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TBO-Met  
METEOROLOGICAL UNCERTAINTY MANAGEMENT FOR TRAJECTORY BASED 
OPERATIONS 

 

This deliverable is part of a project that has received funding from the SESAR Joint Undertaking under 
grant agreement No 699294 under European Union’s Horizon 2020 research and innovation 
programme. 

 

 

Abstract  

This document is deliverable 2.3 of the TBO-Met project. This deliverable describes the requirements 
and concept for the processing and provision of nowcast data and the associated uncertainty which 
will be input for work packages 4 and 5. These work packages aim to improve predictability in trajectory 
planning and to quantify the effects of weather uncertainty on the sector demand at tactical level 
(short term planning and execution during the flight). Together with all partners the requirements on 
the meteorological data are defined. This relates to the selection of data, their spatial and temporal 
resolution and the data format. Appropriate measures of uncertainty based on nowcast data are 
defined. The provided data is checked against the defined requirements and the necessary data 
processing methods are identified. Subsequently a concept is worked out to transform the provided 
data into the needed form. One specific topic hereby is the definition of an uncertainty margin for the 
nowcasted convective cells. Some improvements on nowcast data provision for future research are 
identified. 

  



EDITION 00.01.00 

 

4 
 

[©SESAR JOINT UNDERTAKING, 2016. Created by TBO-Met Project Consortium 
for the SESAR Joint Undertaking within the frame of the SESAR Programme co-
financed by the EU and EUROCONTROL. Reprint with approval of publisher and 
the source properly acknowledged. 

 

 

 

Table of Contents 
 

1 Executive Summary .................................................................................................... 5 

2 Introduction ............................................................................................................... 6 

3 Requirements for WP4 and WP5 ................................................................................ 9 

4 Nowcast Data .......................................................................................................... 11 

5 Uncertainty Modelling ............................................................................................. 16 

6 Data Processing ....................................................................................................... 19 

7 Conclusions .............................................................................................................. 27 

8 References ............................................................................................................... 28 
  



REQUIREMENTS AND CONCEPT FOR NOWCAST PROCESSING  
 

  

 
 

 

 

©SESAR JOINT UNDERTAKING, 2016. Created by TBO-Met Project Consortium 
for the SESAR Joint Undertaking within the frame of the SESAR Programme co-
financed by the EU and EUROCONTROL. Reprint with approval of publisher and 
the source properly acknowledged. 

5 
 

 

 

1 Executive Summary 

This document describes the work which was accomplished for deliverable 2.3 (D2.3). In this work 
package we work out a conceptual study on the provision of meteorological data for the tactical phase. 
The data required consists of polygons which delimit high risk areas on upcoming route segments with 
a high frequency time step resolution and a short term forecast horizon of up to 1h. As suitable data 
nowcast data derived from radar reflectivity observation was identified, i.e. outlines of convective cells 
which delimit areas of high reflectivity. For safety reasons and for convenience these areas should be 
avoided by aircraft.  

The nowcast data is provided by AEMET of Spain. Various data products have been investigated 
(Section 4) and it was found that the 2D-NAC data complies best with the requirements (Section 3) 
which were expressed by work packages (WP) 4 and 5. The nowcast data contains information about 
the centroid of the observed convective structure and extrapolations of the centroid in 10 minute steps 
up to 60 minutes. Additionally the lateral extension of the observed convective structure is given as 
corner points of a rectangle. In the targeted processing of the data this rectangle is transformed to an 
elliptical polygon in order to reach a rather realistic shape of a thunderstorm cell. This polygon is then 
translated according to the extrapolated centroids. 

As any forecast data is subject to uncertainty it is desirable to provide information about the expected 
range of the variability of the nowcast data. As with the numerical weather forecast systems, we 
assume that those models represent the best available information about future atmospheric states. 
While the ensemble simulations give us a measure for the inherent uncertainty and the uncertainty 
related to the models, a different approach has to be taken for the nowcast models. The uncertainty 
of the nowcast of individual cells is determined as the difference between the nowcast of a cell and 
the observation of the same cell at the same time in terms of position, spatial extent and strength. A 
statistical analysis executed in the PhD thesis of Sauer resulted in an estimation of a lead time 
dependent uncertainty margin wrapped around the polygons of high risk areas (Section 5).  

