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Abstract Agricultural intensification in semiarid regions

comes at a cost of relatively high water losses through

evapotranspiration and can contribute to releases of nutri-

ents and pesticides that affect downstream water quality. In

addition, highly managed river basins may be particularly

sensitive to future climate change. However, effects on

retention–attenuation of nutrients are difficult to quantify

due to the complexity and variability of relevant processes.

We here use the example case of the large (covering 1.3%

of the earth’s land surface) and extensively irrigated Aral

Sea Drainage Basin (ASDB) in Central Asia, together with

73 general circulation model (GCM) projection results and

field-data driven nitrogen retention–attenuation modeling,

to investigate to which extent projected future climate

change (for years 2025, 2050 and 2100) can influence

nitrogen loads and concentrations in the water systems of

the basin. Results for the principal Amu Darya River of the

ASDB suggest that riverine concentrations of nitrogen will

decrease considerably throughout the coming century. This

is due to projected climate-related decreases in runoff and

river discharge, which increases internal nitrogen recircu-

lation ratios, average transport distances and nitrogen

retention–attenuation. However, in groundwater near the

agricultural fields, there is in contrast a risk of considerable

nitrogen accumulation. More generally, the sensitivity of

nitrogen concentrations in the ADRB to climate-driven

changes in runoff and discharge is likely to be shared with

many highly managed basins in arid and semiarid regions

of Central Asia, and the world.

Keywords Climate change � Irrigation � Nitrogen
attenuation � Land-use change � GCM � DIN �
Water quality � River flow

Introduction

A main part of renewable water resources in agriculturally

well-developed, semiarid and arid regions of Central Asia,

as well as South-Eastern Australia, the Middle-East,

Northern Africa and the Western USA, is currently diver-

ted and used for irrigation (Kotb et al. 2000; Hauer and

Lorang 2004; Venot and Molle 2008; Walker et al. 2009).

Meeting irrigation needs of water-demanding crops (e.g.,

rice and cotton) in such regions generally comes at the cost

of high water loss through evapotranspiration (ET). This

implies decreased runoff, which modifies hydrological

conditions at local to global scales, potentially impacting

water availability (Shibuo et al. 2007; Jarsjö et al. 2012;

Jaramillo and Destouni 2015).

Agricultural intensification is frequently also associated

with heavy use of nitrogen (N) (Gordon et al. 2008;

Johansson et al. 2009; Törnqvist et al. 2011), which

accelerates the cycling of N, contributing globally to

observed increases in N-loads in world rivers (Seitzinger

et al. 2010). This has led to several negative effects on

ecosystems and human health. They differ between regions
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and include failure to reach health-based water quality

criteria, eutrophication, blooms of toxic algae, sea bottom

death and loss of biodiversity (Foley et al. 2005; Conley

et al. 2009; Törnqvist et al. 2011).

However, in principle, the modified hydrological con-

ditions of irrigated basins can also fundamentally impact

the waterborne transport pathways and travel times, in such

a way that retention–attenuation of nutrients increases.

Hence, even if accumulation of excess N occur at and near

agricultural fields, a sufficiently increased retention–atten-

uation would imply decreased net substance loading to

downstream recipients. Notably, laboratory experiments as

well as experiments at agricultural plots have shown that

the degree of water recirculation, which is a measure of

water-reuse, is a critical parameter that is positively cor-

related with nitrogen retention–attenuation and negatively

correlated with the nitrogen concentrations of the out-

flowing water (Takeda et al. 1997; Feng et al. 2004; Hitomi

et al. 2006).

In all cases, projections of future hydrological conditions

and nutrient loads need to account for ongoing climate

change, since it profoundly changes runoff patterns and

thereby also creates quite modified conditions regarding the

cycling and attenuation of substances (Palmer et al. 2008;

Törnqvist et al. 2015). For instance, projected future tem-

perature increases will generally enhance ET and may

reinforce already existing effects of irrigation-induced ET

increases (e.g., Jarsjö et al. 2012). Consequently, climate can

influence attenuation and transformation of nutrients and

pesticides, for instance through its control on transport

pathways and residence times (Bloomfield et al. 2006;

Howarth et al. 2006). However, effects may differ consid-

erably between regions and can be difficult to detect, not least

due to the complexity and variability of relevant processes

(Destouni and Darracq 2009). Furthermore, in predictions of

future development, it is in particular precipitation and

freshwater flux trends that are subject to relatively large

uncertainty (e.g., Asokan et al. 2016). Uncertainties have,

however, been shown to decrease considerably if multi-

model ensemble average outputs are used from global cir-

culation models (GCMs), instead of individual GCM output

(e.g., Jarsjö et al. 2012; Bring et al. 2015).

