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RIVER FLOODS IN THE CHANGING CLIMATE – OBSERVATIONS AND PROJECTIONS
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Abstract: Flood damages, worldwide, have dramatically increased in the last few decades, so that it is necessary to interpret this change. River flooding is a complex phenomenon which can be affected by changes coupled to physical, terrestrial, climate and socio-economic systems. The climate track in the observed changes is likely, even if human encroaching into the harm’s way and increase in the damage potential in floodplains can be the dominating factors in many river basins. Increase in intense precipitation has been observed, with consequences to increasing risk of rain-induced flooding. Projections for the future, based on regional climate models, indicate increase of flood risks in many areas. The present contribution addresses the climate track in the flooding phenomenon in an integrated way, tackling issues related to multiple factors, change detection, projections, uncertainty, and methodological constraints. Information on adaptation to floods and, in particular, the Floods Directive, issued recently by the European Union is provided. The contribution will inform the audience about the global IPCC perspective, in the context of the IPCC Fourth Assessment Report and the IPCC Technical Paper on Water, where the present author was a Coordinating Lead Author.
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1. INTRODUCTION
Floods have been a major natural hazard in many regions of the world. There have been several recent flood events, in each of which the material losses exceeded US$ 10 billion (material damage during the summer 1998 floods in China rose to US$ 30 billion). The death toll has remained high, with single events in less developed countries causing more than 1 000 fatalities. About 140 million people are affected every year. Annual economic damage caused by weather extremes increased ten-fold (in inflation adjusted dollars) between the 1950s and the 1990s, and flood damage has changed in a similar way. 

Destructive floods are commonplace outside Europe, in particular in Asia (especially Bangladesh, China and India) and South America. In Bangladesh, during the 1998 flood, about 70% of the country area was inundated. However, over the last two decades, numerous floods have severely hit also large parts of Africa, Australia, North America, and Europe. For instance, the material flood damage recorded in Europe in 2002 (21 billion euros) was higher than in any single year before.

2. MULTI-FACTOR context
Flooding is a complex phenomenon that can be caused by several mechanisms, such as intense and / or long-lasting precipitation, snowmelt, dike or dam break, ice jam / land slide, glacial lake outburst. One can identify three groups of factors which control flood hazard and vulnerability: changes in climate, changes in terrestrial systems (hydrological systems and ecosystems), and changes in socio-economic systems, whose relative order of importance is site-specific. The climate track in the observed changes is likely, even if human encroaching into the harm’s way and increase in the damage potential in floodplains are often the dominating factors.
Changes in climate and atmospheric systems of relevance to floods embrace: precipitation (intensity, volume, timing, phase – rain or snow), temperature (controlling snowmelt and ice-jam), seasonality and climate variability (e.g. ENSO, NAO, PDO) play important parts. Changes in the frequency of heavy precipitation events can arise from several causes, e.g., changes in atmospheric moisture or circulation. As the atmosphere’s water holding capacity, and thus its absolute potential water content, increase with temperature according to the Clausius-Clapeyron law, the potential for intensive precipitation also increases in the warming world. Increased atmospheric moisture contents favours heavy precipitation events and this is a sufficient condition, caeteris paribus, for an increase in the risk of rain-caused floods. 
Yet, there are also non-climatic factors exacerbating flood hazard. Land-use changes, which drive land-cover changes, induce changes of hydro​logical systems and control the rainfall–runoff relations, hence impacting on flood risk. Deforestation, reduction of wetlands, and rising urbanization have adversely influenced flood hazard in many watersheds by reduction of the available water storage capacity, increase in the portion of impervious area (roofs, yards, roads, pavements, parking lots, etc.) and in the runoff coefficient. This leads to growth in the amplitude and reduction in the time-to-peak of a flood. On average, 2% of agricultural land has been lost to urbanization per decade in the EU. Direct urbanization effects are particularly visible in small or middle size floods, which often constitute a substantial contribution to flood losses in the longer term. Van der Ploog et al. (2002) attributed the increase in flood hazard in Germany to climate (wetter winters), engineering modifications, but also to intensification of agriculture, large-scale farm consolidation, subsoil compact​ion, and urbanization. The urbanized area in West Germany more than doubled in the second half of 20th century. The timing of river conveyance can be altered by river regulation (channel straightening and shortening, construction of embankments).
In many regions, people have been encroaching into, and developing, flood-prone areas, thereby increasing the damage potential. In Japan half of the total population and about 70% of the total assets are located on flood plains, which cover only about 10% of the land surface. An important factor influencing the flood hazard is an unjustified belief in the absolute security of structural defenses. However, a dike designed to withstand a 100-year flood, even if perfectly maintained, does not guarantee complete protection. It can be over​topped by an extreme flood (e.g. with return period of 1000 years). When a dike breaks, the damage may be greater than it would have been in a levee-free case. 