All data processing steps are described in detail with descriptions of the algorithms to be implemented 
(Section 6). 
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2 Introduction1 

In the future Air Traffic Management (ATM) system Trajectory-Based Operations (TBO) become the 
fundamental element to plan air traffic, increase the capacity and efficiency of the system while 
preserving safety. One key factor that affects the high-level goals set for Single European Sky (SES) is 
uncertainty which is critical from different perspectives in air transport i.e. safety, capacity, 
environmental impact and costs. 

In TBO-Met project we address the problem of analysing and quantifying the effects of meteorological 
uncertainties in Trajectory-Based Operations. In particular, two problems are considered: 1) trajectory 
planning under meteorological uncertainties (WP4) and 2) sector demand analysis under 
meteorological uncertainties (WP5), as described in the Grant Agreement [3]. 

The TBO-Met project corresponds to the research topic “Environment & Meteorology for ATM”, which 
is part of the research area “ATM Excellent Science & Outreach” of the SESAR 2020 Exploratory 
Research programme (call H2020-SESAR-2015-1). TBO-Met is coordinated by the University of Seville 
(Spain) and the rest of the consortium is formed by the following members: University Carlos III of 
Madrid (Spain), University of Salzburg (Austria), MeteoSolutions GmbH (Darmstadt, Germany) and the 
Spanish meteorological agency AEMET (Agencia Estatal de Meteorología).  

This deliverable is led by MeteoSolutions GmbH, as described in the Project Management Plan [12]. 
The aim of D2.3 is to work out a concept for the provision and processing of meteorological data for 
the tactical level. University of Seville, University Carlos III of Madrid and MeteoSolutions GmbH have 
worked together in order to compile the requirements on the data which they will need for the 
analyses in WP4 and WP5. AEMET contributed with the provision of data products and expertise in 
weather forecasting. The concept for the data processing was developed by MeteoSolutions GmbH.  

For the tactical level mainly fast developing weather events (< 1h) are of interest e.g. thunderstorms. 
While facing adverse weather, it is highly recommended for aircraft to deviate these. This might lead 
to disturbances in air traffic. Thus it is necessary to delimit areas of adverse weather by polygons and 
mark these as high risk areas in order to give the controller and the pilot decision support. First choice 
to confine these areas is to use nowcast data derived from radar reflectivity observations which are 
available on this forecast time scale. To account for nowcast uncertainty, an uncertainty margin is 
wrapped around the original polygons. This represents a measure applicable to the nowcast itself and 
facilitates the consideration of nowcast uncertainty in aircraft routing. Finally the expanded polygon is 

                                                           

 

1 The opinions expressed herein reflect the author’s view only. Under no circumstances shall the SESAR Joint 
Undertaking be responsible for any use that may be made of the information contained herein. 



REQUIREMENTS AND CONCEPT FOR NOWCAST PROCESSING  
 

  

 
 

 

 

©SESAR JOINT UNDERTAKING, 2016. Created by TBO-Met Project Consortium 
for the SESAR Joint Undertaking within the frame of the SESAR Programme co-
financed by the EU and EUROCONTROL. Reprint with approval of publisher and 
the source properly acknowledged. 

7 
 

 

 

enlarged again by a safety margin. Considering both margins would be sufficient to ensure a safe and 
comfortable flight. 

Nowcast models have been developed for short forecast times. They start from a given state of the 
atmosphere, e.g. a storm field, and extrapolate the movement and the temporal development of the 
latter. Nowcast systems work on the regional scale and are quite reliable for one hour lead time with 
decreasing accuracy for longer times. Nowcast systems cannot generate new weather features such 
as a new storm; they rather have to rely on existing ones. A common drawback of almost all nowcast 
models is the limitation of forecasts to already existing cells. Emerging cells, meaning cells that will 
soon exceed the reflectivity threshold, are not recognized and thus they are not forecasted. 

