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FMP-Met 
METEOROLOGICAL UNCERTAINTY MANAGEMENT FOR FLOW MANAGEMENT 

POSITIONS 

 

This deliverable is part of a project that has received funding from the SESAR Joint Undertaking under grant agreement No 
885919 under European Union’s Horizon 2020 research and innovation programme. 

 

 

Abstract  

In this document we reflect the work done on weather provisioning and processing. This work has two 
main goals. The first is to produce probabilistic convective weather forecasts, which will be used as 
meteorological data for the storm avoidance tool to be used in the FMP-Met project. The second is to 
provide and process Ensemble Prediction Systems (EPS) to be used as meteorological data for 
trajectory prediction for long lead times  (up to 8 hours). This document is intended to be the basis for 
the partners to jointly agree upon the meteorological data input to the research topics of FMP-Met. 
The document presents the requirements on the data of nowcasting and EPS, and concepts for data 
processing. Together with all FMP-Met partners and according to the requirements initially specified, 
the needed meteorological data sources are identified, and the necessary processing methods are 
defined. 
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1 Introduction 

The main source of uncertainty considered in this project is the uncertainty related to convective 
weather. In particular, two different sources of uncertainty related to convective weather are 
considered: the uncertainty inherent in meteorological predictions (which depends on the ability of 
the weather forecast to predict the future) and the uncertainty in the avoidance strategy followed by 
each flight (which depends on the policies of the airline). In addition, this project also considers the 
uncertainty in the wind and air temperature predictions (provided by the meteorological forecasts). 
To make the analysis more realistic, another major source of uncertainty will be considered: departure 
time uncertainty. 

The inherent uncertainty of convective weather forecasts, especially for delivery times that exceed the 
immediate forecast range (more than 1 hour), poses a challenge for Area Control Centre (ACC) capacity 
planning. The main measures available to Air Traffic Control (ATC) to balance traffic and capacity are 
ACC sector configuration management, including personnel planning, and air traffic flow and capacity 
management (ATFCM) measures. Both measures are more effective the sooner they are implemented, 
so it is important to extend planning processes beyond the immediate scope; in this project we 
consider a time horizon of 8 hours. Given the uncertainties about these delivery times, both for 
weather and traffic, the application of probabilistic methods is an appropriate option. The probabilistic 
approach facilitates the adoption of measures at the right time based on the uncertainty of the 
forecast. 

The meteorological phenomena that affect en-route operations are convective activity, moderate and 
severe turbulence, mountain waves and icing. In this project, we will deal with convective phenomena, 
although the methods included must also be transferable to other capacity-limiting phenomena. 

In the FMP-Met project it is required to effectively propagate uncertainties from a given current state 
to 8-hour lead times. The challenge arises in the integration of different time and space scales, thus 
with different meteorological products: nowcasts and Ensemble Prediction Systems (EPS). Both 
products provide meteorological variables in a discrete way, with different time granularities, from a 
few minutes for the nowcast to a few hours for the EPS. 

All the examples of this document are worked out for 12 UTC 27th July 2019, for an easier comparison 
of the different meteorological observations, products and forecasts. At this time there was a low 
pressure centre near the Netherlands, and a cold front through France to the northeast of Spain, with 
convective weather (see Figure 1). 

In this work we undertake two main tasks. 

The first one is the immediate forecast of the convective weather. The objective of this task is to 
produce a probabilistic forecast of the convective weather for the next hour using the STEPS (Short-
Term Ensemble Prediction System) technique. The convective weather realizations include a 
characterization of individual cells, with their positions, ranges, strengths, and cloud heights. 
Observation data comes from weather radars and satellite observations. 
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The second task is the provision and processing of EPS forecasts. In this task, the wind and temperature 
distributions are obtained from the EPS forecasts. These forecasts are also processed to generate 
products that characterize the convective activity. The main products obtained are discrete probability 
distribution functions of convective meteorological intensities and convective cloud heights for 
anticipation times of 1 to 8 hours. Two types of EPS are considered: a global ECMWF (European Centre 

for Medium-Range Weather Forecasts) model and two regional models, gSREPS for the Iberian 
Peninsula and COSMO-D2 EPS for Central Europe. 

 

 

Figure 1. Surface analysis and Meteosat infrared image, 12 UTC 27th July 2019. 
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1.1 Acronyms and Terminology 

Acronym Description 

ACC Area Control Centre 

ANSP Air Navigation Service Provider 

ATFCM Air Traffic Flow and Capacity Management 

ATM Air Traffic Management 

ATC Air Traffic Control 

CRR Convective Rain Rate 

CTH Cloud Top Height 

ECMWF European Centre for Medium-Range Weather Forecasts 

EPS Ensemble Prediction System 

EU European Union 

FMP Flow Management Position 

ICAO International Civil Aviation Organization 

NM Network Manager 

OPERA Operational Programme for the Exchange of Weather Radar Information 

SAF Satellite Application Facilities 

SESAR Single European Sky ATM Research Programme 

SJU SESAR Joint Undertaking 

S-PROG Spectral Prognosis 

STEPS Short-Term Ensemble Prediction System 

WMO World Meteorological Organization 

WP Work Package 
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1.2 FMP-Met Consortium 

Acronym Description 

USE Universidad de Sevilla 

AEMET Agencia Estatal de Meteorología 

ACG Austro Control GmbH 

CCL Croatia Control Limited 

LiU Linköping University 

MetSol MeteoSolutions GmbH 

PLUS Paris-Lodron Universität Salzburg 

UC3M Universidad Carlos III de Madrid 

ZFOT University of Zagreb 
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2 Nowcasting 

2.1 Introduction 

Nowcasts start from a given state of the atmosphere, for example, a storm field, and extrapolate their 
movement and their temporal development. Nowcast systems work on a regional scale and are quite 
reliable for an hour leading time with decreasing accuracy for longer times. The meteorological 
information consists mainly of forecasts of the area with embedded convective cells and, for the 
individual cells, their positions, extensions, strengths and heights of the clouds. All these factors are 
important for the prediction of the trajectories. 

