groundwater modelling to further investigate groundwater 
transport of contaminants in areas of intensified irrigation, with associated elevated groundwater tables and 
decreasing surface water availability. 

7. Future research
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