3. OBSERVATIONS

There have been several climatic trends, illustrating the ongoing climate change, of relevance to floods. As noted in (IPCC, 2007), warming of the global climate system is unequivocal. This is now evident from observations of increases in air temperatures in all regions. The 100-year linear trend (1906 to 2005) shows a 0.74 °C global mean temperature increase, while the linear warming trend over the last 50 years (0.65 °C) is nearly twice as strong as that for the last 100 years (IPCC, 2007).

Global climate change is not restricted to warmer temperatures but it is also accompanied by changes in other climatic variables. However, patterns of precipitation change are more spatially and temporally variable than temperature change. There is no statistically significant linear long-term trend in the time series of global precipitation in the period from 1900 to 2005 (Trenberth et al., 2007). As summarized in Trenberth et al. (2007), long-term precipitation trends have been found in many large regions where sufficient data exist. Precipitation has generally increased over land in most areas of higher latitudes of Northern Hemisphere (north of 30°N), and in the eastern part of North and South America. It decreased from 30°N to 10°S, especially after 1977, as well as in southern Africa. 
The frequency of heavy precipitation events (or proportion of total rainfall from heavy falls) has likely increased over most land areas, consistent with warming and observed increases of atmospheric water vapour (IPCC, 2007), with consequences to increasing risk of flooding. Some recent rainfall events in Europe have exceeded all-time records. 
There have been a number of recent flood events world-wide, where river flow or stage records were broken. For example, during the 2002 flood in Central and Eastern Europe, the record flow of the Vltava in Prague (Czech Republic) was observed. This was the only time in the 175 years of records when the flow rate exceeded 5 000 m3/s, while in 1941-2001 it never reached 2 500 m3/s. The maximum water level of the Elbe in Dresden (Germany), 940 cm observed on 17 August 2002, surpassed the former historical record by 63 cm. Stages in excess of 800 cm were never observed in the period 1880-2001. However, historical data show that from 1785 to 1879, such stages were observed five times during less than a century (four out of five times – in February or March), while between 1502 and 1783, the level of 800 cm was exceeded only once. The 2002 deluge resembled historical events from remote past. For example, on 21 July 1342, a St Magdalene’s flood, caused by intensive rain, devastated large areas of Europe, causing thousands fatalities and immense destruction. 

In view of recent dramatic floods, trends are sought in long time series of flood data. It is essential for planning flood protection systems, where system design has been traditionally based on the assumption of stationarity of river flow. A study of change detection in time series of annual maximum river flow, conducted by Kundzewicz et al. (2005), based on data from the Global Runoff Data Centre in Koblenz (Germany), does not support the hypothesis of ubiquitous growth of high flows worldwide. Although 27 cases of strong, statistically significant increase were identified by the Mann-Kendall test, there are 31 decreases as well, while most (137) records did not show statistically significant changes. 
However, even if no coherent changes can be detected for European records, Kundzewicz et al. (2006) found that the overall 1961-2000 daily flow maxima occurred considerably more frequently (at 46 stations) in the later two decades, 1981-2000, than in the earlier two decades, 1961-1980 (maxima at 24 stations). 

