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Abstract  

This deliverable presents work carried out in WP 6 regarding methodologies to forecast airspace sector 
complexity and capacity reduction. The objective of this research is twofold: first, to analyse sector 
complexity under convective weather (provision of probabilistic forecasts of complexity metrics); 
second, to develop a methodology to forecast the reduction of airspace capacity under convective 
weather, taking into account the spatial extent and topology of the weather hazard and the traffic flow 
direction. 

The document is divided into two main parts: 

1) Forecast of sector capacity reduction (Section 2). 

2) Sector complexity analysis (Section 3). 

The proposed methodologies are detailed throughout the document and are accompanied by 
examples.  

 

 

  



D6.1 FORECAST OF SECTOR COMPLEXITY AND AIRSPACE CAPACITY REDUCTION  

 

  

 

 

 3 
 

 

 

 

Table of Contents 
 

Abstract ................................................................................................................................... 2 

1 Introduction ............................................................................................................... 6 

1.1 Purpose and scope of this deliverable ............................................................................ 6 

1.2 Intended readership ...................................................................................................... 7 

1.3 Acronyms and Terminology ........................................................................................... 7 

1.4 FMP-Met Consortium .................................................................................................... 8 

2 Forecast of sector capacity reduction.......................................................................... 9 

2.1 Methodology ............................................................................................................... 11 

2.2 Application .................................................................................................................. 17 

2.3 Results ........................................................................................................................ 20 

3 Sector complexity analysis ....................................................................................... 26 

3.1 PRU complexity model ................................................................................................. 26 

3.2 PRU model modifications ............................................................................................. 32 

3.3 Airspace definition ...................................................................................................... 34 

3.4 Sampling of scenarios .................................................................................................. 36 

3.5 Complexity calculation results ...................................................................................... 38 

4 Conclusion ............................................................................................................... 44 

5 References ............................................................................................................... 45 

 

  



D6.1 FORECAST OF SECTOR COMPLEXITY AND AIRSPACE CAPACITY REDUCTION  

 

  

 

 

 4 
 

 

 

List of Figures 
 
Figure 1. FMP -Met project workflow. .................................................................................................... 6 

Figure 2. Same weather coverage (red polygons are hazardous weather cells) leading to different 
possible flows through the sector (black square). .................................................................................. 9 

Figure 3. Left: A sector with weather obstacles. The source and sink are the left and right edges 
respectively, obstacles are red and the flow is green. Right: The critical graph and the shortest path 
tree from B in it. .................................................................................................................................... 10 

Figure 4. Left: A real example of a sector and hazardous weather cells; S and D are the source and sink 
(destination). Right: the critical graph; the shortest B-T path in it (corresponding to the mincut through 
the sector) is red.................................................................................................................................... 10 

Figure 5. Traffic flow clips a corner of the sector. ................................................................................. 11 

Figure 6. Altitude bands. ....................................................................................................................... 12 

Figure 7. Example of ATC sectors in the Austrian airspace for FL 300 and FL350. ................................ 12 

Figure 8. Example of weather-impacted regions in the Austrian airspace from nowcast (left) and EPS 
forecast (right). ...................................................................................................................................... 13 

Figure 9. Example of flows through a sector. ........................................................................................ 14 

Figure 10. The entry and exit points are projected onto the altitude band corresponding to the average 
of the entry and exit altitudes. .............................................................................................................. 14 

Figure 11. Figure 3.3 from [10] (WAAF = weather avoidance altitude fields = weather obstacles in our 
terminology): Flow Capacity Restricted with Mincut. ........................................................................... 15 

Figure 12. Available sector capacity ratios for each ensemble member. ............................................. 17 

Figure 13. Counts distribution and normalized cumulative distribution of ASCR. ................................ 17 

Figure 14. Configuration 10A1. ............................................................................................................. 18 

Figure 15. Nowcast weather polygons (including safety margins). ...................................................... 19 

Figure 16. EPS weather polygons (including the additional safety margin). ......................................... 19 

Figure 17. ASCR distribution for sector B15 between 12:00 and 13:00. ............................................... 20 

Figure 18. ASCR distribution for sector E13 between 12:00 and 13:00. ............................................... 21 

Figure 19. ASCR distribution for sector W12 between 12:00 and 13:00. ............................................. 21 

Figure 20. ASCR distribution for sector B15 between 13:00 and 20:00. ............................................... 22 

Figure 21. ASCR distribution for sector E13 between 13:00 and 20:00. ............................................... 22 

Figure 22. ASCR distribution for sector W12 between 13:00 and 20:00. ............................................. 22 



D6.1 FORECAST OF SECTOR COMPLEXITY AND AIRSPACE CAPACITY REDUCTION  

 

  

 

 

 5 
 

 

 

Figure 23. ACSR distributions for 10 sectors for the whole time horizon. "n 13:00" is nowcast, "f 13:00" 
is EPS forecast........................................................................................................................................ 25 

Figure 24 Internal and external factors influencing ATCO workload [12] ............................................. 26 

Figure 25 Dimensions of a cell within the grid [12] ............................................................................... 27 

Figure 26 Interactions in a cell [12] ....................................................................................................... 28 

Figure 27 Potential vertical interactions [12] ........................................................................................ 30 

Figure 28 Potential Horizontal Interactions [12] ................................................................................... 30 

Figure 29 Shift in timeframes ................................................................................................................ 32 

Figure 30 Correlation between subjective and objective complexity scores........................................ 33 

Figure 31 Weather interaction [13] ....................................................................................................... 33 

Figure 32 Vertical span of LOVV sectors ............................................................................................... 35 

Figure 33 Mean and standard deviation of complexity results ............................................................. 37 

Figure 34 An example of a violin plot .................................................................................................... 39 

Figure 35 Calculated complexity score distribution for the entire LOVV area ...................................... 40 

Figure 36 Complexity hotspots in LOVV ................................................................................................ 40 

Figure 37 Complexity calculation for sector S35 ................................................................................... 41 

Figure 38 Complexity results for all sectors .......................................................................................... 42 

 
List of Tables 
 
Table 1. Standard airspace configuration schedule for the 12th of June 2018. ................................... 18 

Table 2 Complexity indicators [12] ........................................................................................................ 27 

Table 3 Example of calculating the adjusted density ............................................................................ 29 

Table 4 Summary of the potential horizontal interactions [12] ............................................................ 31 

Table 5 Standard configurations used in LOVV on June 12th 2018 ...................................................... 36 

 

file:///D:/Trabajo/OneDrive%20-%20UNIVERSIDAD%20DE%20SEVILLA/Investigación/Proyectos/FMP-Met/WP6/%5bFMP-Met%5d_D%5b6.1%5d_ed%5b01.00%5d.docx%23_Toc87545794
file:///D:/Trabajo/OneDrive%20-%20UNIVERSIDAD%20DE%20SEVILLA/Investigación/Proyectos/FMP-Met/WP6/%5bFMP-Met%5d_D%5b6.1%5d_ed%5b01.00%5d.docx%23_Toc87545796


D6.1 FORECAST OF SECTOR COMPLEXITY AND AIRSPACE CAPACITY REDUCTION  

 

  

 

 

 6 
 

 

 

1 Introduction 

FMP-Met deals with provision of forecasts of sector demand, complexity and capacity under 
convective weather. The project objective is to provide the FMP with an intuitive and interpretable 
probabilistic assessment of the impact of convective weather on the operations, to allow better-
informed decision making. WP6 is specifically devoted to the development of methodologies for 
forecasting the complexity and capacity reduction.  

The overall structure of FMP-Met project is shown in Figure 1. The project’s technical work packages 
start from preparing the weather data (WP3) and trajectory data (WP4). The data is then used in WP5 
and WP6 for developing the methodologies for probabilistic estimations of the demand (WP5), as well 
as complexity and capacity reduction (WP6). Finally, the methodologies from WP5 and WP6 are 
applied to validate the concept in WP7.  

