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1. Introduction
As Bates et al. (2008) state ‘Water is involved in all components of the climate system.’  And according to Rogers (2008), ‘many of the most serious impacts on the nonwater areas are, in fact, mediated via water.’ Thus, water is involved in all components of climate change, and relates to both water and non-water climate impacts, making modeling of water-climate interactions a challenging task.  

In this context, Integrated Assessment Models (IAMs) attempt to link various environmental models, generally linked to climate change assessment. Most IAMs are driven by the SRES scenarios of the IPCC, and incorporate an explicit energy sector model. More recently, these models have been expanding into more explicit land use change modeling, water resource modeling, biodiversity impact assessment and toward better representing economic behavior (incorporating prices and market linkages).  The Joint Global Change Research Institute, for example, has recently developed a water supply-demand modeling system for the GCAM integrated assessment model; and IIASA is planning to develop its own water model as well. For each of the added modules, supply and demand relationships need to be established, either linking to or within the existing IAM, and decisions on temporal and spatial scale, and comprehensiveness of representation have to be taken, weighing speed and runtime and potential of validation and separation of cause-and-effect, while adding to existing model complexity. 
The following sections describe key water impacts under climate change that affect both water and non-water sectors; describe a typology of water models, which differentiates between those models that focus on specific water resource aspects; those that focus on managed water systems (such as reservoirs or flood protection schemes, or water allocation modeling); and other models that include non-hydrology components or have a non-hydrology focus, including Integrated Assessment models. Section four identifies the potential of using water resource models as presented in IAMs and lists a series of key gaps for doing so; and the final section concludes.

Key water-climate interactions include the following[footnoteRef:1]:  [1:  We exclude urban water supply—climate change interactions due to lack of time, but can add it in if it is felt to be important. Furthermore, we include flood modeling, but not drought assessment at this point.] 

Shifted timing of water availability due to shifts in glaciers, snow and rainfall
For basins whose surface water supply is provided by a mix of rainfall, glacial melt, and snowmelt (such as in Pakistan, Mongolia, or the US State of California), climate change may bring additional changes irrespective of changes in overall water availability.  Snowmelt of winter precipitation typically occurs in spring months, while glacial melt is a more complex process that typically peaks in summer (Misra, Daanen, & Thompson, 2011); rainfall peaks at different points in the year depending upon regional climate (such as in summer months, under the Asian Monsoon).  Further, the timing of snow and glacial melt can be expected to shift as well with shifts in temperature under climate change (Hosterman et al., 2012).  Thus, basins experiencing shifts in the importance of these sources under climate change, as well as shifts in temperature, will also need to adapt to a shift in the timing of water availability.  Pakistan, for example, is expected to experience enhanced winter precipitation, enhancing snowmelt and shifting water availability earlier into spring months in the Indus Basin.  Shifts in the role of glacial melt into the basin are less certain, however, due to the very high altitudes of the glaciers in the Karakoram Range that feed the Indus.  Recent data show these glaciers to be thickening and expanding, while others around them in the Himalayas are retreating, suggesting that climate change is experienced differently at altitude and highlighting the more complex nature of glacial processes (Hewitt, 2011; Tahir, Chevallier, Arnaud, & Ahmad, 2011).  In this and other such mixed-input water systems, adaptation may be required to maintain or improve upon the temporal match between annual water availability and demand for industry, agriculture, and municipal use.
Surface Water-Climate Change
Bates et al. (2008) summarize climate change surface water interactions to include increased precipitation in higher latitudes and parts of the tropics combined with declines in rainfall in lower/mid-latitude regions and parts of the subtropics. In other areas, impacts remain somewhat to highly uncertain.  As a result, surface runoff is predicted to increase at high latitudes and in some wet, tropical areas. On the other hand, runoff is expected to decline in dry regions at mid-latitudes and in the dry tropics. Moreover, increased intensity and variability of rainfall will likely increase the risk of both flooding and droughts.  Seasonally, runoff is expected to relatively increase in the wet season and relatively decline in the dry or low-flow seasons. Higher water temperatures and changes in seasonality of flows will likely affect water quality levels negatively; and freshwater ecosystems are also expected to be adversely impacted. 
Groundwater- Climate Change
Although less responsive to climate signals than surface water, groundwater levels are anticipated to be affected by climate change as a result of changes in the rate of recharge. While the number of studies devoted to evaluating climate change impacts on surface water has grown dramatically, climate change impacts on groundwater is seldom studied, and the potential effects of climate change on groundwater and groundwater sustainability are still poorly understood.  This is largely because of the longer residence times of groundwater, which may delay and disperse the effects of climate change, but also makes it difficult to detect climate change responses in the groundwater (Green, et al., 2011). 
Sea-level rise
Sea-level rise is driven by three key factors: 1) altering volume of the existing ocean water mass by warming, a process called thermal expansion; 2) adding mass from melting land ice, including the Greenland and Antarctic ice sheets; and 3) changes in the global ocean basins as a result of small movements of the Earth's crust (which has a counteracting effect) (Rahmstorf 2012; Bates et al. 2012).  Water resource management on land, such as pumping from nonrenewable aquifers and reservoir storage are also minor contributors to sea-level rise (Rahmstorf 2012). Given the slow evolution of sea-level rise, the combined effect of the commitment to sea-level rise (sea-level rise that would occur even if GHG emissions were stabilized today) and slow divergence of the various emission scenarios over the next decades, future global-mean sea-level rise is similar across scenarios until the 2050s (Nicholls and Lowe 2004). According to Rahmstorf (2012), semi-empirical models perform better in estimating future sea-level rise, estimating sea-level rise of 1 meter or more by 2100, exceeding IPCC projections by a factor of 2 or 3. . He finds that can be used to project future sea level rise from a scenario of future global temperature rise. This results in generally much higher projections than those of the IPCC, by a factor of two or even three (Rahmstorf 2010). For higher emissions scenarios, semi-empirical models typically predict more than one meter sea level rise by the year 2100 (Rahmstorf 2012). Sea-level rise causes coastal erosion and land loss, increased flooding during extreme events, increased groundwater levels inland, and saline intrusion into freshwater resources. 
Key anthropogenic water management policies and technologies that can amplify or reduce the adverse impacts of sea-level rise include reservoir construction (reducing sediment flow and thus increasing coastal erosion, inter alia), land use change, such as agricultural production on steep slopes or deforestation, which would increase erosion, increased groundwater pumping in coastal areas (increasing the likelihood of saline intrusion and local land subsidence), reduced river flow/runoff and reduced groundwater recharge as a result of both climate change and increased anthropogenic depletion, and changes in coastal ecosystems and infrastructure (for example, replacing mangrove systems with coastal aquaculture fisheries) (Bates et al. 2008; Nilsson et al. 2005). Given that 74 percent of the urban population is expected to reside in coastal areas by 2025 and 71 percent in low-elevation coastal zones[footnoteRef:2] the impact of sea-level rise on storm-water drainage operations and sewage disposal in coastal areas is expected to be considerable (Balk et al. 2009; UN-HABITAT 2011). [2:  Defined as areas below 10 meters above sea level.] 

