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10 Modelling Catchment-Scale Responses to Climate Change Richard A. Skeffington, Andrew J. Wade, Paul G. Whitehead, Dan Butterfield, Øyvind Kaste, Hans Estrup Andersen, Katri Rankinen and Gaël Grenouillet



Introduction The focus of the Euro-limpacs project was on responses of aquatic ecosystems (rivers, lakes and wetlands) to climate change, but these responses cannot be fully understood or predicted without considering the connections to other earth systems. Rivers, lakes and wetlands are connected to each other and to other water bodies such as groundwater and estuarine and coastal waters. Most of the water in these aquatic systems has passed through the terrestrial environment at some stage. A catchment-scale approach that considers these different environments is thus essential for predicting how European aquatic ecosystems might respond to climate change. Typically, measurements of the aquatic and terrestrial environments and experimental manipulations are done in small (1000 km2), as in the EU Water Framework Directive, in which the River Basins are all large catchments. Furthermore, projections of future climates made by the models of atmospheric and oceanic circulation (General Circulation Models, GCMs) are produced at a coarse scale greater in size than many catchments. Models can help fill the gaps between the mismatch of scales between scientific measurement, management and climate projections. The complexity of the interactions between all these aquatic and terrestrial systems also necessitated a modelling approach: individual experiments and manipulations alone cannot consider this complexity or integrate the different processes. Modelling catchment responses to climate change is a very demanding undertaking, requiring a number of tasks that are themselves very challenging. Firstly, in order to make predictions of the effects of climate change, it is necessary Climate Change Impacts on Freshwater Ecosystems. First edition. Edited by M. Kernan, R. Battarbee and B. Moss. © 2010 Blackwell Publishing Ltd.
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to produce climate change scenarios at the catchment scale. A credible methodology for converting the predictions of GCMs to the spatial scale required (known as downscaling) and of generating the resultant ‘weather’ needed by the models (e.g. daily precipitation and temperature) must be available. Secondly, models must be developed which connect catchment climates to variables that can be measured and which are features of interest in aquatic systems, such as water flows, water quality or the abundance of aquatic organisms. These models may involve detailed representations of catchment structure and function and their interactions with climate, or they may be more empirical. All models need to be tested to determine whether they represent observed data adequately, normally in an iterative cycle of testing and revision. Once a model is performing satisfactorily as judged by its ability to reproduce observations and conform to notions of how a catchment functions, a set of changed climates can be used to drive the model to produce a set of changed response variables. Thus, models can potentially provide an estimate of the effects of the changed climate on nitrate concentrations or fish biodiversity, for instance. Potential changes in catchment structure and function due to climate change must be considered during this process (e.g. the alteration of vegetation types in the catchment). Finally, the influence of changes in catchment management (e.g. novel crops or agricultural practices) can be assessed. These might, for instance, be due to changed climates, socio-economic factors or adaptive responses of catchment managers attempting to mitigate climate change effects. This chapter outlines how this approach was used within Euro-limpacs, illustrates how the modelling process was applied in a range of case studies and describes how a consistent modelling approach for assessing flow and water quality across Europe was developed. The science of modelling was taken further by chaining models to simulate the response of flow and nitrogen at the catchment scale. Models that incorporate ecological effects have been developed for lakes, but for rivers these remain a research goal owing to the dynamic, complex nature of the river environment (Chapra 1997). The main focus of integrated modelling in the Eurolimpacs project was the development of catchment-scale models of flow and water quality. The applications described are a small sample of those undertaken. As the plethora of abbreviations and acronyms used in modelling work can rapidly become confusing, Table 10.1 is provided for explanation and reference.