 

Figure 1. FMP -Met project workflow. 

 

1.1 Purpose and scope of this deliverable 

Nowadays, the Network Manager supports FMPs with current and anticipated air traffic demand via 
Eurocontrol’s CHMI (Collaboration Human Machine Interface) tool. These predictions are deterministic 
and based on data received from the flight-plan processing systems, airspace databases, live ATC data 
from ANSPs, aircraft operator’s position reports, and meteorological data from a weather service 
provider. 

The Concept of Operations developed in WP2 is an evolution of the current practice, switching from 
deterministic predictions to probabilistic ones. It includes the use of a decision support tool composed 
of two main functions: probabilistic traffic and capacity forecasting and FMP measures evaluation. The 
probabilistic traffic and capacity forecasting consists of three main layers: Traffic Volume Analysis View, 
Traffic Volume Monitor, and Sector Configuration Monitor. 
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 The Traffic Volume Analysis View provides detailed insight into the situation in a specific traffic 
volume; it displays the traffic counts and the capacities based on the weather forecasts, and 
the probability distribution of the difference between demand and capacity.  

 The Traffic Volume Monitor displays the traffic loads of the traffic volumes. The traffic load is 
represented by a color code, where each color represents its acceptability: green if the traffic 
load is acceptable, yellow if it is high, orange when very high, and red if unacceptable. The 
colors are determined by the probability of the demand exceeding different capacity 
thresholds. 

 The Sector Configuration Monitor shows the time evolution of the demand-capacity balance 
for all sector configurations of interest. Again, it uses a color code to indicate how appropriate 
a sector configuration would be at a given time, and these colors are determined from the 
color state of its constituents traffic volumes: green if the traffic load is acceptable for all 
volumes, yellow if it is high for at least one volume, orange if it is very high for at least one 
volume, and red if it is unacceptable for at least one volume. 

As it can be seen, these three layers rely on the computation of the stochastic distributions of the 
traffic counts and their differences with weather-dependent capacities. The methodologies required 
to perform these computations are developed in WP 5.  

In this deliverable we present the methodologies required to compute, on one hand, the capacity 
reduction due to adverse weather, and, on the other hand, the complexity of the scenarios. The first 
task is addressed in Section 2 and the second one in Section 3. The capacity reductions are the input 
in WP 5 to obtain the probability of congestion of each individual sector. 

This document also includes realistic applications of the methodologies, corresponding to a historical 
situation over the Austrian airspace on a day with significant convection.  

 

1.2 Intended readership 

This document is intended to be read by FMP-Met members, SJU (included the Commission Services), 
and ATM stakeholders. 

 

1.3 Acronyms and Terminology 

Acronym Description 

AIRAC Aeronautical Information Regulation And Control 

ACC Area Control Center 

ANSP Air Navigation Service Provider 

ATC Air Traffic Control 

ASCR Available Sector Capacity Ratio 
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ATM Air Traffic Management 

EPS Ensemble Prediction System 

SESAR Single European Sky ATM Research Programme 

WP Work Package 

 

1.4 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 Forecast of sector capacity reduction 

This section describes the developed methodology for forecasting the reduction of sector capacity due 
to convective weather.  

Airspace capacity (and its reduction) is not a simple function of the weather coverage: the same 
percentage of airspace area covered with inclement weather may lead to drastically different possible 
traffic flows. Capacity estimation should consider the shape of hazardous weather cells, as well as their 
spatial distribution, since the airspace capacity may depend on the positions of the storms with respect 
to each other. For example, in Figure 2 two scenarios are shown where the same weather coverage 
can lead to very different capacities: on the left, a popcorn convection allows the existence of 2 
airlanes; while on the right, a squall line impedes the traffic from going through the sector. The 
geometry of the sector also plays an important role. Last but not least, the capacity depends on the 
direction of the flow, i.e., the source/sink edges on the boundary of the sector through which the traffic 
enters/exits the airspace. 

 

 

Figure 2. Same weather coverage (red polygons are hazardous weather cells) leading to different possible 
flows through the sector (black square). 

 

The ultimate answer to the question of determining the maximum number of flow that can be routed 
through a weather-impacted airspace was given by the geometric maxflow/mincut theory and 
algorithms [1, 2, 3, 4], which extend cornerstone discrete network flow results (maxflow/mincut 
theorem, Menger's theorem and flow decomposition theorem) to continuous domains. The 
development of this continuous flow theory and algorithms was motivated by ATM needs, and ATM 
applications of the geometric flow results are presented in [5] and [6]. 

When applying the geometric maxflow/mincut theory, a sector (on a single flight level) is represented 
by a 2D polygonal domain, and hazardous weather is modelled as obstacles which should be avoided 
by the flow (see Figure 3 and Figure 4). The aircraft enter the sector through a portion of its boundary, 
called source; the aircraft exit through the portion of the boundary called sink. The source and the sink 
split the boundary of the sector into two parts called the bottom B and the top T. (If the source and 
sink are adjacent along the boundary, i.e., if the traffic just “clips” the sector, one of B, T may be just a 
point – see Figure 5 for an example.) The critical graph of the instance has a vertex for every obstacle, 
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for B and for T. The edges of the graph connect all pairs of the vertices, and the length of every edge 
is the distance between the vertices. The capacity of the sector is defined by the mincut (the bottleneck 
for the flow) which is determined by the shortest B-T path in the critical graph. 

 

 

Figure 3. Left: A sector with weather obstacles. The source and sink are the left and right edges respectively, 
obstacles are red and the flow is green. Right: The critical graph and the shortest path tree from B in it. 

 

Figure 4. Left: A real example of a sector and hazardous weather cells; S and D are the source and sink 
(destination). Right: the critical graph; the shortest B-T path in it (corresponding to the mincut through the 

sector) is red. 
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.  

Figure 5. Traffic flow clips a corner of the sector. 

The maxflow/mincut theory assumes that the flow is mostly unidirectional (single source/sink pair) 
because aircraft with opposing headings are vertically separated. This project considers sectors 
crossed by multiple flows, with different flows entering/exiting through different sources/sinks. The 
mincuts are therefore computed separately for each source/sink pair. To quantify the capacity 
reduction, the available flow capacity ratio [7] is determined, which is the ratio of the capacity under 
the given weather to the maximum possible capacity of the airspace without weather systems. 

Finally, vanilla capacity estimation [3, 6] assumes that the obstacles are deterministic, i.e., that their 
shapes and locations were known exactly. In this project, the capacity estimation is considered for a 
stochastic setting [8] when the adverse weather zones, defining the obstacles, are given by 
probabilistic forecasts. This extended methodology takes probabilistic weather forecasts as the input, 
and outputs the probability distribution of the capacity of the airspace. Unlike in [8], where the 
capacity reduction was estimated for pixels of a square grid laid over the airspace, we will forecast the 
capacity reduction for real sectors in Austrian airspace. 

 

2.1 Methodology 

This section presents the proposed methodology for forecasting capacity reduction due to adverse 
weather. First, we describe the input: the airspace, convective weather forecast, and sector demand. 
Next, we describe the output: the available sector capacity ratio (ASCR). Finally, the probabilistic 
approach to capacity reduction, based on ensemble forecasting, is described. 

We remark that the methodology applies to ensemble forecast obtained from an arbitrary weather 

product. In this deliverable, we report on application of the methodology to nowcast and to EPS (see 

details below). 
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Input  

Our input consists of the airspace, convective weather, and air traffic demand.  

Airspace. The airspace is a right three-dimensional prism. Following [9], define an altitude band as a 
1000ft-high horizontal slice of the airspace, centred on a flight level (see Figure 6). Call a right prism a 
band prism if its bases belong to the upper and lower boundaries of a band. The airspace is split into 
sectors, with each sector composed of band prisms stacked one on top of another. Thus the cross-
section of a sector by any horizontal plane within an altitude band is constant; we identify the sector 
at the flight level with the cross-section polygon.  