 

2.1 Acronyms and Terminology 

Term Definition 

2D-NAC Term defines data derived from 2D national radar composite 
product. NAC is  Spanish abbreviation for “nacional”. 

3D-REG Term defines data derived from 3D regional radar product. REG is 
abbreviation for “regional”. 

ATCO Air Traffic Controller 

ATM Air Traffic Management 

CSV Comma Separated Values 

DLR Deutsches Zentrum für Luft- und Raumfahrt 

FAA Federal Aviation Administration 

FL Flight Level 

INM Instituto Nacional de Meteorologia  

Met Meteorology 

NM Nautical Miles 

NWP Numerical Weather Prediction 

OR Operational Requirement 

Rad-TRAM Radar Tracking and Monitoring 

RBT Reference Business Trajectory 

SES Single European Sky 

SR System Requirement 

TBO Trajectory-Based Operations 

WGS84 World Geodetic System 1984 
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WP Work Package 

 

TBO-Met Consortium 

AEMET Agencia Estatal de Meteorología 

MetSol MeteoSolutions GmbH 

PLUS University of Salzburg 

UC3M University Carlos III of Madrid 

USE University of Seville 
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3 Requirements for WP4 and WP5 

We divide the meteorological requirements from WP4 and WP5 into Operational Requirements (OR) 
and System (Integration) Requirements (SR). The ORs refer to the meteorological information that is 
needed, whereas the SRs describe some characteristics of this information in order to be integrated 
with WP4 and WP5, respectively.  

Operational Requirements of WP4 and WP5 

WP4: Short-term tactical analyses: This analysis takes place already during flight. Reference Business 
Trajectories -RBT- (the trajectory that results from the sharing and agreement process) might be 
subject to revision, further agreement, and update during the flight due to different circumstances, 
e.g., a weather hazard. The hazard should be identified with time enough to react. Instructions to 
modify the RBT are advised by Air Traffic Controllers (ATCOs) to Pilots. 

WP5: Another problem of interest in the tactical phase is the monitoring of the traffic load when 
significant weather phenomena, like thunderstorms, are present.  

In the short-term tactical analysis, the trajectory will be studied with a forecast lead time of 10 to 60 
minutes. 

In the short-term tactical analysis, the aircraft will fly through only two or three en-route sectors. For 
this analysis, forecasts with a characteristic length of 500-1000 km are appropriate. 

The operational requirements can be divided into: prediction time horizon, coverage area, and 

meteorological data. 

OR-1: For the short-term tactical analysis, a prediction time horizon of 10-60 minutes is required. 

OR-2: For the short-term tactical analysis, a forecast with a characteristic length of 500-1000 km 
is required. 

OR-3: For the short-term tactical analysis, forecasts of convective cells in form of polygons and 
corresponding uncertainties are required.  

 

 

 



EDITION 00.01.00 

 

10 
 

[©SESAR JOINT UNDERTAKING, 2016. Created by TBO-Met Project Consortium 
for the SESAR Joint Undertaking within the frame of the SESAR Programme co-
financed by the EU and EUROCONTROL. Reprint with approval of publisher and 
the source properly acknowledged. 

 

 

 

System Requirements of WP4 and WP5 

The identified system requirements can be divided into precision, performance and units.  

 Precision 
The precision of meteorological data will be consistent with the precision of numerical 
computations in WP4.  

SR-1: A minimum of 5 significant digits is required. 

 Performance 
The problems to be tackled are computationally intense. Especially for the tactical phase, a high 
computational speed is required. 

SR-2: A high computational speed for meteorological data processing is required. 

 Units  
SR-3: The coordinates of the vertices defining the high-risk areas have to be expressed in degrees.  
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4 Nowcast Data 

For the short-term tactical analyses, as suitable data nowcast data derived from radar reflectivity 
observation was identified [1], i.e. outlines of convective cells which delimit areas of high reflectivity 
(>37dBZ). In this project, AEMET is providing nowcast data which is based on radar reflectivity 
observations (from the AEMET radar network) and lightning data. 