The probabilistic nowcast to be used in this project should provide a set of possible convective 
meteorological situations for trajectory calculations. For this, the Short Term Ensemble Prediction 
System (STEPS) method is used, based on radar and satellite observations. It has three main blocks. 
First, a field of motion is estimated using a Lucas-Kanade optical flow-based local tracking approach. 
The field of motion can be used to generate a deterministic immediate forecast with the Spectral 
Prognosis (S-PROG) model, which implements a scale filtering approach to phase out unpredictable 
spatial scales during forecasting. Second, the S-PROG approach is extended to include a stochastic term 
that represents the variance linked to the unpredictable development of precipitation. Third, this 
stochastic approach allows to build a set of nowcast realizations. 

2.2 Input data 

The input data for the nowcasts are the OPERA (Operational Programme for the Exchange of Weather 
Radar Information) radar composites (instantaneous surface rain rate) and SAF (Satellite Application 
Facilities) satellite products (convective rainfall rate and cloud top height). 

2.2.1 OPERA 

OPERA is EUMETNET's radar program. EUMETNET is a grouping of 31 European National 
Meteorological Services that provides a framework for organizing cooperation programs between its 
members in the various fields of basic meteorological activities. These activities include observing 
systems, data processing, forecasting commodities, research and development, and training. The 
objectives of OPERA is twofold: to provide a European platform for the exchange of expertise on 
operational oriented weather radar issues; and to develop, generate and distribute high-quality 
European weather radar composite products on an operational basis. 

The two key achievements of OPERA are the ODIM (OPERA Data Information Model) weather radar 
information model and the European radar composite. ODIM is an information model for use with 
meteorological radar data and products, implemented in HDF5 and BUFR [1].  

OPERA Data Center generates and archives composite products from a single site's raw radar data 
using common processing and composition algorithms. OPERA Data Center creates 3 composite 
products: instantaneous surface rain rate, instantaneous maximum reflectivity, 1-hour rain 
accumulation (see Figure 2). 
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OPERA has been coordinating the exchange of radar data in Europe for 20 years and its data centers 
have been operational for almost a decade. The main focus of the program 2019-2023 is to gradually 
replace the data center with three production lines that will be able to better serve the needs of 
different user groups and to take benefit of the national investment in 2012-2018 radar upgrades, 
which has led to a higher quality of incoming data. 

In this project we will use the instantaneous surface rainfall rate compound. In the rainfall rate 
composite, each composite pixel is a weighted average of the valid pixels from the contributing radars, 
weighted by a quality index, the distance from the center of the pixel, and an exponential index related 
to the inverse of the beam altitude. The measured reflectivity values (dBZ) are converted to rain 
(mm/h) using the Marshall-Palmer equation. The compounds cover all of Europe in a Lambert Equal 
Area projection. They are updated every 15 minutes and are broadcast 15 minutes after the data time. 
Composites are available in two formats: BUFR and HDF5. Each file has two fields: the data field and 
the quality field. 

 

2.2.2 SAF 

The key objective of EUMETSAT nowcasting SAF [2] is to provide the National Meteorological Services, 
Scientific Institutions and, in general, the meteorological users of the EUMETSAT member states and 
around the world, an advanced, robust and reliable system to support operational and research 
activities in Nowcasting and Very Short Range Forecast, through the production and provision of a 
software application for the near real-time generation of a set of meteorological products to support 
Nowcasting activities, and the provision of support services to end users to allow the maximum 

Figure 2. OPERA radar composite, 12 UTC 27th July 2019. 



D3.1 NOWCAST AND EPS FORECAST PRODUCTS  

 

  

 

 

 13 
 

 

 

exploitation and benefit of the software application and the transfer of knowledge from the NWC SAF 
consortium to its users. 

NWC SAF is being developed by a consortium of National Meteorological Services composed of AEMET 
(Spanish Meteorological Institute), MeteoFrance, SMHI (Swedish Meteorological and Hydrological 
Institute), ZAMG (Central Institute of Meteorology and Geodynamics in Austria) and MeteoRomania. 

In this project we will use two NWC SAF products: Convective Rain Rate (CRR) and Cloud Top Height 
(CTH). 

The CRR provides information on the instantaneous rainfall rates of the convective and stratiform 
phenomena associated with convection. The CRR is useful when radar information is not available, not 
only outside the radar coverage areas, but also when the radar itself or the communications fail. 
Despite the lower rates that the CRR provides, they can give an approximation to the structure of the 
precipitation pattern, some information about how strong the convection is in a convective event, and 
where the critical areas are (see Figure 3). 

 

 

Figure 3. Convective rain rate from SAF, 12 UTC 27th July 2019. 