 

Figure 6. Altitude bands. 

 

Figure 7 shows the sectors of a particular configuration of ATC sectors in the Austrian airspace at FL300 
and FL350. At both levels, the airspace is composed of 5 sectors: N15, E15, B15, S15, and W15. The 
geometry of some sectors (the cross-section) is different at different altitudes. 

 

Figure 7. Example of ATC sectors in the Austrian airspace for FL 300 and FL350. 
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Convective weather. Hazardous weather cells are treated as three-dimensional obstacles to be avoided 
by the aircraft. The weather obstacles are provided, for each time step over a given time horizon, by 
an ensemble forecast. FMP-Met uses ensemble forecasts from different weather products (see 
deliverable D3.1 for details): nowcast for the first hour and EPS forecast for longer-term horizon. For 
every prediction time step, the ensemble has several members. A weather obstacle is a right prism, 
defined by a polygon and a vertical extent. The upper and lower bases of every obstacle are defined 
by an altitude band, i.e., no obstacle starts or ends inside an altitude band. This way, for a particular 
prediction time and an ensemble member, the hazardous weather at each altitude is a set of polygons 
(Figure 8). 

 

Figure 8. Example of weather-impacted regions in the Austrian airspace from nowcast (left) and EPS forecast 
(right). 

 

Air traffic demand. The demand for a sector during a time interval [𝑡1, 𝑡2] is defined by the number of 
aircraft that plan to pass through the sector. The flight plan for any aircraft is a sequence of 4D 
waypoints (location and time). Note that for our analysis we need not only the total (aggregated) 
demand for the sector, but also the more fine-grained information on the adjacent sectors from/to 
which the aircraft intend to enter/exit the sector, as well as the altitude. Using the definition in [9], 
each flow is identified by a sector transit triplet: entry sector, current sector, and exit sector. 

An example is depicted in Figure 9, where three different flows through sector W15 (out of 20 possible 
flows) are shown: flow 1 (orange) corresponds to the transit triplet ACC Munchen-W15-ACC Ljubljana; 
flow 2 (blue) corresponds to the triplet B15-W15-ACC Padova; and flow 3 (yellow) corresponds to the 
triplet S15-W15-ACC Ljubljana. We calculate the capacity for every pair of entry/exit sectors through 
which the traffic intends to go. The number of aircraft in each flow is determined by identifying the 
sector entry and exit 4D points (time and location) of the aircraft trajectories, as well as the origin and 
destination adjacent sectors. 
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Figure 9. Example of flows through a sector. 

 

Formally, for each flow 𝑗 and each altitude 𝑖, an aircraft is added to the ij-th component of the demand 
if: 1) it flies at altitude 𝑖; 2) it belongs to flow 𝑗; and 3) its time within the sector, defined by the sector 
entry 𝑡0 and exit time 𝑡𝑓, overlaps the interval [𝑡1, 𝑡2] (that is, [𝑡1, 𝑡2] ∩ [𝑡0, 𝑡𝑓] ≠ ∅). Following [7], 

ascending or descending aircraft are treated as if they fly level at an average altitude (see Figure 10). 

 

 

Figure 10. The entry and exit points are projected onto the altitude band corresponding to the average of the 
entry and exit altitudes. 
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Output: capacity reduction 

Our output is the prediction of the available sector capacity ratio (ASCR) for each time and ensemble 
member. The ASCR is the ratio of the sector capacity under the given weather constraints to the 
maximum possible capacity of the sector without weather systems. The ratio is a non-dimensional 
value ranging between 0 and 1, where 0 represents a completely blocked airspace with no usable 
capacity and 1 represents an airspace without constraints. ASCR is computed by averaging the 
capacities for all flows through the sector, as described next. 

Following [7], we compute the available flow capacity ratio (𝐴𝐹𝐶𝑅𝑖𝑗) for every altitude band i and 
every pair j of entry/exit sectors. Similarly to ASCR, the available flow capacity ratio ranges from 0 to 1 
and represents the ratio of the weather-impacted airspace capacity to the maximum capacity without 
obstacles for flow j at altitude i. The ratio is computed as ( [10], Section 3.1.3) 

𝐴𝐹𝐶𝑅𝑖𝑗 =
𝑊𝑚𝑖𝑛𝑐𝑢𝑡𝑖𝑗

 𝑂𝑚𝑖𝑛𝑐𝑢𝑡𝑖𝑗  
 

where 𝑊𝑚𝑖𝑛𝑐𝑢𝑡 is the mincut through the domain in the presence of weather obstacles and 𝑂𝑚𝑖𝑛𝑐𝑢𝑡 
is the mincut without obstacles (simply the distance between the bottom B and the top T of the sector, 
for the given altitude and entry/exit sectors pair). Figure 11 shows an example of a flow, a Wmincut 
and an Omincut. 

 

Figure 11. Figure 3.3 from [10] (WAAF = weather avoidance altitude fields = weather obstacles in our 
terminology): Flow Capacity Restricted with Mincut. 

 

After obtaining the available capacity ratio for flow j at all altitudes, the total available flow capacity 
ratio for flow j, 𝐴𝐹𝐶𝑅𝑗, is computed as the weighted average over the altitudes:  

𝐴𝐹𝐶𝑅𝑗 = ∑ 𝑊𝑖𝑗 · 𝐴𝐹𝐶𝑅𝑖𝑗 ,

𝑛

𝑖=1

 

where 𝑛 is the number of altitude bands and the weight 𝑊𝑖𝑗  is defined as 

𝑊𝑖𝑗 =
number of aircraft in altitude 𝑖 𝑎𝑛𝑑 𝑓𝑙𝑜𝑤 𝑗

 total number of aircraft in flow 𝑗 
, 

(If the denominator is 0, 𝑊𝑖𝑗  is set to 0 too.)  
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Finally, the available sector capacity ratio is determined as follows: 

𝐴𝑆𝐶𝑅 = ∑ 𝑊𝑗 · 𝐴𝐹𝐶𝑅𝑗

𝐹

𝑗=1

, 

where 𝐹 is the total number of flows and 𝑊𝑗 is the weight associated with flow 𝑗, determined by: 

𝑊𝑗 =
number of aircraft in flow 𝑗

 total demand
, 

(If no aircraft pass through the sector in the considered time interval, i.e., if the total demand is 0, then 
𝑊𝑗 keeps the value from the previous time step; if no aircraft pass through the sector at the first time 

interval of the prediction, the values of 𝑊𝑗 are set to 𝑊𝑗 = 1/𝐹, i.e., all flows within the sector are 

considered of the same weight.)  

 

Probabilistic sector capacity reduction 

The probability distribution of the available sector capacity ratio for each sector is obtained by 
constructing and analysing the ensemble capacity forecast. For each member m of the ensemble 
forecast, the available sector capacity ratio 𝐴𝑆𝐶𝑅𝑚 is computed. The cumulative distribution is then 
calculated by counting the number of ensemble members that have ASCR larger or equal to a value 𝑥 
and dividing by the total number of ensemble members 𝑀: the probability that the ASCR is less than 
or equal to 𝑥 is 

𝑃(𝐴𝑆𝐶𝑅 ≤ 𝑥) =
1

𝑀
∑ 𝑋𝑚(𝑥)

𝑀

𝑚=1

, 

where 

𝑋𝑚(𝑥) = {
1, if 𝐴𝑆𝐶𝑅𝑚 ≤ 𝑥
0, otherwise

. 

