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Executive Summary 

In this report, produced as an annex to EUROCONTROL’s Climate Change Risks for European Aviation 
study 2021, the patterns in storm intensity and frequency were investigated both for historical and 
future periods. Impacts of storms on aviation were then quantified using a set of operational metrics.  

This study considers two types of storms. Convective storms that cause aviation disruption in Europe 
are heavily weighted towards the summer months, while windstorms are weighted towards the winter 
months. They have their greatest impacts in southern and northern Europe, respectively.  

The impact of storms was measured through thresholds of storms that are related to Significant 
Weather Days (SWDs), which are days on which considerable Air Traffic Flow Management (ATFM) 
delays were experienced. These thresholds were then used to quantify their probability of being 
exceeded, firstly calculated on any given day regardless of its characteristics, and secondly calculated 
according to the weather pattern classification associated with a day. This established a link between 
potential disruptive weather and a small number of weather patterns. The projected changes in these 
weather patterns out to 2050, as indicated by climate models, were used to assess how the likelihood 
of potential disruptive weather associated with European aviation delays will change by this time 
horizon. The projected change in these thresholds, out to 2050, directly simulated by the climate 
models is also quantified. 

The work confirmed a very strong relationship between the SWDs experiencing the most significant 
en-route ATFM delays and convective storms, for which the respective country average Convective 
Available Potential Energy (CAPE) was used as a proxy. The study identified a clear increase in the 
likelihood of a SWD occurring on a day that sees a country average CAPE value of greater than 100 
J/kg. Similarly, the likelihood of a SWD occurring increased noticeably on days where surface wind 
speeds at European airports were greater than 10 m/s. The number of days where these thresholds 
are exceeded varies considerably by European country. The CAPE threshold is exceeded most regularly 
in southern Europe while the wind speed threshold is exceeded most regularly in northern Europe, 
particularly its coastal areas. 

The analysis also covered the likelihood of exceeding SWD thresholds with respect to weather 
patterns; clear links emerge. Weather patterns, which draw warm and humid air northward from the 
Mediterranean, are associated with a greater probability of en-route ATFM delay due to disruptive 
convection. Weather patterns characterised by deep low-pressure systems across northern and 
southern Europe are, understandably, associated with a greater probability of arrival ATFM delay due 
to disruptive high surface wind speeds.  

The changes in weather pattern occurrence projected by climate models out to 2050, describe a 
possible shift towards more frequent weather patterns associated with settled weather across 
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northern Europe. This suggests that weather setups for impactful convective activity may become less 
common but does not necessarily mean that the exceedance of these key thresholds decreases. 

Projected changes in high impact storms were directly simulated by climate models. Using extreme 
daily rainfall as a proxy for convective activity, extreme rainfall days are projected to increase across 
northern Europe, but they are projected to decrease across southern Europe. The regions of northern 
Europe that are projected to have the greatest increases in days with extreme rainfall actually have 
the least potential for en-route ATFM delays in the current climate (i.e. the long-term average of 
meteorological conditions). Therefore, the decrease in days with extreme rainfall across southern 
Europe, which has the greatest potential for en-route ATFM delays in the current climate, is of 
relatively greater importance. Given the very localised impact of disruptive wind speeds, it is difficult 
to make robust statements about the projected changes in these events in climate models. Regardless, 
climate models do not typically project robust changes in either time average or extreme wind speeds. 

This study also analyses operational impacts of major storms1 and provides high-level estimates of 
associated direct costs. Where possible the analyses were done for both the historic period and future 
period considering expected changes in storm patterns.  

Historically, storms are responsible for up to 7.5% of total en-route ATFM delays at network level. The 
average en-route ATFM delay due to weather per flight delayed by a major storm is currently 
estimated to be around 17-18 minutes per delayed flight. By 2050, the total number of flights 
experiencing en-route ATFM delays due to a major storm is likely to decrease; if a flight is delayed by 
a storm, however, the delay is likely to be greater by 3-4 minutes than it is today. 

In the interest of safety, flights usually try to avoid stormy areas. This leads to additional distance that 
need to be flown while avoiding the storm. Historically, the average horizontal flight inefficiency 
measured at network level during days of major storm activity was 20% worse than the annual average. 
In 2019, over 1 million kilometres were flown in order to avoid a major storm. This roughly corresponds 
to an extra 6,170 tonnes of fuel consumed, or 19,430 additional tonnes of CO2 produced. However, 
except for a small number of localised storms that caused substantial increases in horizontal flight 
inefficiency, the horizontal flight inefficiency measured on days with major storms was rarely more 
than 4%. Due to the localised geographical extent of storms, the overall impact on annual performance 
remains very small. The average horizontal flight inefficiency measured across all days when major 
storms accounted for at least 50% of en-route ATFM delays between 2013-2019 was 3.50% (3.59% in 
2019). Given the anticipated changes in storm patterns by 2050, this figure is likely to increase to 4.0% 
- 4.2%. Based on 2019 air traffic, it is estimated that a flight will need on average 11.76 kg of extra fuel 
during a major storm to cover the average additional distance flown.  

                                                 
1 For the purpose of this study a major storm is defined as a storm with a CAPE value ranking in the top 5% of 
all measurements, whilst the contribution of weather delay to total en-route ATFM delay on the day in question 
was greater than, or equal to, 50%. 
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Vertical flight efficiency (VFE) was also analysed as part of this study. VFE is measured as distance 
flown level during approach or climb phases of flight. As most of the storms occur during the peak 
summer months (June, July, August), an analysis has been done to compare vertical flight efficiency 
on days when major storms took place against typical vertical flight efficiency measured in those 
months. Results suggest notable variability of impacts across the countries in the sample, with the 
general seasonal impact on vertical flight efficiency during the climb phase of flight being greater 
than the impact on vertical flight efficiency during the descent phase. Due to the unavailability of 
future storm patterns projections for individual airports, however, it was not possible to carry out a 
forward-looking analysis of any potential related impacts. 
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 Introduction 

1.1 Purpose of this document 
This document forms one of the five technical reports produced as annexes to EUROCONTROL’s 
Climate Change Risks for European Aviation study 2021. The overriding aim of the study is to quantify 
the risks that climate change could pose for European aviation. This ultimately aims to raise awareness 
amongst European aviation stakeholders and decision makers of the impact these emerging climate 
change risks could pose, and the need for early action to prepare for and adapt to them. 

The study investigated the potential impact that changes in storm patterns and intensity might have 
on flight operations. First, patterns in storm intensity and frequency were investigated for historic and 
future periods. Subsequently, impacts of storms on aviation were quantified using a set of operational 
metrics.  

This report presents a technical summary of the methodology, results and conclusions drawn from 
the work.  

1.2 Study drivers and Scope 
Changing weather events in a warming world present a very real but poorly quantified risk. The 
aviation industry is vulnerable to weather phenomena that impacts airspace and airport capacity, flight 
efficiency and safety. Significant weather events can cause major disruption to the operations of the 
aviation system in Europe; typically, at the local level, but increasingly more frequently at network level 
(Schulz et al., 2018). Convective activity and windstorms are weather events which have some of the 
greatest impacts on aircraft operations, yet their impact on operations is rarely quantified and, if so, 
such analysis is typically carried out at the local level.  

The objective of this work is to understand the aviation-relevant impacts of storms, using a method 
(based on an analysis of changes in weather patterns) uniquely suited to capturing the 
interconnectivity of the European aviation network and the nature of weather events that impact the 
sector. The aim of this report is to understand, at pan-European level, the link between storm 
frequency and intensity and associated impacts on ATFM delays, flight efficiency (horizontal and 
vertical), environment (fuel burn and emissions) and economic impact (costs). 

This work also focusses on projecting changes in the frequency and intensity of high-impact storms 
and uses these projections to estimate future operational impacts. 
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1.3 Document Structure 
The structure of the report is as follows: 

 Section 2: Background; this section provides an overview of the formation of storms and provides 
a case study on how a major storm can impact European aviation. 

 Section 3: Methodology; this section describes the approach, data and models used to perform 
the analysis.  

 Section 4: Relating storm intensity to significant weather days; this section establishes the link 
between storm intensity and days with significant impact on aviation. 

 Section 5: this section deals with the weather patterns associated with storms and their future 
changes.  

 Section 6: this section analyses the projected changes in the frequency of high-impact storms.  
 Section 7: this section quantifies historic and projected impact of storms on delays, flight efficiency 

and environmental metrics, and it provides cost estimates of these impacts.  
 Section 8: provides the conclusions from this work. 



  

 

 
 
 
 

2. Background
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 Background 

This section introduces the two types of storms considered in the subsequent analyses. 
Convective storms that cause aviation disruption in Europe are heavily weighted towards the 
summer months, while windstorms are weighted towards the winter months. Convective 
weather has the greatest impact in Southern Europe and windstorms in Northern Europe. The 
exposure to disruptive winds increases with proximity to the coast. 

As highlighted in Annex 1 "An overview of short-term weather impacts on European aviation", 
particularly the Introduction section, storms can severely disrupt flight operations across the European 
network. While a holistic approach to identifying past and future changes in high impact weather 
events was appropriate in that work, it is extended here to consider storms in more detail. Additionally, 
it will be necessary to consider changes in the occurrence of high impact storms and associated 
weather patterns beyond the next five years (as considered in Annex 1), out to 2050. 

2.1 Formation of storms 
The word ‘storms’ is used informally here to cover two key weather impacts: 

1. Convective activity which can be highly disruptive to aircraft en-route and arriving at airports 
and can account for delays due to the necessity of rerouting. 

2. Windstorms which can be disruptive, particularly to aircraft arriving at airports. 

Convective activity can be localised, requiring rerouting of aircraft, or widespread, causing 
considerable disruption across a whole Flight Information Region (FIR) / Upper Information Region 
(UIR), or in more than one FIR if it occurs across the ‘border’ between FIRs. Convective activity capable 
of causing aviation disruption is heavily weighted towards the summer months, where surface heating 
from sunshine can trigger the development of storm clouds that extend high into the atmosphere. 
The most intense storms will become thunderstorms, generating cumulonimbus clouds and lightning, 
which is a notable hazard to aircraft. Southern and eastern regions of Europe see more convective 
activity since, in simple terms, they experience hotter weather. Southern Europe is a particular hotspot 
for thunderstorms with the Mediterranean providing additional humidity, another key ingredient for 
thunderstorm development. 

Conversely, windstorms are weighted towards the winter months, and northern and western regions 
of Europe. Although they have minimal impact on en-route aircraft2, they can have a greater impact 
on aircraft arriving at airports. The strongest winds, and associated disruption, usually last no longer 
than a few hours. While the most disruptive winds can be relatively brief, such storms often appear in 
clusters during spells of unsettled weather. Therefore, it is not unusual to experience disruptive spells 
of weather. Spatially, impacts from a given storm can extend across multiple countries. There are 
considerable differences in the exposure to wind between coastal and inland areas. The sea produces 
less friction than the land so coastal areas, particularly those exposed to the prevailing (most common) 
                                                 
2 Windstorms are often associated with a stronger than normal jet stream, which can cause an increase in turbulence. 



EUROCONTROL’s Climate Change Risks for European Aviation study 2021  

Impact of Changes in Storm Patterns and Intensity on Flight Operations   
Technical report 

28/07/2021  Page 16 of 115 

Version 1.4  

wind direction will see the windiest weather. This is particularly important for airports located close to 
the sea. One such example is Rome Fiumicino. Although Italy is not, on average, as windy as the United 
Kingdom, proximity to the coast means Rome Fiumicino could be, on average, windier than London 
Heathrow. Exposure to strong winds can also vary considerably within a country. As an example, 
Hamburg Airport will experience stronger winds, on average, than Frankfurt Airport owing to its more 
northerly location and relative proximity to the coast. 

2.2 The role of storms in aviation delays 
Evidence of disruption due to storms is plentiful. An example of significant disruption from a 
windstorm is the St. Jude storm of 28th October 20133. This storm resulted in the cancellation and 
diversion of flights across the United Kingdom, the Netherlands, Germany and Denmark. Figure 1 
shows the weather chart for 1200 UTC on this day. This weather setup is typical of one that brings 
disruptive winds to large areas of northern Europe. The deep low-pressure system is located just west 
of Denmark at this time and the tight isobars to the south of the storm show the extensive region that 
experienced strong winds. The atmospheric pressure at the centre of the low-pressure system is just 
967 hPa, which is unusually low. 

 

Figure 1: Synoptic analysis chart for 1200 UTC 28th October 2013 showing the St. Jude storm (centred to the west of 
Denmark) that caused significant disruption at airports across northern Europe.

