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Summary and purpose of document
The new MOGREPS system is an ensemble designed explicitly for short-range forecasting and is the first operational EPS to employ the ETKF (Ensemble Transform Kalman Filter) for initial condition perturbations. It also uses several methods of stochastic physics perturbation. This paper briefly describes the MOGREPS system and some initial results from it.
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ACTION PROPOSED
The meeting is invited to review the document and consider input to its conclusions and recommendations as appropriate.

1. Introduction

In 2005 the Met Office introduced a new ensemble prediction system designed explicitly for short-range forecasting. The ensemble employs the North Atlantic and European (NAE) version of the Met Office’s Unified Model, with initial condition perturbations provided using an Ensemble Transform Kalman Filter (ETKF) (Bishop et al, 2001; Wang and Bishop, 2003)  and stochastic physics perturbations to account for model error. MOGREPS (Met Office Global and Regional Ensemble Prediction System) was successfully implemented in the operational suite in the summer of 2005 and is now undergoing a year-long operational trial to assess the benefit of a regional ensemble in short-range prediction. This paper describes the system implemented and the preliminary results of trials and performance assessment.

MOGREPS consists of two components, a 24-member global ensemble at N144L38 resolution (~90km) running to T+72 (MOGREPS-G) and a 24-member NAE regional ensemble at 24km resolution running to T+36 (MOGREPS-R). Initial condition perturbations are calculated using the ETKF in the global ensemble, taking account of all observations processed in 4D-Var. MOGREPS-G runs from start-times of 00 and 12 UTC with perturbations added to the 4D-Var global analysis; MOGREPS-R runs from 06 and 18 UTC NAE analyses, taking its lateral boundary conditions (LBCs) and initial perturbations from the 6-hour-old MOGREPS-G forecast. Both ensembles include stochastic physics systems. Products from both ensembles are available for assessment by forecasters around 8 hours after data-time.

2. ETKF perturbations

The Ensemble Transform Kalman Filter (ETKF) is a simplified version of the Ensemble Kalman Filter (EnKF).  The EnKF is a data assimilation scheme which updates the mean state of the atmosphere and the error covariance in that estimate using background information obtained from an ensemble.  The ETKF updates the covariance information in the same way as the EnKF, but cannot update the mean state.  It is therefore only used in calculating perturbations which may be added to a central analysis.  The ETKF may be viewed as the natural successor to the error breeding scheme.  Perturbations to the analysis are calculated as a linear combination of the forecast perturbations from the previous cycle of the ensemble.  The choice of weights in this linear combination is expressed in the transform matrix.  The transform matrix is calculated by considering the spread of the ensemble in the space of the observations.  For MOGREPS the spherical simplex form of the transform matrix is calculated (Wang et al., 2004).  This ensures that the perturbations are centred around the control analysis and are orthogonal.

Previous studies with the ETKF (Wang and Bishop, 2003; Wei et al., 2005) have focused on comparisons of the scheme with error breeding, and have based the calculation of the transform matrix on a reduced set of observations.  MOGREPS uses the same set of observations as is used in the data assimilation system for calculating the transform matrix.  As is normal in the EnKF, the perturbations are inflated to ensure that the ensemble has the correct spread for the next analysis time (T+12 hours in MOGREPS).  The inflation factor is calculated on-line so the system will automatically re-tune itself to any model changes.  The forward observation operators (which transform the model forecast into a forecast value for the observations) are calculated using the Observation Processing System (OPS).  This means that any improvements to the observation operators are utilised by the ensemble system.

Initial condition perturbations for the limited area ensemble are drawn directly from the perturbations to the global ensemble.  Thus the differences between the global and NAE ensembles are limited to differences between the analyses of the separate systems and differences that develop within the 36 hours of the forecast.