 

Figure 12 shows an example for a particular sector and time, and an ensemble weather forecast with 
15 members. In this instance, the ASCR take values from 0.295 (ensemble member number 8) to 0.67 
(ensemble member number 1). Figure 13, left, depicts the corresponding histogram, where one can 
observe that most values of the ASCR concentrate between 0.3 and 0.4. The normalized cumulative 
distribution is depicted in Figure 13, right; in this instance, the probability that the ASCR is less than or 
equal 0.5 is 0.6. 
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Figure 12. Available sector capacity ratios for each ensemble member. 

 

 

Figure 13. Counts distribution and normalized cumulative distribution of ASCR. 

 

2.2 Application 

To illustrate the developed methodology, the methods are applied to Austrian airspace on 12th of June 
2018 which was a day with significant convection in the airspace. The prediction time is 12:00. The 
input data corresponding to the airspace, weather and air traffic are as follows:  

 

Airspace 

Airspace data for Austrian airspace (LOVV) for the AIRAC cycle 1806, provided by Austro Control: 

 ATC sectors, their geometries (lateral and vertical boundaries). 

 Sector configurations, and which sectors belong to each configuration. The sectors 
configurations follow a schedule through the day, as in Table 1 (the hours of interest are 
highlighted in red). 
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 Table 1. Standard airspace configuration schedule for the 12th of June 2018. 

Start time End time Sector configuration name 

00:00 04:00 2A 

04:00 04:30 5WB2 

04:30 05:00 6WB1 

05:00 08:00 7A 

08:00 08:30 8S 

08:30 09:00 9A1 

09:00 10:00 10A1 

10:00 11:00 11A1 

11:00 14:30 10A1 

14:30 17:00 9A1 

17:00 18:00 8S 

18:00 19:30 7WB1 

19:30 20:00 6WB1 

20:00 20:30 5WB2 

20:30 21:30 4G 

21:30 22:00 3F 

22:00 23:59 2A 

 

The sectors in configuration 10A1 are depicted in Figure 14, for flight levels FL300, FL350 and FL400. 

 

Figure 14. Configuration 10A1. 

 

Weather  

Probabilistic weather forecasts (as described in deliverable D3.1): 

 Nowcasts (generated by AEMET) every 15 minutes from 00:00 to 23:59, interpolated every 5 
minutes, and processed to obtain the weather obstacle polygons (using a threshold of radar 
reflectivity of 38 dBZ). The polygons are enlarged with a safety margin of 13.5 NM around the 
actual weather cell.  

An example, corresponding to one ensemble member at prediction time 12:00, generated at 
11:45, is depicted in Figure 15.  
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Figure 15. Nowcast weather polygons (including safety margins). 

 

 COSMO-D2-EPS data, generated at 9:00. The EPS data include, among others, the lifted index 
(li) and precipitation (precipitation_Intensity) fields, which are combined into a convection 
indicator, as follows: true if li < -4 and precipitation_Intensity > 5, and false otherwise. 
Convection=true indicates a necessary but not sufficient condition for the area to be 
impermeable by the flights; areas with convection=false are definitely permeable.  

As in the previous case (nowcast data), to define the weather obstacle, the polygons are 

enlarged with an additional margin of 13.5 NM around the actual weather areas. An example, 

corresponding to one ensemble member at prediction time 13:00, generated at 09:00, is 

depicted in Figure 16.  

 

 

Figure 16. EPS weather polygons (including the additional safety margin). 
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Air traffic 

Historic flight data (flight plans) of traffic crossing LOVV on the selected times, obtained from R&D Data 
Archive. A total of 2961 flights were considered in the application. 

 

 

2.3 Results 

In this section we present the results for the application described above, that is a prediction of 
Austrian airspace capacity on 12th of June 2018 between 12:00 and 20:00.  

 

ASCR distribution for the first hour of prediction (12:00 – 13:00) using nowcast.  

Sector configuration 10A1, with 10 sectors, is used during the first hour of prediction. We have 
calculated ASCR distribution for all 10 sectors. Next, we present several examples of the resulting 
distributions for sectors B15, E13 and W12. 

Figure 17 presents the distribution of ASCR for sector B15 during the first hour of prediction. Each 
boxplot represents ASCR distribution over the 15 nowcast members for the 5-minute time period. One 
can see in this result that the variance of the available capacity increases with lead time, following the 
inherent variability of the weather prediction. 

  

Figure 17. ASCR distribution for sector B15 between 12:00 and 13:00. 

 

Figure 18 presents the distribution of ASCR for sector E13 during the first hour of prediction. Similar 
results were obtained for sector E45. 
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Figure 18. ASCR distribution for sector E13 between 12:00 and 13:00. 

 
Figure 19 presents the distribution of ASCR for sector W12 during the first hour of prediction. The 
sector capacity is low at 12:05 and decreases to 0 at 12:15 according to the majority of the nowcast 
ensemble members. Similar results were obtained for sectors W3 and W45. 

  

Figure 19. ASCR distribution for sector W12 between 12:00 and 13:00. 

 

On the other hand, no capacity reduction is predicted for sector S12, and the following sectors N12, 
N35 and S35 have minor capacity reduction and only for some nowcast ensemble members. 

 

ASCR distribution for time 13.00 – 20.00 using EPS. 

Sector configurations 10A1, 9A1, 8S, 7WB1 and 6WB1, with 15 sectors in total, are used between 13:00 
and 20:00. We have calculated ASCR distribution for all 15 sectors. Next, we present the resulting 
distributions for sectors B15, E13 and W12. 

Figure 20 presents the distribution of ASCR for sector B15 between 13:00 and 20:00 (the sector is not 
active after 18:00). Each boxplot represents ASCR distribution over 20 EPS members for the 30-minute 
time period.  
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Figure 20. ASCR distribution for sector B15 between 13:00 and 20:00. 

 

Figure 21 presents the distribution of ASCR for sector E13 between 13:00 and 20:00. The sector is not 
active after 17:00.  

 

Figure 21. ASCR distribution for sector E13 between 13:00 and 20:00. 

 

Figure 22 presents the distribution of ASCR for sector W12 between 13:00 and 20:00. The sector is not 
active after 18:00.  

 

Figure 22. ASCR distribution for sector W12 between 13:00 and 20:00. 
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These results show that now, for the EPS forecast, which spans a longer time horizon, times with high 
variability interleave with times of small uncertainty: the increase of variability with the lead time is 
therefore less pronounced than in the previous case of nowcast forecast. 

 

ASCR distribution for the whole time horizon 

The complete results are available in [11]. Figure 23 shows the ASCR boxplots for sectors B15, E13, 
W12, S35, E45, N35, S12, W3, W45, N12 for the whole time horizon in which the sectors are active. In 
our application the switch from nowcast to EPS forecast occurs at the time horizon of 1 hour, for which 
both weather products are available; in several instances, the two weather products do not match up 
in their depiction of the convective weather at the one-hour horizon (13:00), where one ends and the 
other begins. This seam leads to the jumps observed in Figure 23 at 13:00. 
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Figure 23. ACSR distributions for 10 sectors for the whole time horizon. "n 13:00" is nowcast, "f 13:00" is EPS 
forecast. 

 

These predictions of available sector capacity ratios will be used in WP5 to obtain the weather-
dependent capacity of each sector (both Monitoring Value and Occupancy Traffic Monitoring Value), 
which, together with the demand prediction, will be used to obtain the probability of congestion of 
each individual sector. 
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3 Sector complexity analysis 

This section describes the methodology used for sector complexity analysis in convective weather 
conditions. It is based on the modified EUROCONTROL’s Performance Review Unit’s (PRU) complexity 
model. 

Air traffic complexity and controller workload are two closely related terms that are directly dependant 
on each other, where the increase in complexity invariably leads to increase in controller workload. 
Other factors contributing to workload, the internal factors, can be summarized as airspace 
organization, route structure, sectorization and concept of operation and technology, as seen in Figure 
24. It is considered that, to capture the level of complexity, it is important to observe only the external 
factors that affect the controller workload, not taking the internal, procedures-related processes into 
account [12]. 