The nowcast data consists of convective cells from two different approaches: 

 2D-NAC (2D uses mainly one level of radar data), 

 3D-REG (3D takes into account the complete radar exploration). 

It contains information about detected cell storms every 10 minutes, and an estimation of the 
movement of the cell in the next hour with a 10 minute lead time step. This complies with OR-1. 

The data is provided in text files, one every 10 minutes. Each line of the text file corresponds to a storm 
cell, and contains comma separated information about the characteristics of the corresponding storm 
cell and its movement (see Table 1). 

The 2D and 3D based data offer different parameters of storm cells. 

The most important difference is that the 2D data contains information about the latitudinal and 
longitudinal extent of the storm cell. 2D data contains lightning information. 3D data however provides 
information about hail and hail probability (see Table 2). Both, lightning and hail give hints about the 
severity of a storm cell. 

  



EDITION 00.01.00 

 

12 
 

[©SESAR JOINT UNDERTAKING, 2016. Created by TBO-Met Project Consortium 
for the SESAR Joint Undertaking within the frame of the SESAR Programme co-
financed by the EU and EUROCONTROL. Reprint with approval of publisher and 
the source properly acknowledged. 

 

 

 

Table 1: Description of the columns of the 2D based data (2D-NAC) 

Column Description 

NUM Id of the cell 

NUPIX Number of pixels of the cell 

ZMAX Maximum reflectivity of the cell 

ZMED Average reflectivity of the cell 

LATCEN, LONCEN Latitude and longitude of the center of the cell 
(see Figure 1) 

RADIOE Effective radius of the cell (see Figure 1) 

ECTOP Echotop of the cell 

VIL Vertical integrated liquid 

HMAX Height of the maximum reflectivity 

LATNOR, LATSUR Limits of the cell in latitude (see Figure 1) 

LONOES, LONEST Limits of the cell in longitude (see Figure 1) 

AS, ANT If AS = 1 then ANT is the Id of the cell in the 
previous 10 minutes 

DIRN, V(KMH) Direction and speed of the displacement of the 
cell 

LAT00, LON00 LATCEN and LONCEN 

LAT10, LON10 Extrapolation of the position of the centroid 
(latitude and longitude) after 10 minutes 

LAT20, LON20 Extrapolation after 20 minutes 

LAT30, LON30 Extrapolation after 30 minutes 

LAT40, LON40 Extrapolation after 40 minutes 

LAT50, LON50 Extrapolation after 50 minutes 

LAT60, LON60 Extrapolation after 60 minutes 

NEG, POS Number of lightnings cloud/earth 

RAYT Total number of lightnings 

RY/KM2 Number of lightnings each square kilometer 

DISTMED, DISTMAX Average and maximum distance of lightnings to 
the cell 

LATCENR, LONCENR Average position (latitude and longitude) of the 
lightnings 
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Table 2: Description of the columns of the 3D based data (3D-REG); not exhaustive. 

Columns Description 

N N is Id of the cell detected by radar RAD. 

RAD Radar. The pair N/RAD determines uniquely the 
cell 

ZMAX Maximum reflectivity of the cell 

HZMX Height of the maximum reflectivity 

HBAS, HTOP Height of the bottom and top of the cell 

ECHO Echotop of the cell 

HB45, HT45 Bottom and top of the reflectivity 45 dB 

LATC, LONC Latitude and longitude of the center of the cell 

LATC10, LONC10 Extrapolation of the position of the centroid 
(latitude and longitude) after 10 minutes 

LATC20, LONC20 Extrapolation after 20 minutes 

LATC30, LONC30 Extrapolation after 30 minutes 

LATC40, LONC40 Extrapolation after 40 minutes 

LATC50, LONC50 Extrapolation after 50 minutes 

LATC60, LONC60 Extrapolation after 60 minutes 

N-OLD N of the cell for the previous analysis 

POH Hail probability 

POSH Severe hail probability 

ESPE Vertical dimension of the cell (bottom to top) 

DVIL Vertical integrated liquid content density of the 
cell 

PGR 0: no hail, 1: hail, 2: severe hail 

TAM (mm) Size of the hail in millimeters 
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Figure 1: Schematic illustration of convective cells and the parameters in 2D-NAC-data i.e. rectangle limits, effective 
radius (courtesy of Instituto Nacional de Meteorología, INM, [13]) 

 

All nowcast and observation data covers the Iberian Peninsula. This satisfies requirement OR-2. 