2.1 Future work on the ETKF

A limitation of the ETKF is that it does not allow for localization of the perturbations, so that spurious correlations can occur between perturbations around the globe. Work is planned to test a Local-ETKF scheme to provide this localization. Research will be conducted to investigate the generation of higher-resolution ETKF perturbations within the NAE model in order to perturb the smaller resolved scales of motion and maximise the benefit of the regional ensemble. Updates to the ETKF will also be required to take advantage of new observation types and advances in data assimilation, while collaboration will continue to investigate the benefits of using ensemble information to provide background error covariances in data assimilation.

3. Stochastic Physics

In the construction and design of ensemble prediction systems (EPS) attention has generally focused on the uncertainties coming from the initial conditions (Toth and Kalnay, 1993; Molteni et al., 1996). However, it is now recognised that the uncertainty related to the use of imperfect models, usually referred to as model error, also needs to be addressed in any EPS (Hou et al., 2001). In fact, the representation of model error is thought to be an even greater challenge than simulating initial value related errors (Buizza et al., 2005). Unfortunately, the representation of the uncertainties due to model error is not as well posed theoretically as is the initial conditions problem.

There are two main sources of model error: structural (due to incomplete or faulty knowledge) and non-resolved (due to processes too small to be resolved at a given model resolution) uncertainties. The former is unavoidable; we cannot escape from the imperfect model paradigm. The latter implies that by neglecting the variance produced by unresolved scales, our forecast may fail to capture reality. This is thought to be the main reason for insufficient spread in the current ECMWF medium-range EPS (Buizza et al., 2005).

A way of tackling this problem is to develop explicit stochastic parameterizations. Three of these schemes have been developed for MOGREPS: The Stochastic Convective Vorticity (SCV), the Random Parameters (RP) and the Stochastic Kinetic Energy Backscatter (SKEB) schemes which are briefly described below. The RP scheme is currently running in both ensembles in the operational suite and the SCV scheme in the global ensemble. SKEB is planned for introduction later in 2005 subject to satisfactory performance in testing. 

3.1 The Stochastic Convective Vorticity (SCV) scheme 

The main aim of the SCV scheme (Gray and Shutts, 2002) is to represent a Potential Vorticity (PV) anomaly dipole similar to the one typically associated with a Mesoscale Convective System (MCS) in a GCM. As shown in observational studies (Bartels and Maddox, 1991), MCSs possess an upper-level anticyclone, associated with the cirrus outflow or anvil, and also a smaller-scale mid-level cyclonic vortex near the freezing level. However, given that MCSs may be only partially resolved in the model, the PV dipole generated by them may not be well represented. Consequently, the GCM may not transfer as much of the subgrid diabatic heating into resolved balanced motions as would be suggested from high-resolution modelling studies (Gray et al., 1998). It has been also shown that PV anomalies associated with MCSs could have a significant impact on the forecast evolution, especially when located close to baroclinic zones (Gray, 2001; Beare et al, 2003).

In the SCV scheme the PV dipole is formed by two vortices, one mid-level cyclone representing the positive PV anomaly and one upper-level anticyclone representing the negative PV anomaly, the scales of which are determined using a randomised function. 

3.2 The Random Parameters (RP) scheme 

There are many physical processes (convection, boundary layer exchanges, etc) that occur on scales too small to be directly resolved by the model and need to be parameterized. These parameterizations involve a number of empirical-adjustable parameters and thresholds which are given somewhat arbitrary values. The RP scheme aims to account for the uncertainty associated with these empirical parameters and to simulate the nondeterministic processes not explicitly accounted for by the different parameterizations. 

The idea behind the RP, to treat a selected group of parameters as stochastic variables, is similar to the approach followed by Lin and Neelin (2000), and Bright and Mullen (2002). Thus, each parameter value is calculated using a first-order auto-regression model (Wilks, 1995) as given by:
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(1)

Where Pt is the parameter value at time t, μ is the mean value of the parameter, r is the autocorrelation of P and ε is the stochastic shock term. 

A total of 10 parameters from 4 different physical parameterizations are included in the 2004/05 version of the scheme (see Table 3.1). An example of the local impacts produced by the SCV and RP schemes is shown in Figure 3.1 for 2m temperature and snowfall.

