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Abstract: This paper explores what can and cannot be determined regarding the stationarity of flooding conditions for a location using trend analysis applied to the existing flood record.  The research includes an exploration of the types of trends that may occur in a flood record, which include changes in flood timing, changes in flood magnitudes or changes in the hydrological processes that lead to flooding conditions. The techniques discussed in the paper are illustrated through application to data from unregulated gauging stations for a variety of rivers in Canada.  The database of rivers investigated has been constructed to represent a diversity of hydrological conditions encompassing different flood generating processes.  More trends were generally identified than would be expected to occur by chance for both flood magnitude and the date of occurrence of flood events.
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1. INTRODUCTION
The traditional approach to the estimation of the risk of flooding assumes that the available flood record for a location reflects stationary conditions.  Stationarity in the flood series implies that past flood events can be directly used to quantify the risk of flooding in the future through the use of standard flood frequency analysis procedures. However, the potential impacts of climate change imply that the stationarity assumption may not be valid at all locations and therefore techniques for the estimation of flood risk for locations subject to non-stationary conditions are required.  A first step in the development of techniques for non-stationary flood frequency analysis is the determination of whether the flood record at a site currently demonstrates stationarity and whether the location is likely to exhibit stationarity under future climate scenarios.  This paper explores what can and cannot be determined regarding the stationarity of flooding conditions for a location using trend analysis applied to the existing (historical) flood record.  
2. FLOODS AND CLIMATE CHANGE
Climate change may have a variety of impacts on flood events.  Climate change could result in: i) increases or decreases in flood event magnitudes; ii) changes in the timing of flood events; or iii) changes in the hydrological processes that lead to flooding events. Climate change impacts on flooding are expected to vary from location to location. The types of changes that actually occur are likely to be influenced by the current nature of the flood regime at a location as well as the types of climate changes that occur at the location.  For example, a watershed that currently experiences primarily snowmelt related flood events may experience a decrease in flood magnitude if climate change results in increased winter and spring temperatures that lead to greater losses of the snowpack prior to the onset of the spring melt.  Increased temperatures can also be expected to shift the timing of flood events to earlier in the snowmelt season.  Finally, a decrease in snowmelt related flood magnitudes may lead to greater importance of rainfall-runoff flood events, especially if changes occur in the magnitude or intensity of severe rainfall events. While trend analysis can be effectively used to identify some of the changes noted above, others will be more difficult to discern from the historical record.  For example, applying trend analysis to the magnitude and timing of flood events should enable the effective identification of changes in flood magnitude and changes in flood timing (Abdul Aziz and Burn, 2006).  However, identifying changes in the meteorological processes that lead to flooding events (i.e., snowmelt versus rainfall driven flood events) may be more challenging.  Determining changes of the latter type will require detailed analysis of the conditions prior to the flooding events; trend analysis may only be useful when applied to data sets resulting from considerable processing of the readily available meteorological and hydrometric data.
3. METHODOLOGY
Trend analysis of hydrometric data is commonly conducted using the Mann–Kendall nonparametric test for trend (Mann, 1945; Kendall, 1975). The Mann–Kendall test is a rank-based approach that has been applied in many previous studies for identifying trends in hydrological variables (Burn and Hag Elnur, 2002). The presence of a positive serial correlation in a data set can increase the expected number of false positive outcomes for the Mann–Kendall test; the version of the trend test used herein incorporates a correction, developed by Yue et al. (2002), for serial correlation. The calculated Mann-Kendall trend statistic is used to determine the significance of a trend in a data set, which is referred to as the local significance level for an individual site. For a collection of sites, the global (or field) significance of the individual results at the collection of sites is evaluated using a bootstrap resampling technique (Burn and Hag Elnur, 2002).  The results indicate whether a significant number of significant trends has been identified for a particular variable.  Further details on the methodology used can be found in Burn et al. (2004).
The Mann-Kendall test was applied to data sets consisting of flood event magnitudes and date of occurrence of flood events for a collection of catchments that represent various hydro-climatic regimes in Canada.
4. Case Study

