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Abstract

:

The Ili-Balkhash basin (IBB) is considered a key region for agricultural development and international transport as part of China’s Belt and Road Initiative (BRI). The IBB is exemplary for the combined challenge of climate change and shifts in water supply and demand in transboundary Central Asian closed basins. To quantify future vulnerability of the IBB to these changes, we employ a scenario-neutral bottom-up approach with a coupled hydrological-water resource modelling set-up on the RiverWare modelling platform. This study focuses on reliability of environmental flows under historical hydro-climatic variability, future hydro-climatic change and upstream water demand development. The results suggest that the IBB is historically vulnerable to environmental shortages, and any increase in water consumption will increase frequency and intensity of shortages. Increases in precipitation and temperature improve reliability of flows downstream, along with water demand reductions upstream and downstream. Of the demand scenarios assessed, extensive water saving is most robust to climate change. However, the results emphasize the competition for water resources among up- and downstream users and between sectors in the lower Ili, underlining the importance of transboundary water management to mitigate cross-border impacts. The modelling tool and outcomes may aid decision-making under the uncertain future in the basin.
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1. Introduction


Transboundary closed or endorheic river and lake systems are among the most vulnerable to changes in demand and supply, exemplified by the drastic reduction in surface area and volume of the Aral Sea, Lake Urmia and Lake Chad in the last decades [1]. The closed basins of Central Asia are particularly vulnerable; climate change threatens water supply from glacier systems and increases evaporative losses, while demand is rising [2,3]. Uncertain climate projections, human decision making and natural variability of hydrological systems complicate risk management [4]. The endorheic transboundary Ili-Balkhash Basin (IBB) illustrates these challenges.



The Ili River supplies 70–80% of annual inflows to Lake Balkhash, currently the largest endorheic freshwater lake (average volume 106 billion cubic metres (BCM) in Central Asia since the desiccation of the Aral Sea [5,6,7]. The Ili River is the longest river shared between China (Xinjiang Province) and South East Kazakhstan (see Figure 1), taking water from the Tian Shan mountains in Xinjiang to the Kazakh steppe. In the dry continental Central Asian region, the Ili is an important source of water for the growing cities, irrigated agriculture, energy industries and the RAMSAR protected wetlands in the Ili Delta [8,9,10,11]. The reliability of Ili River flows to downstream Kazakhstan and conservation of Lake Balkhash, are the focal points of Sino-Kazakh hydro politics; thus far, parties have not established a volumetric water allocation agreement [12,13]. Recent political and climatic changes fuel concerns over the future of Lake Balkhash, as competition for water resources between countries and sectors appears to be increasing [6,14,15].



At the crossroads between West China and Central Asia, the IBB has a long history of trade and (irrigated) agriculture [16]. However, recently socio-economic development in the basin has accelerated, in turn increasing uncertainty about its future. The region is receiving extensive (foreign) investment for infrastructure, food production and hydropower development through the Silk Road Economic Belt (SREB), part of the Belt and Road Initiative (BRI) championed by China since 2013 and earlier through the western development policies [17,18]. The $1 trillion BRI, pitched as a ‘win-win’ programme, has become contentious in Central Asia. Whilst embraced by governments, public sentiment perceives agricultural investments as land grabs. Though research shows BRI investment does not affect food security in Kazakhstan [19], widespread sinophobia turns communities against the initiative [20]. Here agriculture in the arid north-west of China is undergoing rapid modernisation and organisational changes under the BRI agenda [18,21,22]. Between 2000 and 2015, cropland under irrigation increased by 17% in the Chinese upstream section of the basin, accompanied by a marked increase in water consumption [7,23]. Estimates suggest that agriculture consumes 90% of water in the basin, yet the estimates of the extent of agricultural land use in the Chinese Ili basin are limited and vary significantly due to access restrictions and data limitations [7,23,24,25]. Therefore, discussions over planned (agricultural) development for the next decades remain speculative, impeding water management decision-making.



The IBB is also a climate-sensitive region. Although there are no studies on potential implications of global climate change for water management in the Ili basin, regional assessments offer some insight. Overall, climate projections from Global Circulation Models (GCMs) predict at least 1 ℃ of warming by 2060 relative to 1986–2005, particularly in winter [26]. Warming is already affecting the basins hydrology, with glacial melt accelerating and shifts to earlier meltwater peaks [27]. For precipitation, projections are less in agreement and GCM, IPCC regional assessments, and studies in adjacent basins suggest rainfall may decrease, remain stable or even slightly increase, depending on the GCM used [2,26,28]. GCM performance across Central Asia is also debated, as the mountainous topography and lack of field measurement data complicate down-scaling [29,30]. While changes in temperature and rainfall are likely to affect river flows, the diverging projections and methodological limitations introduce uncertainties on the magnitude of such changes, thus complicating adaptation strategies.



Although previous research provides insights into the potential threats to water security in the basin [6,7,13,15,31], and given the pressing issues that the catchment and region face, no study has explored the combination of natural hydrological variability, climate change, and demand change. Given the wide range of uncertainties in understanding future climatic and demand pathways, we employ a scenario-neutral decision-scaling approach to quantify future vulnerability and reliability of the IBB [32,33]. In contrast to top-down downscaling in vulnerability analysis, this methodology uses a bottom-up approach, which tests a wide range of potential futures to explore vulnerabilities of a system [33,34,35,36]. Furthermore, this study is the first to evaluate vulnerabilities within an uncertainty approach in a river basin in Central Asia specifically and to explicitly integrate transboundary water risks in the BRI context. In doing so, this study offers insight into a wide range of potential stressors on the basin in the near future to inform water management decisions.