Crop Water Use and Irrigation Demand under Climate Change 
Studies indicate that crop evapotranspiration has been increasing over the last 50 years as a result of increased precipitation and higher temperatures. Moreover, irrigation requirements are expected to increase globally as a result of higher temperatures and evapotranspiration demands, and particularly in semi-arid and arid areas where precipitation is also expected to decline, such as North Africa (Bates et al. 2008).  
Flooding –Climate Change 
It is generally believed that the frequency and intensity of floods are likely to increase owning to the intensification of global water cycle under climate change, although consistent support from empirical evidence yet to be established (Huntington, 2006). Though with local exceptions (Douglas, Vogel, & Kroll, 2000; Robson, 2002), more intense precipitation events and thus flooding risks are widely observed to be occurring, even in places where total precipitation is decreasing (Trenberth, 2005). In addition, since more precipitation occurs as rain instead of snow with warming, and snow melts earlier, there is increased runoff and risk of flooding in early spring (Trenberth, 2005). In a flood study for selected large river basins around the world (Milly, Wetherald, Dunne, & Delworth, 2002), flood trends from historical measurement and numerical climate models are analyzed and it was found that the frequency of great floods increased substantially during the twentieth century, and the trend will continue into the future. 
Freshwater Ecosystems
The potential impacts of shifts in temperature on freshwater habitats have been well discussed in the literature (e.g., Hosterman, McCornick, Kistin, Sharma, & Bharati, 2012; Jeppesen et al., 2010; Warren, Price, Fischlin, Nava Santos, & Midgley, 2010) but the ecological consequences of altered flow regimes due to shifts in precipitation and melt water are less understood (Döll & Zhang, 2010).  Biodiversity in freshwater systems is linked to the timing and magnitude of high-flow events that shape the river channel and connect disparate floodplain habitat; as well, it is constrained by low-flow events that limit habitat availability (Dudgeon et al., 2006).  While clear, quantifiable relationships have yet to be supported in the scientific literature, it does appear that the risk of ecological change – loss of habitat, or species invasion, for example – increases with enhanced flow alteration (Poff & Zimmerman, 2010).  Estuarine and brackish water systems (such as mangrove forests) are subject to shifts in salinity as river discharges shift and patterns of coastal storms change (Hosterman et al., 2012).  
While much of the world currently experiences altered flow regimes due to dam developments or withdrawals for agriculture, industry, or municipalities, model simulations indicate that flow alterations due to climate change in the 21st century will significantly exceed any currently-experienced degrees of development-related flow alteration (Döll & Zhang, 2010), with a range of impacts across basins.  For the Ganges, a weakened monsoon and reduced melt water are expected to reduce breeding habitat for the Gangetic dolphin, while increased coastal flooding is expected to inundate mangrove forests with water of higher salinity (Hosterman et al., 2012).  Impacts across basins in the US are expected to include a flow regime that is out of synch with species life histories due to an early snowmelt (Northwest US), increased flood mortalities (Northeast and Midwest), as well as habitat reduction and fragmentation due to drought (Southwest) (Palmer et al., 2009).  Altered flow regimes have already been implicated in the spread of koi herpes virus (KHV), resulting in mass mortalities of carp across the world (Naiman & Dudgeon, 2010).  The impacts on ecosystem health experienced by a basin will depend on the relative roles of precipitation and melt water in feeding the system, and the ways in which those sources are expected to shift under climate change.
Water quality impacts
Mechanisms for how climate change impacts water quality are still not well understand. But several pathways have been identified, which together would make it a highly challenging issue to investigate. First, climate change is globally characterized by an increase in surface air temperature. Water temperature responds to air temperature increases with a warming trend (Hari et al. 2006; Hammond and Pryce 2007; Webb and Nobilis 2007; Schneider and Hook 2010). Rising temperatures accelerate the chemical/biochemical processes, the depletion of dissolved oxygen and affect the mixing of oxygen and pollutants in lakes/reservoirs by disturbing their thermal stratification (Livingstone 2003; Coats et al. 2006). Climate change also alters the hydrologic cycle, which is the driving force behind the production and transport of water quality constituents. It is expected that variability in precipitation and flow regimes increase under climate change. More frequent droughts or low-flow events may impair the dilution capacity of receiving water bodies, but also imply reduced export of pollutants from land for pollution from diffusive sources. At the same time, climate change will likely increase rainfall intensity and storm events which, in turn, will result in increased pollutant runoff.
2	A Typology of Water Resource System Models
There are a wide range of contexts and capacities in which hydrology has entered into modeling efforts for improving understanding and making decisions in coupled natural human systems, so that describing a current state-of-the-art is a challenging task.  As a first cut, many of these models can be differentiated along similar lines as other integrated assessment (IA) models writ large, such as:
· Hydrology or beyond: Some models focus on pure hydrologic processes, others include the water managed systems; and yet others focus on non-water sectors, but incorporate water relationships in some form or other.
· Type:  Optimization models (which evaluate the optimal policy or development path based on an explicit objective function) vs. simulation (or evaluation) models (which evaluate “what if” scenarios of policies or developments) 
· Spatial scale:  Global models vs. Regional or Basin-scale models
· Linkage: Coupled (or Holistic) vs. Modular submodels
Each of these dimensions implicitly describes a choice of process fidelity – the level of detail with which the hydrologic system is modeled.  For example, the computational demands of optimization means that process components are necessarily simplified, as compared with simulation models.  Similarly, the demands of modeling at a global scale or with strong linkages across submodels necessitate simplifications as compared with basin-scale models or modular approaches.  The treatment of time is largely implicit in the spatial scale of the model, with global models often lacking sufficiently detailed physical models to meaningfully address questions at finer, sub-annual time-steps (monthly or daily), though this issue is addressed by at least one research group (Hanasaki, Kanae, Oki, Masuda, Motoya, Shirakawa, Shen, & Tanaka, 2008a).
Additionally, in the case of water resource systems models, model scope can be further specified as addressing water availability or quality issues (or both), and as including surface or groundwater sources (or both).
Finally, models can be differentiated by whether or not they address changes in climate and potential impacts, and whether or not they incorporate different options or scenarios for human activity (such as policy change, development or adaptation to climate change impacts). This last component can mean very different things depending on the goals, scale, and scope of the model.  In the case of optimization models, adaptations may be modeled implicitly (as production responses to shifts in input costs) or explicitly (as choice variables with empirically derived cost functions), but without treatment of adaptations as discrete responses to discrete events or perceptions (Patt et al., 2010; de Bruin, Dellink, & Agrawala, 2009).  In contrast, simulation models may evaluate specific adaptations (such as reservoir schedules, infrastructure improvements, or policy choices) across different scenarios, or even (such as the case of agent-based models) as discrete choices within the simulation.
A number of recent reviews have synthesized the current state of the art of IA models and adaptation (e.g., Dickinson 2007, Stanton et al. 2009, Füssel 2010, Patt et al. 2010), with some specific attention to those models integrating hydrologic models (Harou et al., 2009).  We do not attempt to recreate these comprehensive reviews, but rather highlight a subset of models to illustrate current modeling attention to impacts and adaptation to climate change.  This set is meant to be representative but not exhaustive, and includes models that may or may not explicitly address climate change, while excluding many well-known models (such as the AD-DICE model) that explicitly address climate change and adaptation but do not explicitly address water systems.
Table 1: Selected models incorporating aspects of water resource systems
	Model Name (if available)
	Hydrology or beyond
	Type
	Spatial Scale
	Temporal Scale
	Linkage
	Surface/ Groundwater
	Water Availability/ Quality
	Climate Change Impacts?
	Adaptation?
	Citation

	H08
	B
	S
	G
	S
	M
	S*
	A
	Y
	Y
	Hanasaki, Kanae, Oki, Masuda, Motoya, Shirakawa, Shen, & Tanaka, 2008a, 2008b 

	WaterGap 2
	B
	S
	G
	A
	M
	S*
	A
	Y
	Y
	Alcamo et al., 2003  

	ANEMI
	B
	S
	G
	A
	C
	S
	B
	Y
	Y
	 Davies & Simonovic, 2011  

	IMAGE 2.4
	N
	S
	G
	A
	M
	B
	B
	Y
	Y
	 Arnell, van Vuuren, & Isaac, 2011; MNP, 2006 

	AIM/Impact
	B
	S
	G/R**
	A
	M
	S
	A
	Y
	Y
	Kainuma, Matsuoka, & Morita, 2003 

	IMPACT-WATER
	B
	S
	G
	A*
	M
	B
	A
	Y
	Y
	Rosegrant and Cai 2002; Cai and Rosegrant 2002; Nelson et al. 2010. 

	FARM
	N
	S
	G
	A
	M
	S
	A
	Y
	Y
	Darwin, 1999, 2004

	(Not Given)
	B
	O
	R
	S
	M
	S
	A
	N
	Y
	Ringler & Cai, 2006

	(Not Given)
	B
	O
	R
	A
	M
	B
	B
	N
	Y
	Ward & Pulido-Velázquez, 2008 

	CALVIN
	B
	O
	R
	S
	C
	B
	A
	Y
	Y
	Connell-Buck, Medellín-Azuara, Lund, & Madani, 2011; Pulido-Velazquez, 2004 

	SWAT 
	H
	S
	R/G
	S
	M
	B
	B
	Y
	Y
	Arnold et al. 1998


Key: Hydrology or beyond---Hydrology (H) or beyond (B) or no hydrology (N); Type – Simulation/Evaluation (S) or Optimization (O); Spatial Scale – Global (G) or Regional/Basin-scale (R); Temporal Scale – Annual (A) or Sub-annual (S); Linkage – Coupled (C) or Modular (M); Surface (S) / Groundwater (G) or Both (B); Water Availability (A) / Quality (Q) or Both (B); Climate Change Impacts – Yes (Y) or No (N); Adaptation –Yes (Y) or No (N). *Groundwater included only implicitly as runoff source. **Uses GCM outputs, but focus is on regions within Asia-Pacific
The selected models highlight the trade-offs in model development mentioned above.  There are no global optimization models that include detailed hydrologic processes; in Füssel’s (2010) review of global IA models and adaptation, only one optimization model (FUND) incorporated the water sector, but did not incorporate a hydrologic submodel.  We find in the literature only one global model (H08) that incorporates sub-annual resolution of all model processes, but the authors note that this comes at the expense of a poor capacity to calibrate and validate (Hanasaki et al. 2008a).  Tight coupling among submodels in a holistic approach come at the expense of detailed process modeling and the treatment of groundwater in the ANEMI model, and a regional focus in the CALVIN model. The system dynamics model ANEMI is described by its developers as ‘an attempt to model nonlinear feedbacks between water resources and socio-economic and environmental systems both explicitly and dynamically. Therefore, changes in variable values in each of nine – climate, carbon cycle, economy, landuse, agriculture, population, natural hydrological cycle, water use and water quality – linked system dynamics models affect model variables in other sectors at each time step from 1960 to 2100’ (Davies and Simonovic 2010; 2011).

