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Can ensemble forecasts improve the reliability of extreme flood warnings?
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Abstract: Ensemble forecasts are a means of framing the uncertainty of the potential future development of the hydro-meteorological situation. There is no guaranty that an ensemble forecast embraces reality – it is, among other factors, limited by available data and the capability of the models used. A probabilistic evaluation can be used to communicate forecast uncertainty to decision makers. Furthermore, the probabilistic forecast can be updated by new information from very short range forecast systems or by assimilation of measured data. We present a flood forecast scheme, which combines forecasts from the European meso-scale COSMO-LEPS (physical), SRNWP-PEPS (multi-model) and the local COSMO-DE (lagged average) ensemble prediction systems. From these meteorological forecasts, discharge forecasts are simulated by rainfall-runoff-models. Physical hydrological ensembles (variation of parameters of a single model) can be generated. An ensemble updating procedure based on measured values of precipitation and discharge provides information about the temporal development of forecast uncertainty. The methodology is demonstrated with a case study for the mountainous Mulde River basin in Eastern Germany. Here specific meteorological conditions resulting from orographic factors in combination with fast-reacting watersheds cause high uncertainties of flood forecasts. For the years 2002-2006 five forecasts of extreme events were evaluated. Three of them were false alarms. Even though in all the latter cases the spread resulting from uncertainty in rainfall forecast was very high at 2-4 days lead time, the limited number of observed extreme situations does not allow for the postulation of prescriptive binary decision rules. The flood managers still have to be aware of the uncertainty of uncertainty and be prepared to adapt their decisions quickly when new information becomes available.
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1. introduction
Uncertainties in flood forecasting mainly result from incomplete knowledge of the further meteorological development and from uncertainties of hydrological and hydraulic modeling. Known and knowable sources of uncertainty are the availability and quality of input data, respectively initial and boundary conditions for the models, as well as model parameters and model structure. Inaccurate human interaction and technical problems may also affect the output of a flood prediction chain. The highly nonlinear behavior of the atmospheric system and the land-atmosphere interaction adds unknowable sources of uncertainty. Thus a perfect weather forecast is impossible. Resulting from these uncertainties it is not possible to issue a perfect flood forecast.
During the last decades modeling and forecasting techniques evolved from a deterministic towards a probabilistic paradigm. Uncertainty estimation in forecasting admits and communicates the imperfection of the forecast. Ensemble techniques are suitable methods for uncertainty estimation (Anderson, 1996; Kalnay, 2002; Toth et al., 2003). Numerous ways of ensemble generation are established, e.g.: physical ensembles (perturbation of model parameters or use of different schemes within one model), multi-model ensembles (combination of different models) and lagged average ensembles (combination of different model runs). Meteorological ensemble prediction systems (EPS) have become operational (e.g. Buizza et al., 2005). The development of hydrological applications of ensemble forecasts has started in the late 1990-ies and is subject of ongoing research (e. g. de Roo et al., 2003; Gouweleeuw et al., 2005; Verbunt et al., 2006; Reed et al., 2007; Dietrich et al., 2008).
The demand of practitioners for single, reliable forecasts, which could be used to decide about flood warnings or flood control measures, cannot be fulfilled by ensembles only. An aggregation of information e.g. into exceedance probabilities for threshold values (e. g. critical discharge levels causing inundation) should be provided also. The aim of this paper is to present an ensemble based operational flood forecast framework, which integrates some of the methodological developments in ensemble techniques and probabilistic assessment. A prototype of a corresponding flood management system has been applied within a case study in the Mulde river basin for a probabilistic forecast of the rainfall-runoff process in head waters.
2. Combination of different types of ensembles for flood forecasting