2. Study Area


The Ili-Balkhash basin has a total catchment area of 140,000 km2. The Ili River is 1492 km long, and receives a combination of snow melt, glacial melt, and rainfall with peak flows during the growing season (June, July and August) [5,27]. The downstream region is arid (average precipitation 120 mm), whereas the mountainous upper Ili is semi-arid with a strong precipitation and temperature gradient following topography (200 mm/year in the lower valley to 800 mm/year in the highest region) [37,38,39]. As average precipitation in Xinjiang province is 165 mm/year, the Ili Valley is considered one of the most fertile areas of the arid north-west China [16,38,39].



The Ili supplies water to competing sectors. The Kapchagay dam (364 MW; average length of reservoir 140 km, maximum capacity 28.1 BCM) provides energy to one-fifth of the Kazakh population [14,40,41]. The Ili also supports the majority of irrigated agriculture in Kazakhstan and Xinjiang, although currently irrigated agriculture in the lower basin is small compared to the Chinese Ili Valley [16]. The maximal potentially irrigated land in the Chinese Ili region is estimated at 12,000 km2 [42], yet there is disagreement on the current area under irrigation (7350 to 8085 km2 in 2014/2015) in the Ili Prefecture due to limited data availability and reporting [7,23,24,25].



In an attempt to mitigate potential transboundary environmental impacts of domestic development, the local Ili government published an “Environmental Protection Plan” (EPP) in 2015 [43]. The EPP states that by 2030 water consumption for direct production and living in the Chinese Ili basin should be limited to 7.122 BCM [43]. The lower reaches of the Ili, from the Kapchagay reservoir to Lake Balkhash, form a fertile delta with RAMSAR protected status [8].




3. Materials and Methodology


3.1. General Methodology


To assess the impacts of historical hydrological variability, hydro-climatic change, and potential upstream water consumption shifts on downstream water security, this study uses a scenario-based modelling approach (see Figure 2). Using the RiverWare water resource modelling tool, we explore the outcomes for downstream water security using six upstream water consumption scenarios combined with two sets of river runoff simulations, representing historical and potential climate change conditions. Climate change-representative flows for the Ili are generated through a simple rainfall-runoff model (ABCDE) using a scenario-neutral approach [26]. Downstream water security is evaluated through reliability and robustness of environmental flows, irrigation water shortages and flow duration curves for the lower Ili.




3.2. Hydro-Climate Simulations


3.2.1. Historical Hydro-Climatic Regime


Two sets of hydrologic inflows drive the RiverWare model, representing historical conditions (43 traces) and potential future climate change (80 traces), respectively (see Figure 3). First, a stochastic set of historical flows was generated with the index-sequential method (ISM) in RiverWare [44]. Historical data from 1973–2016 drives the RiverWare model, covering a wide range of both dry and wet years. The 43 hydrologic traces generated using ISM represent a stochastic set of scenarios of historical hydro-climate.




3.2.2. Future Climate Change


Second, a set of 80 scenarios representing future change in temperature and precipitation were generated. Using the scenario-neutral methodology [32], adapted to data-scarce regions [45], we calculated the change between baseline (1986–2005) and 2020–2060, using the monthly median of change factors of the 2020–2039 and 2040–2059 blocks of CMIP5 projections to address decadal variability and sampling uncertainty [45]. To compensate for any potential loss of variability, the range from the 10th to the 90th percentile projected change by 2060 for RCP2.6 (0 °C to 4.3 °C; −40% to +41%) to RCP8.5 (0.5 °C to 4.85 °C; −34% to +44%) were considered. As GCM projections suffer from aforementioned limitations in Central Asia, the simulated scenarios extend slightly beyond GCM projections (See Table 1). These changes were applied to historical precipitation and temperature records and used as input to the rainfall-runoff model.





3.3. Rainfall-Runoff Model


To simulate the response of Ili streamflow to changes in precipitation and temperature in the catchment, a simple conceptual hydrological model, the ABCD(E) model [46], was used. The ABCD(E) model provided river flow inputs to the RiverWare water management model, both of which were calibrated in sequential steps. The ABCD(E) model is useful for climate impact assessments because of its speed, accuracy, and simplicity [47,48]. This study uses an excel-based version, with monthly timestep input data for the upper Ili region (coordinates: 44–47 N; 72–83 E) for inflow location “Yamadu” (see Figure 1).



Historical timeseries for precipitation (mm/month) and maximum, minimum, and average temperature (°C) were downloaded through the KNMI climate data portal (climexp.knmi.nl) for the period January 2004 to December 2016, based on availability of hydrological data from the Ili River for calibration. The five calibration parameters of the ABCD(E) model are (1) unsaturated soil runoff and recharge “a”, (2) the saturation level of soils “b’, (3) ratio of groundwater recharge to surface runoff “c”, (4) rate of groundwater recharge “d” and (5) a temperature-based snow accumulation and melt component ”e”. Calibration and validation of the ABCD(E) model was performed by calculating the Nash–Sutcliffe Efficiency (NSE) and ratio of the root-mean-square-error (RMSE) to standard deviation of the observations (RSR) for river flow predictions based on the climatic variables compared to historical records [49]. Calibration for January 2004–December 2011 (NSE: 0.84; RSR 0.7) and validation for January 2012–December 2016 (NSE 0.82; RSR 0.73) resulted in good to satisfactory results.