The Euro-limpacs modelling strategy Developing an integrated toolkit of models for catchment analysis and assessment has been central to the Euro-limpacs project, based on six key questions: (i) Can the impacts of climate change, land-use change and pollution be evaluated using modelling? (ii) How can models be used to assess likely effects of climate change on freshwater systems? (iii) Can models simulate the spatial/temporal variation in pollutant behaviour in freshwater systems? (iv) Can the uncertainty associated with these models be quantified? (v) Can socio-economic scenarios be incorporated into modelling assessments of climate change effects? (vi) How can models be best used to assist the management of surface waters influenced by climate
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Table 10.1 List of abbreviations and acronyms Abbreviation



Meaning (if any)



AET CATCHMOD CLUAM



Actual Evapotranspiration Catchment Model Climate and Land-Use Allocation Model Canadian Global Coupled Model



CGCM2 CSIRO2 EARWIG



Commonwealth Scientific and Industrial Research Organisation Environment Agency Rainfall and Weather Impacts Generator



ECHAM4



European Centre Hamburg Model



GCM



General Circulation Model



GLUE



Generalised Likelihood Uncertainty Estimation Hadley Centre Coupled Model



HadCM3 HBV HER



Hydrologiska Byråns Vattenbalansavdelning Hydrologically Effective Rainfall



HIRHAM



–



INCA



Integrated Catchment Model



IPCC



Intergovernmental Panel on Climate Change Model of Acidification of Groundwater in Catchments



MAGIC



MIKE-11



Named after the model author



MPI NAM



Max Planck Institute –



RCM



Regional Climate Model



PET SDSM



Potential Evapotranspiration Statistical Downscaling Model



SRES



Special Report on Emission Scenarios



TRANS



Transport



Description UK water balance model



GCM from the Canadian Centre for Climate Modelling and Analysis GCM from the CSIRO in Australia Model that generates weather data from downscaled GCMs in the United Kingdom GCM developed by the Max Planck Institute Model used for understanding and predicting global-scale climate Technique for investigating model uncertainties GCM from the Hadley Centre, UK Meteorological Office Scandinavian hydrological model Rainfall potentially available to recharge rivers RCM developed for Europe by a number of meteorological institutes Suite of catchment models developed at the University of Reading for N, P, etc. International Organisation for assessing Climate Change Acidification model, dealing mostly with soil and surface water (in spite of the title) Hydrological model from the Danish Hydrological Institute German Research Institute Rainfall-run-off model used with MIKE-11 Model used for understanding and predicting climate at a smaller scale than a GCM UK model used for downscaling GCMs IPCC report, which defined a number of standard greenhouse gas emission scenarios Hydrochemical model used with MIKE-11



Acronyms defined in the text and not used again are not covered in the table.
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change? To address such questions, both new and existing techniques have been used. In this chapter, we describe these techniques before considering answers to the questions.