When designing an operational flood management system, a compromise between computational efficiency, availability of data, predictive capability of the models and the cognitive burden for the flood manager has to be found. In Fig. 1 we give an overview of an ensemble based framework for probabilistic flood forecasts. It combines medium-range forecasts (3 to 5 days lead time), short-range forecasts (1 to 2 days lead time) and very short-range forecasts (< 1 d lead time) from different operational meteorological prediction systems with hydrological models. Medium-range forecasts provide the basis for decisions about reservoir management and early warnings previous to a potential large or extreme flood event. For medium-range forecasting the COSMO-LEPS (Molteni et al., 2001) is used, which performs a dynamical downscaling of the global EPS operated by ECMWF (European Center for Medium-Range Weather Forecasting). Short to very short-range forecasts (path 2 in Fig. 1) are used for issuing flood alerts and planning of tailored flood defence measures. The short-range SRNWP-PEPS (Denhard and Trepte, 2006) combines up to 23 deterministic forecasts from 21 national meteorological services. For the incorporation of forecast refinements with 2.8 km horizontal resolution we use the COSMO-DE (Steppeler et al., 2003) model of the National German Weather Service (DWD).
Hydrological and hydraulic models are driven by meteorological input scenarios provided by the different forecast models. Rainfall-runoff models can simulate ensemble forecasts of river flow at several points of interest like gauges and vulnerable sites. We decided to choose a conceptual hydrological model as the default component for transformation of meteorological inputs into runoff. Conceptual rainfall-runoff models describe the complex natural hydrological processes in a simplified manner. These models are widely used for the meso- and macro-scale due to their significant advantages compared to physical models regarding parameter estimation and computation time (Carpenter and Georgakakos, 2006; Smith et al., 2004; Ajami et al., 2004). ArcEGMO (Becker et al., 2002) is a distributed conceptual rainfall-runoff model. Its parameters have a physical meaning and can be derived from catchment characteristics. The model has to be calibrated against observed data.
The adaptive ensemble simulation framework shown in Fig. 1 has two options, which can be used depending on the hydro-meteorological situation and the needs of flood managers. Option 1, shown on the left, is operated at lead times of 3 to 5 days. Here one hydrological model (ArcEGMO in the case study) is computed with a default parameter set, which proved to be efficient for historic flood events. Uncertainty of the hydrological model is considered low compared to meteorological uncertainty. The latter is mainly represented by the spread of the ensemble. In case of a predicted extreme event, hydrological uncertainty becomes more crucial. Due to limited predictive capabilities of the conceptual model in extrapolation, a second branch of the workflow offers an optional multi-model computation for the head waters to compute an ensemble of runoff generation. For the very short range only one conceptual model is used and updated in 1 - 3 hourly intervals including assimilation of observed rainfall and discharge. 
If we assume that the chosen model structure has sufficient predictive capabilities and input uncertainty is expressed by the meteorological ensemble, two additional sources of hydrological uncertainty have to be  regarded: the initial state of the model and the selection of model parameters. Hydrological parameter ensembles are generated by combination of sets of model parameters, which proved to be efficient for simulating flood events in the calibration and test periods. We classified the historic flood events into four types of hydrological response, mainly depending on maximum intensity and total amount of rainfall as well as snow cover. A parameter ensemble combines up to 20 simulations using different parameter sets, which are chosen from the best performing sets for each group obtained by a priori Monte-Carlo simulations. These ensemble members are weighted according to the a priori expected type of event (informative prior). If no decision about the type of event is possible (non-informative prior), these parameter sets are equally weighted. The combination of the different types of ensembles adds up to a discharge ensemble with more than 100 members. A Bayesian inference mechanism adjusts the weights when new data become available during the event. Ideally, this procedure sequentially reduces uncertainty by using new information when available (however this is not mandatory).
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Figure 1: Flood forecast scheme for adaptive combination of meteorological ensemble forecasts from different sources and hydrological models.
3. Case Study