4.1 Description of Data

The data used in this study are derived from the Canadian Reference Hydrometric Basin Network (RHBN).  Stations from the RHBN are characterized by relatively pristine and stable land-use conditions (less than 5% of the surface modified) with a minimum of 20 years of record.  RHBN stations were identified as suitable hydrometric gauging stations for climatic change investigations (Harvey et al., 1999).  The RHBN originally consisted of over 200 active gauging stations; this work uses stations with a minimum, nominal record length of 50 years to ensure statistical validity of the trend results. There are 92 active stations in the RHBN with a nominal record length of 50 years. The subset of 40 stations used herein was selected to provide a good geographic mix of stations and a range of watershed sizes.  Three (common) analysis periods were adopted for this work, with each period ending in 2006.  The analysis periods are 40 years (1967 to 2006), 45 years (1962 to 2006) and 50 years (1957 to 2006). A gauging station was included in an analysis period if no more than four years of record were missing for the duration of the analysis period.  As a result of missing data, and stations for which recent data have not yet been released, the original 40 stations were reduced to 33, 32, and 30 stations for the 40, 45, and 50 year analysis periods, respectively. Figure 1 shows the locations of the 33 sites for the 40 year analysis period.  Figure 1 reveals a bias towards southerly stations where record lengths for unregulated stations tend to be much longer than in the northern part of the country.  The lack of stations in Quebec reflects the unavailability of data for the most recent part of the analysis periods. The range of watershed sizes for the sites in Figure 1 is from 3.63 to 55,100 km2, with a median watershed size of 2210 km2.
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Figure 1 Location of gauging stations used for trend analysis.
4.2 Trend Results
Table 1 provides a summary of the results from the trend analysis.  Shown in Table 1 is the percentage of stations showing a significant increasing trend and the percentage of stations showing a significant decreasing trend for the three analysis periods and for both flood event magnitudes and the date of occurrence of flood events.  Results are presented for the five and ten percent local significance levels.  Results that are field significant are shown in bold; the significance level for field significance was set to the same significance level as was used to identify local significance.  Apparent from Table 1 is the presence of more trends than can be expected to occur by chance (as determined by the field significance).  The only results that do not demonstrate field significance are the date of occurrence of flood events for the 50 year analysis period (five and ten percent significance levels) and the date of occurrence of flood events for the 45 year analysis period for the five percent significance level.  It is noteworthy that the flood event magnitude demonstrates a field significant number of significant trends for all analysis periods and for both significance levels.  Both increasing (positive) and decreasing (negative) trends are present for flood magnitude for all analysis periods, although the decreasing trends dominate. While the date of occurrence of flood events does not exhibit as many field significant results, it is worth mentioning that all significant trends are decreasing trends, implying earlier occurrence of the flood event.
Table 1 Percentage of stations exhibiting a significant trend

	Analysis Period
	5% significance level
	10% significance level

	Flood event magnitude
	
	

	40
	-9.09/+6.06
	-24.2/+6.06

	45
	-12.5/+6.25
	-21.9/+6.25

	50
	-13.3/+3.33
	-23.3/+3.33

	Date of flood occurrence
	
	

	40
	-18.2
	-24.2

	45
	-9.38
	-18.8

	50
	-10.0
	-16.7


Note: Entries in bold indicate field significant results.
Figures 2 and 3 show the spatial pattern of the sites which exhibit significant trends and do not exhibit a significant trend for both the five and ten percent significance levels for the 40 year analysis period (similar results were obtained for the other analysis periods).  Figure 2 shows results for the flood event magnitude and Figure 3 shows the results for the date of flood event occurrence.  Figure 2 reveals no strong spatial clustering of significant trends, although both of the sites exhibiting an increasing trend are in the north and west part of the country.  Figure 3 reveals some spatial grouping of significant trends with a concentration of decreasing trends in the eastern/maritime part of the country.
To explore further the trend characteristics of the data, box plots were created of the trend slopes for each analysis period and for flood magnitude (Figure 4) and date of flood event occurrence (Figure 5). The lower and upper bounds of the box in the box plots show the 25 and 75 percentile slope values, the line inside the box shows the median slope value and the lower and upper whiskers show the five and 95 percentile slope values.  Results are shown separately for each analysis period.  In Figure 4, the slope values have been standardized by dividing by the catchment area and the results converted to runoff depth to facilitate comparison of results for watersheds of differing sizes.  Figure 4 reveals a preponderance of negative slopes (decreasing trends), which is consist with the results in Table 1.  For all analysis periods, at least 75% of the stations exhibit a decreasing trend.  Figure 5 reveals a similar predominance of negative slopes (decreasing trends), although there are differences in the results for the three analysis periods.  The number of negative slopes increases as the analysis period shortens, implying that the earlier occurrence of flood events is a more recent phenomenon. This result is also consistent with the trend results in Table 1, where only the shorter analysis periods demonstrated a significant number of significant trends.  Analysis of selected time series of date of flood event occurrence data (figures not shown due to space constraints) revealed non-monotonic trend behaviour for several sites such that trends are only identifiable in the most recent part of the record.  Trends in date of flood event occurrence data are further complicated by the existence of bi-modal data for some sites, such that there is a mix of spring and summer/fall flood events.
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Figure 2 Trend results for the flood magnitude for the 40 year analysis period.