 

Figure 24 Internal and external factors influencing ATCO workload [12] 

 

3.1 PRU complexity model 

EUROCONTROL’s Performance Review Unit considered a range of complexity dimensions, where every 
dimension captures an attribute of the ATM environment considered to impact the complexity, and 
chose the most specific and interpretable indicators among them for the purpose of quantifying 
complexity in en-route operations. That makes the Performance Review Unit (PRU) model simple, 
versatile, and usable on a large scale.  

According to the PRU working group, the four complexity indicators in Table 2 have the most influence 
on the complexity in en-route operations as experienced by an Air Traffic Controller Officer (ATCO). 
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Complexity dimension Indicator 

Traffic density Adjusted density 

Traffic in evolution Potential vertical interactions (VDIF) 

Flow structure Potential horizontal interactions 
(HDIF) 

Traffic mix Potential speed interactions (SDIF) 

Table 2 Complexity indicators [12] 

Complexity indicators are based on the number of aircraft interactions in a 4D cell of 20x20 NM and 
3,000 feet in height. The fourth dimension of the observed cell, i.e., the time dimension, allows to 
observe potential interaction within an hour, as opposed to actual interactions, in order to achieve a 
macroscopic view. One full day of complexity calculation would, therefore, include 24 data sets for 
each cell. In this project, the temporal dimension of the cell is reduced to 20 minutes, as opposed to 
60 minutes defined in the PRU method. The changes to the temporal dimension and other 
modifications to the PRU complexity model will be further explained in Chapter 3.2.1.  

Figure 25 shows the spatial (dx, dy and dz) parameters of the cells used in the PRU method. To reduce 
the adverse boundary effect, each grid is also shifted four times horizontally by 10 NM in all four 
directions and vertically by 1000 ft, resulting in 12 different grids. The results of the calculation are 
presented as the average value from the 12 observed grids [12].  

 

Figure 25 Dimensions of a cell within the grid [12] 

The concept of interactions indicates that the simultaneous presence of multiple aircraft in the same 
cell increases complexity, especially if those aircraft have diverging tracks, different performance 
capabilities and are in different flight phases. In the PRU method, an interaction is defined as the 
presence of two aircraft in the same cell at the same time observed from each aircrafts’ perspective. 
In Figure 26, cellk has two interactions. Aircraft a interacts with aircraft b, and aircraft b interacts with 
aircraft a. In the same manner, cellk+1 has 6 interactions. 
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Figure 26 Interactions in a cell [12] 

The goal of this method isn’t to count all actual interactions between aircraft pairs, but rather to 

account for all potential interactions in a cell in the given interval, i.e., the probability of interactions 

in the observed traffic mix. The method only looks at how much time each aircraft spends in the cell 

during the observed hour, regardless of the exact time during that one hour that it may have passed 

through the cell. Aircraft interactions are thus calculated with the following equation, Eq 8: 

 𝑇𝑋𝑘𝑖
= 𝑡𝑖𝑘

∗ ∑ 𝑡𝑗

𝑗∈𝑐𝑒𝑙𝑙𝑘𝑎𝑛𝑑 𝑗≠𝑖

 Eq. 8 

Where: 

𝑇𝑋ki – duration of the interactions of aircraft i within time interval k in the cell; 

𝑡ik – flight time of aircraft i within time interval k in the cell; 

𝑡j - flight time of aircraft j within time interval k in the cell. 

 

3.1.1 Interaction indicators 

Adjusted density is the ratio between the hours of interactions and flight hours. It’s an indicator of the 
Complexity Dimension. The indicator used is “adjusted” density, as opposed to the “raw” density, 
because raw density does not consider the distribution of traffic across the cells. There can be cells 
with no flights, which do not add anything to the calculation. The cells containing just one flight do not 
contain any interactions but add flight hours. Using adjusted density, aircraft distribution is reflected 
in the calculation. 

An example of calculating the adjusted density is shown in Table 3 where two hypothetical centres are 
compared. Centre 1 clearly has twice the raw density as Centre 2. However, the adjusted density 
presents density as experienced by aircraft, resulting in the same calculated adjusted density in those 
two centres [12]. 
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Centre 1 

 

Centre 2 

2+2+2+2=8 
Number of interactions 

2+2=4 

To produce results in terms of expected duration, the time spent in the cell (three 
minutes in this example) must be taken into account.  

Adjusted density = Hours of interaction / Flight hours 

8 ×
1

400
= 0.02 

Hours of interaction 
4 ×

1

400
= 0.01 

8 ×
1

20
= 0.4 

Flight hours 
4 ×

1

20
= 0.2 

0.02

0.4
= 0.05 

Adjusted density 0.01

0.2
= 0.05 

Table 3 Example of calculating the adjusted density 

 

The VDIF indicator measures the complexity as a result of vertical interactions between flights in 
different flight phases. It is the total duration of potential vertical interaction in a cell within an hour.  

Two aircraft interact vertically when they are present in the same cell simultaneously and have 
different attitudes. There are three options: climbing, cruising and descending. An aircraft is in the 
cruising phase when its rate of climb or descent doesn’t exceed 500 ft/min. 

The vertical interactions concept is further explained in Figure 27. There are 4 aircraft entering the cell 
during the monitored hour: 2 climbing, 1 in the cruising phase, and 1 descending. The two climbing 
aircraft each interact with two other aircraft (those cruising and descending), but not with each other. 
The cruising aircraft potentially interacts with 3 aircraft: the two climbing aircraft and the descending 
one. The same logic applies to the one descending flight. If flights have the same attitude, more 
precisely, if they are in the same flight phase, they don’t have a vertical interaction [12].  
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Figure 27 Potential vertical interactions [12] 

The total number of potential vertical interactions in this example is 10. Those interactions are 
considered as potential, because the aircraft may have been present in the same cell at different times 
during the hour. The formula for calculating the VDIF indicator is: 

 𝑉𝐼𝐷𝐹 = 𝐻𝑜𝑢𝑟𝑠 𝑜𝑓 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 𝐹𝑙𝑖𝑔ℎ𝑡 ℎ𝑜𝑢𝑟𝑠⁄  Eq. 9 

The Horizontal Different Interacting Flows (HDIF) measures complexity resulting from the potential 
interactions between flights on converging or diverging flight paths. Two aircraft are considered to be 
in horizontal interaction if their headings differ by more than 20° and they are simultaneously passing 
through the same cell. In the example presented in Figure 28, there are five aircraft entering the cell 
during one hour. Each of the aircrafts’ routes is assessed to calculate the angle between the routes for 
every aircraft pair [12]. 

 

Figure 28 Potential Horizontal Interactions [12] 

There is no interaction between aircraft (a) and (b), as the angle between their routes is less than 20°. 
The angle between (a) and (c)’s route, however, is greater than 20°, so it counts as a potential 
horizontal interaction. Table 4 below summarizes the potential horizontal interactions for the cell used 
in this example.  
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Aircraft Number of potential horizontal 
interactions 

a 3 

b 3 

c 4 

d 4 

e 4 

Total 18 

Table 4 Summary of the potential horizontal interactions [12] 

HDIF is defined as: 

 𝐻𝐷𝐼𝐹 =  𝐻𝑜𝑢𝑟𝑠 𝑜𝑓 ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 𝐹𝑙𝑖𝑔ℎ𝑡 ℎ𝑜𝑢𝑟𝑠⁄  Eq. 10 

The Speed Different Interacting Flows (SDIF) measures the complexity resulting from the interactions 
between aircraft flying at different speeds [12]. A potential speed interaction is counted when the 
difference in speed between two aircraft exceeds 35kts. The number of interactions and the 
calculation of the indicator’s value follow the same principles as for the previously stated indicators. 
The formula for the Speed Interactions indicator is: 

 𝑆𝐷𝐼𝐹 =  𝐻𝑜𝑢𝑟𝑠 𝑜𝑓 𝑠𝑝𝑒𝑒𝑑 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 𝐹𝑙𝑖𝑔ℎ𝑡 ℎ𝑜𝑢𝑟𝑠⁄  Eq. 11 

3.1.2 Complexity score 

The complexity score summarizes the different indicators to provide a single complexity metric for the 
analysed airspace. However, due to the different structure and traffic situation in various airspaces, 
singular indicators are also presented to provide an insight into the circumstances of the calculated 
complexity score for the observed area.  