After applying the change factors, the ABCD(E) model generated a set of 80 inflows for the Ili River for 2020–2060, representing river runoff under precipitation and temperature change. It should be noted that all parameters (abdce) were assumed to remain stable due to data limitations. Overall, the model performs acceptably on a monthly timestep, capturing seasonality and low flows, which are relevant to inform the aims of this study. However, it is important to note that our modelling framework does not capture sub-monthly peak flows that might occur on a daily or weekly basis.




3.4. Water Resource Model


For the purpose of assessing risks and mitigation strategies in the Ili-Balkhash Basin, RiverWare modelling software was chosen [50]. The generalized water resource modelling platform RiverWare simulates complex system interactions based on mass balance equations and allows the user to explore implications of future uncertainties and trade-offs through flexibility in the physical parameters and operating policies [50]. For example, it is widely used in the Colorado River basin for management and future planning, and in the Nile Basin for transboundary risk-based assessments [50,51,52,53]. The model of the Ili basin is a monthly scoping model (see Figure 4; modelled characteristics outlined in Appendix A and Appendix B).



Historical hydrologic input for the model set-up was based on monthly historical flow records at five sites along the Kazakh Ili from KazHydromet. Data gaps were filled by regression and interpolation based on flows upstream, downstream and from previous years. As no hydrological reports for the Ili Prefecture are available, a naturalised set (unregulated and devoid of anthropogenic influences) was generated through partitioning based on the drainage area of reported flows up to the river tributaries [54]. Irrigation districts were modelled as one collective water user because water use information is generally available as a cumulative volume per region [7,24,39]. Kapchagay reservoir storage was based on elevation data from KazHydromet for the time frame of 2001–2016 and design data [41]. Currently, operation of the reservoir prioritizes water storage in spring, summer, and autumn to generate power during the winter months for heating [6,8]. An overview of more detailed operating policies is included in Appendix B.



Model calibration for the IBB model in RiverWare was carried out by simulating historical conditions, including historical inflows, diversions, and dam operations. Hydrologic inflows and pool elevations were used wherever possible to drive the model. Calibration parameters include evaporative losses, channel gains and losses and local inflows. Calibration adjustments were performed from January 2001–December 2008, followed by validation for the period from January 2009–December 2016. This period was chosen based on availability of pool elevation information of the Kapchagay reservoir and extends beyond the typical calibration/validation period of 3 to 5 years [49] to capture a wider range of hydrological variability.



Validation characteristics were calculated through NSE, percent bias (PBIAS) and RSR at each gauge location [49], performance of the model is considered good or very good at the gauge locations (Table 2; Appendix C). The performance of the model is acceptable, although limited data on Kapchagay dam and reservoir characteristics affect the calibration results for gauges below the dam (“Below Kapchagay”) and reservoir pool elevation (See Appendix C for details), necessitating more detailed local data for (daily) planning use.



Water Demand Scenarios


Using six different agricultural water demand scenarios, we explored the impact of a range of uncertain upstream Chinese developments on downstream water security outcomes in Kazakhstan (See Table 3). As the ongoing rapid economic development in the Chinese Ili Valley has thus far contributed to a significant increase in irrigated area and water demand. Along with the area under irrigation, rice cropping in the Chinese Ili Valley is explicitly considered based on the high water demand compared to other crops and several references to plans for more rice production [14,23,24]. Despite the lack of a transboundary agreement, these scenarios inform decision-makers about the potential downstream impacts.



Following the approach by [45], we simulated one baseline scenario (AC1), three scenarios with agricultural expansion up to the maximal potential area under irrigation and an increase of rice cropping from 15% to 50% (scenarios AC2, 3, 4), and two mitigation scenarios based on the current governance framework (AC 5 and 6). Due to data restrictions, scenario development relied on remotely sensed historical data [7,23,24,27]. An irrigation water efficiency value of 0.6 was assumed, taking an average value from [55] (0.48) and [39] (0.7). In this study, we used the most recent estimate from [23] as the baseline for current irrigated area (scenario AC1), assuming a cropping pattern with 15% rice [24].



Within the current governance framework, the Chinese Environmental Protection Plan and water saving strategies are the main options. The agricultural water use cap of 7.12 BCM by 2030 proposed by the EPP of the Ili Prefecture [43] in Scenario AC5, and an estimate of water use from 1976 [24] as a proxy for implementation of potential water saving technology or more water efficient crops (AC6). Combining the six water demand scenarios with the two sets of river conditions (representing the historical flow regime and climate change) resulted in 738 simulation runs.





3.5. Performance Metrics


One of the frequently used definitions of water security is “the availability of an acceptable quantity and quality of water for health, livelihoods, ecosystems and production, coupled with an acceptable level of water-related risks to people, environments and economies.” [56]. In this definition, water security is framed as an inherently risk-based challenge, where both physical and governance properties of the water system influence performance [57,58]. This study focuses on quantitative reliability and robustness of flows to stressors as primary conditions for water security, exploring the ability of the water system to meet different sectoral needs under future supply and demand trends. Availability of locally defined environmental requirements and the importance of shortages and annual water quantity in the political discourse on the IBB in the transboundary context guided this choice [12,13,14,59].