 

The CTH developed within the SAF NWC context is intended to support nowcast applications. This 
product contributes to the analysis and early warning of the development of thunderstorms. Other 
applications include mapping the height of the cloud top for aviation forecasting activities. The product 
can also serve as an input for mesoscale models or other SAF NWC product build items. The CTH 
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product contains information about the temperature and height of the cloud top for all the pixels 
identified as cloudy in the satellite scene (see Figure 4). 

 

Figure 4. SAF cloud top height, 12 UTC 27th July 2019. 

 

2.2.3 Merging OPERA and SAF 

The nowcast data which is generated by the STEPS methodology is based on two raster data sources. 
Firstly, radar data (OPERA), which is a composite of the European meteorological radar network, and 
secondly, satellite data (SAF) covering the northern hemisphere.  

The combination of the two data sets is done to achieve a more complete coverage of Europe and 
surrounding areas, specially over the seas. While the spatial resolution of the SAF data sets decreases 
with increasing the latitude (because they are produced from geostationary meteorological satellite 
observations), the OPERA data has a high spatial resolution through the whole coverage area but lacks 
in data over the seas (because the composites are formed from ground based meteorological radars 
over Europe). The idea is to combine the OPERA data and SAF data in order to obtain a better 
geographical coverage over Europe and surrounding areas (see Figure 5). 

First, the SAF data is projected and resampled onto the OPERA raster, in order to have both sources of 
observations in the same projection, area and resolution. For projecting and resampling the SAF raster, 
the nearest neighbor method is used. That is, the SAF values are not interpolated, but at each OPERA 
grid point location the selected SAF value corresponds to the value of the nearest original SAF grid 
point location. Once SAF and OPERA are in the same area, projection and resolution, the merging of 
the data is done element wise by applying the maximum method, that is, the bigger value of the two 
is set into the element of the merged result.  
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The result is written out in HDF5 format, just in the same format as the original OPERA file. In this way 
we obtain basically OPERA observations combined with SAF observations. Although there is a lack of 
homogeneity between OPERA and SAF due to the differences in the observations methods, the merged 
observation has the clear advantage of covering a wider area. 

 

 

 

2.3 Precipitation and cloud height nowcasting 

Within this project we will use the STEPS technique using the pySTEPS open source implementation 
[3]. The determination of the advection speed of the precipitation field from a precipitation analysis 
sequence is performed using the Lucas-Kanade algorithm [4]. The uncertainties in the evolution of the 
precipitation pattern are modelled using the S-PROG model. The S-PROG approach separates large- 
and small-scale features in the precipitation pattern. This separation makes it possible to treat 
precipitation patterns of different spatial scales independently. In particular, small-scale features, 
whose lifespan tends to be short, can be replaced by noise early in the forecast, while large-scale 
features can be predicted to persist much longer [5].  

The nowcasting of the precipitation is probabilistic, whereas the top cloud forecast is deterministic. 
The cloud height nowcasting is performed using the advection velocity of the precipitation field. 

 

Figure 5. Merged OPERA and SAF, 12 UTC 27th July 2019. 



D3.1 NOWCAST AND EPS FORECAST PRODUCTS  

 

  

 

 

 16 
 

 

 

2.4 Data required and provided 

In FMP-Met we will use two types of weather products: nowcast information for the short-term 
prediction (up to 1 hour) and EPS for the long-term prognosis (from 1 h to 8 hours) to predict the 
aircraft trajectory up to 8 hours. 

Trajectory prediction with a short look ahead time is mainly based on storm avoidance tools. The short 
look ahead time trajectory predictor uses the probabilistic STEPS nowcast. Two weather products are 
used: OPERA radar composites of instantaneous surface rain rate and SAF satellite derived convective 
rain rate.  

As shown in Table 1, OPERA provides instantaneous surface rain rate every 15 minutes, besides SAF 
gives the convective rain rate also every 15 minutes. Both are merged to finally obtain the 15 stochastic 
ensemble members after applying the STEPS methodology. 

The rain rate information is used to build the called risk weather zones (risk isoline encountering 
adverse weather) considered as non-fly zones for the short-term predictor. The output of this 
trajectory predictor will be one trajectory for every ensemble member (15 in total), at every risk level 
value used to compute the weather zones (from 3 to 5) bringing a spread of 45 to 75 possible 
trajectories per flight. 

 

Name Units Frequency Source 

Instantaneous surface rain rate mm/h 15 min OPERA 

Convective rainfall rate mm/h 15 min SAF 

Cloud top height m 15 min SAF 

Table 1. OPERA and SAF products. 

 

2.5 Data processing 

The objective is to produce a probabilistic nowcast of convection and a deterministic nowcast of cloud 
top heights from OPERA radar composites (instantaneous surface rain rate) and SAF satellite products 
(convective rainfall rate and cloud top height). In this section we explain the steps that we follow.  