The upper Mulde river basin is situated in the Ore Mountains (Germany and Czech Republic). Narrow and steep valleys cause a fast reaction of the watershed and critical superimposition of flood waves. Several cities are located in the flood plain of the lower Mulde river basin. During west-cyclonic rainfall events, which caused several extreme flood events in the past, the uncertainty of precipitation forecasts in location, time and volume is crucial. Thus the reliability of flood alerts is an issue of concern. 
Within this paper we present first results from hindcast simulations using our probabilistic flood forecast framework for one extreme flood event in 2002 and three false alarms in 2005 and 2006. COSMO-LEPS hindcasts with daily initialization between 07/08/2002 and 12/08/2002 have been used to drive a single ArcEGMO model according to path 1 in Fig. 1 (medium range ensemble forecasts). The results of the hydrological simulations are ensembles of possible future development of discharge at several gauges within the river basin for the next 5 days. Fig. 2 shows a sequence of discharge ensembles for the Jahnsdorf gauge (Würschnitz sub-catchment, 103 km²). The hydrographs integrate uncertainty from the meteorological forecast as well as from the hydrological model (cf. Fig. 4). The latter are not explicitly analyzed for this case study, but have been reduced by calibrating the model on observed discharge (which is of course only possible for hindcasts). Between 08/08/ and 11/08/ the median and the interquartile range (IQR = 0.75-quantile – 0.25-quantile) significantly enlarged. The flood event was overpredicted for the Würschnitz catchment from 10/08 on, but the ensemble framed reality. For other catchments in the Eastern part of the Ore Mountains this event was underpredicted (Dietrich et al., 2008). 
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Figure 2: Sequence of discharge forecasts before the disastrous 2002 flood for the Würschnitz catchment (gauge Jahnsdorf). COSMO-LEPS hindcasts were initialized at 08/08, 09/08, 10/08 and 11/08/2002 at 12:00 UTC and processed by the hydrological model ArcEGMO (model time step 3 h).
In contrast to COSMO-LEPS the COSMO-DE model provides deterministic weather forecasts for the very short-range. A rerun for the period around the 2002 flood event has been initialized in a 3 hourly interval with a lead time of 21 hours. Fig. 3 shows a sequence of discharge simulations driven by different initialization times of COSMO-DE (from Dietrich et al., 2008). This combination of forecasts is known as lagged average forecast ensemble (LAF). When a new forecast is available, the latest system state of the model (driven by observed rainfall) provides hydrological initial conditions for the forecast mode. The hydrological simulations driven by COSMO-DE forecasts underestimate discharges at the Zöblitz gauge with respect to their amplitude and the duration. In particular, the precipitation forecasts generate discharges of varying quality indicating that the latest COSMO-DE forecast not necessarily gives the best estimation of the observed discharge. Only three model initializations provide a reasonable good forecast of the dynamics of the event with a reasonable lead time. These are highlighted in red, green and yellow in Fig. 3. This strengthens the need for a LAF approach. Prior to the availability of measured rainfall data it was not possible for the hydrologist to select (or over weight) the “good” initializations. 
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Figure 3: Simulated discharge for the Zöblitz gauge using observed rainfall and a lagged average ensemble of deterministic COSMO-DE predictions (model time step 1h, from Dietrich et al., 2008).
As it was shown for the flood in 2002 COSMO-LEPS ensembles were useable for this event. Unfortunately an analysis of the time period 2005 to 2006 has shown that the risk of false alarms is considerably high. In the following three summer time periods from the years 2005 and 2006 with false alarms are presented to demonstrate this problem. In July and August 2005 the ensemble median was below or close to alert level 1, but spread was very high with single discharge forecasts significantly exceeding the threshold value for flood alert level 4 (Fig. 4). These forecasts were not an issue of concern for local flood managers. The forecasts issued at 03/08/2006 gave relatively strong evidence for a major flood event within the following two days. Ensemble spread was high again, but many of the COSMO-LEPS members indicated a flood peak between alert level 3 and 4. The synoptic forecasters at that time even issued a heavy rainfall warning with a “probability of 100 mm/day rainfall” within two consecutive days for the upper Mulde river basin. In reality the total rainfall amount of the 2006 event was approx. 70 mm. The resulting flood peak was below alert level 1 and below a two year return period. The hydrologic reaction was influenced by very low antecedent precipitation. Local flood managers were worried about the dimension of the expected flood and initiated water release from a reservoir in the upper Mulde basin. At 05/08 these early flood defence measures were stopped after the forecasted rainfall event did not occur. The rainfall at 06/08 helped to reduce the loss of drinking water. Thus the costs of the false alarm were very low compared to the potential damage of the predicted flood. 
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Figure 4: COSMO-LEPS false alarms from July 2005, August 2005 and August 2006 (legend from Fig. 2, but showing flood alert level 1). In all cases alert level 1 has not been exceeded in reality.
Comparing the three COSMO-LEPS forecasts with 2 – 5 days lead time shown in Fig. 2 and Fig. 4, the 25 quantile (Q25) is significantly higher in the 2002 forecasts than in all false alarms. The median of the discharge ensemble would have been a relatively good “deterministic” forecast for the 2002 flood (the exceedance of flood alert level 4 was predicted), but not for the 2006 false alarm (though it gave better results than the synoptic forecast). The limited number of available events is not sufficient to draw decision rules. But there is evidence that the behaviour of the forecasts with low precipitation (e.g. Q25) give more information about uncertainty than the outliers do.
In our framework we offer an adaptive forecast strategy combining medium range forecasts from COSMO-LEPS as shown above with short range forecasts from SRNWP-PEPS and deterministic very short range forecasts from COSMO-DE. Now we discuss if these additional sources of information would have provided added value to the decision maker in the four time periods under consideration. 