                                                 
3 St Jude storm - Link 

https://en.wikipedia.org/wiki/St._Jude_storm
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 Methodology 

This work determines thresholds of storms that are related to significant weather days (SWDs), 
which are days on which considerable ATFM delays were experienced. These thresholds are 
then used to quantify their probability of being exceeded, firstly calculated on any given day 
regardless of its characteristics, and secondly calculated according to the weather pattern 
classification associated with a day. This establishes a link between potential disruptive weather 
and a small number of weather patterns. The projected changes in these weather patterns out 
to 2050, as indicated by climate models, were used to assess how the likelihood of potential 
disruptive weather (that is associated with European aviation delays) will change by this time 
horizon. The projected change in these thresholds, out to 2050, directly simulated by the 
climate models is also quantified. 

3.1 Approach 
The approach taken here uses much of the data used in Annex 1 "An overview of short-term weather 
impacts on European aviation", but extends upon that work in the following ways: 

1. A crucial extension of this work is the assessment of thresholds of storms that are related to 
the significant weather days (SWDs) that were identified in Annex 1. 

2. Once these thresholds are identified, their probability of being exceeded across Europe is 
considered. This is extended to include the weather patterns associated with these high impact 
storms and how the weather patterns are projected to change out to 2050. 

3. The weather pattern framework is built upon to quantify the projected changes in exceedance 
of these thresholds, independent of the weather pattern changes. This will allow for a more 
granular assessment of projected changes. Again, projections are considered out to 2050. 

The holistic approach of Annex 1 was ideal for linking impactful weather with particular weather 
patterns, ensuring that multiple high-impact events are captured within a single common framework. 
Focusing on high impact storm events in more detail allows for greater insight into the role these 
weather phenomena play in Air Traffic Flow Management (ATFM) delays across the European network. 
This approach relies on the assumption that a link between both convective activity and windstorms 
and ATFM delays can be established. ATFM weather regulations are assigned without any additional 
information concerning the type of weather responsible for the assignment. To determine whether 
convective activity and windstorms have a noticeable relationship with ATFM delay the tendency (or 
otherwise) for the SWDs to coincide with higher intensities of storm is investigated. 

3.2 Data and models used 
Convective available potential energy (CAPE, measured in units of J/kg) is used as a measure of 
convective activity. It relates to the potential updraft strength of convection, with the most intense 
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updrafts capable of producing thunderstorms. CAPE integrates two key ingredients for deep and 
moist convection: instability and moisture. It is not a direct predictor of the initiation of significant 
convection and potential thunderstorms, which requires a third ingredient, lift. This can be inhibited 
if the conditions are not quite right. Although there is no perfect metric for convective activity, CAPE 
is a widely used indicator that is provided in some key datasets. Previous work suggests that there is 
a relationship between thunderstorm occurrence and an exceedance of 500 J/kg in CAPE (Holley et 
al., 2014). The highest values of CAPE across Europe (greater than 3000 J/kg) are seen between April 
and September over land areas, associated with deep cumulonimbus clouds capable of causing en-
route ATFM delay. 

For the analysis of windstorms, surface wind speed (measured in units of m/s) is used as the 
meteorological variable. Strong surface winds are usually associated with windstorms, which largely 
occur during the winter months. They could also occur due to local scale weather, including 
downdrafts from convective activity, but the strongest and most spatially extensive winds will be a 
consequence of windstorms. 

This work takes CAPE and surface wind speed from the fifth generation of the European Centre for 
Medium-Range Weather Forecasts (ECMWF) atmospheric reanalyses of the global climate (ERA5). 
ERA5 coverage spans the European Civil Aviation Conference (ECAC) countries. Daily CAPE is taken as 
the value at 1200 UTC, because this will best reflect the conditions when convective activity in the 
summer months is most likely (afternoon and evening). Not only do the most intense summer 
thunderstorms happen during the daytime, most flights operate during daytime, especially short- to 
medium-haul flights. Therefore, this approach ensures that the strongest possible link is established 
between high-risk convective weather and the actual impacts on en-route and arrival aircraft 
operations. The daily value for wind speed is taken as the maximum hourly value in ERA5 because this 
should better represent potential impacts at airports. However, the results are not sensitive to using 
either daily maximum wind speed or daily mean wind speed. 

The weather patterns calculated in Annex 1 are used again in the present work, using the ERA5 
reanalysis to cover the historical period, and the global climate model projections from the UK Climate 
Projections 2018 (UKCP18) are used to determine future changes. The global climate model 
simulations include two ensembles, the perturbed physics ensemble (PPE) (referred to as PPE-15) and 
the Coupled Model Intercomparison Project (CMIP) ensemble (referred to as CMIP-13). However, the 
higher resolution regional climate models (RCMs) that are used for the projections of high impact 
storms themselves (independent of weather patterns) are only available for 12 variants of the PPE-15 
ensemble (referred to as RCM-PPE). These high-resolution regional simulations allow for an improved 
representation of extreme rainfall and wind speed, relative to the global versions. 

The SWDs from Annex 1 are used again here. Where comparisons are made with SWDs this covers 
the period 2010-2019 for arrival ATFM delays and the shorter period of 2013-2019 for en-route ATFM 
delays. Where projected changes in a variable/metric are assessed, average values over a 30-year 
period are used to ensure that any changes are due to a shift in the climate rather than short-term 
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variability. The historical period is taken as the average of 1981-2010 and the future period is defined 
as 2036-2065, which is centred on the year 2050.  

3.3 Initial findings 
Daily country averages for CAPE and windspeed were calculated initially from ERA5 for the 2010-2019 
period to understand the spatial and seasonal distribution of extreme weather days. To understand 
the seasonal distribution the calculations were made for the warm (April-September) and cool 
(October-March) seasons. These are calculated for all 44 ECAC countries. Extreme weather days are 
taken as all days above the 95th percentile (i.e. the top 5% of days with the high CAPE values or highest 
windspeeds). The results are as expected. For surface wind speed (Figure 2) the days are weighted 
towards the winter and are mostly found in countries in northern and western Europe, or 
Mediterranean island nations. For CAPE, nearly all extreme days are found in summer but there is a 
distribution across a greater number of countries. Countries with the greatest number of extreme 
CAPE days are found in southern Europe, particularly around the Mediterranean. This dataset is further 
used in Section 7. 

 

Figure 2: The number of extreme surface wind speed days (defined as the 95th percentile of all days and countries) in each 
country, categorised by warm (April-September) and cool (October-March) seasons. 
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Figure 3: The number of extreme CAPE days (defined as the 95th percentile of all days and countries) in each country, 
categorised by warm (April-September) and cool (October-March) seasons. 

3.4 Assumptions and limitations 
Throughout this work, it is assumed that everywhere in Europe has the same preparedness for, and 
sensitivity to, high impact storms. This means that a storm of a given intensity will cause (roughly) the 
same level of delay wherever it occurs. There will be some variability across airports and countries, but 
this cannot be accounted for here. 

Again, one potential limitation of this approach is that the delay data are considered at daily temporal 
resolution only, rather than sub-daily. This could lead to some high-risk events not being captured by 
the available delay data. This seems unlikely given that windstorms often have impacts over several 
hours and convective activity usually occurs during the busy afternoon period for en-route traffic. The 
largest risk is that the strongest winds resulting from windstorms could occur overnight, when 
operations are reduced (or non-existent at some airports) but it is likely that a robust link between 
strong winds and arrival ATFM delay can be established. Considering sub-daily data would 
considerably add to the complexity of the task. 

The surface wind speed threshold identified as being significant for causing arrival ATFM delays in 
Section 4 might not correspond to known operating limits of landing aircraft. Airlines typically impose 
an operating limit on crosswind landing of around 15-21 metres per second (Gratton et al., 2020). The 
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thresholds here are likely to be lower than this because we use reanalysis data4, as opposed to 
meteorological observations from airports themselves. Reanalysis data are gridded and represent an 
average within each grid cell, so are unlikely to capture the maximum values at a given airport. 
Furthermore, no consideration is given to the wind direction relative to an airport runway bearing. The 
greatest impact from strong surface winds is expected when the wind is perpendicular (or close to 
perpendicular) to the runway centre line. The past and future behaviour of surface wind is considered 
in Annex 5 “Impact of Changes in Wind Pattern on Flight Operations”. 

                                                 
4 A recently released atmospheric reanalysis dataset, which provides a numerical description of the recent climate by 
combining models with observations. Specifically, ERA5 is the fifth generation of ECMWF atmospheric reanalyses of the 
global climate. 
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 Relating storm intensity to significant weather days 

There is a very strong relationship between the SWDs representing the most significant en-
route ATFM delays and the respective country average CAPE. There is a clear increase in the 
likelihood of a SWD occurring on a day that sees a country average CAPE value of greater than 
100 J/kg. Similarly, the likelihood of a SWD occurring increased noticeably on days where 
surface wind speeds at European airports were greater than 10 m/s. The number of days where 
these thresholds are exceeded varies considerably by European country. This is shown by 
calculating the percentage of days on which these thresholds are exceeded. The CAPE threshold 
is exceeded most regularly in southern Europe, while the wind speed threshold is exceeded 
most regularly in northern Europe, especially coastal areas of northern Europe. 

Before considering the exposure to impactful storms and how this risk will change in the future, it is 
important to determine thresholds of convective activity (CAPE) and windstorms (surface wind speed) 
that cause en-route ATFM delays and arrival ATFM delays, respectively. Without further information 
on the cause of the weather delay (the meteorological phenomenon responsible) this is the only way 
of determining a link between delay and a threshold of storm intensity.  

4.1 The relationship between storm intensity and SWDs 
The SWD dataset from Annex 1 "An overview of short-term weather impacts on European aviation" is 
used to represent days where there is considerable ATFM delay. While identical SWDs for en-route 
ATFM delays are used, SWDs for arrival ATFM delays are taken for individual airports only. Following 
filtering to ensure airports have a high volume of traffic and that there is a large enough sample of 
delay days, the busiest airport in each of 19 countries is taken forward (the location of the airports is 
shown in Appendix, Figure 40). SWDs are defined as the top 5% of delay days for each country (for 
the en-route ATFM delays) and each airport (for the arrival ATFM delays), in turn. Recall that en-route 
ATFM delay covers the period 2013-2019 and arrival ATFM delay covers the period 2010-2019. Since 
individual airports rather than aggregated airports are considered for the arrival ATFM delays, ERA5 
data are extracted from grid cells in which airports are located (rather than taking country averages 
as is done for en-route ATFM delays). 

For each country and airport, 20 quantiles of CAPE and surface wind speed are calculated from the 
daily ERA5 data for the period 2010-2019. A quantile divides the range of a probability distribution 
into continuous intervals with equal probabilities, in this case 20 intervals. The quantiles will not be 
the same for each country / airport since the distribution of CAPE and surface wind speed varies 
geographically. The SWDs are then categorised into each of these quantiles, according to the CAPE 
and surface wind speed values on the days that they occur. If there was no relationship between either 
CAPE or surface wind speed and the SWDs there would be no pattern in the categorisation of these 
days (i.e. they would be as likely to coincide with low CAPE values as high CAPE values). The level of 
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delay on SWDs is not considered. This approach would make establishing a storm intensity threshold 
more difficult if days with extreme accumulated delays were caused by other weather phenomena. 

Figure 4 shows the percentage of SWDs in the en-route ATFM delays dataset in each of the 20 quantile 
categories for CAPE and for a subset of countries (using country, daily average CAPE values and 
representing a geographical spread across the ECAC region). Note that the quantiles, particularly the 
extreme quantiles, vary by country since the most extreme CAPE values are found in southern Europe. 
From Annex 1, a probable link was established between en-route ATFM delays and convective activity. 
Here, there is a clear increase in the likelihood of a SWD occurring on a day that sees a country, daily 
average CAPE value of greater than 100 J/kg. The data for some countries, for example Portugal, 
appears more erratic. This is because there are fewer SWDs. A minimum number of 20 SWDs is set as 
a threshold to retain as many countries as possible but this might not always be enough to observe a 
clear pattern. 

Likewise, Figure 5 shows the percentage of SWDs in the arrival ATFM delays dataset in each of the 20 
quantile categories for surface wind speed, at a subset of major European airports (again, representing 
a geographical spread across the ECAC region). There is a less obvious tendency for SWDs to fall in 
the highest surface wind speed quantiles, but it is evident for the airports / countries that see the 
greatest number of extreme surface wind speed days (as shown in Figure 2). Denmark, Italy, the 
Netherlands, Turkey and the UK stand out, as well as Ireland and Portugal (albeit to a lesser extent). 
These are all windy countries, with perhaps the exception of Italy and Turkey. However, their busiest 
airports in the 2010-2019 period, Rome Fiumicino and Istanbul Ataturk, respectively, are both in 
exposed locations. The likelihood of a SWD occurring increased noticeably on days where surface 
wind speeds were greater than 10 m/s. It is important to note that those countries that do not see an 
increase in SWDs at higher surface wind speeds do not contain many days with wind speeds above 
this threshold. 