Each of the DIF indicators correlates with the adjusted density indicator since all potential interactions 
are included in the adjusted density indicator. It is necessary to remove all correlation between all the 
indicators. That is achieved by dividing each of the interaction indicators with the calculated adjusted 
density. The values of these new, relative indicators (e.g. VDIFr), can be seen as percentage of adjusted 
density interactions which are also vertical, horizontal, or speed interactions. However, it is possible 
for the sum of all relative indicators to be over 100% because each regular interaction can be any 
combination of horizontal, vertical, or speed interactions. By adding all relative indicators, the 
structural index can be computed [12]. 

 𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝑖𝑛𝑑𝑒𝑥 =  𝑉𝐷𝐼𝐹𝑟 +  𝐻𝐷𝐼𝐹𝑟 + 𝑆𝐷𝐼𝐹𝑟 Eq. 12 

The structural index represents the structure of the traffic flows, whereas the adjusted density 
reflects the traffic volume. However, as both affect complexity, they are combined in the overall 
complexity score [12]. 

 𝐶𝑜𝑚𝑝𝑙𝑒𝑥𝑖𝑡𝑦 𝑠𝑐𝑜𝑟𝑒 = 𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 𝐼𝑛𝑑𝑒𝑥 Eq. 13 
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3.2 PRU model modifications 

PRU complexity model is used for the macroscopic evaluation of complexity in ANSPs within 
EUROCONTROL. For the purposes of this project, some modifications were introduced to the original 
model. The first modification is the reduction of the temporal dimension of the cell, and the second is 
the implementation of an additional indicator for weather interactions [13]. 

3.2.1 Reduction in the temporal dimension of the cell 

PRU complexity model calculates complexity based on the traffic data in 60-minute intervals. For the 
purpose of this project, a more microscopic level is required due to the short-term nature of convective 
weather conditions. The temporal dimension has therefore been revised. The time interval for each 
cell has been reduced to 20 minutes, as opposed to the 60 minutes in the source method [13].  

The feasibility of reduction of the cell’s temporal dimension was tested on data obtained during 
previous research [14]. Complexity scores of traffic data calculated in time steps of 10 minutes, 15 
minutes, 20 minutes, and 25 minutes were cross-checked with subjective scores given by the air traffic 
controllers (ATCOs).  

In their research, Radišić et al. used three categories of traffic scenarios where each category 
represented a level of difficulty for the ATCO. The “medium” category was considered the least 
complex, followed by “high”, and the “future” as most complex. ATCOs were asked to rate traffic 
complexity at regular intervals during human-in-the-loop simulations.  

To be able to correlate PRU complexity scores with ATCO subjective scores, the PRU model’s time steps 
had to be “wrapped” around the time point at which an ATCO gave their subjective score for a given 
traffic situation, thus creating a timeframe for that traffic data. Each timeframe was shifted multiple 
times in order to determine at what starting time the ATCO’s scores correlate best with the complexity 
value calculated by the modified PRU method. Each shift moved the starting time of a timeframe one 
minute closer to the time point of subjective score. As seen in Figure 29 below, the first iteration of 
the 20-minute timeframe had a starting time of 15 minutes before the subjective score and ended 5 
minutes after. The second iteration started 14 minutes before the subjective score and ended 6 
minutes after [13].  

 

Figure 29 Shift in timeframes 
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The results of the correlations are shown in Figure 30. The following graphs indicate that the 20-minute 
timeframe, shown in grey, has the highest correlation in the Medium and Future categories, and the 
second-highest in the High traffic category. It can be concluded that the 20-minute time step is the 
best option for the reduction of the cells' temporal dimension. 

 

3.2.2 Weather interaction 

To account for the adverse effect of weather on complexity, a new indicator has been introduced. The 
weather interaction indicator represents all communication and coordination between the ATCO and 
the aircraft concerning avoidance of convective weather. 

In this method, an aircraft is considered in weather interaction if it is located in a cell occupied by 
convective weather or bordering the convective weather. An example in Figure 31 shows an aircraft 
first occupying green, then yellow and finally red cells. The green cells are free of clouds and don’t 
generate weather interactions. Red cells are occupied by a cloud and are most likely areas where 
aircraft will perform avoiding manoeuvres. Cells marked in yellow share a border with the cells 
occupied by clouds. They are considered to potentially interact with clouds, which, in this method, also 
generates weather interactions.  

 

Figure 31 Weather interaction [13] 

Figure 30 Correlation between subjective and objective complexity scores 
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The weather interaction indicator follows the same principle as the indicators defined in the PRU 
method. Time of the weather interaction is the product of the flight time of an aircraft within the cell 
and the time of the aircraft interacting with the weather. Original PRU complexity indicators described 
in previous sections always consider two aircraft as having a bidirectional interaction, i.e., if aircraft A 
interacts with aircraft B then it is also the case that the aircraft B interacts with aircraft A. Therefore, 
all aircraft-aircraft combinations are counted twice. To preserve dimensionality and scale of the 
original indicators, new weather interactions indicator will also be considered as bidirectional i.e., all 
interactions will be counted as weather-to-aircraft interaction and aircraft-to-weather interactions. 
The time of weather interaction of aircraft within a cell is thus calculated as the square of flight hours 
of an aircraft within that cell, Eq. 14.  

 𝑇𝑋𝑘𝑖
= 𝑡𝑖𝑘

2 Eq. 14 

Like the original indicators, the potential weather interactions indicator (WDIF) is calculated by dividing 
the total time of weather interactions within a cell, as calculated in Eq.14, with the number of flight 
hours. The relative potential weather interaction indicator (WDIFr) is calculated by dividing the WDIF 
with the adjusted density and integrating it into the structural index by adding it with the rest of the 
indicators (Eq. 15).  

 
𝐼𝑠𝑡𝑟 = 𝑉𝐷𝐼𝐹𝑟 + 𝐻𝐷𝐼𝐹𝑟 + 𝑆𝐷𝐼𝐹𝑟 + 𝑊𝐷𝐼𝐹𝑟  

 
Eq. 15 

3.3 Airspace definition 

Airspace grid in the airspace complexity method is defined as a mesh of 4D cells which have a size 
20 NM x 20 NM x 3000 ft and temporal dimension of 20 minutes. The lower and upper level of the grid 
are defined by the airspace definition itself. The airspace is divided horizontally as well as vertically 
into a number of sectors. A horizontal section of airspace contains multiple layers stacked on top of 
each other, defined by their upper and lower level. The lower level of the first layer in each sector 
depends on the distribution of airspace between the area and approach control centres. The upper 
and lower limit, therefore, varies from one sector to another. Complexity will be calculated for all 
sectors individually and the whole LOVV area up to FL450. Figure 32 below shows the vertical span of 
the individual sectors within ACC Wien.  
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Depending on the traffic situation, the number of available controllers and other criteria, different 
configurations of airspace are used at different times of day. That means that sometimes, a few sectors 
will be merged into one, or maybe not all sectors will be activated at all time. The standard sector 
configurations used in LOVV on June 12th 2018 as well as the sectors in each configuration are listed in 
Table 5 below. 

