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Summary and purpose of document

This document shows a summary of the MAP D-PHASE project with an emphasis on the use of EPS models. The feed back of the users is reported and the advantages of driving hydrological models with EPS are shown. The advantages of running reforecasts for the calibration of the ensemble are also illustrated.
Action Proposed  

The meeting is invited to review the information provided and to encourage the use of EPS in other demonstration projects.
Overview on MAP d-PHASE

Improvement of high-resolution numerical modelling was one of MAP’s most successful achievements. For the first time in a project of comparable size, a high-resolution (3km mesh-size) meso-scale model was used in the mission planning process during the Intensive Operations Period and high-resolution numerical modelling was successfully used for different case studies in relation to orographic precipitation.

At the outset of MAP probabilistic modelling of atmospheric processes had not explicitly been identified as a research topic, nor had follow-on hydrological ensemble modelling. Still, MAP has triggered a number of studies investigating the predictability of orographically influenced precipitation. Also, in the aftermath of MAP a high-resolution ensemble prediction system (COSMO-LEPS) has been developed and been used for first steps into hydrological ensemble prediction.
On the basis of these findings and bearing in mind that orographic precipitation has often led to disastrous flooding events widespread over the Alps, it was decided to devote the MAP FDP to the demonstration of forecast capability with respect to heavy precipitation events in the Alps. The emphasis was put on high-resolution operational modelling, be it probabilistic or deterministic.
D-PHASE was set up as an end-to-end forecasting system. ‘End-to-end’ in this context means that the entire chain from atmospheric forecast models to the decision making end user is part of the system. Some 5 days before a possible event, atmospheric ensemble prediction systems may issue a ‘pre-alert’, i.e. indicate that in a certain region in the Alps a threshold might be exceeded. At this stage, thresholds are primarily applied to precipitation, although the first hydrological models start to determine forecasts for runoff at various stations.

As time comes closer to the possible event, high-resolution deterministic atmospheric models with a lead time of some 18 to 36 hrs start, and so do the corresponding hydrological models. At all levels of the Visualisation Platform coloured warnings are displayed, from which end users may see immediately whether their region is in danger. At the time of the forecasted event, users additionally have access to nowcasting facilities in order to judge the ‘present’ situation and come to the most beneficial decision.
Participating atmospheric models include many of the high-resolution (i.e., a few km mesh-size) deterministic operational models that are presently being developed in Europe as well as their lower resolution driving models. In addition, a collection of ensemble prediction systems at intermediate resolution is on the list. The ‘Micro-PEPS’ is a poor man’s ensemble prediction system like that of the EUMETNET SRNWP programme that has been constructed from the participating high-resolution models especially for D‑PHASE.
The collection of hydrological models includes both deterministic and ensemble prediction systems. The latter constitute advancement in the conceptual treatment of hydrological forecasts and the D‑PHASE Operations Period was an excellent opportunity to demonstrate whether they also constitute advancement in the quality of hydrological forecasts.

An important group of project participants are the end users, i.e. those people who use information on the VP for their decisions of for further elaboration of data. Different from MAP when ‘target areas’ had been specified beforehand according to scientific criteria, the presence of an interested end user and his/her liaison with a hydrological modeller defined a ‘participating catchment’ for D‑PHASE. In this spirit hydrological forecasts were produced for a total of 43 catchments. End users as the ‘customers’ of the D-PHASE information were granted free access to all products on the VP for the ‘price of feedback’. One of the goals of the project was to systematically evaluate the user feedback as a subjective measure of performance, contrast this to the objective measures (model skill scores etc.) and make the results available to the community.
User feed-back

First results indicate that D-PHASE was regularly used and that the information was incorporated into decision procedures. D-PHASE was mainly used before events, for example in cases of first evidence for possible events. Less often it was used during events for estimating the severity or the event’s evolution. End users rated the D‑PHASE platform valuable, trustworthy, and easy to navigate. Room for improvement was noted concerning the technical performance of the platform (speed and availability of services).

Among the elements on the platform, regional and local maps as well as the nowcasting tools were most often used. No particular information was missed on the VP. On the contrary, the amount of information was considered ‘rather too large’. Most users indicated that they had been able to interpret the information, but not all models were (subjectively) rated equally trustworthy. Users found the information beneficial to support situation-analysis and decision making but could not decide if decisions had actually improved in specific cases. The availability of ensemble models and probabilistic information, which was largely unknown to most of the end users prior to the DOP, was perceived as added value.
A subjective verification was performed daily during the DOP by the on-duty forecasters of MeteoSwiss. This evaluation was targeted to assess the benefits in the warning process for the forecaster and thus directly responds to the requirements of a FDP.