Of particular interest in this report is the capacity of these models – at any scale or level of detail – to address questions on water related climate impacts and adaptation.  Most of the models in our list explicitly model climate changes and associated damages, and all models are capable (such as via different policy scenarios) of modeling the outcome of adaptations.  In the following sections, we highlight several aspects of these modeling efforts germane to the challenge of better linking water resources systems to economic sectors, climate, and action.
Water-based adaptation options modeled with both hydrologic and integrated models include both software and hardware adaptations, as well as “autonomous” adaptations. Autonomous adaptations are endogenous model responses to climate change, such as area and yield changes as a result of higher food prices from climate change (see, for example, Nelson et al. 2010).  Hardware adaptations that are typically incorporated in water models include the simulation of additional of infrastructure, including irrigation, wastewater reuse, reservoir, flood protection, and river banks and dikes.  Moreover, given that agriculture is the largest water user, many modeling efforts simulate changes in agricultural technologies that are expected to reduce crop or irrigation system water use, such as drip or sprinkler irrigation, lining of irrigation canals, laser land leveling, or stress-tolerant crop varieties. Generally, increasing agricultural productivity leads to higher water savings as compared to irrigation system improvements. Important software adaptations that are typically modeled include water pricing or rationing, changes in input and output price policies and trade policies (for example, increased trade liberalization). Importantly, non-water policies, such as direct seeding, agricultural mitigation policies, agricultural research and development policies or input and output price policies (such as changes in fertilizer prices or agricultural energy subsidies) can have significant impacts on agricultural water use. 
Table 2: Typical water-based adaptation options modeled
	Item
	Hardware
	Software
	Example

	Reservoir
	Dam height, number of dams
	Changes in reservoir operation rules
	

	Irrigation system 
	Canal lining
	Irrigation charges
	

	Irrigation technology
	Sprinkler/drip
	Irrigation management policies
	

	Basin management
	Additional basin infrastructure 
	Water marketing
	

	Crop water use
	Irrigation expansion, water harvesting
	Input and output price policies, integrated soil fertility management
	