Performance and vulnerability of the system is primarily evaluated using reliability as a key metric, along with flow duration characteristics, environmental shortage and robustness. These metrics are a selection of a wide range of water security evaluation criteria used in decision-scaling approaches [60]. Although in-depth assessment of environmental flow requirements is lacking in the IBB, several assessments suggest a minimum annual inflow to the Ili delta of 11 BCM to maintain the wetlands and Lake Balkhash [9,24,61,62]. Historically, flows below this value have occurred, and the shortage metric provides insight into intensity and frequency of low flows. Reliability allows for inter-comparison of different demand and hydrological scenarios, defined as the frequency of the system meeting environmental flow objectives [63]; we assumed an inflow to the delta of at least 11 BCM/year as the environmental target with reliability outcomes expressed as a percentage of years in the modelled runs meeting this objective. In this study, a scenario is considered robust if reliability is equal to or greater than 90%.





4. Results


The results show the sensitivity of the basin to the combination of stressors: (i) land use change and historical hydro-climatic variability, (ii) potential future climate change under current water demand, and (iii) the combination of land use development and future hydro-climatic changes for the period of 2020–2060.



4.1. Tension between Upstream Demand and Downstream Water Shortages under Historical Hydro-Climatic Conditions


If the hydro-climatic regime of the Ili for 2020–2060 remains unchanged compared to the past 50 years [44], and agriculture continues to expand in China, future water supplies will become increasingly strained. Current and all future simulated agricultural development scenarios result in a percentage of years in the simulated period with annual flows below the identified environmental requirement of 11 BCM (see Figure 5). Overall, downstream flows appear sensitive to increases in upstream water use under historical hydrological conditions. Results show that under current demands (scenario AC1), almost half of the years in the 80 runs resulted in annual flows of 9–11 BCM (see Figure 5). Under high-demand scenarios (AC2, 3, 4), downstream shortages become more frequent and more severe. Environmental requirements are the most pressured under scenario 4, where for 70% of years in the 80 runs, annual flows would be below the pre-defined environmental target. The lowest recorded annual flow in the historical dataset is 7 BCM, yet under scenario 4, flows would drop below 7 BCM for 20% of the simulated years. Particularly the expansion of rice in the Chinese Ili Valley would result in more years with flows below 7 BCM. This first set of results then raises questions on the suitability of rice and highlights the potential impact of upstream decision-making.



Two potential mitigation strategies, the Environmental Protection Plan (EPP) of the Chinese Authorities and rigorous water saving (scenarios AC5 and 6, see Figure 2) offer insight into the mitigation potential under the current governance framework. The EPP for the Ili Valley states an upper limit for water use in the Ili Valley from 2030 onwards (scenario AC5). This would result in a similar situation as the current demands (scenario AC1), although water shortages are slightly more intense for the same number of years below the reliability threshold, with a larger share of 2 to 4 BCM shortages per year. This appears to be the effect of the slight increase in upstream water consumption provided for in the Environmental Plan compared to the current situation. The only scenario with distinctly better outcomes for reliability of flows to the delta and Lake Balkhash under historical hydro-climatic variability is scenario AC6, where upstream water use is reduced to 1976 (pre-development) levels. Such water use levels could be achieved by radically increasing water efficiency or reducing acreage under irrigation.




4.2. Basin Response to Precipitation Changes


However, regardless of local decision making on water use, the Ili Basin is facing the potential impacts of global climate change. Flows are particularly sensitive to changes in precipitation (see Figure 6). As precipitation decreases, the total flows (area under the curve) decrease and very low monthly flows (below 100 cms) become more likely. However, if precipitation increases, the probability of very low flows is diminished. One peculiar observation is the disappearance of flows in the −50% scenario around the 50% exceedance probability mark, indicating the non-viability of surface hydrological conditions under such circumstances. This complete depletion may be explained by the inflexibly modelled demands. Overall, the different precipitation scenarios demonstrate the sensitivity of the system to changes in upstream precipitation under stable temperature conditions with the current water demands: less precipitation generally results in lower total flows.




4.3. Impacts of Climate Change and Demand Development on Flow Reliability Downstream


4.3.1. Reliability under Demand Change under Uncertain Climate Futures


Assessing water security under both water demand and climatic changes compared to the baseline period indicates that the basin is highly sensitive to shifts in these conditions (see Figure 7). The combination of demand change with shifts in the climatic regime yield extreme outcomes for environmental flow reliability, with a small range of intermediate reliability. Our definition of environmental flow reliability is the frequency that 11 BCM of water can reach the delta each year; the scenario runs where reliability is 0% would mean that flows drop below 11 BCM for all modelled years. While assessment of future water security under historical variability (Section 3.1) also suggests reliability is sensitive to increases in upstream demands, precipitation and temperature appear to be important mediating factors. Reductions in precipitation and temperature respectively amplify pressure on environmental water security downstream. To illustrate this, Figure 7 shows very low reliability values for current demands (Demand scenario AC1) under the historical climatic regime (P5T2) and any decrease in precipitation (P1–4). This directly relates to the sensitivity of total flows to precipitation and shows limited buffer capacity of the system to ensure environmental flows. Additionally, the existing high demands at the baseline, frequent low-flow conditions under the natural regime, and the modelled inflexibility of demand may contribute to the nearly binary outcomes presented in Figure 7.