OPERA data. The OPERA radar composites are produced in the ODYSSEY Data Collection and 
Production Centre (DCPC). This DCPC portal is the entry point for requesting or subscribing to the radar 
European composite products provided by the ODYSSEY system, created in the framework of the 
OPERA Program that is the radar component of the EUMETNET observation Program. The 
characteristics of the ODYSSEY products built in parallel on the MetOffice and Meteo France centres 
are listed in Table 2. 
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Composite products  Instantaneous surface rain rate, instantaneous maximum reflectivity, 
and hourly rainfall accumulation 

Domain  Europe 

Projection  Lambert Equal Area 

Resolution 2 km 

Update frequency  15 minutes 

Issue time  Approximately 15 minutes after data time 

Update frequency  15 minutes 

Format  BUFR and HDF5 

Size 1900 x 2200 pixel 

Lower left corner 10.4345 W, 31.7462 N 

Lower right corner 29.4210 E, 31.9876 N 

Upper left corner 39.5357 W, 67.0228 N 

Upper right corner 57.8119 E, 67.62103 N 

Table 2. Characteristics of OPERA products. 

 

SAF data. The SAF products are produced in AEMET. They are produced in real time and stored in the 
AEMET servers in NETCDF format. In Tables 3 and 4 there is a list of the characteristics of the convective 
rainfall rate and cloud top height products, respectively. 

Title NWC GEO Convective Rainfall Rate Product 

Institution Agencia Estatal de Meteorología (AEMET) 

Source NWC/GEO version v2018 

References  http://nwc-saf.eumetsat.int 

Contact  safnwchd@aemet.es 

 Summary Convective Rainfall Rate Product of the 
NWC/GEO. Estimation of the precipitation rate 
associated to convective clouds 

Naming authority  Agencia Estatal de Meteorología (AEMET) 

Product name  CRR 

http://nwc-saf.eumetsat.int/
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Product algorithm version 4.0.2 

Satellite identifier MSG4 

Sub-satellite longitude  0.0 

Centre projection longitude  0.0 

Region name Europe 

Size 1019 x 2200 pixel 

Spatial resolution  3.0 km 

Projection  Geostationary 

Maximum latitude 81.0987 N 

Minimum latitude 23.7837 N 

Maximum longitude 75.1570 E 

Minimum longitude 75.1570 W 

Table 3.SAF convective rainfall rate product. 

 

Title NWC GEO Cloud Top Height and Temperature 

Institution Agencia Estatal de Meteorología (AEMET) 

Source NWC/GEO version v2018 

References  http://nwc-saf.eumetsat.int 

Contact  safnwchd@aemet.es 

Summary Cloud Top Temperature and Height Product of 
the NWC/GEO. Information on cloud vertical 
extension and on cloud top temperature. 

Naming authority  Agencia Estatal de Meteorología (AEMET) 

Product name  CTH 

Product algorithm version 4.0 

Satellite identifier MSG4 

Sub-satellite longitude  0.0 

Centre projection longitude  0.0 

http://nwc-saf.eumetsat.int/
mailto:safnwchd@aemet.es
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Region name Europe 

Size 1019 x 2200 pixel 

Spatial resolution  3.0 km 

Projection  Geostationary 

Maximum latitude 81.0987 N 

Minimum latitude 23.7837 N 

Maximum longitude 75.1570 E 

Minimum longitude 75.1570 W 

Table 4. SAF cloud top height and temperature product. 

 

Merging OPERA and SAF. The merging of OPERA and SAF data is done in AEMET using the software 
developed by MetSol as part of the project. SAF, OPERA and merged products represent precipitation 
measurements (mm/h). Additionally, cloud top height data from the SAF dataset is projected onto the 
OPERA raster and it is put out in the resulting HDF5 file. The characteristics of the merged data are the 
same as the OPERA product characteristics listed in Table 2. For the tasks of disaggregating, projecting 
and resampling of the SAF data onto the OPERA raster, the R package raster is used. The data is 
managed in RasterLayer object of this package as well. For details on this package refer to Hijmans [6]. 

STEPS nowcast. The STEPS nowcast is done using the open source package pySTEPS implemented in 
Python. The following configuration is used for the instantaneous surface rain rate nowcast: 15 
members, time step of 15 minutes, forecast range of 90 minutes, 6 spatial cascade levels, Gaussian 
band pass filter and a non-parametric noise generator (Figure 6).  

The data format for the precipitation nowcast is similar to the OPERA data format. It is provided in 
HDF5 format (Hierarchical Data Format, version 5). Each file corresponds to an independent nowcast 
and it contains an array with four dimensions. The first dimension corresponds to the member number 
(1 to 15), the second to the time step (1 to 7) and the last two to the horizontal grid (2200 by 1900 
pixels). The projection, area and resolution is the same as those in the OPERA files. There is a nowcast 
every 15 minutes, the time step of the nowcasts is also 15 minutes and the values of the convective 
rain rate are given in mm/h.  
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Figure 6. An example of nowcast post-processing, 12 UTC 27th July 2019. 
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Cloud top height. On the other hand, the cloud top height deterministic forecast is done using the 
velocity field derived from the rain rate observations, with the same time step and forecast range than 
the rain rate nowcast. The verification shows similar scores as those for the instantaneous surface rain 
rate (see Figure 7).  

The data format for the cloud top height nowcast is also the HDF5 format. As it is deterministic, it 
contains an array with three dimensions instead of four. Otherwise, it is exactly the same format as 
the precipitation nowcast. The values of cloud top height are given in meters. 