Rivers in Asia are expected to experience large future

changes in the loading and export of N, compared to global

average conditions, for instance due to population

dynamics and heavy fertilizer use (Seitzinger et al. 2010).

Targeting here specifically processes in areas that already

are hydrologically modified by water diversions and irri-

gation, we use the example case of Central Asia and its

Aral Sea Drainage Basin (ASDB; covering 1.3% of the

earth’s land surface; Fig. 1a), which is large and extensive

enough to be well resolved by general circulation models

(GCMs). The region has been subject to large-scale

irrigation development (e.g., Rakhmatullaev et al. 2010;

Törnqvist and Jarsjö 2012), with the irrigation area

increasing from 2.5 million ha in 1910 to 7.4 million ha in

1990. This has resulted in hydrological changes at scales

that thus far are unprecedented in the world, with drastic

discharge decreases in the principal Amu Darya and Syr

Darya Rivers, drying of the Aral Sea and water quality

deterioration including salinization of the region’s water

sources (Jarsjö and Destouni 2004; Shibuo et al. 2006;

Micklin 2007; Johansson et al. 2009).

The focus on Central Asia and ASDB is further moti-

vated by ASDB being the first case where historic increases

in basin-scale water recirculation have been quantitatively

related to observed decreases in riverine N-loads (Törn-

qvist et al. 2015). There are two main mechanisms that can

cause this relation. First, nitrogen may be increasingly

exposed to the atmosphere as irrigation expansion brings

more water to the soil surface, which for instance can favor

nitrogen removal through denitrification. Second, as return

flows from upstream regions increasingly are being reused

for irrigation of downstream fields, total flow path lengths

through the groundwater systems can increase (Törnqvist

et al. 2015). This may cause increased filtering of N

through the groundwater system and enhanced N retention–

attenuation. In particular, defining the recirculation ratio

r as the ratio between the sum of all water diversions along

the river (Qdiv) and the river outflow from the basin (Qout;

see schematic illustration of Fig. 1b), Törnqvist et al.

(2015) developed quantitative expressions for how the

considerable increases in r during the period 1960–2000

were related to distinct decreases in dissolved inorganic

nitrogen concentrations [DIN] in Amu Darya River, despite

increasing N fertilizer use within the basin. Recognizing

that such quantitative, cause and effect understanding of

past development is key for developing dependable future

predictions, we here aim at investigating to which extent

projected future climate change can further influence fun-

damental characteristics of the system, such as the recir-

culation ratio of irrigation and river water. We use above-

mentioned quantitative expressions to investigate if this, in

turn, can affect future basin-scale nitrogen cycling and

attenuation, even in the limiting case that current water

diversions and nitrogen application practices are main-

tained also in the future, which may have important

implications for the status and management of water

resources in ASDB and Central Asia.

Study site

With an area of 1,874,000 km2, ASDB covers the main

part of Central Asia and is shared among Kazakhstan,

Turkmenistan, Uzbekistan, Afghanistan, Kyrgyzstan and
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Tajikistan (Fig. 1a; water divide shown with red solid line).

The two principal rivers Amu Darya and Syr Darya orig-

inate in the mountains of Tajikistan and Kyrgyzstan, where

most (67%) of ASDB’s renewable water resources are

formed. The Amu Darya River Basin (ADRB) has an

extent of 465,000 km2 (Asarin et al. 2010). The main part

of this basin is a low lying arid plain with low precipitation

(below 100 mm year-1 in the Amu Darya delta) and high

ET. The mountainous areas in the south–east part of the

basin are much wetter with on average 500 mm precipi-

tation per year. The temperature is on average 15 �C in the

lower areas and below 0 �C in the highest regions (CRU

dataset; Mitchell and Jones 2005).

The discharge of Amu Darya River at Kziljar (near its

former outlet to the Aral Sea; Fig. 1a) has reduced drasti-

cally due to the large irrigation expansion starting in the

1950s. During the period 1960–2000, the irrigated areas

expanded by 40,000 ha year-1 in the Amu Darya River

basin. As a result, 3,650,000 ha was irrigated by 47 km3

diverted river water in the year of 2000 (Aus Der Beek

et al. 2011). Cotton and wheat are the dominant crops in the

irrigated fields, which in turn are dominated by relatively

water-inefficient furrow irrigation practices where signifi-

cant water losses occur as water is led to the fields in open

channels and is distributed over the fields in trenches

between rows of crops (e.g., Törnqvist and Jarsjö 2012).

Before the irrigation expansion, the average river discharge

at the outlet of the basin was 70 km3 year-1 (Crosa et al.