An interesting aside here is that some of the airports / countries (most noticeably Austria, the Czech 
Republic and Portugal) display a tendency for SWDs to fall in the lowest surface wind speed quantiles. 
This could be a consequence of delays caused by fog. It is not extensively seen though, and it is 
expected that many of the other airports would experience delays due to fog. As indicated in Annex 
1, disruption to airport operations due to fog will be difficult to identify owing to the small spatial and 
temporal scales on which fog causes an impact. 

These storm intensity thresholds (100 J/kg for CAPE and 10 m/s for surface wind speed) above which 
SWDs are associated are considered an approximation – there are many factors influencing the 
relationship with ATFM delays which mean that more precise quantification is not merited. For 
example, weather regulations may not be applied consistently across ECAC countries. It may be 
possible to reroute traffic through less congested airspace, but in high complexity airspace with 
limited opportunities for rerouting this may lead to declaration of ATFM delays due to weather. The 
relationship between associated intensity and ATFM delay will somewhat depend on the preparedness 
of the air navigation service provider / airport in question, with some more sensitive to weather events 
than others. The 100 J/kg value is lower than the 500 J/kg given by Holley et al. (2014) as being 
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associated with thunderstorms because the former refers to country, daily average values, while the 
latter refers to local, instantaneous conditions. Also, thunderstorms, while recognised as a significant 
aviation hazard, are not the only prerequisite for ATFM delays – some will be caused by significant 
convection alone. 
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Figure 4: The percentage of SWDs in the en-route ATFM delays dataset in each of the 20 quantile categories for CAPE (J/kg). 
SWDs represent the most significant en-route ATFM delay days and through relating each of these days to the respective 
country average CAPE on those days it is possible to see if there is a pattern. A tendency for SWDs to be associated with high 
values of CAPE suggests there is a strong relationship and allows for the identification of a threshold at which CAPE leads to 
significant disruption. Note that the x-axis, the quantile bounds, are different for each country because the distribution of 
CAPE varies geographically. The vertical orange line represents a value of 100 J/kg. 
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Figure 5: The percentage of SWDs in the arrival ATFM delays dataset in each of the 20 quantile categories for surface wind 
speed (m/s). Each panel shows the busiest airport by traffic volume in the respective country. SWDs represent the most 
significant arrival ATFM delay days and through relating each of these days to the respective airport surface wind speed on 
those days it is possible to see if there is a pattern. A tendency for SWDs to be associated with high wind speeds suggests 
there is a strong relationship and allows for the identification of a threshold at which wind speed leads to significant 
disruption. Note that the x-axis, the quantile bounds, are different for each airport because the distribution of wind speeds 
varies geographically. The vertical orange line represents a value of 10 m/s (note that this does not always appear to align 
exactly with the x-axis label, since x-axis values are rounded to the nearest integer and the values themselves are not linear 
since they represent quantiles). 
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Further analysis shows that there is not a clear threshold of CAPE that is related to SWDs from the 
arrival ATFM delays dataset (as opposed to the en-route ATFM delays dataset shown in Figure 4). This 
is to be expected since the country average daily CAPE values are used to infer convective activity. 
Extracting representative CAPE values for each airport from ERA5 is unlikely to improve this 
relationship since convective activity is usually short-lived at a given location. In other words, an airport 
could miss convective activity entirely through chance despite high CAPE values, and no arrival ATFM 
delay would be recorded. This is less so when averaged over a country, as some areas are likely to see 
convective activity and en-route ATFM delay will be recorded. Convective activity at airports is clearly 
still hazardous. In fact, convective activity is more difficult to avoid on arrival.  The fixed location of the 
runway (with regards to thunderstorm location), together with lower ground speed during the 
approach phase of a flight and often busy terminal airspace around airports, allow for very limited 
options to avoid a thunderstorm. 

Likewise, there is not a clear threshold of surface wind speed that is related to SWDs from the en-
route ATFM delays dataset (as opposed to the arrival ATFM delays dataset shown in Figure 5). This is 
entirely expected owing to the minimal impact of windstorms on en-route aircraft, as described in 
Section 2.1. 

4.2 The potential for delays 
Taking the CAPE and wind speed thresholds to be 100 J/kg (as a country average) and 10 m/s to 
represent potential en-route and arrival ATFM delays respectively, it is possible to determine the 
likelihood of impactful storm events. Not every day above these threshold leads to delay, but it has 
the potential to cause delay. Having established these thresholds using the SWDs, this analysis can be 
extended to all ECAC countries across the whole of Europe. This approach assumes that the 
relationship between storm intensity and these thresholds are the same across all areas of Europe, 
despite being determined from just a subset of countries and airports. In other words, the impact of 
significant storm events does not vary by country / airport. In reality, some factors, such as the airport 
runway bearing and preparedness of the air navigation service provider and airport in question, will 
have some impact. The potential for delays (defined by a threshold that is found to be linked to ATFM 
delay but does not always lead to ATFM delay when exceeded) is also informed entirely by 
meteorological datasets (in this case the ERA5 reanalysis) and does not reflect operational 
preparedness. For example, countries such as Italy, Greece and Turkey are in a prime location for 
disruptive convective activity, but this does not necessarily mean that these countries will experience 
more delays. 

Figure 6 shows the probability of potential en-route ATFM delay due the exceedance of the CAPE 
threshold (shown by season as a bar chart in the Appendix, Figure 41). As expected, the greatest 
potential for delay is seen in southern Europe, particularly around Mediterranean countries. Some of 
the percentages are notably high for the en-route delays. This is a consequence of using CAPE as an 
indicator of convective activity. Although high CAPE values are seen on days of significant convective 
activity, they alone do not always imply significant convective activity, as indicated in Section 3.2 (high 
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CAPE can be seen as more of a requirement rather than a guarantee). Note also that these country-
level averages may mask some detail at smaller spatial scales. For example, southern Germany 
(Bavaria) is likely to have a greater potential for delay (perhaps at a similar level to neighbouring 
Switzerland and Austria) than northern Germany. 

Figure 7 shows the probability of potential arrival ATFM delay due to the exceedance of the surface 
wind speed threshold (shown by season as a bar chart in the Appendix, Figure 42). It shows that the 
greatest potential for delay from extreme surface winds is seen in countries in northern and western 
Europe, and airports within those countries, particularly for airports located in coastal areas. 

 

Figure 6: The probability of potential en-route ATFM delay, due to country average exceedance of 100 J/kg of CAPE. Data 
shown for the 44 ECAC countries. Countries such as Italy, Greece and Turkey are in a prime location for disruptive convective 
activity, but this does not necessarily mean that these countries will experience more delays. 
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Figure 7: The probability of potential arrival ATFM delay, due to exceedance of surface wind speed of 10 m/s. 
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 Weather patterns associated with storms and their future 
changes 

The analysis is extended to consider the likelihood of exceeding thresholds associated with 
SWDs by weather pattern. Clear patterns emerge, with weather patterns characterised by warm 
and humid air moving northward from the Mediterranean associated with a greater probability 
of en-route ATFM delay, due to the generation of conditions favourable for convection. 
Weather patterns characterised by deep low-pressure systems across northern and western 
Europe are associated with a greater probability of arrival ATFM delay due to disruptive high 
surface wind speeds. Considering the changes in weather pattern occurrence projected by 
climate models, out to 2050, a possible shift towards more frequent settled weather regimes 
across northern Europe is indicated. This suggests that convective activity may become less 
frequent here, but it does not necessarily mean that intense convective activity that causes 
delays will become less frequent (in other words, storms could be more intense when the 
conditions are favourable). 

5.1 Weather patterns and the potential for delays 
Section 4.2 considered the probability of exceeding the thresholds of CAPE and wind speeds 
associated with ATFM delays, for the present day. This probability varies spatially (Figure 6 and Figure 
7) and by season (as shown by Figure 41 and Figure 42, in the Appendix), but it is also expected to 
vary with the weather pattern. As illustrated in Annex 1 "An overview of short-term weather impacts 
on European aviation", certain weather patterns are favourable for drawing warm and humid air from 
the Mediterranean across northern and western Europe and fuelling convective activity. Other weather 
patterns are indicative of strong winds (maybe even windstorms) across swathes of northern and 
central Europe. The weather patterns are shown in Figure 43, in the Appendix, with a description of 
what the eight weather patterns mean for the flow of air and potential weather across Europe shown 
in Table 10 in the Appendix. 

Figure 8 shows the probability of exceeding the CAPE threshold for each of the weather patterns. The 
likelihood is clearly greatest across much of Europe during weather pattern 3. This weather pattern 
leads to a flow of cooler air from the North Atlantic across central Europe. With cool air aloft, the 
surface heating by the sun during the summer months can generate high values of CAPE and, in turn, 
convective activity. Weather patterns 2 and 6, both associated with high pressure anomalies across 
southern Europe, are associated with a reduced likelihood of exceeding the CAPE threshold in this 
region. 

Figure 9 shows the equivalent plot but for exceeding the surface wind speed threshold. While it 
reiterates the point that the hazard is far greater in north-western Europe, there is stark variability in 
the probability of exceedance, and subsequent potential arrival ATFM delay, by weather type. Weather 
pattern 2, associated with a deep low-pressure pattern to the north of the UK, has the greatest 
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probability of generating extreme winds that could lead to arrival ATFM delay at airports across 
countries including Ireland, the United Kingdom, the Netherlands, Belgium and Denmark, as well as 
northern parts of both France and Germany. In contrast, the risk in these areas in weather pattern 8, 
where high pressure anomalies extend across the region, is negligible.  

The anomalies in CAPE and surface wind speed associated with each of the eight weather types can 
be helpful in understanding the link to the probability of threshold exceedance. This is shown in Figure 
43 and Figure 45 in the Appendix and shows the anomalous convective activity and wind across 
Europe, which leads to the variability by weather type described above. 
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Figure 8: The probability of potential en-route ATFM delay, due to country average exceedance of 100 J/kg of CAPE for each 
weather pattern. Data shown for the 44 ECAC countries. Countries such as Italy, Greece and Turkey are in a prime location for 
disruptive convective activity, but this does not necessarily mean that these countries will experience more delays. 
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Figure 9: The probability of potential arrival ATFM delay, due to exceedance of surface wind speed of 10 m/s for each weather 
pattern. 
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5.2 Future trends in weather patterns 
Having demonstrated the variability in potential ATFM delays by weather pattern, understanding the 
projected changes in these weather patterns will give an indication of the change in risk of high impact 
storms by the mid-21st century. 

Figure 10 shows the ensemble median projected changes in weather patterns in winter and summer 
during the period 2036-2065, which is centred on the year 2050. These changes should be considered 
as representative of the year 2050. The average over a 30-year period is calculated to ensure that any 
changes are due to a shift in the long-term climate rather than short-term variability. Projections are 
shown for both PPE-15 and CMIP-13 under the RCP8.5 emissions scenario, which represents a high-
end no-policy emissions scenario (or a world where the warming impact of greenhouse gas (GHG) 
emissions is higher than the current best guess). This emissions scenario is chosen because it leads to 
slightly more warming in climate models by the year 2050, relative to other emissions scenarios (the 
global average warming associated with RCP8.5 differs more from that associated with lower 
emissions scenarios, such as RCP4.5, after 2050). This means a response of the weather patterns is 
more likely to be seen (changes in the climate often scale with the level of global average warming). 
The sensitivity to emissions scenario is also tested by repeating the analysis with a low emissions 
scenario. 

Robust signals are those where both PPE-15 and CMIP-13 changes have the same sign (positive or 
negative) and the ensemble range (defined as the second lowest and second highest projected 
changes) should not span zero. Spanning the zero line would indicate that there is a possibility of 
experiencing a change of either sign. Evidence of robust changes does not necessarily indicate that 
change will happen. Climate projections instead serve as the best indication given the latest climate 
models. 

As anticipated in Annex 1 "An overview of short-term weather impacts on European aviation", 
consideration of more distant time horizons (2050) reveals some trends in weather pattern frequency 
that emerge above the climate variability, especially in the summer season (June-July-August; JJA). 
The only weather pattern with a robust projected change is weather pattern 7, which is projected to 
decrease in frequency. This weather pattern is associated with positive CAPE anomalies across large 
parts of Europe (Figure 43) but does not lead to particularly strong surface wind speed anomalies 
(Figure 45; these anomalies would probably be muted in the summer season anyway).   