3. Modeling Impacts and Adaptations for Water Resources Management
3.1 Modeling Hydrological Impacts of Climate Change
3.1.1 Downscaling of Climate Change Scenarios
A river basin is the natural boundary of surface water movement. Therefore, hydrological processes and water management are usually studied at the scale of a river basin or sub-basin, utilizing spatially distributed hydroclimatic information. However, most Global Circulation Models (GCMs), one of the most important tools for studying climate change, have a horizontal resolution of a few hundred kilometers, which is too coarse for regional impact assessment. Moreover, while GCMs are able to simulate the global climate adequately, they cannot simulate regional climate skillfully because the regional climates are the response of the global climate to regional details which the GCMs do not include (Zorita & von Storch, 1999). Downscaling techniques are thus developed to fill this gap.
Downscaling is the process of establishing the link between the state of some large scale climatic variable and the state of some much smaller scale climatic variable (Benestad, Hanssen-Bauer, & Chen, 2008). In this sense, downscaling not only generates climatic information at refined scales but addresses the concern that regional climate is affected by forcing and circulations which occur at sub-grid scale and are therefore not explicitly taken into account at the GCM scale. The many widely used downscaling techniques that link GCM projections to regional climate change can be categorized into dynamical downscaling or statistical downscaling. In addition, hypothetical and analogue methods are also used to construct climate change scenarios. 
Dynamical downscaling refers to nesting a high resolution regional climate model (RCM) within a GCM, with the RCM being driven by the GCM boundary conditions. Usually, there is no feedback from the RCM to the GCM. RCM is advantageous over GCM in its capability of accounting important local forcing factors. However, RCMs are more computationally demanding and a RCM has to rely on a GCM to drive.  Besides RCMs, another form of dynamical downscaling is variable resolution GCMs, in which the resolution of a GCM is increased over area of interest while resolution of other areas remains unchanged. 
In statistical downscaling, quantitative relationships between large scale atmospheric variables and local surface variables are established, and applied to GCM projections to derive local climate projections. Statistical downscaling is more widely used than dynamical downscaling because of its relative simplicity and easiness to use. They are particularly useful in heterogeneous environments with complex physiography or steep environmental gradients (Wilby, et al., 2004). 
Three methods are usually used in statistical downscaling, including transfer functions, weather classification and weather generator. In broad senses, hypothetical and analogue scenarios also belong to statistical downscaling but here we discuss them separately. The transfer functions represent statistical relationships between large area (e.g. grid cell of a GCM) and site specific surface climates. Sub-grid scale changes in climate are calculated as a function of large-scale climate with transfer function. Weather typing approach of climate downscaling statistically relates observed local meteorological data to a weather classification scheme. After selecting classification scheme and deriving the weather types, relationships between the types and local weather variables can be calculated. A weather generator is a statistical model of observed weather variables. As an approach to downscale GCM data, a weather generator’s parameters can be altered according to scenarios of future climate change (Wilks, 2010). 
Hypothetical scenarios involve applying arbitrary changes in particular meteorological variables to an observed meteorological series. Being simple, hypothetical scenarios are useful in exploring the magnitude or rate of climate change that a modeled system can tolerate without major disruptive effects. Due to their arbitrary nature, however, hypothetical models can seldom represent physically plausible changes unless the changes are derived from GCM projections. 
Analogue scenarios use a recorded climate regime and assume that such a regime may resemble the future climate in the impact assessment area. Analogues can be either spatial or temporal. In the spatial analogue case, it is attempted to identify regions which have a climate that is similar to that projected for the study region in the future (Xie, Eheart, & An, 2008). In the temporal analogues case, past climate at the impact assessment area is used which resembles the projected future climate for the same area (Harou, et al., 2010). The performance of simple analogue method can be as good as more complex statistical downscaling methods (Zorita & von Storch, 1999), but different findings were also reported (Wetterhall et al. 2006). 
In addition, it is worth noting that GCMs in general are not yet able to simulate extreme precipitation events adequately well, though these models have been more successful in simulating temperature extremes (Randall, et al., 2007). This inconvenience in particular challenges assessment for tropical cyclones, floods and droughts under future climates. Downscaling methods are being developed to overcome this limitation, for various goals. For instance, in an assessment of future hail and flood risk in mountainous Colorado, the United States (Mahoney et al. 2012), a high-resolution RCM is used to investigate hail generation and maintenance for warm-season extreme precipitation events for both present-day and projected future climates. In a comparison study of daily precipitations simulated by a GCM and a RCM by reference to observations (Durman et al. 2006), the upper one-percentile of precipitation in the control climate (a past period) at each point was used as the threshold, and it was found that, on average, the probability of precipitation exceeding the one-percent threshold increases by a factor of 2.5 (GCM and RCM) in winter and by 1.7 (GCM) or 1.3 (RCM) in summer. 
3.1.2	Hydrologic modeling of climate change impacts on water flows
Assessment of surface water hydrological responses to climate change involves climate change downscaling and using hydrological models to evaluate runoff and streamflow changes under climate change. Numerous such studies have been implemented at the river basin level (Xu, 1999).  Here we focus exclusively on global scope modeling of climate change impacts on hydrology.
Traditionally, scientific hydrology relies heavily on studies cast over the plot, hillslope, and small catchment scales. Hydrological models are usually developed for understanding and simulation of hydrological processes at these ‘micro’ scales. Relative to watershed hydrology, we term the modeling of hydrology over large river basins or regions macro-scale hydrology.
Macro or global-scale hydrological modeling emerged as an active research area in the 1980s (Eagleson, 1986) because of new questions being posed by scientists and policy makers. Macro-scale models provide the opportunity for hydrologists to look at hydrological properties and variability consistently over large geographic domains at greater detail than can often be provided by real hydrological data, especially for parts of the world with limited data (Arnell N. W., 1999). For macro-scale hydrological modeling, one difficulty is the lack of compatibility in scales at which data are available and the scales at which hydrologic processes operate (Singh & Woolhiser, 2002). To overcome this barrier, macro-scale hydrologic models have to avoid needless complexity while characterizing the dispersed nature of climate and hydrology over space and time (Vörösmarty, et al., 1989). Therefore, global hydrological models usually have a simpler structure and involve fewer parameters than watershed hydrological models.
In many senses, a macro-scale hydrology model is a generalization of a catchment-scale model, with its form and parameterization constrained by the ability to estimate model parameters from available spatial data sets (Arnell N. W., 1999). Like watershed hydrological models, all global hydrological models include a module that computes potential evapotranspiration, and a vertical water balance module that deals with actual evapotranspiration and runoff generation. Some of the models also include a horizontal water balance module that conducts river flow routing and, in some cases, simulate regulation of flows by natural lakes or manmade reservoirs. Over the past two decades, several global hydrological models have been developed (Arnell 1999; Vorosmarty et al. 2000; Doll, Kaspar and Lehner 2003; Oki et al. 2001; van Beek and Bierkens 2008; Widen-Nilsson, Halldin and Xu 2007) and applied to evaluate climate change impacts (Vorosmarty et al. 2000; Arnell 2004; Doll 2009; Shen et al. 2008). All studies found that climate change increases water resources stresses in those parts of the world where runoff decreases. Areas with expected increased water stress include the Mediterranean, parts of Europe, central and southern America, and southern Africa. Under some climate change scenarios runoff in South and East Asia are projected to increase; however much of the increase is expected during the wet season, implying potential flood risks but little improvement for dry-season needs. Climate change impacts on water resources are similar across emission scenarios by 2050, but differ considerably across climate models (Vorosmarty et al. 2000; Arnell 2004). 
The Soil and Water Assessment Tool (SWAT) (Arnold et al. 1998), has been widely used as a watershed hydrology model to assess climate change impacts on evapotranspiration and runoff. SWAT is capable of simulating a high level of spatial detail by allowing the division of a watershed into a large number of sub-watersheds. Most of those climate change studies perturb the temperature and precipitation input of the SWAT model to construct climate change scenarios, and then use the scenarios to drive the model. Jha et al. (2006) used SWAT to assess the effects of future climate change on the hydrology of the Upper Mississippi River Basin. In this study, the effects of higher atmospheric CO2 concentrations on leaf stomatal conductance and thus transpiration rate was also considered. They found large uncertainty in future annual flow projections across scenarios, but high seasonal variability in the future were found for all scenarios. Mengistu and Sorteberg (2012) calibrated a SWAT model for the eastern Nile basin, and used the calibrated model to assess runoff responses to a large number of hypothetical and GCM-based climate change scenarios. Under the hypothetical scenarios with temperature increase alone, universal runoff reductions were found. However, a hypothetical scenario of 10-percent precipitation increase lead to different runoff responses in the various sub-basins, implying hydrological heterogeneity in space. A wide range of streamflow changes were found for the 20 selected GCM-based scenarios and therefore no clear conclusions could be made about future changes in eastern Nile streamflow. 
3.1.3	Climate change impacts on groundwater
In the systematic review of the impacts of climate change on groundwater (Green, et al., 2011), subsurface water change assessment are grouped into observational methods and simulation methods, that is, mathematical groundwater modeling. For the former, methods include using age dating and chemical proxies to constrain the timing of recharge and trace groundwater flow, using geophysical methods to detect changes in groundwater storage and groundwater responses to climate and land use changes, using land-based groundwater surveying to detect storage changes, and using satellite remote-sensing to detect subsurface water storage changes. For the latter, numerous numerical groundwater models were developed to assist understanding of observed changes and predict the future response of the subsurface parameters to climate change, land-use change and water management scenarios. 
Most of the above-mentioned methods study groundwater storage and moment at the local or regional scale. Nonetheless, satellite remote-sensing provides a way to investigate groundwater at the global scope. Since 2002, the NASA/GFZ Gravity Recovery and Climate Experiment (GRACE) provide a new means to investigate groundwater storage changes through high-precision satellite gravimetry (Ramillien, Famiglietti, & Wahr, 2008). The GRACE data have also been applied to investigate regional groundwater situation, such as California (Famiglietti, et al., 2011), Central United (Strassberg, Scanlon, & Chambers, 2009), and India (Rodell, Velicogna, & Famiglietti, 2009). 
At the global scope, studies were conducted to estimate groundwater recharge rates, using data synthesis or water balance modeling (Scanlon 2006; Doll and Fiedler 2008). Like surface hydrology modeling, mathematical modeling of climate change impacts on groundwater involves climate change downscaling, in order to estimate future climate conditions at the local level (Green, et al., 2011). In a global hydrological modeling study, the impact of climate change on groundwater recharge and the number of affected people was computed for four climate scenarios by two climate models using a global hydrological model (Doll 2009). 
Groundwater will be more valuable in the face of climate change because groundwater can be instrumental in mitigating droughts, as many aquifers have a large storage capacity and are potentially less sensitive to climate change than surface-water bodies. Political decision makers around the world are becoming increasingly aware of the opportunities that sustainable use of groundwater resources may offer in the face of the uncertain consequences related to climate change (Green, et al., 2011). Research in this area needs to be enhanced to meet the demands coming from water manager and policy makers in making plans to cope with climate change.
3.1.4—Climate change –flood modeling
It is generally believed that the frequency and intensity of floods are likely to increase owning to the intensification of the global water cycle under climate change, although consistent support from empirical evidence has yet to be established (Huntington, 2006). Nevertheless, despite local exceptions (Douglas, Vogel, & Kroll, 2000; Robson, 2002), more intense precipitation events and thus flooding risks are widely observed to be occurring, even in places where total precipitation is decreasing (Trenberth, 2005). In addition, since more precipitation occurs as rain instead of snow with warming, and snow melts earlier, there is increased runoff and risk of flooding in early spring (Trenberth, 2005). In a flood study for selected large river basins around the world (Milly et al. 2002) flood trends from historical measurement and numerical climate model simulations for the past and future periods are analyzed and it was found that the frequency of great floods increased substantially during the twentieth century, and the trend will continue into the future. 
Flood impacts of climate change are usually evaluated for specific rivers using a combination of climate change downscaling techniques and hydrological modeling. When local details are considered, flood assessment requires hydrodynamic modeling. For low-lying river deltas, it is often not change of flood flow regimes but sea level rise that has the greatest effect on the flood situation, as expected for several great river deltas in the world such as the Vietnamese Mekong Delta and the Ganges Delta in Bangladesh (Vastila et al. 2010).   
3.1.5	Modeling of Sea-level Rise  Freshwater management Interactions
Nicholls, Hoozemans and Marchand (1999) use a coastal flood model to assess impacts of sea-level rise on coastal areas and a dynamic non-linear model of coastal wetland losses to asses climate change impacts on coastal areas for several future periods globally and for specific regions.  The DIVA (Dynamic Interactive Vulnerability Assessment) modeling framework is likely the best known global-scale, sea-level rise assessment model and is derived partly from Nicholls, Hoozemans and Marchand (1999). Given the complexity and large number of disciplines involved in climate change impact and adaptation assessment, DIVA was developed as a modular system; version 2.03 includes the following individual modules: 1) relative sea-level rise, 2) river effects, 3) Indirect erosion, 4) Total erosion, 5) Wetland change, 6) Flooding, 7) Wetland valuation; 8) Tourism; and 8) Costing and adaptation (Hinkel and Klein 2009). Importantly, these models do not consider, at this point, the interaction between river flooding and sea-level rise, which will likely substantially increase flooding risk, particularly in deltaic areas. 
3.1.6	Modeling Climate Change Impacts on freshwater ecosystems
The impacts of climate change on freshwater ecosystems are typically assessed in modeling studies by evaluating changes in species diversity (Xenopoulos et al. 2005) or populations of particular species (Chu et al. 2005) as statistical functions of particular climate variables such as temperature (Jackson and Mandrak 2002), river discharge (Xenopoulos et al. 2005), or other variables that emerge as statistically significant using existing abundance data, such as rainfall, wind speed, dew point, or the number of growing days (e.g., Chu et al. 2005).  Climate variables for the future are typically drawn from available regional climate projections.
There is a separate literature that models fish populations (single- and multiple-species) in a dynamic and mechanistic way (for example, Hollowed et al. 2000), including some individual based efforts (e.g., Clark et al. 2001), though marine fisheries have received greater attention, and the literature typically focuses on predation (i.e., fishing) rather than climate as a stressor.
Though rare (Pereira et al. 2010), there are some global-scale studies (e.g., Xenopoulos et al. 2005) of ecosystem response to climate change, some of which have been incorporated into the global integrated models – such as the GLOBIO-Aquatic component of the IMAGE model (Janse et al. 2009, Alkemade et al. 2009) – described in greater detail in section 4. 

