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ABSTRACT 

 
This paper gives a generalised overview of the implications of climate change for hydrological regimes 

and water resources. It explores what we do know (that climate change will have a significant impact), 

what we do not know (the magnitude of that impact and effects on extremes), and what this implies for 

research and water management practice.  

 

INTRODUCTION 

 
The challenges posed by climate change to water management are well known. The Third Assessment 

Report of the Intergovernmental Panel on Climate Change (IPCC) summarised the conclusions of several 

dozens of studies (Arnell et al., 2001), and since then well over a hundred papers exploring the potential 

effects of climate change on hydrological regimes and water resources have been published in the 

international literature; many more studies have been completed and presented in reports and at 

conferences. The vast majority of these studies are methodological, or examine the potential effects of 

climate change on river flow regimes; very few explore implications for groundwater, water quality or, 

indeed, the management of water resources. 

 

The aim of this paper is to provide an overview of the state of knowledge of the potential implications of 

climate change for hydrological regimes and water resources. It addresses three questions: 

 

(i) what do we know about the implications of climate change for hydrological regimes and 

water resources? 

 

(ii) what don't we know? 

 

(iii) and what does this imply for what we can or should do now? 

 
In the most general terms, there are three reasons why we are interested in the potential impacts of climate 

change on hydrological regimes and water resources. The first is in order to ascertain the extent or scope 

of the problem: is it a real issue? The second is to help inform the development of strategies and actions to 

adapt to the impacts of climate change in order to lessen their adverse consequences and exploit new 

opportunities. The third is to help inform the development of policies to reduce the impacts of climate 

change by reducing emissions of greenhouse gases: can we identify "dangerous" water resources impacts 

that we want to avoid through emissions control?  

 
The vast majority of studies have concentrated on the first reason, and have clearly demonstrated that, at 

all scales from catchment to global, climate change is potentially very challenging and merits further 

attention. Relatively few studies have considered precisely what this means for adaptation, which will 

vary between geographical and institutional settings. Even fewer studies have sought to relate water 

resources impacts to climate policy (e.g. Arnell, 2006), and the appropriate scale for such studies is the 

globe. This paper will focus on the catchment scale, and in particular on catchment-scale adaptation to the 

challenges of climate change. 
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WHAT DO WE KNOW ABOUT THE IMPLICATIONS OF CLIMATE CHANGE ? 

 

• Climate change has the potential to alter substantially river flow regimes in a catchment 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1  Change in mean monthly runoff in two British catchments by the 2050s: 

UKCIP02 scenarios 

Virtually all published impacts assessments show substantial changes in either the volume or timing of 

river flows in a catchment. For example, Figure 1 shows changes in average monthly runoff in two British 

catchments by the 2050s (compared to the 1961-1990 mean). The two catchments are exposed to very 

similar scenarios (the UKCIP02 scenarios: Hulme et al. (2002)), but react in subtly different ways. The 

Harper's Brook is in a dry part of eastern England, with a strong summer soil moisture deficit. Flows in 

summer are very much affected by changes in soil moisture conditions in spring and autumn, both of 

which become drier under the UKCIP02 scenarios. The Greta is in upland northern England. Relatively 

small changes in winter rainfall translate into large changes in runoff, because virtually none of the 

additional rainfall infiltrates as soils are saturated through winter; the higher temperatures also mean that 

winter precipitation falls entirely as rain, rather than as a mixture of rain and snow, and there is therefore 

no spring snowmelt peak.  
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Figure 2: Flow duration curves under current (top) and future (2050s: bottom) climates, for a 

catchment in Eastern England 
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This latter effect is relatively small in temperate Britain, but much more significant in snow-affected high 

latitude and mountainous areas e.g. the European Alps (Zierl & Bugmann, 2005), Scandinavia 

(Andreasson et al., 2004) and western North America (Hayhoe et al., 2004) where peak flows could occur 

at least a month. 

 
Figure 2 shows the flow duration curve for a catchment in eastern England under current climatic 

conditions and by the 2050s (the dotted lines give an indication of model uncertainty in the estimation of 

the flow duration curve). The flow exceeded 95% of the time (Q95) is reduced by around 30% by the 

2050s, and the current Q95 would be exceeded only around 80% of the time. 