Weather patterns 1 and 8 show some evidence for increases in the summer season (although one of 
the PPE-15 or CMIP-13 ensembles spans zero in each case). Both weather patterns are associated with 
high pressure anomalies and settled weather across much of northern Europe. This is in keeping with 
the headline message from UKCP18 of a future shift towards warmer, drier summers for the United 
Kingdom (Lowe et al., 2018). Drier conditions here are usually a direct effect of more settled weather 
across northern and western Europe. These weather patterns are generally associated with lower-
than-normal CAPE values in northern Europe and higher than normal CAPE values in southern Europe. 
This means that weather regimes for impactful convective activity and potential en-route ATFM delay 
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may become less common across northern Europe and more common across southern Europe. This 
does not necessarily mean fewer exceedances of high intensity storm thresholds, because projected 
increases in temperature could also influence storm intensity. 

For the winter season (December-January-February; DJF) there is no evidence of robust changes. 
While there is some evidence of decreases in weather patterns 1 and 8, which would cause more 
settled conditions and, for example, less windy weather over northern Europe, weather pattern 6 is 
also associated with similar conditions and this shows some evidence of an increase in occurrence.  

Generally, there is very good agreement between different emissions scenarios (as is often the case 
when considering different emissions scenarios using the same climate model). The results from 
RCP2.6, a low emissions scenario (with stronger mitigation measures, or a world where the warming 
impact of GHG emissions is lower than the current best guess), are closely aligned to those in RCP8.5, 
with general agreement in the sign of the ensemble median changes, especially in summer (Appendix, 
Figure 46). While there is general agreement in the ensemble median change, the magnitude is 
generally smaller in RCP2.6 compared to RCP8.5. While this agreement is convincing it is worth noting 
that this only represents one climate model (run with different emissions scenarios) so it does not test 
climate model uncertainty, which is generally a condition for confident statements about future 
changes. In other words, greater weight is placed on Figure 10 than Figure 46. 

By 2050 some changes in weather pattern frequency are projected, especially in the summer. These 
can be summarised as a possible shift towards more frequent weather regimes across northern 
Europe, which are associated with lower-than-normal CAPE values. In this situation, fewer days of 
impactful convective activity are expected. While a weather setup for impactful convective activity may 
become less common, when those days do occur the intensity of convection could increase and there 
may be more frequent exceedance of thresholds associated with en-route ATFM delays. Therefore, it 
is useful to understand the changes simulated directly by the climate models themselves. 
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Figure 10: Winter (top) and summer (bottom) ensemble median percentage change in the frequency of each weather pattern 
for 2036-2065, relative to 1981-2010, for both the PPE-15 (blue crosses) and CMIP-13 (yellow crosses) ensembles in the 
RCP8.5 emissions scenario. The thin vertical blue and yellow lines represent the second lowest and second highest projected 
changes from across the respective ensembles. 



 

 

 
 

 
 
 
 

6. High impact storms and 
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 High impact storms and their future changes 

This section looks at the projected changes in high impact storms directly simulated by climate 
models. Using extreme daily rainfall as a proxy for convective activity, extreme rainfall days are 
projected to increase in frequency across northern Europe and they are projected to decrease 
in frequency across southern Europe. The regions of northern Europe that are projected to have 
the greatest increases in days with extreme rainfall have the least potential for en-route ATFM 
delays considering the current climate (i.e. the long-term average of meteorological 
conditions). Therefore, the decrease in days with extreme rainfall across southern Europe, which 
has the greatest potential for en-route ATFM delays in the current climate, could have a greater 
impact on European aviation operations. Given the very localised impact of disruptive wind 
speeds it is difficult to make robust statements about the projected changes in these events in 
climate models. Regardless, climate models do not typically project robust changes in either 
time average or extreme wind speeds. 

In Section 5, the relationship between weather patterns and high impact storms was established and 
the projected changes in weather patterns considered. Here, the analysis is extended to consider the 
changes in the exceedance of storm thresholds associated with potential ATFM delay (defined by a 
threshold that is found to be linked to ATFM delay but does not always lead to ATFM delay when 
exceeded) as directly simulated by climate models. A high-resolution climate model ensemble, RCM-
PPE, that covers the European area is used. This ensemble was driven by the RCP8.5 emissions 
scenario. This allows for a more quantitative assessment of how these high impact storms might 
change, which can be used in the subsequent impact assessment (Section 7). 

6.1 Projected changes in intense convective activity 
Section 4.1 established that a country average threshold of 100 J/kg of CAPE is associated with 
potential en-route ATFM delays. CAPE is not available from the regional climate model projections of 
UKCP18 so extreme rainfall is used instead as a proxy for convective activity. The more intense rainfall 
in the summer months across Europe should be associated with convective activity. This is less true 
for the winter months, so the analysis is limited to the summer half-year (April-September). Further, 
there is likely to be detail at the sub-country level that could be missed by taking country averages, 
so the output is not averaged at the country level. 

To understand the relationship between extreme rainfall and convective activity at the local scale the 
threshold of 500 J/kg of CAPE is chosen given the relationship between exceedance of this threshold 
and thunderstorm occurrence (Holley et al., 2014). The heaviest rain is expected to be associated with 
thunderstorms which can cause substantial en-route ATFM delay. Therefore, establishing a 
relationship between CAPE values and rainfall allows the use of extreme rainfall as a proxy for 
convective activity. Calculating the distribution of daily rainfall for days when this CAPE threshold is 
exceeded and again for days when this threshold is not exceeded reveals an increased probability of 
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extreme rainfall days in the former (Appendix, Figure 47). This approach shows that rainfall totals of 
greater than 20 mm are far more likely to occur on days of high CAPE (exceeding 500 J/kg) than days 
of low CAPE. Extreme rainfall can still occur on days when CAPE is lower than 500 J/kg; it is just less 
likely. For days above 500 J/kg, the 99th percentile of daily rainfall is 26.2 mm. The equivalent figure 
for days below 500 J/kg is 18.7 mm. A rainfall day exceeding 26.2 mm is more than three times more 
likely to occur when CAPE exceeds 500 J/kg. A similar result is obtained when considering CAPE and 
rainfall as country averages, using the 100 J/kg threshold (not shown). 

Based on this analysis, a threshold of 26.2 mm is taken as being representative of days where 
convective activity is experienced, while stressing that exceedance of this threshold is not exclusively 
associated with disruptive convection. An increase in the number of days with rainfall exceeding 26.2 
mm is projected over Northern Europe by 2050 in the RCM-PPE ensemble, with these changes being 
robust across much of the land area (Figure 11). A decrease in the number of these extreme rainfall 
days is projected around some Mediterranean countries, with robust decreases in parts of Spain, 
southern France, parts of Italy and the Balkans. These spatial patterns – decreases in southern Europe 
and increases in northern Europe – are consistent with other literature investigating the projected 
changes in extreme rainfall over Europe. Increases in the intensity of extreme rainfall is simulated over 
much of northern Europe, but with uncertain changes across southern Europe. Slight decreases in the 
intensity of extreme rainfall were projected over the Iberian Peninsula by Rajczak and Schär (2017). 
This result is in qualitative agreement with changes shown in Figure 11, where the frequency of 
extreme rainfall is shown rather than the intensity.  

 

Figure 11: The percentage change in the number of days exceeding 26.2 mm of rainfall in summer (taken as April-September) 
for 2036-2065, relative to 1981-2010, for the RCM-PPE ensemble in the RCP8.5 emissions scenario. Black dots indicate where 
a robust change is simulated and the ensemble range (taking the second lowest and second highest projected changes from 
the ensemble to indicate the range) does not span zero change. 
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While increases in the intensity of extreme rainfall across much of Europe (Rajczak and Schär, 2017; 
Lowe et al., 2018) could lead to impacts such as surface flooding, it is less likely to cause direct 
increases in en-route ATFM delays. More intense rainfall and, in turn, convection could pose an 
increased risk to aircraft, but it is not clear that this will lead to an increased need for aircraft rerouting. 
However, if the number of days with intense rainfall increases this might lead to more disruption. It is 
worth remembering, however, that the regions of northern Europe that are projected to have the 
greatest increases in days with extreme rainfall actually have the least potential for en-route ATFM 
delays (Figure 6). Further, extreme rainfall here is being used as a proxy for convective activity, in the 
absence of UKCP18 climate model projections of CAPE. The relationship between extreme rainfall and 
convective activity should be strong in the summer, but it is impossible to rule out extreme rainfall 
events due to non-convective activity. Indeed, climate model projections of changes in convective 
activity over Europe show uncertainty in signals. 

6.2 Projected changes in intense surface wind speeds 
There is a high probability of delay from strong surface wind speeds in coastal areas (Figure 7). These 
are significantly weighted towards northern and western Europe, with coastal areas particularly 
vulnerable. There is little benefit in showing the changes in regions where the probability of surface 
winds exceeding this threshold is low, because spurious signals could emerge when dealing with a 
small sample. This problem is compounded by the fact that the RCM-PPE ensemble consists of just 
12 members, which might not be enough to capture signals in extreme events. Further, the interest is 
in the risk to existing airports rather than everywhere. Of these major airports, only a few are 
significantly exposed to disruptive winds (indicated by Figure 7 and Figure 42 in the Appendix). 

The strongest and most spatially extensive winds will be a consequence of windstorms, so an analysis 
of changes in windstorm frequency and intensity would give an indication of the potential changes in 
strong winds. There are mixed signals for projected changes in windstorms across northern Europe, 
with the sign of changes dependent on the model or model ensemble used. Kumar et al. (2015) 
showed that projected extreme winds in climate models show (statistically) less significant trends than 
already seen in the historical period. Generally, models suffer from biases in the representation of the 
position, frequency and intensity of storms, making it difficult to trust the projected changes 
(Ruosteenoja et al., 2019).  
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 Impact assessment 

This section analyses the impact of major storms on operational performance for both the 
historic and forecast future period considering expected changes in storm patterns as described 
in the sections above.  

Due to climate change, the overall number of days with major storms in Europe is likely to 
decrease in the future. However, regions around the Alps, southern Germany, western Czech 
republic, northern parts of the UK and most of northern Europe are likely to experience an 
increase in the number of days with significant convective activity.  

High-level estimates suggest that by 2050, the average en-route ATFM delay due to weather 
per flight caused by a major storm could increase from 18 minutes (based on 2013-2019 
average) to more than 21.6 minutes projected for 2050. Horizontal flight inefficiency measured 
on days when major storms took place could potentially increase from the current (2013-2019) 
average of 3.5% to more than 4.2%. However, regional differences across the ECAC region are 
expected to be significant and are elaborated further in this section.   

7.1 Approach and data sources 
Quantification of the impact of weather (or more specifically of storms) on flight performance at both 
a network wide and local level over a period of several years is a complex task that required the use 
of multiple data sources and calculation methods. This subsection describes the methodology and 
data sources used to compute the results. 

Table 1: Data sources used in impact assessment. 

 En-route ATFM 
delays data 

Horizontal Flight 
Efficiency data 

Vertical flight efficiency 
data 

Convective Available 
Potential Energy data 

Data provider EUROCONTROL EUROCONTROL EUROCONTROL Copernicus/ERA5 

Accessibility Public Public Public Public 

Time scope 
Jan 2013 – May 

2020 
Jan 2014 – May 

2020 
Jan 2015 – Nov 2020 

Matched to en-route ATFM 
delays data 

Data granularity Per day Per day Per day Per day 

Geographic 
scope 

EUROCONTROL 
member states 

EUROCONTROL 
member states 

Selected EUROCONTROL 
member states 

EUROCONTROL member 
states 

Data granularity Per State (FIR) Per State (FIR) Per airport Per State (FIR) 

The data sources listed in Table 1 above were merged into a single database containing the key 
information from all the sources. As most of the data was provided at a daily level, any sources with 
different granularity were aggregated to achieve daily values across all the data sources. Subsequently, 
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the data was examined using various filtering techniques in order to analyse the impact of weather 
on aircraft operations.  

The impact assessment measures performance using a number of operational metrics in two 
scenarios, based on the intensity of the storm measured in CAPE (see section 3.2 for more details) and 
the amount of disruption to aircraft operations caused by weather. In general, the following two 
categories are used:  

 Major storms day(s): this category represents a subset of days where heavy storms, measured as 
the top 5% of storms with the highest CAPE values, occurred in any ECAC country and in parallel, 
en-route ATFM delays due to weather were greater than 50% of all en-route ATFM delays on the 
same day.  

 Days with significant weather other than major storms: this category consists of a subset of 
days where en-route ATFM delays attributable to weather accounted for more than 50% of all en-
route ATFM delays measured on the same day. Only days without major storms (see the bullet 
point above) are considered for this category.  