3.2	Integrated Modeling of Impacts and Adaptations for Managed Water Systems
Impact and adaptation studies for water resources systems involve utilizing a suite of models to evaluate the responses of natural and managed water systems to climate change, and identifying promising adaptation strategies. Analysis of natural water system responses is conducted through hydrological models, as discussed above. As to a managed water system, the natural and built environment and relevant social-economic factors have to be all considered together. Managed systems are usually classified into several sectors according to the services they provide, such as water supply, irrigation, hydropower, flood control, and protection of freshwater ecosystems. Some of these sectors involve consumptive use of water; others do not. Such a distinction requires different model treatment. Therefore, we classify modeling approaches of the managed systems into two types in this review, Type I and Type II, based on whether the modeled water sector or sectors involve consumptive water use. Type I modeling involves consumptive water use, and as such the focus is to manage supply and demand so as to reduce shortage and associated economic costs. Type II modeling does not involve consumptive water use, such as modeling for flood protection, hydropower generation, and protection of freshwater ecosystems. 
3.2.1	Water Supply and Demand Management
From a resource perspective, water is a fairly localized resource and its management has to take place at a far smaller scale than that of the hydrological cycle. Consequently, water managers and the majority of policy makers focus on the whole or a part of a river basin that matters to their business. As a decision support tool for water management, planning and policy, water supply and demand management modeling has been conducted mostly at the local, regional, or river basin level, as reflected by the numerous literature in this field (Harou, et al., 2010), with very few examining continental and global water use situation that aim to support international water and agricultural policy dialogues (Rosegrant, Cai, & Cline, 2002; Alcamo, et al., 2003; Doll & Siebert, 2002; Shen, Oki, Utsumi, Kanae, & Hanasaki, 2008). Cai and Rosegrant 2002; Rosegrant and Cai 2002). 
Global water use modeling is much less advanced than global hydrological modeling, for several reasons. First, global hydrological models have their root in watershed hydrology as an established science, and the basic principles are virtually applicable anywhere; while water use modeling has to consider various water use sectors under often drastically different socioeconomic and political contexts. Second, in terms of data, global land cover, soil, topology and long-term climate data are available at fine spatial scale for global hydrological modeling, while consistent global water use data with adequate sub-national disaggregation virtually does not exist even today and data coverage remains poor even for OECD countries.  Third, in terms of economy of scale, internationally there is an increasingly large science community studying global hydrology, and the need of GCMs to enhance land surface process modeling encourage mutual learning between the hydrology and climate modeling science communities (Haddeland, 2011). Thus, few groups quantitatively model global water use, and there are few interactions among these groups, except for some recent efforts (Hoff et al. 2010). 
Despite the various challenges associated with global water use modeling, progress has been made thanks to advances in global hydrology, remote sensing, development of spatially distributed global databases for population, land use and crop distribution, thermal power production and cooling technologies, national water uses, and rapid progress in computational capability. Among these models, IMPACT-Water (Rosegrant, Cai, & Cline, 2002) and WaterGAP (Alcamo, et al., 2003) explicitly consider multiple water sources, sectoral demand, water infrastructure capacity and water policies.  In these models, seasonal irrigation water demand is estimated on the basis of climatic conditions, crop type and growth stages and irrigated area distribution. Domestic and industrial water demands are estimated econometrically based on population, economic growth and water use efficiency information. 
Compared with relatively few global water use models, a rich literature exists for regional water supply and demand management, in particular for the semi-arid and arid regions around the world such as the western United States and Spain (Draper, Jenkins, Kirby, Lund, & Howitt, 2003; Draper, et al., 2004; Andreu, Capilla, & Sanchis , 1996). These models explicitly model water sources, demand, infrastructure, and to some extent water institutions and policy in an integrated framework. In these models, a complex water management system is usually represented as a node-arc network. Owning to the high level of complexity of such systems, models with optimization nature are used more often than simulation models because of the daunting challenges to enumerate individual sets of feasible optional rules in simulation models, and the capability of optimization models to automatically implement autonomous adaptation (rather than investment or explicit management and policy adaptation). 
In water use or allocation models, hydropower generation may compete with the objectives of other water use sectors that demand different water release schedules from reservoirs, and the flood control storage of reservoirs is generally reflected as operation constraints. However, in addition to these models, there are detailed, complex flood protection and reservoir management modeling efforts, which are briefly described in the following.
3.2.2	Modeling Adaptations for Flood Protection
Flood protection and hydropower are usually modeled individually, for several reasons. First, both sectors require detailed local information, which large scale regional or global models are unable to handle. Second, flood events have to be analyzed at very fine time intervals, in order to adequately capture flood peaks. What matters most is the highest flow in a short duration of every year. Third, both flood and hydropower analyses do not involve consumptive water use.
To assess the performance of flood control works for the city of Winnipeg in the Red River basin, Manitoba, Canada, a system dynamics model was developed (Simonovic & Li, 2003) and used in conjunction with climate change scenarios and hydrological modeling, and it was found that the capacity of the existing Red River flood protection system was sufficient to accommodate future climate variability and change. Adaptations for flood protection is much less studied compared with flood impact assessment. In a study for the lower American River in California, USA, dynamic programming is used to estimate the optimum floodplain adaptation strategy for Sacramento, under different climate change and urbanization assumptions (Zhu et al. 2007) 
3.2.3	Hydropower modeling under climate change
Climate change can affect hydropower production through its impacts on the amount and timing of river flows. For run-of-the-river hydropower stations, climate change-induced flow change is the only source of impacts. For hydropower plants with large storage reservoirs, a warming climate can increase reservoir evaporation, and consequently reduce the amount of flow that pass through turbines, leading to reduced power generation. However, compared with the impacts of flow changes, the effects of increased reservoir evaporation on hydropower is usually small. Therefore, studying hydropower impacts of climate change involves two steps. The first step is to evaluate streamflow, and if necessary, reservoir evaporation responses to climate change; and the second step is to evaluate hydropower generation output under a reference climate and selected climate change scenarios. 
A number of climate change studies have been conduced for hydropower systems in different countries. For systems where hydropower is the main service, the modeling studies usually focus on reservoir operation and hydropower generation; for complex water resources systems where other services are also important, hydropower is usually treated as an inherent component of the systems, such as the models that represent water systems as node-arc networks.
In a study on climate change impacts on high-elevation hydropower of California (Madani & Lund, 2010), an energy-based hydropower optimization model was developed and based on the historical generation data of 137 high-elevation hydropower plants for 14 years, and applied to three climate change scenarios representing dry warming, wet warming, and warming-only climate futures respectively. It was found that the system is sensitive to the quantity and timing of inflows, and re-operation of available storage and generation capacities help compensate to some extent for snowpack losses due to warming. A study on a single hydropower station in the Swiss Alps (Schaefl, Hingray, & Musy, 2007) evaluated impacts of climate change on hydropower and found that in the future period 2070-2099, power production may be reduced by 36 percent compared with the 1961-1990 reference period. The study also emphasized that the decrease of power generation between the two periods would not occur linearly, because of the high non-linear relationships between water availability, catchment glaciation, and precipitation and temperature. In a Europe-wide assessment of climate change impacts on hydropower (Lehner, Czisch, & Vassolo, 2005), hydropower potentials as well as power generation at 5991 European hydropower stations were analyzed using a model-based approach, assisted by simulated river discharge from a global hydrological model (Doll, Kaspar, & Lehner, 2003). The study indicates that, following moderate climate and global change scenario assumptions, severe future alterations in discharge regimes have to be expected, leading to unstable regional trends in hydropower potentials with reductions of 25 percent and more for southern and southeastern European countries.
3.2.4	Climate change irrigation modeling
Agriculture is the largest water use sector. Agricultural water uses are heavily influenced by climate change. Allen et al. (1991) coupled a water balance model with global atmospheric-circulation models to project changes in irrigation requirements in the Great Plain region, U.S., under doubled CO2 concentration scenarios. Decreased or modest increases in irrigation requirements for maize and winter wheat, but larger irrigation water demand for alfalfa, were forecast in this study.  Döll (2002) computed irrigation water requirement under climate conditions for the 2020s and the 2070s, and concluded that the global irrigation requirement will rise by 3–5 percent in the 2020s and by 5–8 percent in the 2070s, and that the irrigation requirement increase will occur in two-thirds of the global area equipped for irrigation, notably in South Asia. Fischer et al. (2006), on the other hand, estimated that net irrigation requirements would globally need to increase by 20 percent by 2080 as a result of higher evapotranspiration demand and longer growing seasons; his analysis included the carbon fertilization effect. , in a study that included positive CO2 effects. 
A key to modeling agriculture water use activities is to estimate crop water demand. Irrigation water demand can be further calculated as the difference between the crop water demand and the soil moisture in the root zone available for plant uptake.
Crop water demand is defined by the potential evapotranspiration rate of the plant. One of the most commonly used methods for estimating crop water demand is FAO’s crop coefficient method (1998).  This approach first estimates the potential evapotranspiration (PET) of a reference crop and then computes the water demand of the crop by multiplying PET with a crop-specific coefficient. The water use characteristics of each crop species is encapsulated in this crop coefficient and its values may vary at different crop growth stages. In more physically based crop simulation models, such as EPIC (Erosion-Productivity Impact Calculator) (William et al. 1984) or DSSAT (Decision Support System for Agrotechnology Transfer) (Jones et al., 2003), the estimation of water demand for a crop species is based on more parameters or simulated variables for that crop species (e.g., stomatal conductance and leaf area index, etc.).
There is large uncertainty in the estimation of crop PET.  Various PET estimation methods have been proposed. These methods vary in their complexities and data requirements. In fact, in many cases the selection of the PET estimation method depends on the availability and quality of meteorological data. Lu et al. (2005) evaluated six PET estimation approaches for their use in the southern United States and concluded that the Priestley-Taylor and the Turc, and Hamon methods performed better than other approaches. Weiß and Menzel (2008) compared four PET estimation methods at a global scale and recommended the Priestley Taylor method for global use. Another main source of uncertainty in crop water demand estimation is the effect of elevated carbon dioxide (CO2) concentrations. Studies have revealed that elevated atmospheric CO2 concentration increase the plant leaf resistance and therefore results in an increase in water use efficiency and a reduction in water demand (Morison, 1987; Bunce, 2004). However, it is still challenging to model the beneficial effects of the increased atmospheric CO2 concentration. Allen et al. (1991) took the effects of the enriched atmospheric CO2 concentration into account in their study. But the simulation was based on four hypothetical levels of increased bulk stomatal resistance. They also viewed this hypothesis as one of the major sources of uncertainty of their assessment. 
More recently, based on the data from the world’s first field experiment on increased CO2 concentration impacts on crops, Long et al. (2006) concluded that EPIC & DASSAT under their current normal settings tend to overestimate yield improvements brought about by increased CO2 concentrations. This finding also indirectly cast uncertainty on modeled results for crop water use. More experimental work will be needed before the CO2 enrichment effect can be simulated more effectively.
3.2.5	Climate change water quality modeling
An assessment of climate change impacts on water quality typically involves the coupled use of hydrological and water quality modeling tools or the use of integrated models with both hydrologic and water quality modeling capacities. The model coupling and model integration brings extra complexity to the modeling exercise. Moreover, water quality monitoring data are usually scarcer than hydrologic observations, which pose difficulty to water quality model development and validation.
Water quality is characterized by a multitude of parameters. A large share of studies concern the climate change impacts on dissolved oxygen (DO) concentrations. DO is an important measure of water quality and an indicator for the health of aquatic ecosystems. In an early study by Cooter and Cooter (1990), DO concentration changes across streams in the southern United States were assessed under three air temperature change scenarios. More recently, Cox and Whitehead (2009) and Rehana and Mujumdar (2012) reported two studies that relate DO concentrations in the River Thames in UK and the Tunga-Bhadra River in India with climate change, respectively. Blumberg and Toro (1990) simulated the effects of climate change on the DO concentration in Lake Erie. Fang and Stefen (2009) modeled the DO regime in small lakes at 209 locations in the contiguous United States under climate change scenarios with projected doubled atmospheric carbon dioxide concentrations. Golosov et al. (2012) modeled oxygen regime responses to climate change in two shallow in Berlin, Germany. Model-based assessment results on DO variation brought about by climate change are mainly negative, that is, a reduction of DO concentrations are generally forecast in the studies noted above except for the two studies by Cooter and Cooter (1990) and Fang and Stefen (2009). Cooter and Cooter (1990) further took the effect of forest shading pattern migration into account and concluded that the adverse impacts of climate change on DO induced by increased temperature could be counteracted by the projected change in forest shading patterns. The findings reported by Fang and Stefen (2009) are mixed. They concluded that, on the one hand, climate change will helps aerate lake water in winter by shortening the ice-cover period, on the other hand, the anoxia (absence of oxygen) in the hypolimnion (bottom layer of lakes) will be exacerbated. 
Nutrients are another group of water quality constituents of primary concern for water quality management. Conclusions on concentrations and loadings of nutrient are more varied. Bouraoui et al. (2002) evaluated the nutrient loading from an agricultural area in the Yorkshire Ouse watershed, UK under six climate change scenarios. They concluded that climate change will accelerate soil processes of nutrient transformation and increase, nutrient loadings significantly. Komatsu et al. (2007) simulated the long-term effects of climate change on water quality and ecosystems in Shimajigawa reservoir located in western Japan. One of the major findings from their study is that climate change will enhance upward flux of phosphorus from sediments and increase the concentration and amount of phosphorus in the hypolimnion layer of the reservoir. Dimitriou and Moussoulis (2010) projected the future water level and nutrient concentration in Trichonis Lake, western Greece. The authors predict a water level decrease by 24.2 cm and 12 cm, and an increase of 3.4 percent and 10 percent of the nutrient concentration, respectively, under two future climate scenarios, compared to values of the early 1990s. 
Trolle et al. (2011) modeled three morphologically different lakes in New Zealand and found that that variations in annual mean surface water concentrations of total phosphorus (TP) and total nitrogen (TN) induced by climate is equivalent to that caused by increasing external TP and TN input by 25-50 percent.  Shrestha el. al (2012) used a model to quantify climate change impacts on nutrient loads in the Upper Assiniboine watershed in Canada under climate change. Their study revealed that both runoff and nutrient loading will increase with climate change. However, the nutrient loading will increase at a lower rate than the runoff and this will lead to a reduction of water concentration nutrients. Ameliorating effects of on nutrient loading were reported by Marshall and Randhir (2008). The estimated that there will be a 7 and 19%, decrease of average annual yield of organic nitrogen at the watershed outlet of the Connecticut River Basin, U.S.A., under low and high warming scenarios, respectively. The average annual yield of organic phosphorus will also decrease by 19 and 46% correspondingly. The decreases in organic nitrogen and phosphorus loads are primarily attributed to the increased rates of denitrificatoin. 
Modeling-based studies for other water quality parameters are also reported in the literature.  For example, a study by Zhu et al. (2011) report changes in fecal coliform concentration in streams as a result of climate change. Cattle farms serve as the major source of pollution in their study river basin, the Salmon River watershed in south-central British Columbia, Canada. The study showed that fecal coliform concentration would increase in the streams in all seasons other than summer.
Overall, the modeled climate change impacts on water quality call for more prudent water quality management policies under climate change. A study by Parker et al. (2008) indicates that it is also possible to use the modeling tools currently available to further evaluate the impacts of management practices on water pollution reduction approaches under changed climate conditions. They applied the coupled Annualized Agricultural Non-Point Source Pollution (AnnAGNPS) model and a dynamic in-stream water quality model to the South Nation watershed in Eastern Ontario, Canada, to assess the efficacy of different BMPs (best management practices) in improving water quality. They concluded that BMPs will help enhance water quality in streams and adjustment of fertilizer application rates and vegetative filter strips are two superior options.  However, generally, there is a lack of applications of using modeling approach to explore the adaption and mitigation strategies for climate change. This may be an interesting direction for future research.
Finally, similar to water quantity issues, water quality has been increasingly recognized as a global issue. However, thus far most water quality modeling work, including all the studies described above, were implemented at the local or watershed scale. Efforts have been made to develop global water quality models (Mayorga et al., 2010; He et al., 2011), and these models have shown potential as tools to quantify the quality of the global aquatic environment.
Notably, Steizinger et al. (2010) analyzed both past and future trends of global river export of nitrogen, phosphorus, silica and carbon using the Global NEWS model, although the future scenarios used in their study primarily reflect changes in socioeconomic factors and nutrient management. Punzet et al. (2012) developed a global regression model to forecast the impacts of climate change on water temperature and first-order decay rates in streams. We expect there will be more applications of models to address global water quality issues under global change and particularly climate change.