Table 1 summarizes the daily model initializations from the three systems (one initialization of COSMO-LEPS and SRNWP-PEPS, eight initializations of COSMO-DE each day). For each system we show the maximum observed discharge (maxObs) at gauge  Jahnsdorf within the lead time of the meteorological forecasts (21 h, 48 h and 132 h respectively). For COSMO-DE we show the maximum discharge forecasted by the deterministic model run (maxDet). Furthermore we compute a lagged average ensemble and evaluate the +21h-maximum of the median of the seven forecasts available for each hourly time step. For SRNWP-PEPS and COSMO-LEPS the maximum of the median (maxMed) and the maximum of the 75 quantile (maxQ75) are shown. The colours indicate the forecasted flood alert levels (level 1 green, level 2 yellow, level 3 red and level 4 magenta). 
Compared to the results of the forecasts driven by COSMO-LEPS, the performance of the COSMO-DE initializations before 12/08/2002 was surprisingly weak. The very short-range forecasts did not provide more reliable exceedance probabilities than the medium-range forecasts did. However the very short-range forecasts performed better in estimating the peak discharge during the event (cf. results for the Zöblitz gauge shown in Fig. 3). In 2006 the COSMO-DE/ArcEGMO forecasts gave a good estimation of the hydro-meteorological situation. In 2005 the SRNWP-PEPS with 48 h lead time did not confirm the results from COSMO-LEPS with 132 h lead time. If the lead time of 21 h or 48 h (minus operational time for model run and data delivery) is sufficient for flood managers, they can use COSMO-LEPS to get an early impression of the meteorological situation and evaluate the short time forecasts for confirmation. 
Table 1: Comparison of the ensemble hindcast simulations for four time periods using three meteorological prediction systems.
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Initialization maxObs+21maxDet maxMedianLAFmaxObs+48maxMed maxQ75 maxObs+132maxMed maxQ75