Several questions were addressed with an online multiple choice questionnaire. Questions ranged from ‘countable facts’ (concerning models employed, flow situation, etc.) to subjective judgments (e.g., ‘which VP component helped you most in the situation analysis?’). Some results, expressed in terms of forecaster statements that can be deduced from a survey of the returned forms are as follows:

· “Limited-area ensemble prediction systems have a significant positive impact (as compared to having only deterministic models available) for the estimation of the precipitation amount and for building confidence into the forecast.”

· “For precipitation events in the Alps, high-resolution models provide added value in about half of the cases (in most other cases, they have no added value, and sometimes even provide a poorer guidance than the coarser models). The benefit of the higher resolution is more pronounced for ensemble systems than for deterministic models. Convection resolving deterministic models sometimes failed to produce any precipitation at all, particularly in convective situations.”

· “Concerning alerts and their presentation on the VP, the large variety of models was appreciated by many forecasters. As for traditional model products (plots, meteograms, etc.) however, there is little advantage in having (too) many models of the same type at disposition to increase forecast confidence. The number of available models during D PHASE was too large to cope with and forecasters had to restrict their attention to well-known models. This holds true for normal as well as for high-impact weather situations.”

· “A suitable visualisation system is essential for the forecasters to effectively use the vast amount of data and extract the essential facts without loosing relevant information. The VP, designed with the contribution of the forecasters, was a success for the duty. The automatic alerts allowed for a rapid overview of the relevant information and an easy access to the data required in the warning process. However, the added value of the VP depends on the spread (both temporal and spatial) amongst the visualised models.”

· “There was no special preference among the newly available systems (i.e., models or tools introduced at the occasion of D-PHASE) in best supporting the forecasters in their decision making process.”

· “In the first few hours of the forecast, there is a clear preference towards nowcasting tools or observational information. Model data become more and more important as the lead time increases.”

· “General synoptic knowledge and experience, particularly in complex terrain like the Alps are very important at all forecast times.”

· “Atmospheric forecasters appreciated the availability of hydrological information to better addressing end user needs and improving their own understanding of the hydrological processes.”
· “Last but not least: The acceptance of the new generation of NWP model systems as well as the whole D-PHASE forecasting system and VP differed strongly amongst the individual forecasters.”
Using reforecasts to improve COSMO-LEPS forecasts

The Consortium for Small-scale Modelling Limited area Ensemble Prediction System (COSMO-LEPS) is used to predict rare events at several operational centers. Here we show that calibrating the forecast with reforecasts strongly improves the forecast skill. The improvement is mainly by enhancing the forecasts reliability. A calibration draws the forecasted probability towards the observed event frequency. Several calibration techniques (e.g. analog techniques, model output statistics, etc.) using reforecast have been described in literature, all of which require observation data covering the same period and domain as the reforecast, which is a strong constraint regarding the sparse data basis of most model output parameters and areas. An alternative approach is the extreme forecast index (EFI), developed and operationally used at ECMWF. The EFI is a measure for the extremity of the ensemble forecast with respect to the model climate. It can be calculated for every model output parameter at every location and potentially corrects for systematic model errors. However, the index itself is ambiguous as it combines properties of the forecast and climate distribution function in just one number. A more direct approach for a probabilistic measure of extreme forecasts using reforecasts and thus calibrating the forecast is presented here. Although the presented method is applicable on each model output parameter we restrict ourselves to 24 hour precipitation sums.
COSMO-LEPS is a 16-member EPS with approximately 10 km mesh-size and 40 levels over Europe, 132 hours lead time, driven by initial and boundary conditions of selected members from the ECMWF global EPS. One-member reforecasts were generated from 1971 to 2000 with undisturbed boundary conditions. On each day a 42 hours forecast was initialized at 1200 UTC using ERA-40 initial and boundary conditions. In order to calibrate a forecast with reforecasts from the actual season, a monthly subset of the climatology was used spanning (14 days around the actual date. For each grid point this makes a total of 870 (30 years x 29 days) data points available to calibrate the forecast. 
From the model climatology return levels (RLs) for different return periods were estimated. For relatively frequent events, likely to happen several times within the time covered by the reforecasts, RLs were estimated from quantiles taken from the model climate. The fraction of forecast members exceeding a RL then gives the probabilistic, calibrated information on the severity of the upcoming event. Assuming that the recurrence times of forecasted and observed events are the same, giving the forecast in terms of return periods should improve the forecast reliability without requiring data from observations.
One simple way to presenting the probabilistic return period forecasts are 2D plots for a specific lead time and return period (Fig. 1). Those plots are similar to the usual EPS products by showing the probability to exceed a particular threshold. In our case the threshold is a return period (level) derived from the model climate and thus calibrated and not in absolute terms. If warning levels at meteorological offices are based on RPs of events, this product can easily be adapted to show the probability to reach a warning level based on a calibrated forecast system.
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Figure 1: Calibrated COSMO-LEPS 24h rainfall forecast probabilities to exceed events with recurrence times of twice per August (upper) and every 2nd August (lower) for the flooding event of 8 August 2007 in the region north of the Alps.