2006; Törnqvist et al. 2015). Due to the river water

diversions and ET losses over the irrigated fields, the Amu

Darya discharge at the outlet has decreased (Fig. 2a, light

blue symbols) down to around 6 km3 year-1 after 1980

(a)

(b)
Recipient

Irrigated field

Qdiv1

Qout Qdiv,n

Qdiv2

Fig. 1 a Location map of the Aral Sea Drainage Basin (ASDB,

delimited by the thick red solid line, based on the basin delineation by

Shibuo et al. 2007) in Central Asia, and its two principal rivers Amu

Darya and Syr Darya. Irrigated areas are shown in green. b Principal

sketch of water rerouting and recirculation in the ASDB, for which

the recirculation ratio r is defined as r = RQdiv/Qout
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(Fig. 2a, dark blue symbols; Benduhn and Renard 2004;

Jarsjö et al. 2012; Oberhänsli et al. 2009). Since the total

water diversions Qdiv to the expanding irrigated areas

increased rapidly between 1960 and 1980 at the same time

as the discharge Qout decreased, the recirculation ratio r,

defined as the ratio between these two parameters (Fig. 1b)

also increased rapidly from a value around 1.4 in 1960 to

an average value of 5.7 during the period 1980–2000

(dashed blue line in Fig. 2b; Törnqvist et al. 2015).

Whereas the content of N in the soils of the region varies

approximately between 0.01 and 0.07% (Kienzler 2010),

magnitudes of up to 250 kg ha-1 year-1 of N have been

applied on irrigated fields as a result of agricultural inten-

sification. Consequently, total amounts of N applied in the

basin were around 160,000 ton year-1 in 1960, and

increasing to an average of between 400,000 and

420,000 ton year-1 during the period 1980–2000 (Fig. 2b;

Törnqvist et al. 2015). Estimates of the annual mean con-

centration of dissolved inorganic nitrogen (DIN) in the

Amu Darya River exist for the Kziljar station, located near

the Aral Sea outlet. They were computed from monthly

monitoring data, as the sum of NO3-N, NO2-N and NH4-N

concentrations, as further specified in Törnqvist et al.

(2015). Counter intuitively, these DIN concentrations

(which approximately equal total N concentrations) have

been decreasing significantly since the 1960s (Fig. 2c; light

red symbols), reaching values of around 0.5 mg L-1 after

1980 (Fig. 2c; dark red symbols), arguably being a result of

increased DIN retention–attenuation (Törnqvist et al. 2015)

at the above-mentioned high degrees of basin-scale water

recirculation.

Methods

Multi-GCM projections of future climate changes

Acknowledging that the ensemble mean output of multiple

GCMs yields considerably more dependable results than

the output of a single GCM (Jarsjö et al. 2012; Bring et al.

2015), we extracted projected changes in temperature and

precipitation between different future periods and the ref-

erence period 1961–1990 (DT and DP) from 73 GCM

projections reported in three previous studies (Asokan et al.

2016; Jarsjö et al. 2012; Lioubimtseva and Henebry 2009).

The results were used as input in the hydrological modeling

(see ‘‘Hydrological modeling’’ section). Three sets of

projections of DT and DP for the former Soviet Central

Asia between the years of 2025, 2050 and 2100, respec-

tively, and reference period 1961–1990 were obtained from

Lioubimtseva and Henebry (2009). They are based on 17

different GCM projections from the fourth assessment

report (AR4) of the Intergovernmental Panel on Climate

Change (IPCC 2007), i.e., UIUC-EQ, CSIRO2-EQ,

NCAR-DOE, CSIRO1-EQ, GFDK-TR, BMRC-EQ,

HadCM2, CSIRO-TR, ECHAM1, CCSR-NIES, ECHAM3,

CCC-EQ, ECHAM4, UKHI-EQ, CGCM1-TR, UKTR and

ECHAM5. Another set of projections of DT and DP in the

ASDB between the period 2010–2039 (i.e., around 2025)

and the reference period 1961-1990 was obtained from

Jarsjö et al. (2012). These projections are based on 14

different GCMs from AR4, i.e., CSIRO-CSMK3,

ECHAM5-MPEH5, GFDL-GFCM_20_21, HADCM3,

NIES-MIMR, CNCM3, ECHOG, GIER, HADGEM,

INCM3, IPCM4, MRCGCM, NCCCSM, NCPCM,

CSIRO-MK2, ECHAM4, GFDL99-R30, HADCM3,

CCSR-NIES and CCCma-CGCM2. Finally, four sets of
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Fig. 2 Historical a discharge trend of Amu Darya River at Kziljar

gauging station, near the outlet to the Aral Sea, b changes in water

recirculation and N fertilizer application within the Amu Darya River

Basin and c trend of nitrogen concentration (in the form of DIN) at

Kziljar
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projected 4T and 4P in the ASDB between the reference

period and the periods 2010–2039 (i.e., around 2025) and

2070–2099 (i.e., around 2085) were taken from Asokan

et al. (2016). Specifically, we here consider the two models

(GFDL-ESM2G and MPI-ESM-MR) that came out as best

performing regarding historical water flux changes in

ASDB, out of the 22 Coupled Model Intercomparison

Project, Phase 5 (CMIP5) models that were evaluated by

Asokan et al. (2016). The two models were run for the

Representative Concentration Pathway (RCP) 2.6 scenario,

as well as for the RCP 8.5 scenario.