Both approaches above are typically compared with the annual average to determine the impact.  

7.1.1 Investigation of future operational impacts 

This impact assessment provides a set of high-level estimates of the anticipated future operational 
impacts as a result of changes in storm patterns and intensity provided in the previous sections of this 
report. Estimations of future operational impacts are based on a combination of historic operational 
data, projected changes in the number of days when rainfall totals exceed the threshold of 26.2 mm 
(see Section 6) and expected evolution in traffic.  

7.1.1.1 Historic operational data 

Historic performance on stormy days was analysed using data on en-route ATFM delay covering 2013-
2019, data on horizontal flight efficiency covering 2014-2019 and vertical flight efficiency data 
covering 2015-2019.  

7.1.1.2 Projected changes in storm patterns 

The projected changes in days with heavy rain that exceed the threshold of 26.2 mm serve as a proxy 
for the convective activity in the absence of CAPE projections. The projected changes can lead to an 
increase in the number of days where rainfall totals exceeded this threshold, a decrease in number of 
days where rainfall totals exceeded the threshold, or to no change in number of days where rainfall 
totals exceeded the threshold. In all cases, projections of future operational performance are based 
primarily on historic data. The key parameter is the number of significant weather days included in 
the sample.  

If no change in the number of days where rainfall totals exceeded the threshold was projected for a 
country or a region, the local future operational performance was estimated using existing historic 
data. In other words, as no change in weather was projected, no impact on operations was observed.  
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If a decrease in the number of days where rainfall totals exceeded the threshold was projected for a 
country or a region, the number of historic days used for estimation of future operational performance 
was reduced by the difference between forecasted number of days where rainfall totals exceeded the 
26.2 mm threshold, and the number of historic days where major storms were observed. In summary, 
a smaller number of days with major storms was included in the forward-looking analysis.  

Finally, if an increase in the number of days where rainfall totals exceeded the threshold was projected 
for a country or a region, the number of historic days used for estimation of future performance was 
increased by the difference between forecasted number of days where rainfall totals exceeded the 
26.2 mm threshold, and the number of historic days where major storms were observed. In summary, 
a greater number of days with major storms was included in the forward-looking analysis.  

7.1.1.3 Projected changes in traffic levels 

Recognising that the latest STATFOR long term forecast did not account for the pandemic, the impact 
of COVID-19 on the evolution of traffic in the next five years was taken from the STATFOR five-year 
forecast (released November 2020)5. Scenario 1 is used, which assumes that a vaccine will be widely 
available by Summer 2021.  

The focus of this report is the 2050 time horizon. In the absence of any recent long-term traffic 
projection, the latest STATFOR long term forecast (projected until 2040) was used as a basis for 
extrapolation of traffic evolution to 2050. A trend was derived from projections for 2035 and 2040 
provided in the forecast.  

Four scenarios were included in the latest STATFOR long term forecast - Global Growth, Regulation 
and Growth, Happy Localism and Fragmenting World. The traffic projections used in this report are 
based on extrapolated “Regulation and growth” and “Happy localism” scenarios. These are the 
intermediate scenarios and are considered most likely. These are referred to in this report as Scenario 
A and Scenario B, respectively. Performance projections in this report are provided for both scenarios.  

Assumed traffic levels derived from the combination of historic data, the five-year forecast and long-
term forecast are provided in Figure 12.  

                                                 
5 Available at: https://www.eurocontrol.int/publication/eurocontrol-five-year-forecast-2020-2024 
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Figure 12: Assumed evolution of traffic by 2050. 

7.1.1.4 Other assumptions 

Building on conclusions from the Airspace Architecture study6, it was assumed a significant effort will 
be invested in advancing all aspects of the European aviation sector between now and 2050. This is 
required to provide sufficient capacity to handle future traffic growth in a sustainable and 
environmentally responsible manner. As demonstrated in the study, it should be possible from a 
technical viewpoint to achieve a more efficient system while handling larger volumes of traffic. 
Enablers expected to help build additional resilience for weather-related disruptions by 2050 include: 
more accurate weather prediction; real-time optimisation and better prediction of flight plan 
trajectories; trajectory-based operations; and integration of weather, surveillance and aeronautical 
data.  

Besides Scenarios A and B, this study considers Scenario X. This is introduced to eliminate the impact 
of uncertainty for variables related to the European aviation system in 2050. Scenario X is a theoretical 
scenario focussed on quantification of net impacts of changing storm patterns while keeping all the 
other variables constant. In simple terms, this scenario represents the likely impacts of changes in 
storm activity as if these changes took place today.  

                                                 
6 A proposal for the future architecture of the European airspace, SESAR Joint Undertaking, 2019. 
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Table 2: Scenarios used for projection of operational impacts of storms. 

 
Data source 

(Scenario A) 

Data source 

(Scenario B) 

Data source 

(Scenario X) 

Historic baseline 2013 - 2019 

Short term forecast STATFOR five year forecast (November 2020) Assumes 2019 traffic levels 

Long term forecast 
STATFOR long term 

forecast (“Regulation and 
Growth”) 

STATFOR long 
term forecast 

(“Happy localism”) 
Assumes 2019 traffic levels 

Evolution of aviation system in 
Europe 

Airspace Architecture study Assumes as-is situation 

Due to the lack of detailed information on the evolution of several variables in all individual countries 
investigated in this report, the forward-looking projections are provided at pan-European level 
(EUROCONTROL states)7 and for five larger geographical areas as described in Figure 13:  

 

 1. Western Europe, consisting of Austria, Belgium, 
Luxembourg, Germany, France, Monaco, 
Ireland, Netherlands, Switzerland and the 
United Kingdom.  

2. Mediterranean area, consisting of Albania, 
Bosnia and Herzegovina, Bulgaria, Croatia, 
Cyprus, Greece, Italy, Malta, Montenegro, 
North Macedonia, Serbia, Slovenia and Turkey.  

3. Central and Eastern Europe, consisting of the 
Czech Republic, Hungary, Moldova, Poland, 
Romania, Slovakia and Ukraine. 

4. Northern Europe, consisting of Denmark, 
Estonia, Finland, Latvia, Lithuania, Norway and 
Sweden. 

5. Iberian Peninsula, consisting of Portugal and 
Spain.  

 

Finally, to better visualise projected changes in storm patterns in an operational context, the forward-
looking projections for each region are accompanied by three sets of visuals, where storm patterns 
are expressed as changes in the number of days where a rainfall threshold of 26.2 mm was exceeded. 
These show planned trajectories, density of operations and combined planned trajectories with 

                                                 
7 Armenia and Georgia are not included in the figure as sufficient data was not available. 

Figure 13: Geographical regions used in the impact assessment. 
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density, all plotted over a map of the region with changes in the number of days where the rainfall 
threshold of 26.2 mm was exceeded. The visuals are based on a snapshot of operations dated 6 
September 2019.  

Any future projections presented in this work should be considered as high-level estimations. They 
will need further refinement and validation once there is more certainty over the evolution of the CAPE 
and traffic recovery and growth. Furthermore, they will be impacted by changes in the outlook for the 
introduction of new operational concepts and technologies that have the potential to further improve 
efficiency of the ATM system in Europe.  

7.2 Operational impact of weather in general 
The aviation industry is vulnerable to weather phenomena, which can impact safety, flight efficiency, 
and airspace and airport capacity. Such events have the potential to cause major disruption to 
operations of the aviation system in Europe. Events typically impact at a local level but have also 
increasingly become an issue at a network level. Significant weather events affecting flight operations 
include storms, heavy fog, heavy precipitation, strong winds, hail, icing, lightning and heat waves. 
Events less typical for Europe include tornados and sandstorms.  

Building on the methodology used in Annex 1 of this study (and further expanded in Section 3.1), this 
work assumes that any significant impact of weather on aircraft operations would manifest itself 
through both en-route and airport arrival ATFM delays attributed to weather. This is especially true of 
capacity constrained airspace and airports, where even a small capacity reduction due to weather may 
trigger the need for an ATFM regulation depending on factors such as traffic demand, complexity and 
controller confidence levels.  

The share of network-wide en-route ATFM delays caused by any weather event increased from 14% 
in 2013 to more than 21% in 2019 (Figure 14). Over the same period there has also been an increase 
in weather-related en-route ATFM delays generated on days when major storms took place.  
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Figure 14: Increasing share of general weather-related and storm-related en-route ATFM delays on total en-route ATFM 
delays. 

The share of total en-route ATFM delay comprised of weather-related ATFM delay was assessed at 
the State level. This revealed that the reduction between 2018 and 2019 was primarily driven by less 
weather related en-route ATFM delays being declared in two of the largest airspaces – France and 
Germany. The share of weather-related ATFM delay as a proportion of total en-route ATFM delay was 
important in other states such as Belgium, Spain and Italy. For almost all of the remaining countries, 
the impact of weather increased from 2013 to 2019, as demonstrated in Figure 15. It should be noted 
that only countries which declared weather related en-route ATFM delays in 2019 are included in the 
figure.  
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Figure 15: Evolution of all weather related en-route ATFM delay per flight (in minutes)8. 

The typical impact of weather phenomena on a flight subject to weather related en-route ATFM 
regulation is demonstrated for 2019 in Figure 16. It should be clarified that, although weather 
regulations in Italy can cause up to 16 minutes of weather related en-route ATFM delay per delayed 
flight, their low  frequency is such that ATFM delay in Italy does not pose an operational issue. Italy 
has comparatively fewer delays and has dealt well with the majority of weather issues within the 
assessed time period.  

                                                 
8 Serbia and Montenegro are plotted together as they share an Area Control Centre (ACC) Beograd.  
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Figure 16: Average weather related en-route ATFM delay per delayed flight in 2019 (for the states included in the traffic 
sample). 

It should be noted that the results presented in the charts and graphs above are likely to be 
underestimates as the data sample used captures only those delays where the weather was the 
primary reason for ATFM delays. However, during days with significant weather, some aircraft 
operators are likely to plan and operate around areas with significant weather, which may cause other 
airspace sectors to operate at their capacity limits. In such cases, the given sector would attribute its 
delay to capacity or staffing issues, not accounting for the fact that the original cause for re-routing 
was the weather event in neighbouring sector(s).  

Even when not accounting for the traffic onload effect on adjacent sectors, the increasing impact of 
storms on en-route ATFM delays is clearly visible (see Figure 15). Based on projected future changes 
in intensity and occurrence of high-impact weather patterns (see Annex 1 and Section 6 of this report), 
it can be assumed that this trend will continue, and weather will have an increasingly important impact 
on the execution of flight operations. It should be noted, however, that these periods of higher 
weather related delay occurred in parallel with periods of higher general delay (e.g. in 2018, 2019). It 
is possible that this could have made the system more sensitive to storms. 
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The following sections look at specific impacts of major storms on operational execution of flights. 
Impacts of weather on airport and ATM infrastructure (CNS) are not covered in this annex.  

7.3 Historic impact of storms  
As storms pose significant risks to aviation (including severe turbulence, heavy precipitation, 
unpredictable strong winds, hail, icing and lightning), aircraft operators try to avoid storms whenever 
possible. This may in individual cases lead to increased en-route ATFM delays, increased additional 
distance flown, increase in horizontal and vertical flight efficiency and associated impacts on fuel 
burn/emissions. As all these operational impacts can be monetised, storms also have a noticeable 
economic impact.  

7.3.1 Impact of storms on en-route ATFM delays 

On average, storms are responsible for up to 7.5% of total en-route ATFM delays at network level 
(EUROCONTROL area), and the trend is increasing. As the traffic increases, the network becomes 
increasingly sensitive to even smaller localised storms. For example, between 2013 and 2018, the 
number of days when major storms caused more than 50% of all en-route ATFM delays increased 
from 22 to 83, recording an almost four-fold increase in just five years. Over the same time horizon, 
the en-route traffic in the EUROCONTROL area grew by 14%. Between 2018 and 2019, the number of 
major storm days dropped from 83 to 57 (31% reduction in frequency); however, the contribution of 
storms to total en-route ATFM delay remained almost identical (only 2% reduction against 2018).  

If a flight is scheduled to operate on a day when a major storm takes place, the average en-route 
ATFM delay due to that storm can be expected to be around 18 minutes per delayed flight (2013-
2019 average measured across EUROCONTROL area). However, almost two thirds of flights (65%) 
delayed by a major storm incur between 10 and 20 minutes of en-route ATFM delay. This variability is 
caused by several factors, ranging from location of the storm, its geographical extent, intensity, time 
of the day or preparedness of aircraft operators, ANSPs and the demand capacity balancing 
mechanism (DCB)9.  

                                                 
9 DCB minimises disruption and optimises operations using forecasting that balances demand with capacity which allows 
airports to anticipate and mitigate disruption. 
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Figure 17: Distribution of en-route ATFM delays caused by a major storm. 