3.3	Economywide Modeling
A small group of researchers has started to combine climate change information with Computable General Equilibrium (CGE) models. CGE models assess impacts of shocks, which can be induced by policies, technological change or other external factors on various economic sectors and welfare. Several global and national-level CGE models have assessed the impact of climate change on the overall economy. Typically, modeling includes a loose coupling of climate change impacts assessed through crop growth models, generally producing yield changes, with economy-wide models. Important examples include Rosenzweig et al. (1993) and Parry et al. (1999).  These economy-wide models do not include water as a production factor and also do not assess the impact of climate change (or associated sea-level rise) on irrigation water availability. Parry et al. (1999) use the BLS world food trade model (developed by Fisher et al. 1988) to assess economy-wide impacts and adaptation options for world agriculture, including irrigation and fertilizer applications.  The authors note “Uncertainties about water availability for irrigation in the future” among the study limitations.
Darwin et al. (1995) and Darwin (2004) used a somewhat different approach assessing climate change impacts and adaptation options with the Future Agricultural Resources Model (FARM). The FARM model includes both water and land as stock variables combining a global CGE model and a geographic information system to link climate with production possibilities at the regional-level. Runoff was estimated econometrically based on changes in precipitation and temperature for different regions. As Darwin et al. (1995) note, the analysis was limited, among others, as water was considered fully mobile, snowpack was not considered and adverse impacts of too much water were also not taken into account. 
Calzadilla et al. (2009) update the GTAP-W model (Berrittella et al. 2007) explicitly incorporating irrigated and rainfed land into the production structure. Substitution between land and irrigation in irrigated agricultural production is reflected through a nested CES function. Changes in rainfall patterns can be exogenously modeled by changes in the productivity of rainfed and irrigated land. In the same way, water excesses or shortages in irrigated agriculture can be modeled by exogenous changes to the initial irrigation water endowment. These features allow for a more realistic analysis of the impacts of climate change on water and food supply and demand and welfare.  
Several country-level CGE models also incorporate climate change impacts, but generally through tweaking of crop yield. Yu et al. (2010) modeled the impact of climate change on the Bangladesh economy. This is a courageous undertaking given that Bangladesh displays some of the most—or the most--complex climate change-economy relationships found anywhere, as the country is affected by sea-level rise, seasonal and major flooding, which are driven by changes in rainfall, runoff and sea-level rise, glacier melting and the more generally studied impacts of changing temperature and precipitation patterns. To assess these interrelated climate change impacts, the authors included a series of exogenous parameters into their analysis, including additional capital depreciation (for non-heavy industry), land losses, decelerating land expansion and decelerating productivity growth from major floods; flood impacts on crop yields, and a long-run deviation from base (area), affecting crops and shrimp, as a result of sea-level rise. Strzepek et al. (2010) and Arndt et al. (2010) combined a CGE model for Mozambique with a variety of water-related modeling tools. This linkage is described in Arndt et al. (2010) as follows: “Integrated river basin and water resource models help estimate streamflows and water availability, which then determines electricity generation. Floods predicted by the river basin models damage road infrastructure and raise maintenance costs. Detailed crop models capture yield deviations based on temperature and precipitation projections, and the results of a global model determine crop land losses due to rising sea levels. All these sector-level impacts are then passed to a dynamic computable general equilibrium (DCGE) model, which we use to estimate economy-wide impacts of climate change on socioeconomic variables.”
3.3	Role of Water Modeling for Climate Mitigation
While much has been written about water-based climate impact and adaptation modeling, water modeling is also relevant for assessing greenhouse gas (GHG) emissions and mitigation options. 
Bryan et al. (2011), for example, found that effectiveness of emission reduction strategies depended significantly on the soil profiles and agroecological zones selected. In arid, pastoralist sites of Kenya maize yields under rainfed conditions are very low due to limited water availability. Irrigation is essential to achieve reasonable yield levels and yields are maximized when both soil and water conservation strategies and irrigation are combined. In the humid sites studied, on the other hand, where rainfall is relatively high but nitrogen is limited, irrigation can lower yield levels, possibly due to increased leaching of nitrogen from the soil. 
Similarly, a study done by IFRI with DNDC-ART for rice in Vietnam assessed GHG emissions and mitigation options for seven alternative agricultural strategies: 1) Ammonium sulfate fertilizers (ASF), 2) Alternate wet and dry irrigation (AWD), 3) Biochar, 4) Compost manure, 5) Dry seeding, 6) Improved Nutrient Use Efficiency (NUE) and 7) Straw Manure. Results for Vietnam indicate that AWD could increase annual net farm incomes across Vietnam by $41 million from yield improvements and by a further $627 million from carbon payments (assuming a payment of $10/ton CO2 eq). Higher net profits from agricultural production are due to reduced irrigation water applications under this mitigation option, which more than compensate for slightly lower yields.  Carbon benefits are similarly large for dry seeding ($628 million), but production benefits are lower (by $247 million) due to lower crop yields despite cost savings from reduced irrigation applications. As more and more agricultural and other mitigation practices that affect the water balance are approved by the Clean Development Mechanism and the Voluntary Carbon Standard, it becomes increasingly important to incorporate this side of the climate change picture into modeling efforts as well.
4. Potential of Incorporating Water Modeling in IAMs and Remaining Gaps
4.1 Remaining Challenges in Modeling Impacts and Adaptations for Water Resources Management
Global modeling of hydrological systems is relatively new (Davies & Simonovic, 2011), as is the modeling of anthropogenic activity within them (Hanasaki et al. 2008a) and many challenges remain to be overcome.  Several reviews highlight the problems of uncertainty in parameter estimation, and the propagation of errors in both evaluation and optimization models (Harou et al., 2009; Mayer & Muñoz-hernandez, 2009).  A related concern is the simplicity of modeled hydrologic and groundwater processes, where data demands for parameterization and the computational demands of modeling are reduced, at the cost of results that are less robust to regional downscaling (Harou et al., 2009; Patt et al., 2010).  This trade-off of modeled fidelity for computational tractability is more pronounced for optimization models, and highlights an issue that, while very general to modeling efforts, is particularly important for the modeling of adaptation within water resource systems.
The key underlying challenge is that the current state of the art limits global IA models to (typically) embrace climate change as long-term changes in mean climate conditions (Patt et al., 2010).  This is often sufficient for investigating impacts and mitigation efforts (which have emissions targets that tie directly to global mean atmospheric concentrations of gases), but can be a poor fit for treating adaptation, which can in many cases be a response to experiences and perceived risks of discrete, extreme climate events (Patt et al., 2010).  In the case of optimization models, the typical maximization of expected net benefits is risk-neutral, and does not incorporate the aversion to damage under extreme events that real decision-makers may have (Harou et al., 2009).  Global models typically model simplified climate and water processes and couple their outputs to other sector models at a monthly or annual time scale; only at the basin scale has significant modeling work been accomplished that couples hydrologic and climate processes to management models at monthly, daily or even (for reservoir management and detailed flood modeling) hourly time-steps (Davies & Simonovic, 2011), and with sufficient fidelity to capture the discrete processes that are more proximally the drivers of adaptation.  Optimization solvers will improve over time (Harou et al., 2009), as will computational capacity, and so in turn may the degree of sophistication of modeled hydrologic processes in global IA models. 
However, the increased fidelity brings increased data demands – to parameterize hydrologic processes, as well as to translate the different objectives of the water resource systems into a single financial metric for optimization (Harou et al., 2009) – so that the modeling of adaptation as a response to real and perceived climate extremes, at a global scale, may be a task that remains a challenge for practical purposes.
An always present challenge of any water model is data availability at the hydrologic unit or river basin level. Most data is collected or available at the administrative unit level and policymakers are generally focused on administrative levels for taking policy and investment decisions. Water resource modeling, however, needs data, such as population, crop area, irrigation infrastructure, municipal water users, etc. at the level of river basins, and ideally at the level of sub-basins. This challenge is germane to all water use modeling, and is a concern for basin modeling efforts as much as for global water models. 
While it is not possible in this short section to address all current challenges to modeling adaptation in water resource systems, one final issue worthy of mention is the lack of stakeholder engagement in development of current IA hydrologic models (Mayer & Muñoz-hernandez, 2009).  As a cornerstone of the integrated assessment process (Clark and Majone 1985; Mitchell, Clark and Cash 2006; Morgan and Dowlatabadi 1996). The integration of stakeholder viewpoints into model development is an important means of tailoring model scope to stakeholder needs, identifying and addressing inadequacies and inaccuracies in the model’s treatment of the system of interest, and in engaging stakeholders in model outputs.  To contrast the technical constraints to IA model effectiveness above, incorporation of stakeholder input is an instance where overcoming institutional constraints may lead model outputs to have more value in the decision-making process.