 

• Climate change will be superimposed onto natural climatic variability 

 

It is now widely accepted that not only does weather vary from year to year, but that climate varies from 

decade to decade. The performance of a water management system in one decade may be quite different to 

its performance in another. Figure 3 shows decadal average monthly runoff for a catchment in eastern 

England, as a percentage difference from the 1961-1990 mean. Decadal mean runoff can easily be 50% 

different from the long-term average – and in some months much more. The effects of climate change will 

be superimposed onto this inter-decadal variability, which may either completely mask or exaggerate the 

climate change signal (Arnell, 2003). A corollorary of this is that it may be difficult to detect a clear 

climate change signal for several years. However, studies have shown that climate change effects may be 

visible (and implicitly statistically detectable) as early as the 2020s (Dettinger et al., 2004), particularly 

where changes in temperature are producing changes in the timing of streamflows. Where hydrological 

regimes are more sensitive to changes in precipitation than to changes in temperature, it is possible that 

the effects of climate change will take longer to detect. 
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Figure 3: Average monthly runoff by decade in the Harper's Brook catchment, as a percentage 

departure from the 1961-1990 mean 

 

 

 

• Changes in river flows and recharge may affect water resources over management time scales 

 

Different aspects of water management operate over different time scales. In general terms, alterations to 

water or effluent treatment infrastructure or procedures can take place relatively rapidly: lead times are 

short. Alterations to flood defence standards can in many instances be implemented quickly, but their long 

design life may mean that their reliability (or standard of service) will change. Some water supply 

enhancement measures may be implemented rapidly, but most require long planning times and, like 
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structural flood defences, have long design lives. Climate change will impact upon the planning and 

performance of such measures. A series of studies in the US demonstrated how climate change would 

affect the reliability of hydropower generation, water supply and the maintenance of environmental 

standards within the next few years (e.g. Hayhoe et al., 2004; Payne et al., 2004), and in England, 

calculations by two water supply companies suggested that in key resource zones reliable yield could be 

reduced by between 6 and 11% by 2025 (Arnell & Delaney, 2006). 

 

WHAT DON'T WE KNOW ABOUT THE IMPLICATIONS OF CLIMATE CHANGE ? 

 

• We do not know the precise magnitude of the effect of climate change at the catchment 

scale 

 
Unfortunately, however, the potential magnitude of the effect of climate change on hydrological regimes 

and water resources reliability in a catchment is uncertain. We do not know precisely the rate of future 

emissions, the sensitivity of climate to increased greenhouse gas emissions, or the spatial and temporal 

pattern of changes in rainfall and temperature associated with changes in greenhouse gas concentrations. 

We may also be uncertain about how a given change in climate translates into a change in runoff (see the 

dotted lines around the flow duration curves in Figure 2 representing hydrological model uncertainty), 

although these uncertainties are small compared to the uncertainties deriving from the unknown future 

climate.  

 
Figure 4 shows, for the same two catchments as in Figure 1, changes in mean monthly runoff by the 

2050s under five climate scenarios. The range between the scenarios is large, and in many months mean 

runoff can either increase or decrease. The uncertainty in the magnitudes of future streamflows is largely 

due to uncertainty in the global climate model used to create scenarios for future climates.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Change in mean monthly runoff in two British catchments by the 2050s: different climate 

scenarios (compare with Figure 1) 

 

It is also possible to produce different scenarios from the same driving climate model, by using different 

techniques to downscale coarse-resolution climate model output to the finer temporal and spatial 

resolution required by catchment-scale models. Nawaz & Adeloye (2006), for example, simulated changes 

in reliable yield by the 2050s for a reservoir system in Yorkshire, England, of -3 to 5%, 1-10% and -7 to -

14% under three climate models respectively and different ways of representing scenario output. 

 
The vast majority of hydrological impacts assessments assume that climate change does not alter 

hydrological processes in the catchment. Conceivably, changes in climate might lead to changes in soil 
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structure which result in altered flow pathways, but this is highly uncertain. Rather more likely is that 

higher CO2 concentrations will affect transpiration – but again the precise quantitative effects at the 

catchment scale remain uncertain.  