In contrast, higher temperatures and precipitation in the upper catchment cause a reliability improvement downstream, and partly counter-balance pressure from increasing upstream demands. While higher temperatures cause higher evapotranspiration, it also increases runoff through more meltwater and rainfall rather than snowfall in the mountainous upper Ili. For the potential agricultural expansion scenarios (AC2, 3, 4), environmental flows can only be met with an increase in precipitation and temperature. A shift from the current situation to more rice cropping (scenario AC1 to scenario AC2) would require about 25% more precipitation and 3 °C degrees higher annual temperatures to achieve a reliability over at least 50% (see Figure 7). Demand scenario 4 is the most extreme water-use scenario tested, and environmental requirements in this scenario would only be satisfied when accompanied with +33% increase in precipitation or +4 ℃ degrees warming by 2060. These findings indicate that for any growth scenario, currently available water is insufficient to satisfy all upstream and downstream demands simultaneously, and upstream demand increases will negatively affect downstream water availability. Conversely, more agricultural development without negative downstream environmental impacts may be feasible under change scenarios with higher temperatures and more precipitation, although this is likely to be complicated by climatic knock-on effects not directly considered in this study.




4.3.2. Managing Flows under Climate Change


The currently available mitigation strategies have limited mitigation potential under climate change; although reliability outcomes of both the EPP and water saving scenario (AC5 and 6) are higher compared to unrestricted expansion scenarios (AC2–4), these strategies only work for a subset of the potential hydro-climatic futures (see Figure 7). For the EPP, a very high increase in temperature (3 °C or higher by 2060) would still be required to maintain environmental flows for at least 75% of the time at stable precipitation conditions. Environmental requirements would not be met in all years under even the smallest decrease in precipitation, which does raise concerns about the future sustainability of this environmental protection plan. Alternatively, in the potential situation where water demand is decreased to the same level as 1976 (scenario AC6), either through decreasing cropping area, different cropping patterns or improvement of irrigation efficiency, a large improvement of reliability of environmental flows is observed. This is the only land use scenario with a buffer to decreased precipitation. Environmental needs could still be met in more than half of the years under a decrease in precipitation of 11% if temperatures increase by 2 °C. Outcomes analysing irrigation water and hydropower water supply reliability of the system can be found in Supplementary Materials (Figures S1–S4).




4.3.3. Climatic Robustness of Demand Scenarios


To contextualize the reliability of environmental flows and the range of climate projections, we explored basin outcomes for the CMIP5 GCMs. Under RCP2.6, 4.5, 6.0 and 8.5, GCM ensembles project precipitation increases of 7–9% by 2060, and temperature projections range from 1.64 °C mean warming to 4.04 °C. However, such averages mask the variability of different GCMs within each ensemble, which often yield contrasting outcomes for the same water demand scenario (see Figure 8).



In the Ili-Balkhash basin, scenario AC6 would result in the best environmental outcomes downstream, with high reliability (90% or higher) for 84% of the assessed GCM models, followed by the current demands with 78% of the GCMs (scenario AC1). However, for the scenarios with similar or higher water demands (AC 2, 3, and 4), only 11%, 38% and 3% respectively of the GCMs result in high environmental reliability (>90%). Furthermore, for these high demand scenarios (scenarios AC2–4), 59%, 30% and 69% respectively of the GCMs yield low reliability (below 50%). The Environmental Protection Plan (scenario AC5), yields high reliability for 41% of the GCMs, while 17% of the GCMs result in low reliability (below 50%). This indicates that the EPP is more robust to climate change in comparison to the demand growth scenarios (AC 2, 3 and 4), yet performs worse compared to the current demands (scenario AC1) and the extensive water saving scenario (scenario AC6).



Nonetheless, even for the most robust scenario (scenario AC6), 17% of the assessed GCMs project a future with reliability below the 90% mark. As such, even if the most robust demands scenarios can be achieved, decision-makers should also plan for less beneficial climatic futures that may negatively affect water security downstream. This indicates that improving the ability of the basin to cope with both extreme and moderate future climate change and demand shifts simultaneously, requires attention to water consumption upstream and demands downstream, and should plan for potentially widely variable future water availability. The main findings are summarized in Table 4.






5. Discussion


Based on the modelling results under the historical flow regime, the basin is prone to droughts and low-flow conditions even under moderate water use scenarios. This is confirmed by the observed gradual degradation of Ili Delta vegetation in the last 20 years [23]. Interestingly, the water level of Lake Balkhash has remained stable over the past decades [64,65,66], except for a rapid drop of the lake’s water levels between 1970 and 1990 to the lowest recorded in 1987 as a result of reduced water availability during the filling of the Kapchagay reservoir [5,61,62,66]. This suggests that except for a sudden reduction in flows, the ecosystem has the capacity to absorb natural high and low flow shocks. An explanation currently under investigation is the buffering capacity of the extensive river delta water surfaces and groundwater dynamics (8000 km2); remote sensing studies indicate that the surface area of small ponds and lakes in the delta fluctuate according to Ili flow conditions [9,64].



Looking ahead, changes in rainfall and temperature regimes in the basin as a result of global climate change may force a shift in the hydrology of the Ili. Results in this study indicate that between moderate decreases and increases (−11% to +11%) in precipitation may cause a particularly large difference in quantitative water security outcomes downstream. Marsuryama and Kezer [67] and Propastin [15] also concluded that the Ili River is predominantly sensitive to precipitation changes, based on historical data. However, there is disagreement on precipitation projections in the Ili-Balkhash basin. Projections from the assessed GCMs for RCP4.5 range between a −5 and +10% monthly precipitation change by the 2060s. The wide range of precipitation scenarios chosen in this study, based on the scenario-neutral methodology [32], proved useful to explore these sensitivities. As the small rainfall differences may yield variable security outcomes, future studies could explore more precipitation scenarios in a narrower range and smaller steps.