5. Discussion
The results presented indicate changes are occurring in the flood regime for the sites examined, both in terms of the flood magnitudes (generally decreasing) and the timing of flood events (generally occurring earlier).  The results also indicate that the present flood regime is quite complicated.  For some sites, especially those in a maritime environment, there is not a dominate flood season and hence finding changes in the date of occurrence is challenging when the timing of flood events is bi-modal or multi-modal.  Some sites may also be experiencing a shift in the relative frequency of spring versus summer/fall flood events, an outcome which is again difficult to discern using trend analysis.
Changes in the processes causing flood events are also very difficult to determine.  In the Canadian context, this will be primarily a shift from snowmelt (spring) flood events to rainfall runoff (summer/fall) flood events and can be expected to occur as a result of reductions in snow as a fraction of the total precipitation, with a corresponding increase in rainfall.  Warmer temperatures can also result in reductions in the spring snowpack, irrespective of the amount of snow that occurs.  Warmer winter temperatures in particular can be expected to result in more frequent winter melt events, as well as increased losses due to sublimation, reducing the contribution of the snowpack to the spring melt event. Identifying these types of changes is tedious for a large network of stations since each data record will require careful analysis and streamflow records will need to be related to meteorological records (precipitation and temperature data) to obtain a more complete perspective on the changes in the flood regime. An exploration of the seasonality of the flood events (Burn, 1997) may also be helpful for obtaining a better understanding of the nature of changes occurring in the flood regime.
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Figure 3 Trend results for the date of occurrence of flood events for the 40 year analysis period.
A final limitation of trend analysis of historical data is that the analysis is, by its nature, retrospective. Thus trend analysis can only indicate what has happened in the past in terms of important dimensions of the flood regime.  Of greater concern from an engineering design perspective is what conditions can be expected to occur in the future, particularly within the design life of a given piece of infrastructure? A purely retrospective analysis of the flood regime may not be a good indicator of future conditions.  To obtain a more comprehensive view of the present and possible future flood regimes requires combining trend analysis of historical data with analysis of flood data obtained from modelling climate change projections using downscaled results from Global Climate Models (GCMs) in conjunction with an appropriate hydrological model. While challenges remain in adequately modelling present and likely future flood conditions by downscaling GCM outputs, this is likely the most promising approach to better characterize plausible future flood regime outcomes. Combining trend analysis on historical data with analysis of GCM-based climate projections can provide a comprehensive depiction of the likely flood regime within the design time horizon of interest. This information is critical to properly plan for adequate protection from flood events for the present and the future.
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Figure 4 Box plots of slopes for flood magnitudes.

6. conclusions

Trend analysis of flood data from 33 sites from across Canada reveals generally decreasing trends in flood magnitudes (with some sites exhibiting increasing trends) and generally earlier occurrence of flood events. Most of the analyses led to the conclusion that there were a significant number of significant trends in the flood variables. The earlier occurrence of flood events appears to be a more recent phenomenon, with decreasing trends more prevalent in the 1967 to 2006 analysis period.  Approaches to alleviate some of the limitations of trend analysis of historical data have been identified with the intent of helping to establish a research agenda that can further address issues of non-stationarity in the flood regime. 
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Figure 5 Box plots of slopes for date of flood occurrence.
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