Hydrological modeling

Present results are based on off-line hydrological modeling,

which implies that GCM output is used as input for the

hydrological model. For instance, if one would directly use

the paired DT and DP output from the here considered 73

GCM models, the hydrological model would be run 73

times. However, since several GCM models in the present

case gave similar DT and DP outputs, some hydrological

model runs would not give much new information using

such a procedure. In order to increase the information

content of each hydrological model run, we here instead

discretized the total prediction envelopes of DT and

DP using even spacing, choosing a resolution that gives a

matrix of i 9 j evenly spaced nodes where i = j = 11. The

DTi and DPj values of each node were added to a baseline

map (from the CRU TS 2.1 database; Mitchell and Jones

2005) of reference period temperature (T0) and reference

period precipitation (P0), i.e., Tfuture,i = T0 ? DTi and

Pfuture,i = P0 ? DPj. This resulted in 121 pairs of Tfuture,i

and Pfuture,i maps of ASDB that were used as input to a total

of 121 hydrological model runs. In turn, these runs gave

121 ASDB maps with distributed annual runoff values,

from which the cumulative Amu Darya River discharge

Qfuture at the basin outlet was extracted (more hydrological

model details are given in a separate paragraph below). The

121 values of Qfuture hence corresponded to the 121 dif-

ferent combinations of T0 ? DT and P0 ? DP according to

the nodes of the matrix. The change in river discharge

DQ was obtained by subtracting the Q0 value from Qfuture,

where Q0 was obtained for DT = 0 and DQ = 0. The

values of those nodes were finally interpolated to produce a

continuous hydrological response map that visualizes the

responses of the Amu Darya River discharge to climate

change within the total envelopes of DT and DP given by

the 73 GCM models.

The water flow routines of the PCRaster-based Polflow

model (De Wit 2001) were used to quantify the changes in

river discharge from projected future climate change. The

distributed hydrological PCRaster model has previously

been used to model hydro-climatic responses in the ASDB

and other catchments (Shibuo et al. 2007; Destouni et al.

2010; Jarsjö et al. 2012; Törnqvist and Jarsjö 2012; Asokan

et al. 2010). The model is based on a water balance approach

of Q = P - ET - DS, where DS is the storage change

which is assumed to be negligible on the considered long-

term basis. The modeling in this study follows similar pro-

cedures as in Shibuo et al. (2007) and Jarsjö et al. (2012) to

examine climate change impacts under current irrigation

practices. P and T data from CRU TS 2.1 database (Mitchell

and Jones 2005) were used to calculate potential ET (ETp)

using Langbein method (1949) and actual ET (ETa) using

Turcmethod (Turc 1954). Irrigationwaterwas rerouted from

the river to irrigated areas according to Global map of irri-

gated areas (Siebert et al. 2005) and applied as extra pre-

cipitation. Digital elevation data from Shuttle Radar

Topography Mission (SRTM 2004) were used to generate

flow pathways and flow accumulation of runoff R expressed

as R = P - ETa. The river discharge (Q) in a specific point

was generated as the sum of flow accumulation in all con-

tributing upstream grid cells.

Water recirculation, nitrogen retention–attenuation

model and data

Analogous to the work of Törnqvist et al. (2015) we

assume that nitrogen undergoes first-order degradation

along hydrological flow pathways, expressed as exp[-kT],
where k is the attenuation rate and T is the mean travel

time. The magnitude of internal flow redistribution within

the basin is characterized by a water recirculation ratio r, as

defined previously in Fig. 1b. A certain fraction (f) of Qdiv

is assumed to be lost through ET over the irrigated fields.