07.08.2002 n.a. n.a. n.a. n.a. n.a. n.a. 73.5 14.5 47.3

08.08.2002 n.a. n.a. n.a. n.a. n.a. n.a. 87.1 11.4 18.2

09.08.2002 n.a. n.a. n.a. n.a. n.a. n.a. 87.1 27.5 59.3

10.08.2002 7.3 10.5 8.2 n.a. n.a. n.a. 87.1 124.9 156.7

11.08.2002 26.8 41.8 20.8 n.a. n.a. n.a. 87.1 108.5 195.1

12.08.2002 89.9 84.8 56.3 n.a. n.a. n.a. 87.1 112.1 115.8

05.07.2005 n.a. n.a. n.a. 3.3 3.7 4.9 3.1 8.2 23.5

06.07.2005 n.a. n.a. n.a. 1.3 2.1 2.1 0.7 10.9 30.0

07.07.2005 n.a. n.a. n.a. 0.7 1.6 1.6 0.7 11.1 26.4

08.07.2005 n.a. n.a. n.a. 0.7 1.5 4.0 0.6 4.5 8.4

09.07.2005 n.a. n.a. n.a. 0.4 2.6 3.3 0.4 10.0 18.0

29.07.2005 n.a. n.a. n.a. 3.4 0.4 1.2 4.4 3.9 18.9

30.07.2005 n.a. n.a. n.a. 3.4 4.8 5.3 4.4 7.6 15.7

31.07.2005 n.a. n.a. n.a. 0.5 2.8 2.8 4.4 2.7 13.2

01.08.2005 n.a. n.a. n.a. 0.4 1.3 1.3 4.8 11.9 17.0

02.08.2005 n.a. n.a. n.a. 4.8 8.5 12.4 5.4 13.1 34.9

03.08.2005 n.a. n.a. n.a. 4.8 13.4 15.2 5.4 16.2 16.2

04.08.2005 n.a. n.a. n.a. 2.7 11.9 11.9 5.4 9.6 12.7

05.08.2005 n.a. n.a. n.a. 8.2 8.1 9.6 5.4 13.8 46.8

06.08.2005 n.a. n.a. n.a. 8.2 11.3 14.1 5.4 16.4 19.9

07.08.2005 n.a. n.a. n.a. 6.0 8.5 9.7 5.4 12.0 16.0

03.08.2006 0.1 0.9 0.1 0.1 0.2 0.3 8.1 26.6 49.2

04.08.2006 0.1 1.7 0.2 0.2 12.0 137.0 8.1 16.2 30.9

05.08.2006 9.6 15.5 2.6 9.6 13.0 81.5 8.1 7.0 12.8

06.08.2006 9.3 21.8 6.2 9.6 16.8 136.2 8.1 20.7 28.1

COSMO-DE + 21h (Dt=1h) SRNWP-PEPS + 48 h (Dt=1h) COSMO-LEPS + 132 h (Dt=3h)


4. Conclusions

A flood forecast framework combining meteorological ensembles with different spatial and temporal resolution and a calibrated rainfall-runoff model enable the simulation of probabilistic discharge forecasts for meso-scale catchments. These forecasts can account for different sources of uncertainties, e.g. uncertainties of the initial conditions, model structure and model parameters from both the meteorological and the hydrological models. Data assimilation allows an update of the probabilistic assessment of the ensembles in an operational real-time environment. There is a chance, but no guarantee to reduce uncertainty successively during the event with an adaptive model control strategy. Compared with deterministic forecasts, probabilistic forecasts of discharge provide additional information to flood managers, who are addressed by the flood management framework presented in Section 2 of this paper.

A part of the proposed flood management framework has been successfully applied for the simulation of hindcasts for an extreme flood event and several false alarms. The COSMO-LEPS and COSMO-DE hindcasts consistently underpredicted the rainfall rate of the 2002 extreme event. Nevertheless both systems evaluated within this case study produced evidences for a rainfall event which could cause a flood in the dimension of a 100 year recurrence period. If such a probabilistic forecast would already have been operationally available in August 2002, a reliable flood forecast would have been possible with a lead time of 2 to 3 days. Flood management would have been significantly improved compared to the deterministic forecast, which had been issued at that time. The forecasts from all systems did not always improve with more recent forecasts. 