 

 

 

 

 

Time interpolation and risk weather zones. The nowcasts produced by STEPS package are post-
processed by WP4. First, it is interpolated in time from 15 minutes to 5 minutes using optical flow 
methods. Therefore, the STEPS methodology followed by the time interpolation, produces one HDF5 
dataset which contains the nowcasts of all the 15 ensemble members for an analysis time with a time 
step of 5 minutes. Secondly, polygons of adverse convective weather zones are extracted from this 
raster data. The result is one file for each analysis time and member, which contains the polygons of 
the nowcasts. The adverse weather zones are defined to enclose all raster elements with a radar 
reflectivity greater than or equal to a given threshold. As the STEPS data is in rain rate, the radar 
reflectivity is estimated using the Marshall-Palmer relationship.  

Figure 7. Nowcast of top cloud height, 12 UTC 27th July 2019. 
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3 EPS forecasts 

3.1 Introduction 

Ensemble forecasting is a method used in numerical weather prediction. Instead of making a single 
most probable weather forecast, a set of forecasts is produced. This set of forecasts (the EPS) is 
intended to give an indication of the range of possible future states of the atmosphere. Multiple 
simulations are performed to account for the two common sources of uncertainty in forecasting 
models: errors introduced by the use of imperfect initial conditions, amplified by the chaotic nature of 
the atmospheric evolution equations, which are often called sensitive dependency in initial conditions; 
and errors introduced due to imperfections in the model formulation, such as approximate 
mathematical methods for solving the equations. Ideally, the verified future atmospheric state should 
be within the predicted ensemble dispersion, and the amount of dispersion should be related to the 
forecast uncertainty. In general, this approach can be used for probabilistic forecasting of any dynamic 
system, and not just for weather forecasting. 

3.1.1 ECMWF EPS 

In 1992, ECMWF pioneered an ensemble forecasting system that now offers a wide range of products 
to help forecasters quantitatively deal with daily fluctuations in atmospheric predictability. The 
ECMWF continues to undertake significant research efforts to assess predictability across all forecast 
ranges and to investigate methods to adequately represent forecast uncertainty. 

In any weather forecast, there are two factors that cause the predictive ability to decrease as the lead 
time increases: the inevitable uncertainties in the initial conditions and the approximations required 
to build a numerical model of the real atmospheric system. 

Both cause errors that grow over time. In fact, these two sources of error cannot be viewed 
independently, as the initial conditions are partly created by integrating the underlying numerical 
model (and thus errors arising from the numerical model) as part of the initialization process by 
assimilation of data. The ECMWF ensemble forecasting system comprises the Ensemble Prediction 
System for medium-range and extended forecasts, and SEAS5 for seasonal forecasts, which provide 
estimates of the uncertainty in a forecast. 

An ensemble forecast comprises several realizations for a single forecast time and place. Different 
realizations are generated by applying different perturbations to an undisturbed forecast, called 
control member. For the ECMWF ensemble forecast system, the control forecast is a coarser resolution 
implementation of the HRES forecast (the high-resolution forecast). Disturbed forecasts are generated 
in two steps. 

Firstly, perturbations of the initial conditions. The ECMWF's weather forecasting model runs 51 times 
under slightly different initial conditions. From the HRES-ECMWF analysis, a forecast is made, which is 
called the ensemble control forecast. Another 50 integrations, the perturbed members, are started 
under slightly different initial conditions, which are intended to represent the uncertainties associated 
with the HRES analysis [7] [8] [9]. 
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Secondly, perturbations are introduced with each model integration. Errors in the underlying 
numerical model result from approximations in the discretizations and from assumptions in the 
parameterizations of explicitly unsolved physical processes. The resulting errors lead to an inherent 
uncertainty in the accuracy of the model solutions. In the ECMWF ensemble forecast system, this 
uncertainty is simulated by including the trend scheme using the stochastically perturbed 
parameterization (SPPT). SPPT represents the uncertainty of the atmospheric physics parameterization 
schemes by stochastically perturbing the net trends of the atmospheric physics schemes [10]. 

The operational EPS of the ECMWF today has the following characteristics. The forecast is up to 15 
days, it has 51 members, an approximately horizontal resolution of 18 km, 91 vertical levels, with a 
minimum pressure of 0.01 hPa. It has 4 daily runs at 0, 6, 12 and 18 UTC; each run provides 1-hour 
predictions for the 1st 90 hours, and 3-hour predictions beyond 90 hours.  

3.1.2 High resolution convection permitting EPS 

Convection is generally understood to mean the rise of a parcel of air that is warmer than the 
surrounding area. If this air packet contains sufficient water vapour and if it rises into cooler layers, the 
water vapour can partially condense and form small cloud droplets. In doing so, energy is released, 
which drives the ascent further, and therefore one also speaks of wet convection. This process takes 
place in the atmosphere to a varying degree and extent. In a stronger form, it leads to the 
cumulonimbus clouds that everyone knows, for example, from typical summer thunderstorms. Such 
thunderstorm cells usually have a diameter of a few kilometers. 

With a mesh size of around 2.5 km, regional models are able to simulate such thunderstorm cells at 
least approximately. This means that the convection parameterization used in the coarser resolution 
models can be dispensed with to a certain extent. The advantage in doing so is that the life cycle of 
such thunderclouds, from the formation to the rain down to the decay and possibly the associated 
generation of new thunderstorm cells, can be described more realistically in the model. The aim of 
regional models is therefore to generally obtain a better forecast of the areas in which thunderstorms 
and the associated heavy rainfall or even hailstorms and strong gusts of wind can be expected. Of 
course, the higher resolution of the regional models also allows a better representation of the 
topography. For example, more valleys and mountains are recorded in the low mountain ranges and 
in the Alpine or Pyrenees regions and the flow conditions are simulated more realistically than with 
the coarser resolution models. 