Downscaling An essential first step in predicting the effects of future climates on aquatic ecosystems is to forecast what these climates are likely to be. On a global scale, future climate change is modelled using GCMs, which are mechanistic models of the climate system built on physical principles (IPCC 2007). Assumptions about greenhouse gas emissions, population growth and economic development have also to be made, and within Euro-limpacs, a standardized set of assumptions is used based on the Special Report on Emission Scenarios (SRES) of the IPCC (Nakic´enovic´ et al. 2000). These scenarios are explained in Chapter 3. GCMs are currently too coarse in resolution (~270 km × 270 km) for catchment-scale modelling, though finer-scale models are close to release. Methods are therefore required to ‘downscale’ the outputs from the GCMs to the appropriate scale for modelling effects. This is more problematic than might be imagined. There are two main approaches, variously called dynamic or model-based and statistical or empirical (Fowler et al. 2007). Dynamic downscaling uses regional climate models (RCMs) nested within the GCMs, which are used to provide input data and boundary conditions. RCMs can simulate processes important on catchment scales and provide outputs on scales down to about 5 km. These are computationally expensive, however, and a more common approach is to use statistical downscaling methods. These rely on observed quantitative relationships between the small-scale climates and the large-scale climates. These relationships are then used to generate the large-scale or high-resolution climate from the GCM output, one major assumption being that the empirical relationships will remain the same in all projected climates, including those affected by enhanced greenhouse warming. Tisseuil et al. (2009) discuss further problems and refinements of statistical downscaling methods. In Euro-limpacs, we standardized downscaling methods. Dynamically downscaled data across Europe were available from the EU-funded PRUDENCE (Prediction of Regional scenarios and Uncertainties for Defining EuropeaN Climate change risks and Effects, 2001–04) website (http://prudence.dmi.dk), for the periods 1961–90 and 2071–2100. The data were generated by nesting an RCM within two GCMs, but the output cell size (0.5° × 0.5°) was still too coarse for most catchment applications and required further downscaling using the Statistical Downscaling Method (SDSM; Wilby et al. 2002) with refinements based on ‘local methods’, as described by Wade et al. (2008). For instance, GCM and RCM temperature predictions are for the average altitude of a grid cell. To correct this to the altitude of a catchment, a lapse rate (the rate of change of temperature with altitude) based correction was proposed, preferably using a sitespecific lapse rate or alternatively a ‘standard’ lapse rate of −0.6 °C per 100 m. In some instances, it was appropriate to use a GCM cell different from that in which the site lies to build a relationship between GCM or RCM output and local conditions. For example, if the site is in a mountainous region, then a
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GCM cell which is dominated by mountains is the most appropriate; this may be the cell which includes the site or an adjacent cell. The SDSM was apparently successful in some cases (Wilby et al. 2006; Whitehead et al. 2006), but in other applications, it failed to produce reliable reconstructions of the monthly mean rainfall totals and the seasonal patterns in rainfall for the control periods. It was therefore abandoned in favour of a standardized delta-method approach which used change factors derived from the GCMs and applied to individual catchments (Wade et al. 2008). For each month in a control period (1961–90), a factor consisting of the mean observed precipitation divided by the mean RCMmodelled precipitation was derived. These factors were then applied to the RCM-modelled precipitation for the period 2071–2100 to calculate catchment precipitation under a particular change scenario. For temperature, a similar procedure was applied except that the factor was additive rather than a ratio (Wade et al. 2008). River Kennet case study Table 10.2 shows an example of some results from a change factor analysis. The aim was to calculate flows in the river Kennet in southern England under a variety of climate change scenarios, as part of an attempt to model the effects of climate and socio-economic changes on the river (Skeffington 2008; see also Chapter 11). In this case, the climate scenarios were derived from the UK Climate Impacts Programme (UKCIP02, Hulme et al. 2002). In UKCIP02, the predictions of the HadCM3 GCM were dynamically downscaled to a 50-km grid in a double-step procedure using two regional climate models. A selection from the SRES – the A1F1, A2, B1 and B2 scenarios (see Chapter 3) – was run for three periods, the 2020s, 2050s and 2080s, to give a number of scenario-period combinations. Due to computational limitations, only the A2–2080 combination was dynamically downscaled, the others being interpolated using pattern recognition (Hulme et al. 2002). The A2 and B2 scenario predictions for the Kennet catchment were used as inputs to the ‘weather generator’ programme EARWIG (Environment Agency Rainfall and Weather Impacts Generator: Kilsby et al. 2007), which generated daily values for meteorological parameters including temperature, rainfall and potential evapotranspiration. EARWIG works by fitting a sophisticated stochastic model of daily rainfall to observed data and using change factors calculated from the UKCIP02 scenarios to do the same for future climates. Other climatic variables are calculated from rainfall using regression relationships: an approach that works well for the variables controlling river discharge (Kilsby et al. 2007). This calculated meteorology was then used to generate daily values for river discharge under different scenarios by feeding it through the hydrological model embedded in the INCA-N Model (Wade et al. 2002a). Temperature and potential evapotranspiration (PET) were used directly from EARWIG, but the INCA-N model also requires actual evapotranspiration (AET) and hydrologically effective rainfall (HER). These were calculated from EARWIG daily rainfall and PET using a simple spreadsheet model (Bernal et al. 2004; Durand 2004), which works by calculating a soil moisture deficit which must be satisfied before any HER occurs. It is clear from this account that even addressing relatively simple
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Table 10.2 Observed and modelled meteorological and hydrological data for the river Kennet under various climate change scenarios Observed*



Modelled



1961–90



1961–90



Variable



Units



Annual rainfall Days with: 
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