On the other hand, the positive impact of increasing temperature upstream on runoff and water security downstream should be interpreted carefully. Temperature changes primarily affect glacial and snowmelt flows in the basin [27,68,69], and the Ili depends on glacier- and snow-melt for 15% of its flows per year, and up to 25% of flows during the growing season [27]. In the ABCD(E) model, the snow- and ice-melt parameter was assumed to remain stable in the future, although this may change under climatic shifts too. There was too little data to establish such future trends at this moment. Nonetheless, in agreement with our results, several authors predict higher meltwater flows for the next decades as a result of higher temperatures [28,68,70]. However, the glacial melt component of river flow may disappear after the “peak meltwater date”, and there is ongoing debate about the duration of high meltwater yields and water supply after the peak [71,72,73]. A global study estimates this peak date to lie between 2030 and 2050 in the IBB [71]. Scenario analysis by [72] indicated glaciers may completely disappear by the 2090s in the Tian Shan under future warming of +6 °C. Therefore, the timescale is important, and the study timeframe (2020–2060) may not capture the post-peak dynamics. The hydrological model (ABCDE) does not address temporal dynamics of glacial melt specifically [47] and there is further scope to explore impacts on evaporative losses as well. This study therefore offers insights into the dynamics of this high meltwater yield period but does not predict nor address water availability for far-progressed glacial degradation.



Above all, the results underline the potential influence of changes in upstream water use on downstream water availability for different water users, intensifying existing trade-offs. However, it remains difficult to discuss the likelihood of different future development scenarios due to large gaps in data as a result of the political situation in Xinjiang, the rapid change under the BRI policy agenda and agricultural modernisation throughout North-West China. China’s hegemony, reinforced by the BRI, leads to rapid change in cultivation practices and water regimes. The limited information available indicates that development plans for the next decades designate the Chinese Ili Prefecture as key grain-production area, with less attention for rice [11]. Perhaps this makes demand scenarios 2 and 4 (both 50% rice cropping) less probable and more moderately increasing demands (scenario AC3 with 15% rice cropping) more likely. Agricultural development remains a priority area in the current Five Year Plan of the Chinese government, and land use change studies indicate continued conversion of scrub and grassland into irrigated agricultural fields [23].



While expansion of agriculture in the upper Ili is likely, Kazakh development plans also warrant further exploration. Results of this modelling study suggest that reduction of downstream water demands may alleviate potential environmental water stress, although this is highly dependent on both the extent of upstream water use and climate trajectories. Recently researchers have called for re-examination of the water footprint of agricultural activity in the south of the Kazakh Ili basin, where intensive irrigated agriculture takes water from the small mountain tributaries that feed the lower Ili and Kapchagay reservoir [31]. Although these tributaries are thought to contribute only a minor component of flows [5,61], there is scope for further inclusion of these activities in assessments. While this study uses the modelling tools to explore the current governance status-quo, the RiverWare platform can be used to further explore different operating and allocation policies in the basin, focusing more on the social component and downstream agency within the water security concept. In addition, while this study limited its scope to the Ili, future research should explore dynamics in the whole Balkhash basin to include Kazakh agricultural and industrial water use plans as well. However, such specific analyses and trans boundary joint decision-making would require hydrological, operational and governance data from all involved parties. This currently remains the major challenge in the Ili-Balkhash Basin.



Despite the inter-dependence between sectors upstream and downstream in the IBB through their shared waters, it is unlikely that the political landscape will change drastically in the near future. Combined with the deep uncertainty about climatic trends, this underpins the need for further use of decision-making under uncertainty (DMDU) tools. While the study serves as a first step towards assessment of system performance and robustness, there is scope for further work. There are other criteria for vulnerability that may provide valuable insights, such as resilience (adaptability, persistence, transformability), and other locally defined categories [60]. Furthermore, this study focused on the CMIP5 GCMs, while Regional Climate Models (RCMs) or other models may enrich the analysis. Additionally, the results of this study may be refined by using more advanced thresholds for the evaluation metrics, as shortage and reliability in downstream areas: criteria for environmental flows, energy production and irrigation demands were based on limited local documentation. Nonetheless, the results offer insights for regional decision makers and researchers on what might be the consequences of changes in the IBB, opening up new avenues of analysis and planning.



Despite the uncertainties that complicate environmental assessments, investments and decisions are already urgently required, as demands for food, energy and water continue to grow and the impacts of global climate change start to manifest in the basin. Results demonstrate the sensitivity of the quantitative, reliability component of water security to demand and climatic stressors. To advance understanding of water security for Lake Balkhash and to mitigate growing pressures on the system, several knowledge gaps need to be addressed. Studies should particularly focus on water quality, groundwater dynamics and environmental requirements to maintain the delta—three important components contributing to water security that were not further explored in this study. The Ili model developed on the RiverWare platform allows integration of any new data and policies to explore impacts of management strategies, and is therefore a simple model that may potentially support transboundary discussions, researchers and local decision-makers [74].