However, caution is advised in interpreting these results, because flooding can be caused by a number of factors. The analysis did not differentiate the flood generation mechanisms (e.g. snowmelt vs rainfall), treating all floods as one category. In a seasonal analysis, Mudelsee et al. (2003) demonstrated a significant decrease in winter floods on the Elbe and the Oder, while no significant change in summer floods was detected. 
A regional change in timing of floods has been observed in many areas, with increasing late autumn and winter floods. Furthermore, river flow has strong natural variability and exhibits long-term persistence which can confound the results of tests. 

As stated by Radziejewski and Kundzewicz (2004), who examined detectability of artificially introduced (hence fully controlled) trends in time-series, if a change is weak and lasts for a short time, it is not likely to be detected. If a change is stronger and lasts longer, the likelihood of detection grows.

Apart from the inherent complexity involved in detecting a greenhouse signal in flow records, there are serious problems related to the data and to the methodology of change detection. Baseline conditions are rare, and human influence is typically strong (river regulation, deforestation, urbanization, dams and reservoirs). In order to detect a weak, if any, climate change component in the process of river flow, it is necessary to eliminate other influences and use data from pristine (baseline) river basins. Possible further sources of heterogeneity (e.g., due to changes in instruments, observation techniques, and rating curves, i. e., stage-discharge relationships) should also be identified and dealt with. A great deal of uncertainty results from the need for extrapolation of rating curves to high values, where no direct flow measurements exist. Missing values and gaps are further complicating factors. Long time series of good quality data are not available in many areas. Due to financial constraints, several countries have reduced their observation networks. Even if data are collected, they may not be readily available for international research studies, or only available at (often prohibitively high) cost. Because of strong climate variability, records of less than 30 years are almost certainly too short for detection of climate change. It is suggested that at least 50 years of records are necessary for climate change detection (Kundzewicz and Robson, 2004), but in the case of strong natural variability even this may not be sufficient. 
But, even if the data are perfect, it is worthwhile to re-state a tautology: extreme events are rare (Kundzewicz and Schellnhuber, 2004). They do not happen frequently, so even where a very long time series of instrumental records exists, one still deals with a small sample of truly extreme and destructive floods (cf. Kundzewicz and Robson, 2004). This dilemma may only be resolved by deriving the correct probability density functions for disastrous events from first geophysical principles. 

Climate-related changes in flood frequency are complex, depending on the flood-generating mechanism (rainfall vs snowmelt). Regional changes in the timing of floods have been observed in many areas of Europe, with increasing incidence of late autumn and winter floods (caused by rain) and fewer spring snowmelt floods. High flows come earlier in the year due to earlier snowmelt (sometimes in winter rather than spring) and less snow cover may reduce the severity of spring snowmelt floods. The number of inundations caused by ice jams has gone down as a result of warming (more rivers do not freeze at all) and better human capacity to cope with ice-based obstructions of flow. 

4. PROJECTIONS

The general conclusion drawn from the science of the climate change is as follows: the hydrological cycles are likely to accelerate in the warmer climate. However, climate models are not good at re-producing local climate extremes yet due to, inter alia, inadequate (coarse) resolution. Only in some areas the projected direction of change of hydrological processes is consistent across different scenarios (emissions of greenhouse gases, which drive climate models) and across different models.
Changes in precipitation extremes are projected by climate model simulations in many areas of the globe. Generally, the extremes in precipitation are likely to be impacted more than the means. Recent works on changes in precipitation extremes in Europe agree that the intensity of daily precipitation events will predominantly increase. This has direct consequences to river floods, flash floods, groundwater floods, and land slides.
According to climate model results (HadRM3-P), the mean summer precipitation over much of Europe is likely to decrease in the future, but the behaviour of precipitation extremes is notably different (cf. Fig. 1). The highest quartiles of daily precipitation amounts and annual maximum daily precipitation are anticipated to increase over many areas, also where the mean precipitation is projected to decrease (Kundzewicz et al., 2006). This result is in agreement with the findings of Christensen and Christensen (2003), who examined another climate model. 
Palmer and Räisänen (2002) analysed the modelled differences between the control run and an ensemble with transient increase in atmospheric concentration of carbon dioxide around the time it doubled (60-80 years from present). A considerable increase of the risk of a very wet winter in Europe (five-fold, and higher, increase over much of Europe) and a very wet monsoon season in Asian monsoon region was projected. 
Changes in future flood frequency are complex, depending on the generating mechanism. Increasing flood magnitudes are projected where floods result from heavy rainfall and decreasing magnitudes where spring floods are generated by snowmelt (Kundzewicz et al., 2007). 