 

• We are not confident about potential changes in extreme hydrological behaviour 

 

Many water management systems are designed to cope with extremes either of flood or drought. Virtually 

all climate change impact assessments have assumed change in mean monthly climate, and whilst it is 

possible to infer changes in flow extremes from such scenarios (see Figure 2), they do not take into 

account the potential effects of changes in year-to-year variability or changes in the frequency distribution 

of short-term weather events (particularly rainfall). It is likely that the standard approach, using standard 

scenarios of change in mean climate, underestimate the potential effects of changes in extreme weather, 

with the effects likely to depend on catchment characteristics. The greatest effects will be seen where the 

catchment is most sensitive to extreme weather events. For example, changes in extreme rainfall will have 

a big effect in a responsive clay catchment, but little effect in a slowly-responding catchment with large 

volumes of storage in lakes or groundwater, where the flood response is determined by the accumulation 

of rainfall over long periods. 

 

More sophisticated methods of creating scenarios for changes in extreme weather events are being 

developed, often based on regional climate models (e.g. Fowler et al., 2005), but these are frequently 

based on the use of a small number of climate models and therefore do not reflect the full range of climate 

uncertainty. 
 

• We know very little about the implications of climate change for groundwater recharge and water 

quality 

 

Very few studies have been conducted into the effects of climate change on groundwater recharge, and 

there is considerable uncertainty over the extent to which changes in the length of the recharge season 

interact with changes in the volume of rainfall, and possible changes in recharge processes, to alter 

recharge rates to aquifers: studies have shown both increases and decreases, with very similar scenarios. 

Similarly, there have been few studies into the effects of climate change on river and groundwater quality, 

which may seriously impact upon the quality of ecosystems and use of water resources. Water quality will 

be affected by higher water temperatures, with different biochemical processes responding at different 

rates (denitrification rates may increase more rapidly than nitrification rates, for example, leading – other 

things being equal – to reduced nitrate concentrations), but will also be affected by changes in the volume 

and timing of flows (lower flows may increase concentrations, even if loads are lower), and by changes in 

chemical processes in the soil (higher temperatures increase the rate of mineralisation of organic nitrogen, 

for example). These process changes may occur at very fine spatial and temporal scales, well below 

credible scales of climate scenarios. 
 

• We are not sure how climate change will interact with other pressures to affect resource reliability 

 

Climate change is not the only driver affecting resource reliability. Land use change may have an effect 

(on groundwater recharge for example: Holman, 2006), as will changes in competing demands for 

resources. Across much of southern England, for example, changes in the reliability of supplies over the 

next few years will be driven by changes in the demand for water, and in many catchments these will 

outweigh the effects of climate change (Arnell & Delaney, 2006). Also, as the European Union 

Framework Water Directive becomes increasingly implemented, the attitudes and approaches adopted by 

water managers will evolve over time. 
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HOW DOES THIS AFFECT HOW WE CAN ADAPT TO CLIMATE CHANGE ? 

 
It is clear that climate change will have an impact on water resources and their management, but that we 

cannot predict precisely their impact at the catchment scale. This challenges water management, and there 

are three broad areas for attention.  

 

• More research into ways of creating credible catchment-scale scenarios 

 

This is the traditional response to uncertainty. Improved scenarios, particularly concentrating on weather 

extremes, will enable clearer insights into potential changes in hydrological extremes and their 

management, and into possible small-scale process changes that might affect sensitive ecosystems or flow 

pathways. However, some uncertainty will always remain, not least because the future emissions of 

greenhouse gases remain uncertain and different climate models give different regional responses to 

increased forcings. 

 

• Develop a formalised approach to dealing with uncertainty 

 

It is therefore necessary to develop assessment procedures which recognise climate change uncertainty: 

there will never be one prediction of future conditions. Such an approach may specify "standard" 

scenarios to be used in strategic level impact assessments, as is done in the UK (the water companies in 

England and Wales, for example, use a formalised procedure based on the UKCIP02 scenarios to estimate 

the potential effects of climate change on yields: Arnell & Delaney, 2006). An extension to this approach 

at the project planning level would seek to use a large number of scenarios to construct probability 

distributions of possible future hydrological and water resources conditions, although this requires 

assumptions to be made about the uncertainty ranges of key drivers. Rather less clear is how managers 

cope with different projections of the future when making investment decisions: should managers adopt a 

risk-averse approach, or one that maximises expected benefits, or some other approach? Although 

circumstances will vary between sectors and catchments, sound water management clearly requires agreed 

guidance on methods. 