The derivation of decision rules, e. g. which exceedance probabilities should be used for issuing alerts or initiating flood defence measures, is subject of ongoing research. Within the study area, ensemble hindcasts were only available for one single extreme event, three false alarms and no missings. General conclusions about the skill of the models cannot be drawn from this case study. In future work related to the forecast skill of the meteorological models, the study area will be extended in order to evaluate a larger number of extreme rainfall events. The presented ensemble based framework adds additional value to flood forecasts. The longer forecasting horizon, the possible reduction of the number of false alerts and a detailed prediction of expected flood damage can improve the preparedness of affected people and thus reduce potential damage.
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Tabelle1

		EPS		COSMO-DE + 21h (Dt=1h)						SRNWP-PEPS + 48 h (Dt=1h)						COSMO-LEPS + 132 h (Dt=3h)

		Initialization		maxObs+21		maxDet		maxMedianLAF		maxObs+48		maxMed		maxQ75		maxObs+132		maxMed		maxQ75

		8/7/02		n.a.		n.a.		n.a.		n.a.		n.a.		n.a.		73.5		14.5		47.3

		8/8/02		n.a.		n.a.		n.a.		n.a.		n.a.		n.a.		87.1		11.4		18.2

		8/9/02		n.a.		n.a.		n.a.		n.a.		n.a.		n.a.		87.1		27.5		59.3

		8/10/02		7.3		10.5		8.2		n.a.		n.a.		n.a.		87.1		124.9		156.7

		8/11/02		26.8		41.8		20.8		n.a.		n.a.		n.a.		87.1		108.5		195.1

		8/12/02		89.9		84.8		56.3		n.a.		n.a.		n.a.		87.1		112.1		115.8

		7/5/05		n.a.		n.a.		n.a.		3.3		3.7		4.9		3.1		8.2		23.5

		7/6/05		n.a.		n.a.		n.a.		1.3		2.1		2.1		0.7		10.9		30.0

		7/7/05		n.a.		n.a.		n.a.		0.7		1.6		1.6		0.7		11.1		26.4

		7/8/05		n.a.		n.a.		n.a.		0.7		1.5		4.0		0.6		4.5		8.4

		7/9/05		n.a.		n.a.		n.a.		0.4		2.6		3.3		0.4		10.0		18.0

		7/29/05		n.a.		n.a.		n.a.		3.4		0.4		1.2		4.4		3.9		18.9

		7/30/05		n.a.		n.a.		n.a.		3.4		4.8		5.3		4.4		7.6		15.7

		7/31/05		n.a.		n.a.		n.a.		0.5		2.8		2.8		4.4		2.7		13.2

		8/1/05		n.a.		n.a.		n.a.		0.4		1.3		1.3		4.8		11.9		17.0

		8/2/05		n.a.		n.a.		n.a.		4.8		8.5		12.4		5.4		13.1		34.9

		8/3/05		n.a.		n.a.		n.a.		4.8		13.4		15.2		5.4		16.2		16.2

		8/4/05		n.a.		n.a.		n.a.		2.7		11.9		11.9		5.4		9.6		12.7

		8/5/05		n.a.		n.a.		n.a.		8.2		8.1		9.6		5.4		13.8		46.8

		8/6/05		n.a.		n.a.		n.a.		8.2		11.3		14.1		5.4		16.4		19.9

		8/7/05		n.a.		n.a.		n.a.		6.0		8.5		9.7		5.4		12.0		16.0

		8/3/06		0.1		0.9		0.1		0.1		0.2		0.3		8.1		26.6		49.2

		8/4/06		0.1		1.7		0.2		0.2		12.0		137.0		8.1		16.2		30.9

		8/5/06		9.6		15.5		2.6		9.6		13.0		81.5		8.1		7.0		12.8

		8/6/06		9.3		21.8		6.2		9.6		16.8		136.2		8.1		20.7		28.1

												alarm1		alarm2				alarm3		alarm4

												13.3		25.6				43.2		70.8