This dimensionless fraction is expressed as f = ETirr/Qdiv

where ETirr is the additional ET (expressed in units of flow)

from the irrigation of the basin. ETirr was calculated from

the Polflow modeling (see ‘‘Hydrological modeling’’ sec-

tion) as the total ET under conditions of irrigation and

water rerouting (ETirr?nat) minus natural ETnat, i.e., ET

without rerouting of river water. The nitrogen attenuation

rate k was further assumed to change as function of r due to

increased flow path lengths, where k(r) = k(1 ? ar) and a
is a constant that allows for different significance of r on

the attenuation effect for different conditions. The outflow–

inflow concentration ratio (Cout/Cin) can then be expressed

analytically as (Törnqvist et al. 2015):

Cout rð Þ=Cin ¼
1þ fr

1þ r
exp b � kT½ �= 1� r

r þ 1
exp b � kT½ �

� �

ð1Þ

where b = (1 ? ar)�((f 1)r/(1 ? fr) 1)-1, Cout(r) is the

concentration at the basin outlet, and Cin is the concen-

tration of upstream runoff.
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An effective value of the basin-scale attenuation product

kT for nitrogen was estimated by matching Eq. (1) to

observation data from the 20-year period 1960–1980 with a

low r-value (1.4). The basin characteristic kT-value was

then tested to fit observation data from 1981 to 2000 that

were characterized by a much larger r (5.7) due to irriga-

tion intensification. For these periods, monthly observa-

tions of dissolved inorganic nitrogen concentrations [DIN]

were available from at Kziljar gauging station close to the

Aral Sea outlet (Nasrulin and Zahidova 2002). Dissolved

inorganic nitrogen concentrations were computed as the

sum of NO3-N, NO2-N and NH4-N concentrations. As also

explained in Törnqvist et al. (2015), a main reason for

focusing on DIN is that it comprises highly soluble and

dominant (in particular NO3
-) forms of nitrogen in agri-

culturally impacted river systems, and since monitoring

data existed for these fractions. The data were used to

estimate Cout (r = 1.4) and Cout (r = 5.7). Corresponding

Cin values were calculated as basin-scale N input not taken

up by crops divided by upstream modeled

R (R = P - ETnat). The derived basin-scale value of kT
for nitrogen was used in combination with GCM-based

projections of future river flow to estimate possible cli-

mate-driven changes in riverine nitrogen concentrations at

the outlet.

Results and discussion

Changing regional climate

In the considered near-future period (around 2025), the

mean annual temperatures of Central Asia (Fig. 3a, blue

circles) including the ASDB (Fig. 3a, purple and black

circles) are projected to become considerably higher than

in the reference period 1961–1990, with values of DT (i.e.,

future temperature minus historic temperature) between 1.0

and 2.0 �C. The GCM projection results converge on

showing positive and further increasing DT after 2025, with

DT-values from 1.7 to 2.8 �C around 2050 (Fig. 3a,

squares), and from 1.4 to 5.0 �C around 2100 (Fig. 3a,

triangles).

Individual GCM results for precipitation differences

(DP) are inconclusive, because some GCMs project nega-

tive DP (i.e., future precipitation\ historic precipitation),

whereas others project positive DP (future precipita-

tion[ historic precipitation). The range of DP-values is

higher for projections of the more distant future. Specifi-

cally, it increases from between -16 and 26 mm year-1

(–6 and ?10%, respectively, of the historical P) for 2025 to

between -53 and 76 mm year-1 (-21 and ?30%,

respectively, of the historical P) for 2100. This demon-

strates that individual GCMs projections of Central Asian

precipitation are particularly uncertain for the distant

future. However, calculation of the ensemble average

DP for the different time periods considered here shows

that DP is positive in all cases (?4.9 mm year-1 for 2025,

?4.0 mm year-1 for 2050 and ?13 mm year-1 for 2100),

which indicates increased future precipitation.

Considerably overlapping prediction envelopes for

Central Asia (from Lioubimtseva and Henebry 2009) and

ASDB (from Jarsjö et al. 2012; Asokan et al. 2016) show

that the range of projected future changes for ASDB is

similar to that of Central Asia (Fig. 3a). Furthermore,

DT and DP projections are similar for the ASDB and the

ADRB, with differences in the ensemble mean values

between the basins (e.g., in 2025 DT = 1.53 �C for ASDB

and DT = 1.48 �C for ADRB) being much smaller than the

difference in output between individual models within each

basin. Particularly, since a relatively large prediction

envelope was considered in the hydrological modeling of

‘‘River flow response to projected climate changes’’ section

(0 B DT B 5 �C; -20% B DP B ?30%) it may be seen

as representative for Central Asia, ASDB as well as ADRB.

River flow response to projected climate changes

Figure 3b shows modeled river flow changes DQ (i.e., Q of

the considered future periods minus Q of the reference

period 1961–1990) within the envelope of future DT and

DP given by the 73 considered GCM projections. There is a

wide range of DQ (between -25 and ?20 km3 year-1; see

scale bar of Fig. 3b) within this envelope. In other words,

the different projections of DT and DP from single GCMs

(Fig. 3a) yield relatively different DQ-results, which are

inconclusive regarding even the direction of DQ (i.e.,

positive or negative). However, considering the ensemble

average output (Fig. 3b; colored symbols) for the different

considered time periods, the results converge on showing

negative DQ, with values ranging from -3 km3 year-1

around 2025 (Fig. 3b; blue circle) to—7 km3 year-1

around 2100 (Fig. 3b; green triangle). In addition, standard

deviations around the ensemble averages (Fig. 3b; error

bars) mainly encompass negative values of DQ. Similarly,

the best-performing CMIP5 models show negative DQ-
results for the high radiative forcing scenarios around 2085

(Fig. 3b; filled, black triangles). Results diverge for lower

radiative forcing and shorter time horizons (Fig. 3b; circles

and open triangles).