The smaller the atmospheric structures captured by the model, the shorter their lifespan and thus the 
more limited their predictability. While large high- and low-pressure areas typically have lifetimes of 
several days and therefore the global models can make meaningful predictions of several days for 
them, the lifespan of thunderstorm cells is only about an hour. Due to the aim of the regional models, 
only relatively short forecast times are therefore useful with this model. 

For the quality of the numerical predictions, it is important to know the initial state of the model 
calculations as precisely as possible. For regional models it is especially important that the position and 
strength of the thunderstorm cells are correctly recorded in the model at the beginning of the 
calculations. This is not possible with the observations used in global models alone, as these are not 
distributed densely enough. However, radar data have a correspondingly fine resolution and, for this 
reason, regional models tend to use radar observations. 
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In this project we will use two high resolution EPS, the COSMO-D2 EPS (DWD) and gSREPS (AEMET). 
The regional model COSMO-D2 [11] covers the whole of Germany, Switzerland, Austria and parts of 
the other neighbour countries (see Figure 8). The horizontal resolution of the COSMO-D2 is 0.02° (≈2.2 
km). This area is covered with a grid of horizontally 651 x 716 grid points and vertically 65 layers. The 
regional model gSREPS covers the whole Iberian Peninsula and surrounding areas (see Figure 9). The 
horizontal resolution of gSREPS is 2.5 km. This area is covered with a grid of horizontally 565 x 469 grid 
points and vertically 65 layers. Both regional models, COSMO-D2 EPS and gSREPS, are non-hydrostatic 
convection permitting, in front of hydrostatic global models with lower horizontal resolutions like the 
ECMWF EPS in which convection is parameterized. 

  

 

Figure 8. Area covered by the COSMO-D2 EPS. Source: 
https://www.dwd.de/DE/leistungen/nwv_cosmo_d2_aenderu
ngen/nwv_cosmo_d2_aenderungen.html 

Figure 9. Area covered by the gSREPS EPS. 
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3.2 Data required and provided 

The ensemble of storm avoidance trajectories (as indicated above, 45 to 75 trajectories) produced by 
the short-term trajectory prediction tool is used as an input in the long-term trajectory prediction tool, 
where multiple uncertainties sources are taken into consideration.  

The probability of convection as an indicator of future storm development, wind and temperature are 
the weather inputs on this long term trajectory prediction. Both global and convection permitting EPS 
forecasts are used. The trajectory predictor uses convection permitting EPS information if available, 
and global otherwise.  

A common convective areas indicator among EPS forecasts is used, calculated from the Total Total 
index (TT) and the total precipitation. The TT index is computed with the temperatures at 850 and 500 
hPa and the moisture content in 850 hPa.  

As it is shown in Table 5, parameters from the global forecast (ECMWF EPS) have a forecast step of one 
hour with a spatial resolution of approximately 0.25 degrees. Meanwhile, the convection permitting 
EPS forecasts (COSMO-D2 and gSREPS EPS) have a 0.02 degrees of spatial resolution and a forecast 
step of one hour. 

The different scenarios based on wind, temperature and convection are provided to the long-term 
trajectory prediction tool, which implements an algorithm based on Graphics Processing Units (GPU) 
and propagates weather uncertainties. As a result, multiple possibly overflying times (over the set of 
waypoints composing the route) are obtained.  

 

Short name Long name Units Frequency Resolution Source 

T Temperature K 1 hour 0.25 degree ECMWF 

U, V Wind components isobaric m/s 1 hour 0.25 degree ECMWF 

TT Total Total Index K 1 hour 0.25 degree ECMWF 

TP Total precipitation rate surface Kg/m2s 1 hour 0.25 degree ECMWF 

CP Convective precipitation Kg/m2s 1 hour 0.25 degree ECMWF 

CCH Convective cloud height m 1 hour 025 degree ECMWF 

T Temperature K 1 hour 0.02 degree COSMO-D2 

U, V Components of wind m/s 1 hour 0.02 degree COSMO-D2 

RH Relative humidity % 1 hour 0.02 degree COSMO-D2 

BR Base Reflectivity dB 1 hour 0.02 degree COSMO-D2 

TP Total precipitation rate surface Kg/m2s 1 hour 0.02 degree COSMO-D2 
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Short name Long name Units Frequency Resolution Source 

T Temperature K 1 hour 0.02 degree gSREPS 

U, V Components of wind m/s 1 hour 0.02 degree gSREPS 

RH Relative humidity % 1 hour 0.02 degree gSREPS 

TP Total precipitation rate surface Kg/m2s 1 hour 0.02 degree gSREPS 

Table 5. EPS forecasts. 

 

3.3 Indicators of convection 

We will closely follow in this project the methodology already developed and used in the TBO-Met 
project [12] [13] [14] [15] [16].  

The main objective is to delimit high-risk areas due to deep convection and their respective 
uncertainty. The term convective area is defined here as an area within which individual convective 
storms may develop, that is an area of potentially developing storms. The latter comprise individual 
storm cells, multi-cells, mesoscale convective complexes and squall lines. All of them are considered 
as no-fly zones. Thus, within a convective area there is empty space where aircraft can fly through and 
there are storms which we assume that no aircraft will fly through. The onset and the location of those 
individual storms are difficult to evaluate for the time being and impossible to determine in many 
cases. However favourable environmental characteristics and conditions are known. 