3.3 The Stochastic Kinetic Energy Backscatter (SKEB) scheme 

The aim of this scheme is to stochastically backscatter into the forecast model some of the energy excessively dissipated by it - mainly due to the semi-lagrangian and horizontal diffusion schemes - at scales near the truncation limit. The numerical dissipation works by computing the global-mean kinetic energy change due to interpolation of u and v to the departure points (a simple 'before and after' computation). The global-mean numerical dissipation rate is between 0.5 and 1 W/m2 and as such is a significant fraction of the global-mean boundary layer KE dissipation rate.

At present the scheme computes a stream-function forcing pattern based on a random number pattern generator, weights the pattern with the local kinetic energy of the flow, and scales the amplitude so that the global energy input matches that lost by numerical dissipation. The numerical dissipation results from interpolation of the horizontal wind field and is calculated explicitly to calibrate the scheme. 

Case-study tests show that SKEB provides greater spread growth than the combined SCV and RP schemes (Figure 3.2). Since the aim of stochastic physics perturbations is to increase the rate of ensemble spread growth to better match the forecast error growth rate, the SKEB scheme is expected to lead to improved skill in the EPS. Tests also show that SKEB provides an improved representation of the forecast energy spectra (Figure 3.3). The SCV and RP schemes have no impact on model energy spectra (Figure 3.3(a)) but SKEB increases the energy at small scales in the model and generates a slope of close to -5/3 in the spectrum over a wide range of scales, indicating an enhanced representation of the net energy dissipation in the model.

SKEB is not yet used operationally in MOGREPS following difficulties with noise generated in certain energetic synoptic conditions, but a revised version has been successfully tested and it is planned to introduce this in the near future.

3.4 Future Work on Stochastic Physics

Most of the future work in this area will be focused around the SKEB scheme. In the MOGREPS system, the impact of stochastic physics perturbations are propagated from run to run through the ETKF, so work will be conducted to analyze this interaction in detail to understand the impact on the ETKF inflation factor and the relationship between error growth and ensemble spread growth. The current version of SKEB focuses on energy dissipated through the dynamical formulation. Future work will add the energy dissipated from the convection and gravity wave drag parameterizations into the stochastic backscatter. 

4. MOGREPS Performance 

Since the verification software for MOGREPS is still under development, only a limited amount of verification has been performed.  This has been based on the verification against analysis of a very limited number of variables from a small number of days over a period of one and a half months.  In the central portion of this period there was a problem with the ETKF software that meant that the spread of the ensemble in near-surface variables was too large.  Hence, although the focus of the ensembles is to produce estimates of risk in sensible weather parameters, the results presented here are based on forecasts of 500hPa temperature from the global ensemble.  The verification is performed over an area of the north-Atlantic and Europe, which approximately coincides with the domain of the NAE model.

Figure 4.1 shows the spread of the global ensemble forecasts for 500hPa temperature and the root-mean-square error of the ensemble mean forecast.  In common with a number of other EPSs the spread of the ensemble appears too large in the early period and grows too slowly.  The variable inflation factor in the ETKF ensures that the spread of the ensemble in u, v, T and RH (measured against observations) is correct at T+12. It is thought that the greater spread at this time in figure 4.1 is due to comparing with analysis rather than observations, but this requires further investigation.  Figure 4.2 shows the rank histogram for T+72 forecasts for 500hPa temperature.  This is encouragingly close to flat (the ideal rank histogram) indicating that the ensemble perturbations calculated using the ETKF are representative of genuine analysis errors.