 

• Develop robust adaptation strategies and actions which are resilient to uncertainty 

 

An alternative approach in the face of uncertainty is to develop and implement robust procedures that are 

not dependent on precise quantitative estimates of future hydrological regimes, or that reduce exposure to 

hydrological volatility. Adaptive management measures can be readily altered as more information 

becomes available, through changes to operating practices or incremental changes in scheme design, for 

example (Clark, 2002). Measures that require the future to be fixed within well-defined limits in order to 

remain effective (technically or financially) are not robust adaptation measures.   

 
CONCLUDING COMMENTS 

 
This paper has provided a very broad conceptual overview of the state of knowledge of climate change, 

hydrological regimes and water management. The key general conclusion is that we are confident that 

climate change will affect water management policies and practices, but we do not know exactly how. 

Improved techniques for generating and applying climate scenarios will help, but we must recognise that 

uncertainty will continue. We therefore need to develop methods for characterising and representing this 

uncertainty in forms relevant to water resources managers, and develop adaptive management measures 

that are robust to uncertainty. 

 



National Hydrology Seminar                                                                                                                                              Nigel Arnell 

7 

REFERENCES 

 
Andreasson, J., Bergstrom, S., Carlsson, B., Graham, L.P. and Lindstrom, G., 2004. Hydrological change - 

Climate change impact simulations for Sweden. Ambio, 33(4-5): 228-234. 

Arnell, N.W., 2003. Relative effects of multi-decadal climatic variability and changes in the mean and 

variability of climate due to global warming: future streamflows in Britain. Journal of Hydrology, 

270(3-4): 195-213. 

Arnell, N.W., 2006. Climate change and water resources: a global perspective. In: H.J. Schellnhuber, W. 

Cramer, N. Nakicenovic, T.M.L. Wigley and G. Yohe (Editors), Avoiding Dangerous Climate 

Change. Proceedings of the Exeter Conference. Cambridge University Press, Cambridge, pp. 167-

175. 

Arnell, N.W. and Delaney, E.K., 2006. Adapting to climate change: Public water supply in England and 

Wales. Climatic Change, 78(2-4): 227-255. 

Arnell, N.W. et al., 2001. Hydrology and water resources. In: J. McCarthy and O. Canziani (Editors), 

Climate Change 2001: Impacts, Adaptation and Vulnerability. Contribution of Working Group II 

to the Third Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 

University Press, Cambridge. 

Clark, M.J., 2002. Dealing with uncertainty: adaptive approaches to sustainable river management. 

Aquatic Conservation-Marine and Freshwater Ecosystems, 12(4): 347-363. 

Dettinger, M.D., Cayan, D.R., Meyer, M. and Jeton, A.E., 2004. Simulated hydrologic responses to 

climate variations and change in the Merced, Carson, and American River basins, Sierra Nevada, 

California, 1900-2099. Climatic Change, 62(1-3): 283-317. 

Hayhoe, K. et al., 2004. Emissions pathways, climate change, and impacts on California. Proceedings of 

the National Academy of Sciences of the United States of America, 101(34): 12422-12427. 

Holman, I.P., 2006. Climate change impacts on groundwater recharge-uncertainty, shortcomings, and the 

way forward? Hydrogeology Journal, 14(5): 637-647. 

Hulme, M., Jenkins, G.J., Lu, X. and al., e., 2002. Climate Change Scenarios for the United Kingdom: the 

UKCIP02 Scientific Report. , Tyndall Centre for Climate Change Research. 

Nawaz, N.R. and Adeloye, A.J., 2006. Monte Carlo assessment of sampling uncertainty of climate change 

impacts on water resources yield in Yorkshire, England. Climatic Change, 78(2-4): 257-292. 

Payne, J.T., Wood, A.W., Hamlet, A.F., Palmer, R.N. and Lettenmaier, D.P., 2004. Mitigating the effects 

of climate change on the water resources of the Columbia River Basin. Climatic Change, 62(1-3): 

233-256. 

Zierl, B. and Bugmann, H., 2005. Global change impacts on hydrological processes in Alpine catchments. 

Water Resources Research, 41(2): art. no.-W02028. 

 

 

 
 