According to [5] the extrapolation of the cells is implemented by using a centroid tracking algorithm 
based on Steiner et al [10]. The centroid represents many properties of isolated cells or storms, so it 
will be used to extrapolate the entire structure. The extrapolation vector is obtained from the distance 
between the centroids corresponding to the same structure in two consecutive radar scans provided 
it meets certain criteria. These criteria can be of proximity similarity in the form of the echoes, or 
conservation of certain properties within the structure studied. Doing so, the cell structure is 
extrapolated linearly in space and time (see Figure 2). Logically, this assignment and extrapolation is 
merely geometric and does not consider growth and dissipation nor does it take into account the 
intrinsic properties of the assigned cells, which can cause errors in the follow-up. This is comparable 
to extrapolation based on advection [14]. 

The nowcast data as provided by AEMET does not contain uncertainty information. Thus OR-3 is not 
satisfied. In Section 5 we show a method to comply with this requirement. 
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Figure 2: Linear centroid extrapolation method as used by AEMET at time step ti (adapted from [13]) 

For the task of providing polygons of high risk areas, we decided to use the 2D-NAC data. A combination 
with the 3D-REG data is not possible because the identification numbers of the cells are not identical 
in both products. Also the comparison of the two showed that 3D-REG data contained a less number 
of convective cells over 2D-NAC data. Although an additional consideration of 3D-REG data would add 
valuable information about the intensity of convective cells it does not seem to be feasible in practice.  

Additionally to the nowcast data AEMET provides radar observations of different parameters: PPI, 1h 
accumulated rain, VIL (vertical integrated liquid), ECHOTOP (estimation of height of convective cells). 
The observation data comes in HDF5-format. These datasets will not be further considered in this task 
because they do not contain nowcast information. 
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5 Uncertainty Modelling 

The objective of TBO-Met is to explore the effects of uncertainty in meteorological forecast data on air 
traffic. For the tactical level of trajectory based operations nowcast data as described in Section 4 is 
used. Unlike Numerical Weather Prediction (NWP) systems which use the physics of the atmosphere 
to determine the atmospheric state in the future, nowcast methods extrapolate significant structures 
(convective cells, storms) of remote sensing data (mostly radar data) into the near future. There are 
several nowcasting methods which range from linear extrapolation ([13], [4], [10] and [14]) like 
YRADAR by INM to more sophisticated methods like Rad-TRAM [11] by Institute of Atmospheric Physics 
at DLR Oberpfaffenhofen, Germany. As stated in Wolfson et al [15] the difference in forecast skill 
between the various nowcast methods is rather small for lead time up to one hour. 

The question is how to derive uncertainty from nowcast data. One approach would be to compare 
different nowcast systems like ensemble data. Unfortunately all these nowcast products are results of 
national institutions and therefore are closely related to the national radar products, which means that 
their coverage differs and their overlap is small. Thus the analysis of different nowcast systems against 
each other in order to derive uncertainty is not feasible. 