Investigation of evolution of average annual en-route ATFM delay due to a major storm revealed a 
stable trend across the last seven years - despite increases in traffic between 2013 and 2019 (+16% 
against 2013). This suggests that historic traffic growth actually had little to no impact on how the 
European ATM system performed during major storms in the past seven years. However, comparison 
of the evolution of average annual en-route ATFM delay due to a major storm against average CAPE 
(Figure 18 below) confirmed the expected relationship between storm intensity and resulting delays; 
this is because the delays curve broadly mirrors storm intensity measured in CAPE.  

  
Figure 18: Link between storm intensity and en-route ATFM delays due to weather. 

Focusing the analysis on the situation in individual countries across 2013 to 2019, the countries 
declaring the highest percentage of en-route ATFM delays due to major storms include Bulgaria, 
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Serbia and Montenegro10, Croatia, Italy, Slovenia and Austria. In any of these countries major storms 
are capable of causing more than 20% of total annual en-route ATFM delays per year. Notably, all of 
these countries have either large mountainous regions or significant stretches of coastline, and in 
several cases both in close proximity. 

Croatia, Italy and Slovenia are all Mediterranean countries with mountain ranges not far from the 
coast, where storms are both frequent and intense. Four out of five major airports in Croatia are 
located on the coast at the foot of a mountain range. The only major airport in Slovenia is also located 
close to a mountain range, and in the case of Italy, Milano and Padova ACCs have historically more 
weather related ATFM delays than Roma ACC.  

Neither Bulgaria nor Serbia and Montenegro historically experienced high total levels of en-route 
ATFM delays. Of those few delays that were declared, however, a relatively high proportion (60% in 
Bulgaria and 41% in Serbia and Montenegro) related to weather conditions.  

Local storms in Austria originate from convective activity around the Alps. In contrast to the average 
trend (Figure 18), the proportion of ATFM delays in Austria that are partly caused by weather has been 
increasing since 2014, although the reasons for this are not known. 

 

                                                 
10 Serbia and Montenegro are referred to together as they share an area control centre, Beograd ACC. 
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Figure 19: Historical share of weather and storm related en-route ATFM delays per country (2013-2019). 

The analysis above was complemented with the number of flights delayed by a storm. This allowed 
for the calculation of the average impact of storms on en-route ATFM delays of a delayed flight 
presented in Figure 20. It should be noted that the figure shows en-route ATFM delay experienced 
when the storm occurred – this may be misleading in the case of countries that declare a low number 
of weather-related ATFM delays, such as Italy or Slovenia. Weather phenomena in these countries 
usually do not trigger any substantial weather related ATFM delays. But when weather regulations are 
declared in these countries, it is almost exclusively due to a major storm which is intense enough to 
disturb operations. 
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Figure 20: Average en-route ATFM delay per flight delayed by a major storm in 2019 (for the states included in the traffic 
sample).  
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7.3.2 Horizontal flight inefficiency 

Horizontal flight efficiency is expressed as the ratio between actual distance flown and distance 
achieved11. This may deteriorate in response to increasing frequency, intensity, and extent of storms, 
as well as with increasing traffic levels and airspace complexity. This is because some flights may have 
to fly significant additional distances to avoid stormy areas, which, in turn, has an impact upon the 
horizontal flight efficiency of that flight. 

In this study, the horizontal flight inefficiency was measured on days when major storms occurred and 
compared against annual average performance. A similar comparison was carried out for horizontal 
flight inefficiency measured on days when significant weather12 (other than major storms) caused 
operational issues. Again, such performance was compared against annual average horizontal flight 
inefficiency to understand the impact of weather, and more specifically of major storms.  Figure 21 
shows that major storms have a larger impact on horizontal flight inefficiency than all other significant 
weather events combined. In 2019, the horizontal flight inefficiency measured at network level during 
days of major storm activity was on average 20% worse than the average measured throughout the 
year. 

 
Figure 21: Impact of weather on horizontal flight inefficiency measured at network level. 

To better understand the cause of this degradation in performance, the analysis focussed on the 
relationship between convective available potential energy, horizontal flight inefficiency, additional 
distance flown and number of flights.  

                                                 
11 ‘Achieved distance’ is a function of the position of the entry and exit points of the flight into and out of each portion of 
airspace, for all parts of the trajectory, and represents the contribution that those points make to the great circle distance 
between origin and destination of the flight. The full calculation of achieved distance together with all of its implications is 
available at: https://ansperformance.eu/methodology/horizontal-flight-efficiency-pi/ 

12 Day with significant weather: A day when weather-related ATFM delay accounted for 50% or more of all ATFM delays, 
AND falls in the top 183 days for minutes of normalised ATFM delay for arrival data OR falls within the top 128 days for 
minutes of normalised ATFM delay per flight in the en-route data. 

https://ansperformance.eu/methodology/horizontal-flight-efficiency-pi/
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Figure 22 below shows how horizontal flight inefficiency increases with increasing convective available 
potential energy, which serves here as a proxy for storm intensity (see Section 3.2 for further details). 
The bubble size indicates the number of flights affected by the given storm. The figure shows that the 
more intense the storm is, the more flights it affects and the greater the impact on horizontal flight 
inefficiency. It should also be noted that although there is a considerable number of storms with 
convective available potential energy between 1000 and 2000 J/kg, these do not typically impact a 
significant number of flights. Therefore, the flight inefficiency associated with these flights may also 
be subject to other operational factors (e.g. time of the day, airspace complexity, other en-route ATFM 
delays etc.). 

Figure 22 below suggests the horizontal flight inefficiency rarely increases to more than 4% in the 
current operating environment; this is with the exception of a small number of localised storms that 
caused a substantial increase in horizontal flight inefficiency (small bubbles in the upper part of the 
chart, above 4% HFI). Figure 24 further demonstrates this and shows that the majority of states saw 
less than 4% increase in HFI on days with major storms. A simplified conclusion would be that 
regardless of storm intensity, the HFI performance (almost) always remained at or below 4%. 

 

 
Figure 22: Relationship between storm intensity (expressed through CAPE) and horizontal flight inefficiency (bubble size 
indicates number of affected flights). 

To further confirm the findings above, an assessment of the relationship between convective available 
potential energy and the additional distance flown on days when major storms took place was 
undertaken using data from between 2014 – 2019. It can be seen from Figure 23 that in general, an 
increase in storm intensity affects an increasing number of flights and causes extensive increases in 
additional distances flown. Moreover, when a threshold of circa 2,500 flights are affected, the 
additional distance flown per day tends to be around 250-300,000 km. 
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Figure 23: Relationship between additional distance flown and CAPE on days with major storms (bubble size indicates 
number of affected flights). 

Once the impact at the network level was quantified, the analysis focussed on the impact of storms 
on horizontal flight inefficiency in individual countries. As explained in Section 7.2, the impact of 
storms on aircraft operations has increased over time, with 2018 and 2019 being the years with the 
greatest operational impact from storms. Therefore, the analysis focussed on the most recent (and 
most significant) impacts observed in 2019. A comparison of horizontal flight efficiency performance 
for selected countries was undertaken using the following five metrics: 

1) Average annual horizontal flight efficiency performance;  

2) Horizontal flight efficiency measured on days when major storms took place;  

3) Horizontal flight efficiency on days with major storms days excluded; 

4) Average annual additional distance flown per flight; and  

5) Average additional distance per flight flown on days with major storms. 

As only two major storms included in the analysis occurred in the winter season (October), Table 11 
in the Appendix can be considered a representation of the impact of major storms on summer 
operational performance. The impact of winter storms on horizontal flight inefficiency is marginal.  
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Figure 24: Impact of weather and storms on horizontal flight inefficiency per country (2019). 

As most of the storms occur during the peak summer months (June, July, August), an analysis has 
been done to compare horizontal flight inefficiency on days when major storms took place against 
typical values measured in such months. 

The results presented in Figure 25 suggest a high variability in storm impacts. For example, in the case 
of Croatia, Austria and Switzerland (the three countries with the highest count of major storms days 
across June, July and August 2019), the increase in horizontal flight inefficiency is minor compared to 
other countries in the sample.   

This finding is perhaps not surprising given the strong international dependencies for both traffic 
flows and weather events. The local relationship between weather events and flight efficiency does 
not appear to be consistent between countries, and is likely to depend on both geographic situation 
and network relationships. 

 



EUROCONTROL’s Climate Change Risks for European Aviation study 2021  

Impact of Changes in Storm Patterns and Intensity on Flight Operations   
Technical report 

28/07/2021  Page 63 of 115 

Version 1.4  

 
Figure 25: Increase of horizontal flight inefficiency on days when major storms took place (summer 2019). 

Finally, an analysis of the increase in additional distance flown due to the need to avoid major storms 
was performed. The increase applies on top of any other additional distance flown as a result of other 
factors (such as route structure or capacity). Due to the lack of data identifying which flights avoided 
storms and which did not, the extra distances flown on the day of a major storm were averaged across 
all flights on such days. This means that the actual additional distance flown by a single flight to avoid 
the storm would probably be higher than the value indicated in Figure 26. However, when multiplied 
by all flights in the given country on a major storm day, the sum of additional distances flown due to 
the major storm becomes representative of the situation in each specific country.  
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Figure 26: Increase in additional distance flown as a result of a major storm in 2019 (for the states included in the traffic 
sample). 

7.3.3 Vertical flight efficiency 

Previous sections focused on the impacts of storms upon en-route operations. However, in order to 
proceed to the en-route phase of flight, the aircraft needs to climb (and subsequently descend) 
through lower altitudes where the impact of weather (and storms in particular) is more significant. 
Although cumulonimbus clouds typically associated with storm activity should be avoided at all times, 
manoeuvrability may be reduced at lower altitudes during the climb and descent phases of flight due 
to the often complex interaction between arrival and departure routes.  

Vertical flight efficiency, for the purpose of this report, is measured by distance spent in level flight 
during the climb and descent phases of flight13. 

In ideal conditions, the flight would climb and descend on a continuous trajectory without any level 
segments. However, due to various reasons including weather, the flight may need to remain in level 
flight for prolonged periods, resulting in a less efficient vertical profile with implications on fuel burn, 
emissions, and the noise footprint (at lower levels). While the analysis presented in this section covers 

                                                 
13 The climb and descent phases of flight are defined as per EUROCONTROL methodology for measuring vertical flight 
efficiency performance here: https://ansperformance.eu/methodology/cd-vertical-flight-efficiency-pi/. In short, for 
departing traffic, the climb part of the flight it is measured from 3,000ft AGL to a point where the 4D flight trajectory 
crosses 200NM radius around the departure airport for the first time. For arriving traffic, the descent part of flight is 
measured from a point where 4D trajectory of the flight crosses the 200NM radius around the arrival airport for the first 
time to a point on flight trajectory located 1,800ft AGL.  

https://ansperformance.eu/methodology/cd-vertical-flight-efficiency-pi/
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situations where the pilot remained in level flight longer than usual, it does not cover situations where 
the pilot decided to climb steeply to avoid impacts of a storm encountered at lower flight levels .  

The analysis compared the length of level segments during days when major storms took place and 
compared this against the annual average vertical flight efficiency to identify the potential impact of 
storms. This exercise was carried out for arriving and departing flights separately – both at the network 
and at the local level. In principle, the approach followed is very similar to the approach utilised to 
quantify the impact of storms on horizontal flight efficiency. 

 
Figure 27: historical impact of storms on vertical flight efficiency at network level. 

A typical major storm that occurred between 2015 – 2019 prolonged the average distance flown level 
during continuous descent operations by 34%-56% and the average distance flown level during climb 
by 66% - 80% (Figure 27).  

As most of the storms occur during the peak summer months (June, July, August), an analysis has 
been done to compare vertical flight efficiency on days when major storms took place against typical 
vertical flight efficiency measured in these months. 

The results presented in the Figure 28 suggest notable variability of impacts across the countries in 
the sample. Similar to their impacts on horizontal flight efficiency, the impacts of storms on climbing 
and descending traffic is something that ATC can handle well. For example, Croatia, Austria and 
Switzerland are the three countries with the highest count of major storms days across June, July and 
August 2019, yet the increase in vertical flight inefficiency is minor compared to other countries in the 
sample. 

These findings are perhaps not surprising, due to strong inter-country dependencies for both traffic 
flows and weather events. It is consistent with the finding in relation to horizontal flight efficiency. The 
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local relationship between weather events and flight efficiency does not appear to be consistent 
between countries, and is likely to depend on both geographic situation and network relationships. 