The new warning product was verified using a climatology of observational data over Switzerland during the DOP. The 24h rainfall sums (0600-0600 UTC) were interpolated to the COSMO-LEPS grid (417 grid points). The probability to exceed a return period was calculated analogously to the warning product. For the verification, the categorical Debiased Brier Skill Score (BSSD) was used for dichotomous events. A comparison with the uncalibrated probability to exceed a return period (where the return level is estimated from the observed climate instead of the model climate) shows that the model climate calibration strongly improves the skill scores (Fig. 2) mainly due to improved reliability of the calibrated forecasts. For the events and period verified here a gain of 1-2 days in forecast quality is achieved. Less frequent events seem to profit more from calibration. Even forecasts with initially no significant skill are skilful after calibration. The presented method is likely to improve the forecast skill over the whole model domain without requiring any observation data. These results should encourage the operational implementation of reforecasts.
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Figure 2: Debiased Brier Skill Score for the uncalibrated (circles) and calibrated (triangles) COSMO-LEPS 24h precipitation forecast during the DOP. Event thresholds are 10 days (blue 90% quantile), and 40 days (purple 97.5% quantile). Numbers indicate the number of forecasted events.
The Micro-PEPS: high-resolution poor man’s ensemble

One major goal of the D-PHASE DOP has been to operate very high-resolution models at the convection permitting scale. Models of this new generation were set-up mostly in test suites that produce single deterministic forecasts. Since forecasting on smaller spatial and temporal scales becomes more and more influenced by, e.g., stochastic physical processes it is desirable to additionally tackle forecast uncertainty using a very-high-resolution ensemble forecasting system. Unfortunately, it was not possible to run such a system during the DOP (but see appendices on performance and recalibration of the COSMO-LEPS and COSMO-SREPS at 10km mesh-size).
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Figure 6: Probability for exceeding 2mm in 3h accumulated precipitation (left column) and 10mm (right column) for different validation times from the MPEPS initialized on November 11 2007 at 00:00 UTC.

The Micro-PEPS (MPEPS) simply grouped some of the very high-resolution D-PHASE models into a multi-model “poor man’s” ensemble prediction system. These models had been operated on a regular basis during the DOP and covered most of the D‑PHASE domain. The MPEPS included COSMO-2, COSMO-DE, AROME, CMCGEMH, and ISACMOL2 (see Table 1 in Appendix A5). While the first two generated forecasts every 3h the other models ran less frequently. In order to increase the ensemble size lagged average forecasts were added to the MPEPS. It was assumed that forecasts initialized up to 6h earlier responded to similar synoptic conditions and might add value to a convection-permitting ensemble. If t is the initialisation time of the ensemble forecast, three runs of each of the models COSMO-2 and COSMO-DE (t, t-3h and t-6h) and the single deterministic forecasts from AROME, CMCGEMH, and ISACMOL2, which were provided within the 6-hour lagged average time window, made up the MPEPS. Note that the ensemble size of MPEPS was sometimes smaller than 9 members due to the availability of its constituents. Four runs at 0, 6, 12, and 18 UTC were performed daily.
The ensemble mean fields were determined for all variables as defined in the D‑PHASE Implementation Plan (including 2m-temperature, 10m-wind, accumulated precipitation). In addition, alerts were submitted to the VP and exceeding probabilities for precipitation and snow were calculated and displayed. Figure 6 shows an example of exceeding probabilities for 3h accumulated precipitation. For interpreting MPEPS results note that the ensemble size varies across the domain due to different domains of the contributing models; also the incorporation of lagged forecasts limited the forecasting horizon.
The MPEPS design for D-PHASE was a special configuration that may not necessarily yield the most valuable probabilistic forecasts. Rather, it tried to extract the maximum information from the many convection-permitting models available in order to explore the prospects for ensemble techniques at this scale. The MPEPS may be recalculated at any time using the output of its components stored in the data archive. It is planned to perform such ‘re-analyses’ for selected cases or periods in order to optimize the poor man’s approach, based on verification of its forecast skill, especially as compared to other ensemble prediction systems.