Another approach is to compare nowcasts with time matching observations from the later executed 
radar scan. This was done in the work of Sauer [7]. In this work a statistical analysis was carried out by 
using Rad-TRAM data which resulted in uncertainty margins as functions of direction and lead time. 
Therein direction is relative to the direction of movement of the cell – backward, forward, left and 
right. The proposed methodology was exemplary applied to a one-day Rad-TRAM data set provided by 
the Institute of Atmospheric Physics at DLR, Germany. The sample size ranged from over 2000 cells for 
5 minute lead time to over 1000 and nearly 600 for 30 and 60 minutes of lead time respectively. This 
decay is due to the short life time of convective cells. Two different measures of uncertainty were 
identified: advection uncertainty and cell development uncertainty. In order to develop an uncertainty 
margin, Sauer used the absolute deviation of a nowcasted cell from the observed. This accounts for 
the superimposed deviation components related to displacement and growth (see Figure 3). 
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Figure 3: Absolute deviation of a nowcasted cell from the observed (courtesy of Sauer [7]) 

The statistical analysis of the absolute deviation leads straight forward to uncertainty margins. There 
exists, to the author’s knowledge, no validation of the given nowcast data (see Section 4). In [13] case 
studies are described and contingency table statistics are carried out but absolute deviations are not 
examined. 

Sauer [7] analysed the distributions of the absolute deviation in each direction and for each lead time 
up to 60 minutes and found a polynomial of second order in lead time which described the uncertainty 
margin of the convective cells. For the 90th percentile of the analysed deviation distributions the 
following lead time dependent functions were found: 

𝑢90,𝐿𝐸𝐹𝑇 (t) = −0.0023𝑡2 + 0.4275𝑡 + 0.0921 

𝑢90,𝑅𝐼𝐺𝐻𝑇 (t) = −0.0023𝑡2 + 0.3908𝑡 + 2.1487 

𝑢90,𝐹𝑂𝑅𝑊𝐴𝑅𝐷
(t) = 0.0001𝑡2 + 0.2450𝑡 + 1.3111 

𝑢90,𝐵𝐴𝐶𝐾𝑊𝐴𝑅𝐷
(t) = −0.002𝑡2 + 0.4336𝑡 + 1.6721 

Using the 90th percentile means that for 10% of all analysed cells bigger deviations were found. 
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We propose to follow this methodology and aim to apply a second order polynomial to define the 
uncertainty margins as well, namely 

𝑢90 (t) = 𝑎𝑡2 + 𝑏𝑡 + 𝑐 
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6 Data Processing 

For the given task of providing nowcast data of high risk areas for short term tactical trajectory planning 
we will choose the 2D-NAC data which was described in Section 4. In contrast to the 3D-REG data it 
provides information about the limits of the cell in latitudinal and longitudinal direction. Unfortunately 
neither of the available nowcast data provides outlines of storm cells in form of polygons. Thus the 
outline of a convective cell will be adapted by the approximation of an ellipse using a polygon with a 
sufficient number of vertices. The given longitudinal and latitudinal limits which describe a box shape 
will be graphically processed to result in an elliptical shape which is assumed to be rather realistic for 
storm cells in contrast to the box shape. As is shown in Figure 4 an ellipse is constructed around the 
boundaries of the box in which the storm cell is located. This ellipse is then extended by the uncertainty 
margin according to the given lead time of the storm cell (see Section 5). Additionally a safety margin 
is added to the extended ellipse. 

 

Figure 4: Illustration of the processing of one exemplary storm cell (grey). First an ellipse is fitted around the box (blue 
dashed line), this is extended by an uncertainty margin (filled in light blue) and a safety margin (filled in light red). 

 

The processing of the nowcast data is shown in Figure 5. The processing results in a restructuring of 
the files. Starting from the input file which contains all forecasted cell information in one file (lead 
times: 00, 10, …, 60 minutes), the output files contain only one forecast per file. The processing starts 
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with the reading of the input. The geographical parameters of each cell (centroid, limits) are 
cartographically projected in order to construct the ellipse and to add the uncertainty and safety 
margins which are in nautical miles (NM). For the output the polygons are projected inversely in 
geographical coordinates and written to a file. The output data is formatted as GeoJSON files. 

 

 

Figure 5: Processing overview for nowcast data. 

 

The movement of the elliptical storm cells is shown in Figure 6 for one exemplary base time and six 
lead times (10, … , 60 minutes). 
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Figure 6: Storm cell propagation on 2016/12/15, 17:50 in the northwest of Spain and the Balearic Islands. 