Start time End time Configuration Sectors used in configuration 

00:00 04:00 2A SC15, NE15 

04:00 04:30 5WB2 WB35, WB12, S15, E15, N15 

04:30 05:00 6WB1 WB35, WB12, S15, E15, N35, N12 

05:00 08:00 7A B15, W35, W12, S15, E15, N35, N12 

08:00 08:30 8S B15, W35, W12, S35, S12, E15, N35, N12 

08:30 09:00 9A1 B15, W35, W12, S35, S12, E45, E13, N35, N12 

09:00 10:00 10A1 B15, W45, W3, W12, S35, S12, E45, E13, N35, N12 

10:00 11:00 11A1 B15, W45, W3, W12, S45, S3, S12, E45, E13, N35, N12 

Figure 32 Vertical span of LOVV sectors 
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11:00 14:30 10A1 B15, W45, W3, W12, S35, S12, E45, E13, N35, N12 

14:30 17:00 9A1 B15, W35, W12, S35, S12, E45, E13, N35, N12 

17:00 18:00 8S B15, W35, W12, S35, S12, E15, N35, N12 

18:00 19:30 7WB1 WB35, WB12, S35, S12, E15, N35, N12 

19:30 20:00 6WB1 WB35, WB12, S15, E15, N25, N1 

20:00 20:30 5WB2 WB35, WB12, S15, E15, N15 

20:30 21:30 4G WB15, S15, E15, N15 

21:30 22:00 3F WB15, S15, NE15 

22:00 23:59 2A SC15, NE45, NE13 

Table 5 Standard configurations used in LOVV on June 12th 2018 

 

3.4 Sampling of scenarios 

Since the complexity is calculated based on interactions between the aircraft, it is required to create a 
traffic scenario based on the predicted aircraft trajectories. Within this project, aircraft trajectories 
were predicted in two instances, first creating Nowcast-based trajectory predictions (TP) and second 
creating EPS-based trajectory predictions. In Nowcast-based TP, each aircraft had a predicted 
trajectory for 15 weather scenarios and 5 safety factors within each weather scenario. Additionally, an 
aircraft can have up to 10 different departure times thus simulating uncertainty in departure times. If 
an aircraft has already taken off at the start of the trajectory prediction time window, the delay in 
departure is not present. In total, each aircraft had between 75 and 750 possible trajectories 
depending on the number of departure times. In EPS-based TP, each aircraft had a predicted trajectory 
for 20 weather scenarios and 10 different departure times. In total each aircraft had 200 possible 
trajectories. 

Based on the number of possible trajectories in the Nowcast-based TP, for one aircraft, in one weather 
scenario, there is between 5 and 50 possible trajectories which can be selected for complexity 
calculation. Within the scope of a single weather scenario, selecting a specific trajectory for one aircraft 
is independent of the trajectory selected for the other aircraft. To illustrate the number of possible 
combinations, let us assume average of 20 possible trajectories per aircraft and 696 unique aircraft. If 
all possible combinations were to be explored there would be 20696 possible traffic scenarios for one 
weather scenario, and a total of 15 ∗ 20696 possible traffic scenarios with all weather scenarios 
included. In the EPS-based TP for 20 weather scenarios, 10 possible trajectories per aircraft, and 2058 

unique aircraft, a total of 20 ∗ 102058 possible traffic scenarios can be created. 

Since it is impossible to calculate a complexity score for each possible traffic scenario, a semi-random 
sampling without replacement method was introduced. In this sampling method, traffic scenarios are 
created using following algorithm: 

1. Select all aircraft trajectories for one weather scenario 
2. For each aircraft create a separate pool of all trajectories related to that weather scenario 
3. For each aircraft randomly pick one possible trajectory to be used in traffic scenario 

· Remove picked trajectory from a pool of trajectories 
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· If the pool of trajectories is depleted reset the pool 
4. Create traffic scenario using randomly picked trajectories 
5. Repeat 3rd and 4th step until a desired number of traffic scenarios is generated  

Described sampling method enables to randomly generate traffic scenarios, but at the same time 
ensures that one trajectory won’t be used more than others. 

To determine the appropriate number of traffic scenarios for reliable results of complexity analysis, 
1500 traffic scenarios for Nowcast-based TP and 1000 scenarios for EPS-based TP were used as a 
starting point for robustness analysis. The purpose of the robustness analysis was to figure out what is 
the number of traffic scenarios that provides stable results (i.e., further increase of the number of 
scenarios will not significantly alter the means and standard deviations of the complexity calculation). 
Proposed numbers of scenarios were selected arbitrarily, however, further analysis showed that the 
number was adequate and, what is more important, that the number of scenarios can be 
systematically determined for any given situation by following the methodology which will be 
explained shortly. From a given data sample, mean and the standard deviation were calculated for: 

 a complete data set (all 1500 Nowcast traffic scenarios and 1000 EPS traffic scenarios),  

 half of the data set,  

 one third of the data set,  

 one quarter of the data set, and  

 one tenth of the data set.  

In Figure 33 means and standard deviations of complexity are shown for the period of 460 minutes for 
each of the sample sizes. As can be seen in the figure, as the data size decreases, mean and standard 
deviation deviate from base line (blue). Maximum deviation of the means from the base line for all 
data sets is 2%. Difference between standard deviations is up to 13%, depending on observed data 
size. For a half of data size deviation from full data size is up to 3%, with increasing deviation as the 
data size reduces. It can be concluded that, even though there is a large number of possible traffic 
scenarios (i.e., large number of possible trajectory combinations), complexity results do not deviate 
significantly after a certain number of samples (in this case 1/3 of data size would have been sufficient). 

 
Figure 33 Mean and standard deviation of complexity results 
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Based on the given results, which were obtained by performing a top-down analysis, we propose a 
method to determine the appropriate sample size based on the bottom-up analysis (i.e., going from a 
small sample size to a larger one). The sample size should be determined based on the acceptable user-
defined tolerance in terms of rate of change in values of mean and standard deviation. In this method, 
the number of traffic scenarios is gradually increased until the rate of change of mean and standard 
deviation reaches acceptably low level. With complexity scores usually being represented in terms of 
relatively narrow scales (e.g. 1-5, 1-7 or just low-medium-high), acceptably low rate of change of mean 
complexity value could be as high as 5%. 

By comparing mean and standard deviation of the nth step with ones calculated in step n-1, a rate of 
change can be determined. Once the rate of change reaches acceptable tolerance defined by user, 
complexity calculation can be stopped, e.g. in the previously given results, change of the sample size 
from 500 to 1500 brings about only miniscule change of mean complexity (less than 1%). Using the 
stated method, size of the data set is not defined by the number of traffic scenarios generated but 
rather by required precision of output data. 

 

3.5 Complexity calculation results 

In this section, the obtained complexity calculation results for June 12th 2018 between 12:00 and 20:00 
will be presented. The results will be visualised via violin plots, briefly explained in the subsection 
below. First, the entire LOVV area will be analysed, and then compared with the results obtained for 
individual sectors. 

3.5.1 Violin plot  

A violin plot depicts distributions of numeric data using density curves. A density curve or kernel 
density estimate (KDE) is a way to estimate the probability density function of a variable. The width of 
each curve corresponds with the approximate frequency of data points in each region [15]. 

A histogram is a plot that involves first grouping the observations into user-specified ranges and 
counting the number of events that fall into each range. The kernel effectively smooths or interpolates 
the histogram using the smoothing parameter (bandwidth) which is the parameter that controls the 
number of samples used to estimate the probability for a new point. In Figure 34, it can be seen that 
the wider sections of the violin plot represent a higher probability of event, and thinner sections 
correspond to a lower probability. 