Those convective areas may have a persistence or life time of up to a few days. Precipitation episodes 
have longer life times than those of the individual storms developing within. Convective regions are 
perceived as areas with a high weather risk, the latter given by always occurring and unpredictable 
individual storms. Convective regions, therefore, must not necessarily be avoided but require a higher 
weather situation awareness by pilots and controllers. Also, trajectories passing through a convective 
area are subject to diversions resulting in increased flight duration and delays. Thus, the intersection 
of a trajectory with a convective region does not imply, as already said above, that the whole area has 
to be circumnavigated, but rather that delays have to be expected. The dimension of the latter 
depends, among other factors, on the type of storms embedded in the convective area, density of 
cells, their orientation, the size of gaps separating the storms and the time of onset. 

We decided to combine two indicators for convection, the Total Totals Index (TT) and precipitation 
(PP). We will use the convective precipitation (CP) for the global model (ECMWF EPS), and the total 
precipitation (TP) for the regional models (COSMO-D2 EPS and gSREPS). 

The Totals Totals Index (TT) is an index of severe weather (see Figure 10). It is calculated using the 
temperature (T) and dew point (TD) at 850 hPa and the temperature at 500 hPa, as follows:  

TT = TD(850 hPa) + T(850 hPa) – 2·T(500 hPa).  
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Figure 10. TT index, members 1 to 6 of ECMWF EPS, 12 UTC 27th July 2019. 
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The TT index is a widely used index of adverse weather conditions and very easy to calculate. It has 
been used for several decades in operational forecasting, and it is nowadays still being used. It consists 
of two components, the Vertical Totals (VT) and the Cross Totals (CT). The VT represents static stability 
or the lapse rate between 850 and 500 hPa, whereas the CT includes the 850 hPa dewpoint 
temperature. As a result, TT accounts for both static stability and low level moisture content. It is worth 
to remark that convective instability occurs when there is a relatively cold air mass in the middle 
troposphere and a warm and humid air mass in the low troposphere, and this golden rule for adverse 
convective weather is well represented by the TT index. 

The TT values are statistically related to the probability of adverse weather conditions. If the TT values 
are high the chances of deep convection with the formation of cumulonimbus are also high, and, 
inversely, low values of TT indicate convective stability and few chances of convective activity. The risk 
of severe weather activity is operationally defined in Table 6. 

TT Event 

<44 Thunderstorms not likely 

44-50 Thunderstorms likely 

50-52 Isolated severe thunderstorms 

56-60 Scattered severe thunderstorms more likely 

Table 6. TT values and expected weather. 

 

However, as all instability indexes, it has limitations. This is why in this project we use two indicators 
of convective weather from the numerical weather prediction models: the TT index and the 
precipitation, which have different characteristics. The TT index can be understood as a synoptic index 
calculated from few parameters, with a spatial scale greater than the precipitation. That is, the TT 
index provides a relatively simple and valuable estimation of the probability of convection in big areas. 
On the other hand, the precipitation provided by the numerical models has a smaller spatial scale and 
involves a lot of physical processes taking into account the whole vertical atmospheric profile of 
temperature, humidity, cloudiness and wind. But it is known that, despite this effort and complexity, 
the numerical models are not able to predict with accuracy the location and intensity of the 
precipitation. Thus, we combine this two indicators, so that TT provides a wide scale point of view of 
the probability of convective weather using a small set of valuable parameters, and the precipitation 
provides a local scale point of view with the use of more physical processes and complexity. In this 
sense, we can say that both indicators complement each other and the combined use of both is better 
than any of them separately. 

For the EPS of the ECMWF, convective precipitation is the accumulated liquid and frozen water 
consisting of rain and snow that fall to the surface and are generated by the convection scheme in the 
ECMWF Integrated Forecasting System (see Figure 11). The convection scheme represents convection 
on spatial scales that are smaller than the model grid. Precipitation can also be generated by the cloud 
scheme, which depicts the formation and dissipation of clouds and large-scale precipitation due to 
changes in atmospheric quantities (such as pressure, temperature, and humidity) predicted directly on 
spatial scales of the grid or higher. 
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Figure 11. Example of convective precipitation of 6 members of the ECMWF EPS, 12 UTC 27th July 2019. 
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When going to high resolution regional models as COSMO-D2 EPS and gSREPS, deep convection 
becomes resolved explicitly and we can consider with some limitations that the life cycle of deep 
convective cells is simulated realistically. Thus, we do not have the distinction between convective and 
large-scale precipitation and therefore we use in this case the total precipitation. To estimate the 
intensity of convection from the total precipitation intensity we use the thresholds given in [17] and 
listed in Table 7. 

Level Event Rain (mm/h) 

Moderate Moderate thunderstorm <15 

Strong Heavy rain, strong thunderstorm 15-25 

Severe Very heavy rain, severe thunderstorm 25-40 

Extreme Extremely heavy rain, extreme thunderstorm >40 

Table 7. List of rainfall intensities and related convection events. 

 

3.3.1 Ensemble based probability of convection 

The ensemble-based probability of convection is the fraction of ensemble members with values above 
the given thresholds TTH and PPH for all TT and PP of the ensemble members. For TTH we suggest one 
of the threshold values from Table 6. For PPH we suggest 0 for the ECMWF EPS convective 
precipitation, and one of the threshold values from Table 7 for the total precipitation. 