Notably, due to water losses related to the extensive

irrigation in the ADRB, a relevant reference flow reflecting

current conditions of Amu Darya River is around 6 km3

year-1 only (see ‘‘Study site’’ section). Illustrating how

much projected future climate change alone can further

modify this reference flow, we add the DQ-values from the

ensemble projections to the reference value. The results
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Fig. 3 a Projections of future

change in temperature DT and

precipitation DP in the ASDB

according to 14 GCM

projections from AR4 for 2025

(Jarsjö et al. 2012), 51 GCM

projections from AR4 for

Central Asia around 2025, 2050

and 2100 (Lioubimtseva and

Henebry 2009) and 4 GCM

projections from CMIP5 for

ASDB around 2025 and 2085.

The large dashed rectangle

shows the prediction envelope

considered in current

hydrological modeling.

b Modeled flow change DQ in

the Amu Darya River near its

outlet, in response to a relatively

wide window of DT and

DP combinations that covers all

DT and DP combinations of the

considered 73 GCM projections.

The ensemble mean values and

standard deviation of the multi-

model output from AR4 are

indicated with colored symbols

and error bars, respectively,

and the output of the best-

performing CMIP5 models

according to the ASDB

evaluation of Asokan et al.

(2016) is shown with black

(open and closed) symbols
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demonstrate that the projected ensemble average temper-

ature and precipitation changes are associated with con-

siderably decreased discharges of Amu Darya River, by

around 50% (6-3 = 3 km3 year-1) in 2025 and to com-

pete dry-out at the outlet (6-7\ 0 km3 year-1) in 2100.

Implications for irrigation water recirculation

and nitrogen attenuation

Figure 4a shows how potential future climate-driven

changes in Amu Darya River discharge (DQ) influences the
water recirculation ratio r = Qdiv/Qout of its basin, con-

sidering the case that current water diversion practices are

maintained also in the future (i.e., keeping Qdiv constant).

In this case, changes in r will be inversely proportional to

future changes in Qout, future, which can be expressed in

terms of the current outflow Qout,current and a climate-driven

change in future discharge DQ (e.g., from Fig. 3b) as

Qout, future = Qout,current ? DQ. For instance, Fig. 4a shows
that a climate-driven DQ of ?4 km3 year-1 in the Amu

Darya River discharge would yield an r decrease from

today’s value of 5.7 (orange circle) to 3.7. However,

whereas projections of some individual GCMs suggested

such river discharge increases, ensemble average results

showed that Amu Darya River discharge is likely to

decrease in the future. Considering instead a negative

DQ of -4 km3 year-1, Fig. 4a shows that r would increase

considerably from today’s value of 5.7 to approximately

17.

Historically, the main driver of change in r has been

irrigation expansion (Törnqvist et al. 2015), which has

increased Qdiv and consequently ADRB’s r-value from 1.4

in 1960 to today’s value of 5.7. The present result illus-

trates that, even without further direct modifications of

Qdiv, the r-value is now also sensitive to climate-driven

DQ, and in particular to negative DQ. The reason for the

increased sensitivity is that the current outflow Qout,current is

approximately equally large as plausible values of climate-

driven DQ, which has large impact on r = Qdiv/(Qout,current ?

DQ). This did not use to be the case, since Qout historically

was much higher than today, such that any given DQ to larger

extent was dwarfed by this high outflow value.

We note that the use of water in the upstream, Tajik part

of the Amu Darya River Basin, is likely to increase in the

future, since there is an ongoing expansion of hydropower,

in addition to demands from the agricultural sector (e.g.,

Jalilov et al. 2016). The hydropower expansion is expected

to decrease water availability, particularly during the

growing season when the need is high in the downstream,

agriculturally dominated Uzbek part of the basin. Our basic

assumption, that current basin-scale net water diversions

Qdiv (and associated net water use) will be maintained

rather than continuing to increase in the future, is, however,

consistent with prevailing conditions of severe water

shortage. The reason is that any further increases in

upstream water use will almost certainly be largely com-

pensated by forced decreases in downstream water use, due

to lack of water.