4.2 Potential for Water Resources Modeling within IAM
Given that water is closely linked to all other economic sectors and that most non-water use impacts and many adaptation options are mediated via water, it is important for IAMs to incorporate some kind of water resource modeling capability or to link to existing water resource models. If water resource capability is incorporated in the IAM, a question will be the specific level of detail desired—balancing desired specificity and complexity with ease of use, data availability and model run time. 
Key decisions that need to be addressed relate to aggregation, basin/tank modeling versus flow routing, modeling of key water use sectors, and useful additions. 
Aggregation
Given that IAMs are global in nature, effects of spatial aggregation will be important when including water resource modeling, similar to all other model components, such as the energy sector that are part of these models.  For water, but also for other model components, IAMs need to model large geographic regions with often poor data. Aggregation must be considered at certain level to make such analysis feasible. However, there is no clear principle to guide aggregation in order to minimize the effects of aggregation on the reliability and accuracy of modeling results. The concern associated with aggregation arises from several aspects. 
First, water is a relatively localized natural resource, and its movement and uses are constrained within a river basin, the natural boundary of water movement, except for inter-basin water transfer projects that are in place (or planned). If the chosen smallest spatial unit in a model covers multiple river basins, it is essentially assumed that water can move freely from one basin to another, which is obviously a false assumption (a limitation of the FARM model, for example). Second, allowing a spatial unit to include multiple river basins actually assumes that infrastructure in one basin such as reservoirs, wells, or canals can store, pump or convey water of another river basin. Third, aggregation essentially assumes that water use patterns and water management institutions within the unit are homogenous, which is seldom the case. To mitigate the problems caused by aggregation, the objectives of and data available for modeling have to be carefully evaluated and model complexity and the spatial scope of modeling need to be balanced. 
Tank models versus flow routing
Water resources need to be modeled at the river basin level; but water can be either passed on from basin to basin, in which case the challenges of aggregation occur if basin units chosen are too large (example of IMPACT-Water); or, alternatively, river flows can be routed along key water courses, in which case infrastructure can be located on the river stem using GPS coordinates, for example (example of WaterGap). While the latter is generally preferable, complexity in representation of key river infrastructure, lack of data to model many river flows, and considerable run time of global flow routing models has so far tilted the balance towards simpler basin/tank models. 