The main finding relevant for near-term water management decisions is that different water demands and precipitation scenarios give widely different water availability outcomes, with low robustness of the assessed scenarios under the GCM projections. This calls for robustness as a key objective of any new and existing projects in the basin, planning for both increases and decreases in precipitation and upstream water use. Furthermore, results demand reconsideration of priorities in the basin, as mounting pressures also cause deeper trade-offs between sectors. In the lower Ili, such rethinking could consider drought-planning in dam operation of the Kapchagay reservoir and consideration of the high evaporation from the reservoir surface. Nonetheless, the competition for water between sectors under the current governance and operation remains a “wicked problem” [14], prevalent in many basins in Central Asia [3,17,30]. This research demonstrated the benefit of the bottom-up approach combined with the RiverWare modelling platform under data constraints. Exploring water user tensions and potential synergies, while integrating social and climatology uncertainty may prove useful for the many other transboundary basins in Central Asia under (perceived) stress, for example, the Irtysh (shared between China and Kazakhstan) and rivers in the Aral Sea basin.



This study primarily examines what will happen if China closes the tap and global climate change progresses throughout the 21st century. The future of the IBB is uncertain, as water demands are likely to increase to provide food and power to the burgeoning populations in the region. This study underlines the impacts of upstream development and (mis)management of downstream demands on water security in the whole basin. Brown [75] observes that we live in a time where common optimal objectives are hard to formulate, and the new objective is to find a range of politically feasible solutions. Moving away from sensitivity analysis, the next step is to explore the locally feasible options that consider the political landscape in the basin, which is changing rapidly under the BRI. The political tension between the potential gains to be made from further development in other sectors may obscure the agenda for environmental preservation, yet this study emphasises the potential consequences of inaction in this wicked problem. Above all, this study demonstrates the need for transformation of the transboundary governance, to allow for more hands on the tap and a rethinking of local governance in the Ili-Balkhash basin.
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Appendix A. Modelled Characteristics of Kapchagay Reservoir
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Figure A1. Elevation-Volume-Area data for the Kapchagay reservoir. 
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Appendix B. Operation of Kapchagay Reservoir
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Table A1. Modelled characteristics of the Kapchagay dam.
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Physical Limits (for Further Details, See [41])






	
Target elevation

	
477 m




	
Lowest active level

	
473 m




	
Maximum storage level

	
479.5 m




	
Policy (low to high priority):




	
1 Operate dam with target pool elevation




	
2 Augment outflows for maximum power production in winter months




	
3 Augment for environmental flows




	
Correct outflows within physical limits if initial calculated outflow is below the environmental requirement.

	
Modeled environmental requirement [41]




	
cms




	
   January

	
200.00




	
   February

	
200.00




	
   March

	
200.00




	
   April

	
500.00




	
   May

	
500.00




	
   June

	
500.00




	
   July

	
500.00




	
   August

	
500.00




	
   September

	
200.00




	
   October

	
200.00




	
   November

	
200.00




	
   December

	
200.00




	
4 Flood control




	
If pool elevation exceeds 479.5 m, release the maximum amount physically possible to reach a pool elevation below 479.5 m
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Table A2. CMIP5 GCMs used in assessment.
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	bcc_csm1_1
	Beijing Climate Center Climate System Model





	bcc_csm1_1_m
	Beijing Climate Center Climate System Model version 1.1 Moderate Resolution



	ccsm4
	Community Earth System Model (CESM)



	cesm1_cam5
	Community Atmosphere Model Version 5



	csiro_mk3_6_0
	Commonwealth Scientific and Industrial Research Organisation MK3.6 Model



	fio_esm
	First Institute of Oceanography Earth System Model



	gfdl_cm3
	Geophysical Fluid Dynamics Laboratory Climate Model Version 3



	gfdl_esm2m
	Geophysical Fluid Dynamics Laboratory Earth System Model Version 2



	giss_e2_h
	NASA Goddard Institute for Space Studies E2-H Model



	giss_e2_r
	NASA Goddard Institute for Space Studies E2-R Model



	ipsl_cm5a_mr
	Institut Pierre-Simon Laplace (IPSL) IPSL-CM5A-MR



	miroc_esm
	Japan Agency for Marine-Earth Science and Technology (MIROC) Earth System Model



	miroc_esm_chem
	Japan Agency for Marine-Earth Science and Technology (MIROC) Earth System Model Chemistry



	miroc5
	Model for Interdisciplinary Research On Climate Version 5



	mri_cgcm3
	Meteorological Research Institute Coupled Global Circulation Model Version 3



	noresm1_m
	The Norwegian Earth System Model
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Table A3. Hydrological data completeness.






Table A3. Hydrological data completeness.





	Station Name
	Time Period Available
	Missing Data





	Dobyn
	2001–2016
	2002



	164 km above Kapchagay reservoir
	1973–2016
	1984, 1989, 1994, 2002, 2003



	[Below] Kapchagay
	1950–2016
	1955, 1961, 1964, 1965, 1989, 1994, 2008, 2009



	Ushurzarma
	1967–1999
	1989, 1994, 1995, 1997, 1998



	Zhideli
	1967–2016
	1994, 1989, 1996–2002, 2006, 2009









Appendix C. Model Performance Overview
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Figure A2. Calibration and validation results for gauge station “164 km above KapHES”. 
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Figure A3. Correlation graph for gauge station “164 km above KapHES” with the R2 value. 
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Figure A4. Calibration and validation results for station “Kapchagay”. 
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Figure A5. Correlation graph for gauge station “[Below] Kapchagay” with the R2 value. 
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Figure A6. Pool elevation model predictions for Kapchagay reservoir. 