There is at the same time high potential to considerably

decrease the water use in the agricultural sector. Water

savings may also become necessary in the long run, if

water shortage will increase in a future climate. Water

losses in inefficient irrigation and distribution systems,

characterized by furrow irrigation and open distribution

channels, then need to be reduced by improving irrigation

techniques and infrastructure (Bekchanov et al. 2016). For

instance, it has been estimated that a basin-wide
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improvement of irrigation methods could lead to water

savings of 1 km3 year-1 or more in the Aral Sea Drainage

Basin (Törnqvist and Jarsjö 2012). Water can additionally

be saved by reducing the water-demanding cultivation of

cotton and rice to the benefit of, e.g., tree plantations and

cultivation of maize, melon, mung bean, potato and veg-

etables (Bobojonov et al. 2013; Djanibekov et al. 2013).

The possible reduction in irrigation water use by

1 km3 year-1 from improving current practices corre-

sponds to changing the recirculation ratio r in the Amu

Darya River Basin from today’s value of 5.7–4.9 (i.e.,

about 15% decrease). This scenario may be optimistic, at

least when considering the near future, since such large-

scale improvements are associated with high initial costs,

which may delay implementation. Basin-wide changes in

today’s cropping practices that may save large quantities of

water are furthermore not anticipated in the near future,

since changes in governmental policies then are required,

which have not yet been seen (Abdullaev and Rakhmat-

ullaev 2015). For these reasons, and for comparative pur-

poses, we will in the following continue to explore impacts

of ongoing climate change alone, allowing us to identify

the (specific) system sensitivity to climate variables under

the assumption that current net water diversions will be

maintained at a constant level in the future.

Figure 4b shows more specifically how the current

r-value of the Amu Darya River Basin (equal to 5.7) is

expected respond to projected changes in hydro-climatic

conditions in the coming century, based on DQ estimated

from average DT and DP of the best-performing CMIP5

climate models (red bars) and the multi-model ensemble

average DT and DP from the AR4 model runs (blue bars).

In 2025, Fig. 4b shows that r is expected to be anywhere

between essentially unchanged (according to the CMIP5-

results) to being twice as high as today (according to the

AR4-results). However, despite this discrepancy on near-

future r-values, both the CMIP5-results and the AR4-re-

sults show robustly that r-values will be orders of magni-

tudes higher toward the end of the century (2085–2100).

For the AR4-models, results are available also for the year

2050, suggesting that r-values will be yet higher than in

2025, but not as high as in 2100.

The average [DIN] near the outlet of the Amu Darya

River around 1960 (r = 1.4) was 3–4 times higher than in

the 1981–2000 period (Fig. 2c; r = 5.7); previous results

demonstrated that this observed decrease in [DIN] could be

reproduced by Eq. (1) based on the corresponding histori-

cal changes in r (Fig. 2b; Törnqvist et al. 2015). Corre-

spondingly, the bars of Fig. 4c show the expected future

[DIN], normalized by the 1981–2000 [DIN] of Amu Darya

River, assuming that the water recirculation will change in

according to Fig. 4b, and that the attenuation of N can be

described with the attenuation product kT = 1 (Eq. 1),

which is a value that is consistent with historical obser-

vations of N attenuation in Amu Darya River Basin

(Törnqvist et al. 2015). Independent assessments addi-

tionally show that this attenuation product value agrees

with observed attenuation of nitrogen at the field scale

(Darracq et al. 2010a, b; Persson et al. 2011).

Specifically, Fig. 4c then shows that in 2025, N con-

centrations (and in particular [DIN]) may be expected to

range essentially between values similar to, or slightly

above current [DIN] (red bar; CMIP5-results), down to

distinct [DIN] reductions by approximately a factor 4 (blue

bar; AR4-results). The error bars show the sensitivity of

this result with respect to assumed kT, within the possible

range of 0.8\ kT\ 1.4. This uncertainty appears to be

smaller than the effect of the uncertain output from the

climate models (i.e., the differences in results based on the

AR4 models and the CMIP5 models).

Despite these uncertainties, all model results converge

on showing that in year 2050 and after, climate-driven

enhancement of the recirculation ratios in ASDB will be

sufficient to increase retention–attenuation of DIN by

several orders of magnitude, which would decrease riverine

[DIN] at the basin outlet. This is a considerable effect that

apparently has played a role also in the past, as reflected by

the coinciding historical increases in r and decreases in

[DIN] observed in the lower parts of the Amy Darya River

(Törnqvist et al. 2015). Without further investigation, one

cannot exclude the possibility that similar effects of

enhanced retention–attenuation can have contributed to

decreasing [DIN] trends observed in several rivers of irri-

gated basins across the world, despite unchanged or

increased fertilizer use (e.g., Bouraoui and Grizzetti 2011;

Lohrenz et al. 2008), in contrast to the global average

trends of increasing [DIN] (Seitzinger et al. 2010).