Modeling of key water use sectors
Irrigation is by far the largest water use sector; thus care needs to be taken in adequately representing agricultural water use. Given the significant spatial and temporal variability of crop varieties, cropping patterns, crop water demands, and agricultural management practices, and the resulting significant differences in crop water use and irrigation demands, much effort has been extended over the last several years in improving data on the spatial allocation of crops as well as the spatial allocation and use of crop inputs.  However, there is still very limited data on many of the lesser planted food crops and a dearth of information on agricultural inputs, particularly energy inputs. 
Given that domestic and industrial uses are increasing much more rapidly than agricultural water uses, these sectors also need to be adequately modeled. Most water supply and demand models distinguish agricultural (irrigation and livestock), domestic and industrial water uses. Some models further distinguish among several industrial water use types (WaterGap and IMPACT-Water, for example). None of the models adequately incorporates environmental demands (generally only minimum flow constraints are incorporated). Few models incorporate energy-water demands separately from industrial water demands; and no global model adequately covers water demand for tourism or leisure.
Useful additions 
There are many ‘useful additions’ to a basic hydrologic model (to simulate climate change impacts on runoff) and a basic model balancing water supply and demand (representing the various water use sectors).  Given the focus on climate change, important additions would include better modeling of flood flows in both the hydrologic and the water supply-demand models. Floods can have significant adverse impacts on all sectors of the economy, including the energy sector that is of key importance in IAMs; thankfully oil installations are generally not located in flood plains! Unfortunately, “scientifically adequate” flood modeling is highly complex and requires, ideally, an hourly time step! Some researchers have started to develop short-cuts to somewhat approximate flood impacts on agriculture and other infrastructure from climate change. A second area of importance is water quality modeling; leaching of salts in irrigated area can be incorporated relatively easily as part of irrigation water requirements in the crop water use module. The next step would be to include some dimension of water dilution volumes needed to keep water quality levels at a no-climate change or perfect mitigation level; and a further step would be to model alternative management options to reduce adverse water quality impacts from climate change. A third area would be to incorporate a notion of the impact of sea-level rise on all economic sectors in coastal areas given the large concentration of economic activity and agriculture (in the large river deltas). Even a 1-meter rise in sea level globally could lead to the destruction or unavailability of millions of hectares of rice in Asia, which would result in significant changes in both economic and biophysical models as a result of increased adaptation (and mitigation) requirements.  Moreover, in all efforts on incorporating water resource impact and adaptation modeling, adaptation and mitigation measures need to be considered in tandem. Adaptation options have implications for climate mitigation and vice versa. Recently CDM approved agricultural mitigation practices, such as alternative wetting and drying, will have large impacts on irrigation water requirements, if widely applied in Asia. 
Finally, while water resource modeling is of key importance for IA models, improved representation of economic behavior is at least as important. 
4.3 New avenues: Agent-based Modeling in IA studies
Agent-based modeling (ABM) was developed in the 1960s and 1970s, but its approach has been limited due to computational difficulties. More recently, the approach has begun to find application in landscape-scale studies of natural resource systems.  In an ABM, mathematical equations and boundary conditions for the quantities of interest (such as deforestation rates and land cover, water abstraction rates, etc.) are replaced by individual agents of change (e.g., farmers, loggers, consumers) and sets of rules governing their decisions and behavior.  System-scale outcomes such as land cover patterns and aggregate water demand emerge from the interactions agents have with each other and their environment.  ABM approaches are particularly valuable when these system-scale outcomes are strongly influenced by interactions among members of the system (e.g., ‘I’ll maintain my riparian cover only if my neighbors are doing it, and they pressure me’), and allow for heterogeneity in the decision-making processes and access to information across agents (Bankes, 2002; Brown, 2006).  ABMs may have great potential as part of the IA process, because the sets of rules followed by agents have better real-world analogs than the mathematics of equation-based models, thus providing better access to underlying model assumptions for non-expert stakeholders.
To date, ABMs have been applied to look at adaptation to climate change (e.g., Bell, 2011; Berman, Nicolson, Kofinas, Tetlichi, & Martin, 2004), to look at water allocation and demand problems (Schlüter & Pahl-Wostl, 2007), and have been developed – encompassing millions of agents – to look at issues at a global scale (e.g., Epstein, 2009).  However, ABMs that integrate all three criteria have yet to be developed.  Much of this may be explained by the aforementioned infancy of global hydrologic models in general, and by the resource management focus on local or basin scales.  Another issue is that to represent the heterogeneity in decision-making and norms of users across basins within a single region, let alone at a global scale, is a significant social-research undertaking.  It must be emphasized, however, that agency occurs at many different scales in governance of natural resources – decisions are made by water users, by water user’s associations, and by area water boards in the case of Pakistan, for example (Ul Hassan, 2009) – and where relevant decisions can be modeled at a higher scale it may not be necessary to represent individual decision processes at lower scales (as is true for any modeling approach).  However, actions by higher-order bodies can be more complex and challenging to represent as rules (e.g., the choice to withdraw water by the user, versus the task of collecting water fees and resolving conflicts by the water user’s association), so that there may be limits to what is practically achievable with ABMs.  One possibility moving forward is that local-scale ABMs may be useful in deriving response functions and parameters for particular regions within coarser models of global systems.
5.	Conclusions
Climate change is a key driver increasingly affecting both water supply and demand across all water-using sectors.  Given the increasing, global interconnectedness of economies, climate-change induced water impacts and adaptation options adopted by one sector will directly or indirectly affect all other sectors. But climate change is only one key driver affecting water supply and demand. Adequately reflecting these other drivers, including population and economic growth, investments in agricultural R&D as well as climate, energy and trade and agricultural support policies and their interplay will be crucial for enhanced modeling of climate change impacts and adaptation pathways. 
Given the large share of agricultural water use in total freshwater consumption, it will be particularly important to model climate change-water-food interactions adequately. Given the rapid increase, at the margin, of non-irrigation water demands--particularly industry and domestic uses--it is also crucial to model these sectors adequately as well as policies affecting rural-to urban water transfers. Finally, given recent rapid increases in energy costs, and their impacts on water uses, as seen in the biofuel mandates instituted in the United States and the European Union; but also in the increased demand for and investments in large dams; it will be increasingly important to adequately model climate change-energy-water interactions and their relations to other water-using sectors.[footnoteRef:3] [3:  A separate paper will assess energy and climate change.] 

Water-based adaptation methods are key for all water-using sectors. However, adaptation options that might reduce adverse impacts for one sector, might increase impacts for another sector. An example would be increasing reservoir storage to smoothen the increased seasonality of water availability and runoff suggested under climate change. While this should improve outcomes for so-called productive water uses, adverse impacts on inland fisheries could be substantial. Similarly, expansion of groundwater irrigation to counteract less reliable surface supply under climate change might adversely affect (poorer) rural domestic water uses who might depend on lower capacity pumps and shallower wells[footnoteRef:4]. To sum, adequately reflecting the complex interactions between water, people, the economy and climate change through mathematical modeling remains a major challenge.  [4: An example predating the inclusion of climate change aspects is Sadeque (2000).] 

While the incorporation of water resource modeling will add additional biophysical features to IAMs, it is equally important to add the economic behavior of water users into modeling frameworks. This can be done through incorporating prices of scarce natural resources, through ABM or through systems dynamic modeling that reflects feedbacks across sectors.  
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