Milly et al. (2002) demonstrated that for 15 out of 16 large basins analysed worldwide, the control 100-year volumes of monthly river flow is projected to be exceeded more frequently as a result of carbon dioxide quadrupling. In some areas, such a flood is projected to be exceeded even every 2-5 years. Particularly strong increases in frequency of extremes are projected in northern Asia, although a large uncertainty in these projections is recognized. Impacts of extremes on human welfare are likely to occur disproportionately in countries with low adaptation capacity. 
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Figure 1: Projected changes in percentiles of precipitation for the Poznań grid,
based on the HadRM3 model (2070-2099 vs 1961-1990).
Floods have been identified in the IPCC TAR (IPCC, 2001) and IPCC AR4 (IPCC, 2007) among regional reasons of concern. In the Himalaya, glacier melt will lead to increasing numbers and severity of melt-related floods (including glacial lake outburst floods), ice and rock avalanches from destabilized slopes (IPCC, 2007). Flooded area in Bangladesh is projected to increase at least by 23-29% with a global temperature rise of 2°C (Mirza et al., 2003), i.e. warming that will likely occur in the present century. Flash floods are likely to increase in all of Europe, while snowmelt-related floods in Central and Eastern Europe are expected to decline. In North America, projected warming in the western mountains is very likely to cause increased peak winter flows and flooding by the mid 21st century.

Up to 20% of the world population live in river basins that are likely to be affected by increased flood hazard by 2080s in the course of global warming (Kleinen and Petschel-Held, 2006).

4.1 Uncertainty
There are many sources of uncertainty in future projections, starting from impossibility to foresee the future human behaviour (population change, social and economic development, and mitigation policies, controlling the future emission and sequestration of greenhouse gases. Uncertainties are also introduced by the transfer functions: from socio-economy to emissions, to atmospheric concentration of greenhouse gases, further to climate change (including feedbacks) and to climate change impacts. Every transfer function in the above chain bears large uncertainty. For example, climate model uncertainty (converting greenhouse gas concentrations into climatic variables) is large, as precipitation is poorly represented in GCMs. There is a large difference between results obtained by using different scenarios and different models, while difference between models for the same emission scenario is often larger than for the same model and different emission scenarios. Projections of precipitation, made by different climate models do not agree well for most areas of the globe. In high latitudes and parts of the tropics, climate models are consistent in projecting precipitation increases, while in some subtropical and lower mid-latitude regions, they are consistent in projecting precipitation decreases. Between these areas, there is much uncertainty in projections and models disagree even as to the sign of change. For precipitation changes until the end of the 21st century, the multi-model ensemble mean exceeds the inter-model standard deviation only at high latitudes (IPCC, 2007; Kundzewicz et al., 2007). 

Impacts and adaptations are studied locally, being most interesting to people living there. This scale is very much different from the large scale of climate models, and even regional models, hence disaggregation is necessary. The scale mismatch between coarse resolution climate models and the hydrological (river-basin) scale is another source of uncertainty, which is particularly strong for flood extremes.
Credibility in projections for the future is undermined by the fact that models cannot adequately cope with reconstruction of past events (validation), in some regions, using global observations.
5. ADAPTATION 

Adaptation to increasing flood risk poses a difficult challenge to integrated flood preparedness and flood management systems, which should include an optimal, site-specific, mix of structural and non-structural measures. 