That is, the probability of convection at a given grid point and time is PC = NC/N where NC is the 
number of members where TT>TTH and PP>PPH and N is the number of members. High percentage in 
probability can be interpreted as convection with low uncertainty (see Figure 12 left). 

Similarly, the probability of clear air show regions of clear air with low uncertainty. It is defined as PA 
= NA/N where NA is the number of members where TT<TTH and PP<PPH and N is the number of 
members (see Figure 12 right). 

Considering both values at each grid point, probability of convection PC and probability of clear air PA, 
we are able to divide the focused area into three zones: areas of clear air, areas of high risk and areas 
with uncertainty. With these two parameters further post-processing, like the classification described 
above, can be done. 
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3.3.2 High risk areas for each ensemble member 

In order to get high risk areas where each zone is based on the individual prediction of a single 
ensemble member, we look at the forecasted values of TT and PP at each horizontal grid node for a 
given member of the ensemble. In analogy to the ensemble-based probability of convection, we define 
a high risk area for an ensemble member as an area where the following condition is fulfilled at each 
grid point: TT>TTH or PP>PPH. That means that a high-risk area is delimited by the regions of low 
uncertainty which include the regions of high probability of convection. As the Total Totals Index is a 
smooth field, we suppose that we get clear structures of convective zones as well. Otherwise 
morphological operations can be applied to the generated field in order to eliminate unreliable 
singularities in the convective zones. Finally, the calculated convective zones can be labelled so that 
the vertices of each polygon can be computed.  

 

3.4 Data processing 

The objective is to obtain the forecasts from the global (ECMWF) and convection permitting (COSMO-
D2 EPS and gSREPS) ensemble prediction systems. The fields that are needed are the TT index, the 
convective and total precipitation, the convective cloud height and the temperature and wind at some 
standard isobaric levels. In this section we explain the steps that we follow. 

ECMWF EPS. The ECMWF EPS is obtained from the ECMWF Meteorological Archival and Retrieval 
System (MARS). MARS provides access to a powerful abstraction engine that allows staff and 
applications to access the meteorological data that has been collected or generated at ECMWF for 
more than 30 years. MARS stores GRIB and BUFR data, hiding from its users all of the details concerning 
the physical location and internal organisation of this data. It manages its own set of disk caches for 
staging data that has been recently acquired, generated or accessed. 

Figure 12. Example of convection and clear air probabilities from ECMWF, 12 UTC 27th July 2019. 
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COSMO-D2 EPS and gSREPS. The COSMO-D2 EPS forecasts are retrieved from the DWD, and gSREPS 
from AEMET. The fields that are needed are TT index and total precipitation. The way of processing 
the information is the same as in the ECMWF EPS.  

Data format. The EPS forecasts are given in GRIB format. The GRIB format (from GRIdded Binary or 
General Regularly-distributed Information in Binary form) is a concise data format commonly used in 
meteorology to store historical and forecast weather data. It is standardized by the World 
Meteorological Organization (WMO) Commission for Basic Systems, known under number GRIB FM 
92-IX and described in Manual on Codes WMO-No. 306. 
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4 Conclusions 

This document is a summary of the activities done within WP3 to provide the best possible 
meteorological available information to other work packages in the project. The main goal is to provide 
probabilistic forecasts of convection and cloud top heights for a time horizon up to 8 hours. Basically, 
we have worked in two different tasks. 

The first one is about nowcasting of convection based on radar and satellite real time observations of 
instantaneous surface rain rate. Those two sources of observations are very different in the way they 
obtain the information. However, they are similar in horizontal resolution and time frequency. 
Therefore, we have used both of them, in a way that satellite observations complement radar in those 
areas where radar is not available. The result of this merging is the input data for the nowcast. The 
nowcast technique used is STEPS, which includes a spatial scale analysis that allows  adding time 
coherent stochastic noise in the smaller scales. In such a way, a set of possible future states of the rain 
rate is produced for a time scope up to 1 hour approximately. In addition, a deterministic nowcast of 
cloud top heights has been worked out. The satellite-based cloud top altitudes are extrapolated using 
the motion vector field produced by the STEPS technique. 

The second task consisted in using EPS for the probabilistic forecasts of convection and cloud top 
heights from 1 up to 8-hour time ahead. The EPS provide a set of equally likely future states of the 
atmosphere from which probabilities can be obtained. However, they can also be used individually as 
input for other simulations where air traffic is placed into scene. Two types of EPS have been used, 
although the same methodology has been applied in both cases.  The ECMWF EPS is global, and it is 
based on hydrostatic simulations of the atmosphere using horizontal resolution around 20 km. As it is 
global, it is available in any area. On the other hand, high–resolution, convection-permitting EPSs have 
been used. Those EPS are based on non-hydrostatic simulations of the atmosphere. With a horizontal 
resolution about 2 km they are able to simulate the convection explicitly. However, they are based on 
limited area models and are not available everywhere. We have used gSREPS and COSMO-D2 EPS, 
which cover the Iberian Peninsula and Central Europe, respectively.  

The format of all the MET data to be provided has been agreed between the WPs, and additional 
information about the actual data provided can be found in the final version of the Data Management 
Plan (which is to be periodically updated, to incorporate the data used in the project) [19]. 
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