 

Data Processing Steps 

Reading the Data 

The nowcast data from AEMET comes as text files in CSV format (Comma Separated Values). The data 
is read in line by line with each line representing the parameters of one convective cell including the 
geographical coordinates of the extrapolated centroids. The following cell parameters are considered: 

 

NUM   Id of the cell 

ZMAX   Maximum reflectivity of the cell 

ZMED   Average reflectivity of the cell 

LATCEN, LONCEN Latitude and longitude of the center of the cell 

 

LATNOR, LATSUR Limits of the cell in latitude 

LONOES, LONEST Limits of the cell in longitude 
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LAT00, LON00  Latitude and longitude of the center of the cell 

LAT10, LON10  Extrapolation of the position of the centroid (latitude and longitude) after 10 
minutes 

LAT20, LON20  Extrapolation after 20 minutes 

LAT30, LON30   Extrapolation after 30 minutes 

LAT40, LON40   Extrapolation after 40 minutes 

LAT50, LON50   Extrapolation after 50 minutes 

LAT60, LON60   Extrapolation after 60 minutes 

 

The reference date (base time) is extracted from the filename. This is the timestamp of the observation 
(lead time 0 minutes). 

Projection 

All geographic coordinates are projected onto a 2D plane using the Lambert Conformal Conic 
projection which is commonly used in aeronautical charts. For details of this projection please refer 
to [8]. 

The projection is defined as follows: 

Geodetic datum: WGS84 

Standard parallels: 33.5N, 46.5N 

Reference coordinates: 40N, 0E 

As all longitudes are easterly oriented, the sign of the longitudes is inversed when applying the 
projection.  

The calculated polygons of the ellipses are put out in geographic coordinates, so before that all 2D 
coordinates will be inversely projected in geographic coordinates. 

Construction of the Ellipse Approximation using a Polygon  

The method which is used to construct the approximation of the ellipse, i.e. vertices of the polygon, is 
based on an idea of the Swiss mathematician Jakob Steiner (1796-1863) to construct a conic section. 
With this method the computation of the vertices is very efficient as it uses inner products rather than 
trigonometric functions. The principle is shown in Figure 7. 
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Figure 7: Construction of the vertices of an ellipse by Steiner [9]  

The function of the ellipse is given by  

x2

a2
+
y2

b2
= 1 

Variables a and b are the semi major axis and semi minor axis of the ellipse. As shown in Figure 7 we 
start with a bunch of lines which run through S1 and S2. Together with points P=(0,b), A=(-a,2b) and 
B=(a,2b), P is the center of the rectangle which is spanned by S1, S2, A, B. 

We divide edge AB into equal sections and transfer this sectioning by using a parallel projection onto 
edge S1B. The sections on AB will be numbered Ai, i=1,…,N and those on S1B will be numbered Bi, 
i=1,…,N. 

The intersection of lines S1Bi and S2Ai will result in the vertices of the upper right quadrant of the ellipse. 
The vertices in the remaining quadrants are constructed by means of point and line reflection. 

In the application of the software AB will be divided at least every 1000m or at least 8 times (N=8). 
Thus the ellipse will be approximated by at least 36 vertices. 

Enlargement of the Ellipse with Uncertainty Margin 

As described in Section 5 the uncertainty margin can be modelled as a function of lead time. Therefore 
each cell polygon will be expanded by uncertainty margins according to its lead time. It was found in 
[7] that uncertainty margin is direction dependent. In contrast to [7] we do not apply different 
functions for the main directions (forward, backward, left, right). Instead the function which adds the 
widest margin to the polygon will be used. Considering safety this is a conservative approach. 