 

Figure 28: Increase in av. distance flown level during descent on days when major storms took place (summer 2019).14 

 
Figure 29: Increase in av. distance flown level during climb on days when major storms took place (summer 2019). 

  

                                                 
14 Columns in Figure 28 and Figure 29 represent the summer months June, July and August. In some cases, there was no 
major storm in a country in one or more of these months. In such cases, the number of columns displayed for that country 
is reduced.  
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7.3.4 Environmental impact of storms (impact on fuel burn/emissions) 

For safety reasons, aircraft frequently avoid stormy areas. This leads to increased distances flown, 
additional fuel burn and more emissions produced. It is not within the scope of this study to perform 
a detailed quantification of impacts of storms on fuel burn and emissions using 4D flight trajectories 
and specific performance tables for a wide variety of aircraft types. Instead, this section aims to give 
a high-level estimate for the order of magnitude of what the impact of storms on fuel burn and 
emissions might be.  

Due to the large scope of the analysis, several high-level assumptions had to be made using a number 
of sources. The IPCC Guidelines on National Greenhouse Gas Inventories (Reference Manual) and 
EUROCONTROL Standard Inputs for economic analysis (December 2020 Edition) were used to retrieve 
the following assumptions on the amount of emissions produced from burning 1 kilogram of aviation 
fuel: 

Table 3: Assumptions on the amount of emissions produced from burning 1 kilogram of aviation fuel. 

CO2 H2O NOx CO NMVOCs SO2 N2O 

3.15 kg 1.237 kg 0.017 kg 0.005 kg 0.0027 kg 0.00084 kg 0.0001 kg 

In addition to the above, 11 kg of aviation fuel is needed on average to cover a distance of 1 nautical 
mile15. This corresponds to 5.94 kg of fuel needed to cover a distance of 1 kilometre.  

In 2019, over 1 million additional kilometres were flown as a result of avoiding major storms. This 
roughly corresponds to an extra 6,170 tonnes of fuel consumed, or 19,430 additional tonnes of CO2 
produced. When averaged by the number of major storms days that caused en-route ATFM delays, 
the typical impact of such an “average major storm day” was about 7,700 additional kilometres flown 
on such a day.  

Table 11 in the Appendix of this document identified typical extra distances flown per flight avoiding 
major storms. These distances were converted to additional fuel burn and associated emissions using 
the aforementioned assumptions.  

The results16 (provided in Table 14 in the Appendix) were plotted against frequency and intensity 
(measured through CAPE) of major storms in 2019, averaged at the level of a single flight operating 
during a typical day with a major storm in each country. Figure 30 shows that during a major storm, a 
flight will need on average 11.76 kg of extra fuel to cover the average additional distance due to that 
storm. Again, these figures are averaged across all flights operating on such a day. Therefore, they 
                                                 
15 EUROCONTROL Standard Inputs for Cost-Benefit Analyses (November 2015), page 39 
16 It should be noted that the figures represent average daily additional impacts due to major storms only. For example, if 
there was a major storm in Austria, the sum of distances required to avoid such a storm would be on average 6,027 kilometres 
(per day with a major storm).   
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also include flights not avoiding the storm, or operating in a different time period (before the storm 
started, or when the storm was over). In practice, the amount of extra fuel required by flights directly 
affected by the storm will be significantly higher than visualised in Figure 30.  

 
Figure 30: Additional fuel per flight vs frequency and intensity of a major storm in 2019. 

Nevertheless, the data presented in Figure 30 can be interpreted as an indicator of susceptibility of 
local operations to disruption caused by storms. For example, there were 25 major storms in Croatia 
in 2019. The country had the fourth highest average storm intensity of all countries covered in this 
analysis (as measured by the average CAPE on the y-axis). However, the average additional fuel 
required by a flight operating on a day of any of these storms was just 9.4kg.  

In contrast, there was only one major storm in Spain and in terms of CAPE it was one of the least 
intense storms from this sample. Note that whilst less intense, this specific event in Spain was still 
significantly more intense than an “average” localised storm elsewhere in Europe. Nonetheless, this 
single storm resulted in an average of 41.2 kg of additional fuel required by a flight operating on that 
day in Spain. This is likely driven by the airspace design and route network constraints of the countries, 
where Spain contains two of the largest airports in Europe; interactions between Madrid and Barcelona 
TMAs may be a factor contributing to higher additional fuel per flight on a day with a major storm. 
Finally, it may also be a factor of the geospatial distribution of the storm, since less intense storms can 
be more widely dispersed, consequently requiring a longer rerouting.  

In summary, storms can have a significant impact on fuel burn and emissions as a result of additional 
distance flown in order to avoid them. The amount of additional fuel burn and emissions may  depend 
on a range of factors including how well the ATC system is able to manage the storm event on any 
given day. 
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7.3.5 Monetary impact of storms 

Besides the operational impact analysed in previous sections, significant weather (and storms in 
particular) can have a significant economic impact on aviation. Aviation is susceptible to stormy 
weather which creates extra costs for all stakeholders involved. This section deals with storm-related 
costs to aircraft operators who decided to operate a flight that was delayed (and possibly re-routed) 
due to a major storm.  

The costs of cancellations, diversions, and for passenger compensation (EU261 costs17) are not part of 
this analysis. Weather delays are considered extraordinary circumstances and exempt the airline from 
paying additional financial compensation to the affected passengers. However, this exemption does 
not apply for flights operating with long reactionary delays18. As the data available for this study did 
not contain information on what share of flights incurred reactionary delays due to weather reasons 
(and storms in particular), passenger compensation and reactionary costs were not included in the 
following analysis.  

The economic impact of storms can be broken down into four main categories elaborated below. For 
each category, a series of assumptions from the EUROCONTROL Standard Inputs for Economic 
Analyses (December 2020 Edition) were used. Due to the high-level nature of this analysis, the 
assumptions were broken down into low, base, and high bands to account for potential uncertainties. 
These uncertainties are linked to the source data (CBAs) which itself is based on a number of 
assumptions and the lack of detailed recent data on the EU level. 

On a day with a major storm, the capacity of sectors directly impacted by the storm (and sometimes 
also neighbouring sectors) is degraded. This triggers the need to issue weather related en-route ATFM 
regulations which cause flight delays. Any delay to flight operations may cause operational issues, and 
therefore costs, for airlines. Flights will always aim to avoid stormy areas. This often requires flying 
additional distances and burning extra fuel. The extra fuel consumed on a prolonged trajectory to 
avoid a storm can be translated to additional emissions. Finally, the cost of passenger time spent on 
board a flight that was delayed by a storm was also quantified and included in the analysis.  

The total storm-induced costs in the EUROCONTROL area were 2.2 billion EUR19 in 2019. The figure 
was calculated based on days of major storms across countries that incurred weather related en-route 
ATFM delays (and associated increase in horizontal flight inefficiency). Figure 31 shows that the 
greatest share of these costs (61.6%) relates to en-route ATFM delays caused by a major storm, 
followed by the cost of passenger lost time (28.8%). Less than 10% of costs can be attributed to the 
extra fuel and additional emissions associated with avoiding the storm. 

                                                 
17 Regulation (EC) No 261/2044 on compensation and assistance to passengers in event of denied boarding and of 
cancellation or long delay of flights. 
18 Delays induced by late rotation of aircraft on one or more previous flights. 
19 1.4 to 4.0 bn EUR after factoring in the uncertainty of the assumptions used. 
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Figure 31: Breakdown of costs related to operations during major storms. 

Analysis of the costs at the level of individual countries confirms that storm-induced costs are primarily 
driven by delay costs (see Table 15 in Appendix). 

7.4 Projected impact of storms 

7.4.1 Impact at European level 

Table 4: Summary of projected changes of major storms at European level. 

This section presents high level estimates on performance that can be expected during major storm 
days in 2050. It builds on the findings regarding the probable evolution of storm patterns (section 6), 
historic impacts of major storms (section 7.3) and projected traffic evolution (section 7.1). In the 
absence of CAPE projections for 2050, the findings presented in this section are based on the 

Metric 
2013-
2019 

2019 
only 

Scn. A Scn. B Scn. X 

Minutes of En-route ATFM delay due to 
weather per flight delayed by a major 
storm  

18.01 17.33 21.64 20.75 18.01 

Horizontal flight inefficiency during a 
major storm 

3.50% 3.59% 4.24% 4.06% 3.49% 

Additional distance per flight flown as a 
result of a major storm (in KM) 

7.19 8.56 10.58 9.96 7.63 

Projected change in number of major 
storms per year 

n/a n/a -3.29% -3.29% -3.29% 

Estimated flights growth against 2019 n/a n/a +47% +65% 0 



EUROCONTROL’s Climate Change Risks for European Aviation study 2021  

Impact of Changes in Storm Patterns and Intensity on Flight Operations   
Technical report 

28/07/2021  Page 71 of 115 

Version 1.4  

projected change in the number of days exceeding 26.2 mm of rainfall20. This section presents 
aggregated projections of performance for selected operational metrics estimated at pan-European 
level first, followed by five sections focussed more closely on performance in each of the five 
geographical regions defined in section 7.1.1.4.  

As a result of climate change, it is expected that the total number of major storms at European level 
may decrease by 2050. Increases in the frequency of major storms are expected in the northern part 
of Europe (Scandinavian and Baltic states and northern parts of the UK) with a localised increase 
expected in Central Europe in the area around the Alps (Austria and Switzerland), and in southern 
Germany. Decreases in the frequency of major storms are projected in the Mediterranean area, 
especially in northern Italy, Southern France and along the Adriatic coast. Despite the storms in these 
regions being likely to be less frequent, they are expected to cause comparatively greater impact when 
they do occur. This is because these areas show higher sensitivity to high impact storms (Figure 6).  
The rest of Europe will experience, on average, a minor reduction in the number of major storms.  

In 2019, the average en-route ATFM delay due to weather was 17 minutes and 19 seconds per flight 
delayed by such a storm (see Table 4). This was measured on days when a major storm caused more 
than 50% of all en-route ATFM delays.  

Based on Scenario X (that assumes 2019 traffic volumes), a 4% increase is expected in average 
weather-related en-route ATFM delay per flight delayed by a major storm relative to 2019. This 
corresponds to an additional 42 seconds of storm-related en-route ATFM delay per delayed flight. 
However, the share of all flights likely to be delayed by a major storm is likely to decrease from 11.9% 
(2019 historic value) to 8.6% (forecast value). In simpler terms, if the current aviation system operated 
under the storm patterns projected in 2050, the total number of flights experiencing en-route ATFM 
delays due to a major storm would likely decrease due to the projected lower frequency of storms. If 
a flight ends up being delayed by a storm, however, the delay is expected to be greater than it is today 
because of anticipated changes in storm intensity.  

Taking into consideration the traffic evolution as per Scenarios A and B, the average en-route ATFM 
delay due to weather per flight delayed by a major storm is projected to be between 20.75 and 21.64 
minutes. When compared against stormy day performance in 2019, this represents a significant 
increase of more than three minutes per flight operated during a major storm, suggesting that traffic 
density and complexity will play increasingly important roles during days with adverse weather.  

The most notable increases in numbers of stormy days are expected in: 

 Northern Europe where, historically, the average en-route ATFM delay due to weather per flight 
delayed by a major storm almost doubled between 2017 and 2019; and  

 Central European and Mediterranean areas, where the traffic is expected to grow at a faster pace 
compared to the rest of Europe.  

                                                 
20 26.2 mm of rainfall serves as a proxy for major storms days. Further explained in section 6.1. 
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Detailed projections for each geographical region and each scenario are provided in Figure 32. 

 

Figure 32 Average en-route ATFM delay due to weather (in minutes) per flight caused by a major storm projected in 2050. 

The horizontal flight inefficiency measured across all days where major storms accounted for at least 
50% of all en-route ATFM delays was 3.502%. Application of the projected changes in intense 
convective activity resulted in a decrease in horizontal flight inefficiency to 3.488% measured across 
all states impacted by a major storm (Scenario X, no impact of increase in traffic volume). Factoring in 
the evolution of traffic (Scenarios A and B), the projected average horizontal flight inefficiency at 
network level during a day with a major storm in 2050 may be between 4.058% and 4.243%. It should 
be noted this is a Europe-wide average for days with major storms only, with significant differences 
expected at the local level.  