In case of complexity calculation, the vertical axis of the violin plot, i.e. its length, gives the range of 
calculated complexity scores for the given scenarios. The width of the violin signifies the number of 
traffic scenarios having the same or almost the same calculated complexity score. The area of each 
violin plot is always equal to 1. The smaller the standard deviation, the more densely the values will be 
presented, resulting in a short and wide violin plot. On the other hand, when the scenarios greatly 
diverge from one another, the standard deviation will be larger, and the violin plot will appear 
elongated. Although in this section the terms mean and standard deviation are used, the violin plot is 
also useful, in comparison to box plots, when trying to visualize the actual distribution of the data 
which does not need to be normally distributed. For complexity assessment it is a useful tool to quickly 
visually test the assumption of normality while also being fully aware of the possible range of air traffic 
complexity in a specific situation and that is why it is used in this document. When used by the FMP it 
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might be advantageous to reduce the complexity of the data presentation in exchange for faster 
decision-making therefore some other types of visualization might be preferred. 

 

Figure 34 An example of a violin plot 

 

3.5.2 Calculated complexity for LOVV area 

The calculated complexity score can be presented as a unique result for the entire LOVV or as results 
for individual sectors. Figure 35 shows the calculated complexity scores for LOVV from 12:00 until 
18:00 on June 12th, 2018. Complexity is calculated for each 20-minute window, resulting in 24 violin 
plots showing the complexity score at that time.  

Starting from left, the first few complexity score distributions are short and thick, which corresponds 
to the traffic scenarios just beginning to develop. In that case, the range of possible weather situations 
and predicted trajectories have not had time to diverge very much. The standard deviation is small. 
The shape of the first two plots indicates that the calculated complexity score in the first 40 minutes 
ranges from 6 to 7.5. The blue line connecting the violin plots is the complexity trend. As time goes on, 
the complexity lowers and then continues to increase and stagnate at t+180, or 15:00. The complexity 
score standard deviations in that section of the graph are much larger than in the beginning of the 
complexity calculation. The reason is that the same aircraft, depending on weather scenario, and 
mitigating actions, will occupy different cells in the airspace as a result of interacting with adverse 
weather from 12:00 to 13:00, thus increasing complexity in various sectors. The complexity score 
distribution calculated at t+220, or 15:40, gives complexity score results that are very dispersed from 
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the value of 5 up to 10. Later in the day the predicted complexity does not diverge any further and 
even has lower standard deviation in some time segments compared to earlier ones. 

 

Figure 35 Calculated complexity score distribution for the entire LOVV area 

Figure 36 shows a grid of 20 × 20 NM cells over the LOVV airspace. The colour scheme indicates 
different complexity levels in vertical column of cells, with the red and dark red cells having the highest 
complexity scores, i.e. being the hotspots. It can be said that the cells corresponding to sector ‘S’ 
(south-east) have a significant complexity difference compared to the cells in the ‘W’ (south-west) 
sector for example. The ‘S’ sector holds the majority of red cells, while the W sectors is mostly shown 
in shades of blue. It is therefore more useful to calculate the complexity score for smaller volumes of 
airspace, such as sectors, rather than the entire LOVV area.  

 

Figure 36 Complexity hotspots in LOVV 
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3.5.3 Calculated complexity for an individual sector 

Taking into account the size of the airspace and complexity hotspots, an individual complexity 
calculation for each sector is necessary to get the more accurate solution. Figure 37 shows the 
complexity calculation result between 12:00 and 20:00 hours for sector S35.  

 

Figure 37 Complexity calculation for sector S35 

The complexity trend matches the one shown in Figure 35, for the total LOVV area, except for the 
increase in complexity between the first and the second complexity score distribution with the 
individual sector calculation. It is important to note that the change between the Nowcast and EPS 
does not cause a visible change in neither complexity mean nor standard deviation which can be 
interpreted as a successful merging of these two products for the purpose of complexity assessment. 

The values on the y-axis, the complexity score, reach the value of up to 20 in this sector, indicating a 
higher complexity score for the distributions shown in the middle of the graph, which correlates well 
with Figure 36 showing a few complexity hotspots being in the ‘S’ sector. The violin showing the 
complexity scores at t+240 (16:00h) has the calculated complexity score being as low as 5 and as high 
as 20 in some scenarios, which indicates a large standard deviation, or great complexity score 
dissipation between different scenarios. 

The different complexity score in LOVV and S35 comes due to the fact that LOVV takes a much larger 
number of cells into consideration, with some of them having less complex traffic situations compared 
to ones in sector S35.  
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3.5.4 Complexity distribution for all sectors 

The complexity calculation, as described in Section 3.5.3, has been done for all active sectors in LOVV 
on June 12th, between 12.00 and 20.00h, shown in Figure 38 below.  

 

Figure 38 Complexity results for all sectors 
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The complexity score distributions in the same colour, connected with complexity lines represent a 
single sector, defined in the legend above the graph. The two numbers after the capital letter 
determine the vertical span of the sector, or how many layers are combined into one volume of 
airspace. B15, for example, is composed of all 5 layers in the B sector, shown in Figure 32. Some of the 
complexity distribution lines in the graph don’t take up the entire timeframe of 8 hours because, at a 
certain time, some sectors merge together, depending on the current airspace configuration. 
Chronologically looking, the first sector merge that can be seen is between W3 and W45 to form sector 
W35 for configuration 9A1 at 14:30. Sectors E13 and E45 combine at 17:00 to form E15 as a part of 
configuration 8S. Sector configuration 7WB1 uses sectors WB12 and WB35, which are formed at 18:00 
from sectors B15 and W35. The final configuration change that is visible on the plot happens at 21:30 
between S12 and S35, merging into S15, defined in configuration 3F. The standard configuration used 
in LOVV on June 18th is shown in Table 5 in Section 3.3. 

There is a noticeable difference in the shape and size of the complexity score distributions in Figure 
38. In the first few time-steps, from t until t+100, the distributions are dense with a small standard 
deviation due to scenarios just beginning to develop. There is not a lot of dissipation in the calculated 
complexity scores because the weather prediction is more precise, and aircraft are just starting to 
interfere with convective weather. The later distributions show a much greater standard deviation, 
appearing as an elongated violin plot. The meteorological situation is more difficult to predict at that 
time and the scenarios diverge greatly from one another. 
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4 Conclusion 

In this document we have developed methodologies for probabilistic quantification of convective 
weather impact on capacity and complexity of ATC sectors. An experimental evaluation of the 
methodologies has demonstrated their applicability to real-world data.  

The capacity results have shown some discontinuities at the switching from nowcast to EPS forecast 
(occurring at the time horizon of 1 hour). It is clear that a seamless weather product with an outlook 
horizon of several hours (8 hours in our case) would lead to smoother predictions. We believe that 
further investigations are needed in order to develop such a high-quality weather product and use it 
for probabilistic capacity estimations. We identify the development of such a probabilistic seamless 
product as a topic for future MET research. 

The method for probabilistic air traffic complexity assessment is based on the PRU methodology, 
however, several changes were made to adjust the method to the tactical and pre-tactical operations 
suitable for FMP. Also, a complexity indicator related to convective weather was added. The method 
was used to assess complexity on ACC and sector level. 

As input for the complexity assessment, probabilistic predicted trajectories and weather forecasts, 
both nowcast and EPS, were used. Due to extremely high number of possible trajectory combinations 
in each of the weather scenarios, selection of the trajectories to be used was done based on the semi-
random sampling without replacement. A method for selecting the appropriate sample size was 
described and validated. 

Looking at the results from the FMP point of view, several conclusions can be made. First, it is possible 
to determine the level of uncertainty in complexity prediction. This enables better decision-making, 
especially in situations with multiple sectors having low standard deviations of complexity. Secondly, 
even in sectors with larger standard deviations the trend lines are informative in terms of possible 
future complexity increase or decrease. Finally, some sectors remain unaffected by weather and have 
low complexity throughout the day. This information can be used by FMPs to better determine which 
sectors to merge thus avoiding merging two sectors which will experience increase in complexity in 
near future. 
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