Figure A6. Pool elevation model predictions for Kapchagay reservoir.



[image: Water 13 00615 g0a6]





Unfortunately, the pool elevation performance of the Kapchagay reservoir was less accurate (see Figure A6). Modelled pool elevations exhibit a similar pattern to observed values yet diverge from winter 2006 onwards with an additional spike in summer of 2008. Possible structural explanations are acceleration of sedimentation of the 50-year-old reservoir in recent years due to increased flows and unreported alterations to the dam, as was the case after a remodeling effort in 1994. The divergence in winter 2007 may be the result of measurement errors due to freezing of the river and reservoir from November to April. Ice jams, ice sheets and damage to gauges are reported frequently in Kazhydromet reports. The years 2008 and 2009 lacked data on gauged outflows of the reservoir, which may explain the failure to capture the drawdown in summer of 2008. Another drawdown occurred in winter and spring of 2014, an exceptionally warm and dry year where evaporation losses may have been higher than normal and tributary inflows much lower. The pool elevation performance will not affect the assessment of future flows directly due to the use of rule-based simulation in the analysis, although more work on Kapchagay reservoir is required to use the model for planning purposes.
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Figure 1. Map of the Ili-Balkhash Basin. 
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Figure 2. Graphical overview of methodology. 






Figure 2. Graphical overview of methodology.



[image: Water 13 00615 g002]







[image: Water 13 00615 g003 550] 





Figure 3. Schematic of scenario combinations. 
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Figure 4. Schematic overview of RiverWare workspace of the Ili Basin model. 
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Figure 5. Basin response to the six scenarios representing varying agricultural water demand development (scenarios AC1–6). Response is explored through reliability of environmental flows and the intensity of shortages to the Ili delta. The literature suggests that 11 BCM per year is critical. 
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Figure 6. Flow duration curves of the Ili river for different precipitation scenarios (−50% to +50%) under stable temperature and current demands in the upper Ili Valley. 
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Figure 7. Surface response tables of reliability of flows to the lower Ili, expressed as the percentage (%) of years per model run meeting the environmental requirement of 11 BCM per year, with the green to red gradient indicating high to low reliability. 
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Figure 8. GCM projections for RCP2.6, RCP4.5, RCP6 and RCP8.5 and reliability of environmental flows to the Ili delta under six different upstream water demand scenarios. 
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Table 1. Climatic change range (8 temperature and 10 precipitation intervals which form 80 potential climate combinations).
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	Uncertain Parameter
	Min
	Max
	Changes Interval





	Temperature
	−1 °C
	6 °C
	1 °C



	Precipitation
	−50%
	+50%
	11%
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Table 2. Calibration and validation results for the Ili basin model in the RiverWare platform.
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Gauge Location

	
Calibration Period

January 2001–December 2008

	
Validation Period

January 2009–December 2016

	
Evaluation Based on [36]






	

	
NSE

	
PBIAS

	
RSR

	
NSE

	
PBIAS

	
RSR

	




	
“Yamadu”

	
0.99

	
1%

	
0.39

	
0.99

	
1%

	
0.35

	
Very good




	
“Dobyn”

	
0.99

	
1%

	
0.39

	
0.99

	
1%

	
0.35

	
Very good




	
“164 km above KapHES”

	
0.80

	
7%

	
0.47

	
0.84

	
5%

	
0.42

	
Very good




	
[Below] “Kapchagay”

	
0.60

	
6%

	
0.52

	
0.78

	
8%

	
0.45

	
Good
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Table 3. Upstream irrigation water demand scenarios.
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	Scenario Name
	Description
	Simulated in Chinese Ili Valley





	AC 1
	Baseline scenario with existing crop pattern and area under irrigation, based on estimates from [23,24]
	7350 km2 irrigated land; 15% rice (1105 km2)



	AC2
	Expansion: Current irrigated land use extent with increase of wet rice cultivation to 50% of total
	7350 km2 irrigated land; 50% rice (3675 km2)



	AC3
	Expansion: The maximal potential irrigable land area with the same cropping pattern as AC1
	12000 km2 irrigated land; 15% rice (1800 km2)



	AC4
	Expansion: The maximal potential irrigable land area with increase of wet rice cultivation to 50% of total
	12000 km2 irrigated land; 50% rice (6000 km2)



	AC5
	Mitigation: Environmental Protection Plan maximum water consumption [43] with the same cropping pattern as AC1
	7.12 BCM upstream water consumption per annum



	AC6
	Mitigation: Water saving, based on irrigation demands 1976/77 [24]
	5000 km2 irrigated land; Rice cultivation negligible
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Table 4. Summary of main findings.
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	Main Findings





	Historically, environmental water shortages were already frequently occurring in the IBB, and may intensify and become more frequent if upstream water use increases.



	Future reliability of environmental water supply to the Ili Delta is negatively affected by precipitation reductions, temperature reductions and upstream water demand increases.



	Current available mitigation strategies (Environmental Protection Plan of the Ili Prefecture and a general water saving agenda) may enhance downstream reliability under slight to moderate climatic change, yet are unable to mitigate larger shifts in demand or hydro-climate.



	The IBB system is currently under pressure and vulnerable to demand and climatic changes, and potential increased demands would drastically reduce basin robustness to climate change. There is scope for improvement in sustainable expansion of agriculture upstream if parties cooperate and coordinate water use.
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