Methodological constraints to determine a design flood are manifold. Flood frequency analysis, addressing rare events and based on short (often non-homogeneous) records, involves high uncertainty, extrapolation (e.g. of the stage-discharge relation) and subjectivity (selection of a pdf) even in the stationary case. Since, as declared by Milly et al. (2008), stationarity is dead, the situation is much more complex: a discharge corresponding to an old 100-year flood may become a new 10-year flood. Hence, the question arises – adapting to what?
In response to destructive floods in Europe since 1990, water managers in a few European countries, including the Netherlands, the UK, and Germany have begun to consider the implications of climate change explicitly in flood management and national flood protection design codes. In the UK, for example, design flood magnitudes are increased by 20% to reflect the possible effects of climate change, based on early impact assessments. Measures to cope with the increase of the design discharge for the Rhine in the Netherlands from 15 000 to 16 000 m3/s must be implemented by 2015 and it is planned to increase the design discharge to 18 000 m3/s in the longer term due to climate change. In the German State of Bavaria, the design values have increased by 15%.
On the European Union (27 countries) level, the Floods Directive (Directive..., 2006) is adopted, embracing river floods, flash floods, urban floods, sewer floods and coastal floods. The Directive foresees that EU Member States shall undertake a preliminary flood risk assessment. This includes preparation of a map of the river basin, showing topography and land use; a description of the past floods; of flooding processes and their sensitivity to change, including the flood plain areas; and of development plans. Also an assessment of the likelihood of future floods and a forecast of the estimated consequences are included, taking into account the projected impact of climate change and land use trends.

Further, EU Member States shall prepare flood maps and indicative flood damage maps, for the river basins, sub-basins and stretches of coastline, which shall cover the geographical areas which could be flooded with a high probability (likely return period, on average once in every 10 years); with a medium probability (likely return period, once in every 100 years), and with a low probability (extreme events). The map should illustrate projected water depths; flow velocities; and areas which could be subject to bank erosion and debris flow deposition. The indicative flood damage maps shall show the potential damage associated with floods and expressed in terms of the number of inhabitants potentially affected; potential economic damage in the area; and potential damage to the environment.

Finally, EU Member States shall prepare and implement flood risk management plans at the level of the river basin district for the river basins, sub-basins and stretches of coastline, focusing on the reduction of the probability of flooding and of potential adverse consequences of flooding, and taking into account relevant aspects: water management, soil management, spatial planning, land use and nature conservation. The flood risk management plans shall include measures that aim at achieving the required levels of protection, addressing all phases of the flood risk management cycle focusing on prevention, protection, preparedness, and taking into account the characteristics of the particular basin. Measures taken in one EU Member State must not increase flood risks in neighbouring countries.

The Directive (2006) identifies the timelines for completion of the activities specified above, with the ultimate goal to complete and publish flood risk management plans by 22 December 2015.

6. CONCLUDING REMARKS 

According to physical laws, the water-holding capacity of the atmosphere, and hence the potential for intense precipitation, increases with warming. Since a robust warming signal and a number of large rainfed floods have been observed recently in many regions, it is of paramount importance to seek trends in intense precipitation and flood flows. However, even if widespread increases in observed intense precipitation have been reported, the analysis of annual maximum river flow records does not detect a ubiquitous and coherent increasing trend. This is in disagreement with some projections for the future, which indicate potential for more intense precipitation, augmenting flood risk. 

Climate-related changes in flood frequency are complex and depend on the flood generating mechanism (e.g. heavy rainfall vs spring snowmelt), affected in different ways by climate change. Increase in intense precipitation in the warming world is plausible and likely to lead to a rise of flood risk in areas where inundations are typically triggered by intense summer rain (Kundzewicz et al., 2005). Also, during wetter and warmer winters, with increasingly more frequent rain and less frequent snow in many areas, the flood risk may increase. On the other hand, snowmelt and ice-jam floods are likely to become less frequent and less severe over much of the warming world. Where snowmelt is earlier and less abundant, the risk of spring floods decreases. Hence, in the regions where floods can be caused by several possible mechanisms, the net effect of climate change on flood risk is not trivial and a general and ubiquitously valid, flat-rate statement on change in flood risk cannot be made. 

There are a number of activities that could help in further improving understanding of the relationship between climate change and floods, in quantitative terms. Continuation of efforts of change detection and attribution, based on analysis of long time-series of quality-controlled observation records is indispensable. Also, continuation of efforts aimed at transforming the results of the latest generation of climate models into flood-related impacts is absolutely necessary.
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