According to [7] we use a polynomial of second order with yet to determine values of the coefficients 
(a, b and c): 
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𝑢90 (t) = 𝑎𝑡2 + 𝑏𝑡 + 𝑐 

In order to give an idea of the magnitude of the uncertainty margin, Table 3 is included with results of 
the function for 𝑢90,𝐵𝐴𝐶𝐾𝑊𝐴𝑅𝐷

(t) = −0.002𝑡2 + 0.4336𝑡 + 1.6721 given in [8] (this polynomial 

calculates the uncertainty margin in meters) which adds the biggest uncertainty margin to the polygon 
(see Section 5). 

Table 3: Relationship between lead time and uncertainty margin for 𝒖𝟗𝟎,𝑩𝑨𝑪𝑲𝑾𝑨𝑹𝑫
(𝐭) (see Section 5) 

lead time in s 
uncertainty 
margin in m 

600 458 

1200 2358 

1800 5698 

2400 10478 

3000 16698 

3600 24357 

 

Algorithm for expansion of a polygon by an uncertainty margin d: 

The polygon will be walked through vertex by vertex P in counter clockwise direction (see 
Figure 8): 

1. First the edge connecting Pi-1 und Pi will be considered. Pi-1 and Pi will be 

orthogonally shifted to the right by the magnitude of the margin. This will result 

in P’i-1 und P’i. 

2. Determine the linear equation through P’i-1 und P’i. 

3. Repeat steps 1 and 2 for the next vertices Pi und Pi+1 in counter clockwise 

direction. 

4. Equalise the two linear equations to find intersection point P*i. This is the ith 

vertex of the expanded polygon. 
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Figure 8: Expansion of the polygon. 

Enlargement of the Ellipse with Safety Margin 

In addition to the uncertainty margin a safety margin is applied to the outline of the uncertainty 
polygon (see Figure 4). 

International regulations [6] recommend a safety margin of 10NM to avoid intense convective cells 
below Flight Level FL200, and 20NM above. The Federal Aviation Administration (FAA) Advisory 
Circular [2] even recommends avoiding any thunderstorm identified as severe laterally by at least 
20NM in order to avoid shear problems and turbulence. 

We will use the same algorithm as described above. 

Translation of the polygon with respect to the nowcasted centroid 

As seen in Section 4 the only information available for the nowcasted cells are the geographical 
coordinates of the extrapolated centroids of the convective structure. The limits are only available for 
the observation. Assuming that the convective structure will remain static for all lead times, i.e. there 
is no growth or decay of the convective cell, we translate the earlier determined polygon along with 
the nowcasted centroid.  

In order to move the polygon we use a simple linear translation. The translation vector, which is the 
difference vector between the position vectors of the centroid of the observation and the centroid of 

the first nowcast, is determined first. Referencing Figure 9 the translation vector 𝑡 is given by 

𝑡 = 𝑐10 − 𝑐00 
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Then we determine all position vectors 𝑣𝑖⃗⃗⃗ ⃗
10

 of the polygon by 

𝑣𝑖⃗⃗⃗ ⃗
10

= 𝑣𝑖⃗⃗⃗ ⃗
00
+ 𝑡  

This will be repeated for all lead times and centroid positions respectively. 

 

Figure 9: Translation of the polygon by vector �⃗� . Superscript denotes the lead time; 
 00 for observation, 10 for 10 minutes. 
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7 Conclusions 

We conclude that the analyses in the scope of this deliverable result in the fulfilment of the 
requirements on the processing and provisioning of nowcast data for use in WP4 and WP5. A 
methodology to provide suitable data has been shown.  

For future application of this methodology a sound statistical study of absolute deviations between 
observed and forecasted convective cells is necessary in order to determine reliable values of the 
coefficients for the lead time and direction dependent functions of uncertainty margins. It would be 
desirable to execute this study with international data which covers continents rather than countries 
to consider different types of thunderstorms in different climatic regions. Another improvement would 
come from the use of nowcast data which contain information about the growth and dissipation of the 
convective cells. 

A final aspect which is worth pointing out is that all nowcast systems rely on the existence of a 
convective cell. The uncertainty of a potentially new developing cell somewhere in the convective area 
is not considered in the given data. Methods to capture these phenomena in probabilities would 
contribute strongly to tactical trajectory-based operations. 
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