As well as objective verification, MOGREPS forecasts are being assessed daily by forecasters in the Operations Centre. A comprehensive animated display system allows the forecasters to view outputs including postage stamp charts (Figure 4.3), probabilities (Figure 4.4), mean/spread and spaghetti charts for a wide range of parameters including several surface weather parameters. Site-specific EPS-meteograms (Figure 4.5a), plumes and probabilistic wind-roses (Figure 4.5b) are also available. The examples shown in figures 4.3 to 4.5 illustrate that the ensemble can indicate considerable uncertainty in the forecast at quite short range, especially when looking at local details in the weather, which is precisely the aim of the short-range ensemble. In figure 4.3 several members pick out a risk of a small depression to the SW of the UK generating localised gale-force winds, with member 9 giving a severe gale. This depression was absent from the control or higher resolution Met Office forecasts, but was of considerable interest to forecasters as it was also predicted by the Meteo-France and NCEP models. Figure 4.4 shows uncertainty in precipitation amount associated with a frontal wave. Figure 4.5 emphasises how uncertainty in precipitation or wind speed and direction can be quite high even in a short-range forecast. Whether this level of uncertainty is realistic or is useful, is the topic of the operational trial. It is too early yet to draw any overall conclusions from forecaster feedback, but the response to date has been very positive. Forecasters have generally reported that the spread of MOGREPS solutions reflects well the uncertainty that they perceive and agrees well with the spread seen in the “Poor-man’s” ensemble of different models. One specific example of recent interest for the global ensemble was Hurricane Katrina which struck New Orleans on 30th August 2005. A hand analysis of the forecast tracks for Katrina from 26th August showed almost exactly the same spread in tracks and landfall as the US National Hurricane Center forecast issued on the same day.
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Tables

	Parameter
	Scheme
	min/std/Max

	Entrainment rate
	CONVECTION
	2 / 3 / 5

	Cape timescale
	CONVECTION
	30 / 30 / 120

	Rhcrit
	LRG. S. CLOUD
	0.6 / 0.8 / 0.9

	Cloud to rain (land)
	LRG. S. CLOUD
	1E-4/8E-4/1E-3

	Cloud to rain (sea)
	LRG. S. CLOUD
	5E-5/2E-4/5E-4

	Ice fall parameter
	LRG. S. CLOUD
	17 / 25.2 / 33

	Flux profile param.
	BOUNDARY L.
	5 / 10 / 20

	Neutral mixing length
	BOUNDARY L.
	0.05 / 0.15 / 0.5

	Gravity wave const.
	GRAVITY W.D.
	1E-4/7E-4/7.5E-4

	Froude number
	GRAVITY W.D.
	2 / 2 / 4


Table 3.1: Physics parameters perturbed stochastically in the 2004/05 version of the RP scheme, and the range of values over which each is perturbed. The middle figure for each range (std) is the value used in the standard operational versions of the UM, and also in the MOGREPS control member.
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Figure 3.1: Combined impact of SCV and RP stochastic physics schemes at T+72 (with no initial condition perturbations) on 2m temperature (left) and snowfall (right) for a test case on 27 January 2004. Each chart plots the difference between perturbed and unperturbed forecasts.
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Figure 3.2: 500hPa height spread growth in a 9-member ensemble test case due to combined RP and SCV schemes (black) and to the SKEB scheme (red). No initial condition perturbations were applied.
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Figure 3.3: Impact on energy spectra of (a) combined SCV and RP schemes and (b) SKEB scheme. Black represents the unperturbed control run and red the perturbed run. The blue lines in part (b) illustrate slopes of -3 and -5/3.
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Figure 4.1: Ensemble spread compared with ensemble mean error for 500hPa Temperature in the MOGREPS-G ensemble. Further details of the verification are described in the text.
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Figure 4.2: Rank histogram verification for T+72 forecasts of 500hPa Temperature; details of verification as described in the text.
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Figure 4.3: Sample postage stamp charts for 10m windspeed at 33h lead-time from MOGREPS-R. Note the small risk of gale-force winds to the SW of the UK.
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Figure 4.4: Sample probability chart for probability of precipitation exceeding 10mm in 6h at 21h lead-time from MOGREPS-R.
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Figure 4.5: Sample site-specific products from MOGREPS. (a) EPS meteogram for Rome from 
MOGREPS-G (b) Probabilistic wind-rose for T+30 at St Mawgan from MOGREPS-R.
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