Regarding future conditions in Central Asia, climate pro-

jections (Lioubimtseva and Henebry 2009; Koirala et al.

2014) suggest that temperatures will increase and runoff

decrease in a similar way as in the ASDB, which implies

that also other Central Asian rivers may be subject to

similar changes in retention–attenuation of DIN as the here

investigated principal Amu Darya River. Notably, even

though this implies that downstream river waters would

contain less DIN in the future, this does not exclude the

risk of considerable DIN accumulation in soil water and

groundwater closer to the agricultural fields. This is

because of the prolonged flow path lengths related to

increased recirculation of water (see also Hitomi et al.

2006; Wilcock et al. 2012), which can potentially lead to

more efficient filtering and hence retention of DIN in these

water systems.

Observations made at the plot scale have furthermore

shown that the concentration of substances other than

nitrogen, for example phosphorous and organic matter, can
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also decrease in downstream recipients when the water

recirculation increases. This is due to increased retention

and comes at the cost of elevated upstream concentrations

in the agricultural plots (Feng et al. 2004; Hama 2012). It is

hence plausible that other substances than the here studied

nitrogen are impacted by large-scale, climate-driven

changes in recirculation ratios. The ongoing and severe

salinization of the soils at and near agricultural fields in the

downstream part of the Amu Darya River Basin (e.g.,

Johansson et al. 2009) may then also be impacted by cli-

mate-driven changes in recirculation ratios. More specifi-

cally, whereas the current salinization could be attributed

mainly to agricultural intensification, there is now an

apparent risk that ongoing climate change can further

aggravate the salinization of agricultural soils, since the re-

recirculation of already saline return flows may increase in

the future as a result of climate-related water shortage.

Conclusions

Results based on ensemble average GCM output from 73

multi-model projections converge on showing trends of

considerably increasing temperature and slightly increasing

precipitation in Central Asia and the Aral Sea Drainage

Basin (ASDB), and decreasing discharge (Q) in its prin-

cipal Amu Darya River, throughout the coming century

(DT = ?5 �C, DP = ?13 mm year-1 and DQ =

-7 km3 year-1 in 2100). In contrast, results based on

single GCMs were not consistent, showing large spread

and including contradictory results on the direction of

precipitation and Q change.

There is today a high degree of river water diversion and

irrigation water reuse (recirculation ratio r = 5.7) in the

Amu Darya River Basin (ADRB) that covers a large part of

ASDB. Whereas this is a result of expansion of irrigated

agriculture, present results show that even without further

agricultural expansion, the r-value of ADRB is likely to

continue to increase during the coming decades. This is

because r has now (due to the expansion) become highly

sensitive to climate-driven changes in runoff and river

discharge (e.g., a DQ of -4 km3 year-1 would drive r from

5.7 to 17).

Parallel results across different scales have shown a

strong dependence between r and the retention–attenuation

of DIN. Using a basin-scale analytical recirculation model

adopted for the nitrogen loading conditions of ADRB, we

show that DIN concentrations may decrease considerably

in downstream river waters in the future, due to projected

climate-related increases in r. A plausible reason is that

total flow path lengths through the groundwater systems

will increase as r increases, leading to more efficient fil-

tering of DIN, and enhanced DIN retention. This is

associated with a risk of considerable DIN accumulation in

soil water and groundwater near the agricultural fields,

even though the previously mentioned enhanced retention

implies that downstream river waters would contain less

DIN in the future. More generally, the sensitivity of r and

[DIN] in ADRB to climate-driven changes in runoff and

discharge is likely to be shared with many highly managed

basins in arid and semiarid regions of Central Asia, and the

world.
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Persson K, Jarsjö J, Destouni G (2011) Diffuse hydrological mass

transport through catchments: scenario analysis of coupled

physical and biogeochemical uncertainty effects. Hydrol Earth

Syst Sci 15(10):3195–3206

Rakhmatullaev S, Huneau F, Kazbekov J, Le Coustumer P, Jumanov

J, El Oifi B, Motelica-Heino M, Hrkal Z (2010) Groundwater

resources use and management in the Amu Darya River Basin

(Central Asia). Environ Earth Sci 59(6):1183–1193

Seitzinger SP, Mayorga E, Bouwman AF, Kroeze C, Beusen AHW,

Billen G, Van Drecht G, Dumont E, Fekete BM, Garnier J,

Harrison JA (2010) Global river nutrient export: a scenario

analysis of past and future trends. Global Biogeochem Cy

24(4):GB0A08. doi:10.1029/2009GB003587
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Törnqvist R, Jarsjö J (2012) Water savings through improved

irrigation techniques: basin-scale quantification in semi-arid

environments. Water Resour Manag 26(4):949–962
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