Hydrological Ensemble Prediction Systems

Several meteorological ensemble prediction systems (EPSs) are operationally available at the global scale. The one of the European Centre for Medium Range Weather Forecast, which is simply called ‘VAREPS’, is currently operated at a horizontal mesh-size of roughly 50x50 km2 and consists of 51 members. The spread of the ensemble members during the forecast horizon (3-5 days) represents the initialization uncertainty of the meteorological model. These large-scale numerical models are not accurate at modelling local weather, because local sub-grid scale features and dynamics are not resolved. Dynamical downscaling methods are therefore applied in the local ensemble prediction system COSMO-LEPS, developed by ARPA-SIMC within the COSMO consortium. The ‘COSMO-LEPS’ (COSMO Limited-area Ensemble Prediction System’) is nested into the EPS of ECMWF. COSMO-LEPS considers the last two EPS forecasts for a total of 102 members. Since the procedure is expensive in terms of computational time, it is not feasible to downscale the full global ensemble for everyday operational applications. Therefore, a sub-sample of 16 representative ensemble members only is assigned by a cluster analysis. Within each of the resulting 16 clusters, a representative member is selected and dynamically downscaled to a spacing of 10x10 km2 providing a forecast horizon of up to 132 hours. The computational cost for implementing atmospheric EPS and running hydrological ensembles simulations is comparably cheaper. Hydrological EPSs need a few minutes on a standard desktop for producing results for a specific EPS member.
Figure 3 shows an example of a probabilistic hydrological forecast for the Verzasca basin forced by COSMO-LEPS. In order to allow for cross-comparison with the radar ensemble generator the same event as in Figure 1 is presented. The observed runoff is well captured by the ensemble inter-quartile range. Single ensemble members show very poor timing in predicting the flood peak. Flood volumes are also missed. On the other hand the 75% quartile shows a very good agreement with the observed discharge.
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Figure 3: Hydrological forecast, starting on 20 August 2007 for the Verzasca basin, in southern Switzerland. The 16 ensemble members (red) are shown with corresponding interquartile range (Q25-Q75). Additionally, three deterministic runs are shown: COSMO-7 (black), COSMO-2 (turquoise) and MM5 (yellow). The observed runoff is shown in blue and a run forced by interpolated pluviometer data is shown in green. Spatially interpolated observed precipitation (catchment mean) is plotted from top (grey bars), as well as forecasted ensemble precipitation (orange whisker-plots).

The lead time of the deterministic COSMO-2 NWP model is too short to detect the main event. COSMO-2 is the only model to show a good forecast for the small pre-event on August 20-21 2007. The need of considering uncertainty becomes evident as the second deterministic simulation driven by COSMO-7 (the deterministic NWP model at 7x7 km2 mesh-size run by MeteoSwiss) misses the timing of the runoff peak completely. The MM5 model (the deterministic NWP model at 15x15 km2 mesh-size run by IMK-IFU) outperforms in this particular case the COSMO-7. The spread of the ensemble can be interpreted as the effect of the uncertainty of the meteorological forecasts on the hydrological simulations, given that in this case the deterministic and probabilistic runs are based on the same model chain. This is of course not entirely true for the simulations shown in Fig. 3 because of different grid spacings.
In Figure 4, relative to the meteorological forcing of the DIMOSOP (for DIstributed hydrological MOdel for the Special Observing Period, model with the 16 COSMO-LEPS members, the effect of the time horizon of the forecast on the hydrological ensemble predictions is shown. The small flood which actually occurred on November 24 in the Oglio basin, in the Central Italian Alps, was already anticipated by the November 20 12:00 UTC meteorological forecast (Figure 4a). COSMO-LEPS forecasts were available around 00 UTC of the following day and the flood forecasts can be made available, as a term of reference, after 3 hours of computational time of a 2 GHz dual processor laptop computer for 17 runs of a 436x622 cells domain over a time horizon of 6 days. The correct timing of the rainfall event became clear, however, only in the 22 November 12:00 UTC run although the simulated flow is underestimated, possibly also due to some limitations of the assimilation of the initial conditions of the hydrological model.
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Figure 4: The hydrological ensemble prediction of the November 24 flood in the Oglio basin (Central Italian Alps). In a) and b) the forecasts based on the November 21 1200 UTC and November 22 1200 UTC runs are represented. On top of each figure the hyetograph of the ensemble mean of the COSMO-LEPS model forecasts and the one observed are shown. On the bottom the 17 hydrographs computed by the DIMOSOP hydrological model are plotted together with the observations (black dots). The thick black line represents the hydrograph resulting from the ensemble mean rainfall, the other lines represent the 16 members.
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