As demonstrated in Figure 33, the horizontal flight efficiency on individual days with major storms is 
projected to increase. However, the localised geographical extent of such storms suggests the overall 
impact of future storms on annual performance will remain limited. The link between the additional 
distance flown and horizontal flight inefficiency means it was possible to estimate both metrics 
presented in Figure 33 and Figure 34.  
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Figure 33 Average horizontal flight inefficiency on major storms days projected in 2050 

 

Figure 34 Average additional distance per flight (in km) delayed by a major storm projected in 2050. 
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To further understand where the operational impact of changing storm patterns is likely to be most 
significant, a series of regional maps consisting of several layers were prepared (see section 7.1.1.4 for 
definition of the regions). These maps are provided alongside more focussed regional assessments in 
the following chapters. European-wide visuals are also provided in the Appendix, Figure 50, Figure 51, 
Figure 52 and Figure 53. 
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7.4.2 Western Europe 

 

 

 

    

Figure 35: Western Europe: The percentage change in the number of days exceeding 26.2 mm of rainfall for 2036-2065, 
relative to 1981-2010, for the RCM-PPE ensemble in the RCP8.5 emissions scenario with planned trajectories (top), density 
of operations (middle) and planned trajectories and density of operations (bottom) on Friday 6 September 2019. 
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Table 5: Projected changes of major storms in Western Europe. 

 
For the purpose of this report, Austria, Belgium, Luxembourg, Germany, France, Monaco, Ireland, 
Netherlands, Switzerland and the United Kingdom are considered as Western European countries. 

The Alps region, and areas north of the Alps, are likely to experience increases in the number of days 
which exceed the rainfall threshold of 26.2mm (which serves here as a proxy for stormy days). This will 
have implications for Austria and Switzerland, which may have to invest additional effort into further 
mitigation of the impacts of storms and weather in general. Traffic flows from north-western Europe 
to Czech Republic, Poland, Russia or the Far East (and vice versa) that are expected to cross Zurich or 
Vienna FIRs may need to circumnavigate these FIRs more often in the future. This is because the 
number of stormy days in Switzerland and Austria is projected to increase. 

Increased numbers of stormy days caused by the Alps will also have an impact on southern parts of 
Germany where it has the potential to influence traffic flows from the UK, Belgium, the Netherlands 
and Germany to south-Eastern Europe, the Middle East and India (and vice versa). Additionally, 
North/South flows operate through this region, creating an intersection where any localised storm 
has the potential to influence en-route delays and distance flown. However, central and northern 
Germany, together with Belgium and the Netherlands, are unlikely to experience any major changes 
in storm patterns on average.  

Similar to central and northern Germany, central and northern France is expected to remain stable 
with regards to changes in frequency of stormy days. Bordeaux and Marseille FIRs are projected to 
see a reduction in the number of stormy days. This in turn has the potential to improve operational 
performance in these sectors via the reduction in storm-induced delays and additional distance flown.  

Lastly, it can be expected that central and northern parts of the UK and Ireland will experience minor 
increases in the number of stormy days, while coastal areas and south-eastern areas may see a 
reduction in the number of stormy days. 

Metric 
2013-
2019 

2019 
only 

Scn. A Scn. B Scn. X 

Minutes of en-route ATFM delay due to 
weather per flight delayed by a major storm 

18.87 17.96 22.45 21.43 19.56 

Horizontal flight inefficiency during a major 
storm 

3.913% 3.894% 4.178% 4.101% 3.929% 

Additional distance per flight, including 
impacts of a major storm (in KM) 

8.08 8.99 11.44 10.70 8.04 

Projected change in number of major storms 
per year 

n/a n/a +1% 

Estimated growth in flights against 2019 n/a n/a +47% +57 0 
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The situation at airports in London, Paris, Amsterdam, Brussels, Dublin or Frankfurt is likely to see little 
change with regards to frequency of storms. Zurich, Munich and Dusseldorf airports, however, are 
likely to experience increases in the number of stormy days. This may have a detrimental impact on 
performance at and around these airports (e.g. in the TMA or en-route airspace in the vicinity), 
especially if the airport remains closed as a result of the storm, in which case the traffic would have to 
divert elsewhere. The operational impacts and costs of airport closures are discussed in Annex 3 
Impact of sea level rise on European airport operations. 

  



EUROCONTROL’s Climate Change Risks for European Aviation study 2021  

Impact of Changes in Storm Patterns and Intensity on Flight Operations   
Technical report 

28/07/2021  Page 78 of 115 

Version 1.4  

7.4.3 Mediterranean area 

  

Figure 36: Mediterranean area: The percentage change in the number of days exceeding 26.2 mm of rainfall for 2036-
2065, relative to 1981-2010, for the RCM-PPE ensemble in the RCP8.5 emissions scenario with planned trajectories (top), 
density of operations (middle) and planned trajectories and density of operations (bottom) on Friday 6 September 2019. 



EUROCONTROL’s Climate Change Risks for European Aviation study 2021  

Impact of Changes in Storm Patterns and Intensity on Flight Operations   
Technical report 

28/07/2021  Page 79 of 115 

Version 1.4  

Table 6: Projected changes of major storms in the Mediterranean area. 

 
For the purpose of this report, Albania, Bosnia and Herzegovina, Bulgaria, Croatia, Cyprus, Greece, 
Italy, Malta, Montenegro, North Macedonia, Serbia, Slovenia and Turkey are considered as 
Mediterranean countries.  

Although all of the countries in this region are likely to experience a reduction in the number of days 
where rainfall total exceeds the threshold of 26.2mm, the impact will be most prominent around the 
Alps in northern parts of Milano FIR, the eastern part of Roma FIR, Ljubljana FIR. It is also expected in 
the FIRs along the Adriatic coast down to northern part of Athens FIR. Unlike most of the FIRs in this 
region, mainland Greece and areas around Athens airport are expected to see a minor increase in the 
number of days that exceed the 26.2mm threshold.  

The probability of major storms in Turkey and Cyprus is likely to remain almost unchanged; the 
projected number of days with rainfall total exceeding 26.2mm will slightly decrease (by 2.7% and 
4.0% respectively).  

The projected changes are likely to contribute to slight improvements in operational performance in 
this part of Europe. Widely regarded as popular tourist destinations, most of the countries in this area 
experience strong increases in traffic during summer months, when storms are most likely to occur. 
As the projection suggests a reduction in the number of days with rainfall total above 26.2mm (which 
serves here as a proxy for days with significant CAPE), it is reasonable to assume that storms will cause 
less disruption than today.  

Assuming the future primary traffic corridors will remain similar to those that exist today, the projected 
reduction in the number of storms could potentially influence en-route performance at the busy 
intersection of several traffic flows near Milano, Roma and Istanbul airports. At the same time, these 
airports (as well as a number of others in this region) are also likely to experience a decrease in 
disruption.   

Metric 
2013-
2019 

2019 
only 

Scn. A Scn. B Scn. X 

Minutes of en-route ATFM delay due to 
weather per flight delayed by a major storm 

16.78 16.73 26.13 23.50 16.52 

Horizontal flight inefficiency during a major 
storm 

2.773% 3.279% 5.085% 4.538% 2.645% 

Additional distance per flight flown as a result 
of a major storm (in KM) 

6.81 8.94 15.47 12.86 6.36 

Projected change in number of major storms 
per year 

n/a n/a -13% 

Estimated growth in flights against 2019 n/a n/a +51% +69% 0 
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7.4.4 Central and Eastern Europe 

 

 

 

  

Figure 37: Central and Eastern Europe: The percentage change in the number of days exceeding 26.2 mm of rainfall for 
2036-2065, relative to 1981-2010, for the RCM-PPE ensemble in the RCP8.5 emissions scenario with planned trajectories 
(top), density of operations (middle) and planned trajectories and density of operations (bottom) on Friday 6 September 
2019. 
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Table 7: Projected changes of major storms in Central and Eastern Europe. 

 
For the purpose of this report, the Czech Republic, Hungary, Moldova, Poland, Romania, Slovakia and 
Ukraine are considered Central and Eastern European countries.  

With the exception of the Czech Republic and Poland, where a very marginal increase in the numbers 
of days which exceed the 26.2mm rainfall threshold is projected (+5.1% and +1.8% respectively), all 
the other countries in this region will experience a reduction in the number of days exceeding the 
rainfall threshold of 26.2 mm - which serves as a proxy for major storms days.  

Of the countries in this region, the Czech Republic demonstrates particularly notable results; despite 
being relatively small and without any major mountain ranges, it is forecast to have areas with 
increases (western regions) as well as areas with decreases (eastern regions) in the number of major 
storms days. Additionally, an increase in the number of stormy days is predicted for an area around 
Prague airport, which is important not only for the airport operations, but also for the south-easterly 
traffic that operates through this area. Both the airport and the en-route traffic may experience an 
increased share of storm-related operational irregularities.  

Besides the Czech Republic and Poland, the rest of the region is expected to experience similar 
reductions in the number of days exceeding the rainfall threshold of 26.2mm, with areas around the 
Southern Carpathians in Romania experiencing a slightly larger reduction in rainfall totals.  

With the exception of Prague airport, no airports in this region are expected to experience a significant 
change in storm patterns. However, the slow and marginal reduction in the number of stormy days is 
likely to provide only marginal operational benefits.  

 

  

Metric 
2013-
2019 

2019 
only 

Scn. A Scn. B Scn. X 

Minutes of en-route ATFM delay due to 
weather per flight delayed by a major storm 

16.49 16.20 26.29 24.20 16.85 

Horizontal flight inefficiency during a major 
storm 

2.901% 3.193% 3.336% 3.233% 2.908% 

Additional distance per flight flown as a result 
of a major storm (in KM) 

6.26 7.02 8.91 8.14 6.33 

Projected change in number of major storms 
per year 

n/a n/a -4% 

Estimated growth in flights against 2019 n/a n/a +58% +73% 0 
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7.4.5 Northern Europe 

 

 

 
  

Figure 38: Northern Europe: The percentage change in the number of days exceeding 26.2 mm of rainfall for 2036-2065, 
relative to 1981-2010, for the RCM-PPE ensemble in the RCP8.5 emissions scenario with planned trajectories (top), density of 
operations (middle) and planned trajectories and density of operations (bottom) on Friday 6 September 2019. 
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Table 8: Projected changes of major storms in Northern Europe. 

 
For the purpose of this report, Denmark, Estonia, Finland, Latvia, Lithuania, Norway and Sweden are 
considered Northern European states.  

The number of days where the rainfall total exceeded the threshold of 26.2mm is projected to increase 
in all of the countries in this region, with the smallest increase projected for Lithuania (+8%) and the 
greatest increase projected for Finland (+56%).  

Historically, this region had very few days with extreme rainfall (see Figure 3). By 2050, however, the 
stormy weather is projected to become more frequent in this region as a result of changing climate, 
creating more challenges for en-route, terminal and ground operations.  

As shown in Figure 38, there is an area between Oslo and Kristiansand that is projected to see a 
decrease in the number of stormy days.  

Despite the overall projected increase in the number of stormy days, the majority of the main air traffic 
routes in this region are located South of 65 degrees latitude. The projected increases in these regions 
are not as significant as they are predicted to be North of 65 degrees latitude. In any case, flights 
to/from Oslo, Stockholm, Helsinki or Copenhagen airports will face a higher likelihood of being 
delayed due to storms.   

Metric 
2013-
2019 

2019 
only 

Scn. A Scn. B Scn. X 

Minutes of en-route ATFM delay due to 
weather per flight delayed by a major storm 

20.49 22.00 27.08 23.88 21.08 

Horizontal flight inefficiency during a major 
storm 

1.710% 3.362% 5.131% 4.195% 1.876% 

Additional distance per flight flown as a result 
of a major storm (in KM) 

4.59 5.81 9.09 7.88 4.71 

Projected change in number of major storms 
per year 

n/a n/a +26% 

Estimated growth in  flights against 2019 n/a n/a +44% +56% 0 
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7.4.6 Iberian Peninsula 

 

 

 

 
  

Figure 39: Iberian Peninsula: The percentage change in the number of days exceeding 26.2 mm of rainfall for 2036-2065, 
relative to 1981-2010, for the RCM-PPE ensemble in the RCP8.5 emissions scenario with planned trajectories (top), density of 
operations (middle) and planned trajectories and density of operations (bottom) on Friday 6 September 2019. 
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Table 9: Projected changes of major storms at Iberian Peninsula. 

 
The FIRs of Lisbon, Madrid and Barcelona are all likely to experience a reduction in the number of days 
where rainfall total exceeds the threshold of 26.2mm.  

This reduction is expected to be stronger in coastal areas (especially around Porto airport) and around 
mountain ranges (i.e. the Pyrenees and Central Chain). Meanwhile, mainland Spain will experience less 
significant reductions in the number of days exceeding the threshold of 26.2 mm. On average, the 
number of stormy days in this region is expected to decrease by almost one third. However, as there 
were very few days historically with extreme rainfall in Spain and Portugal combined (see Figure 3), 
the overall operational benefit averaged across the year is likely to remain small. However, regular 
flights on trajectories crossing the Pyrenees are likely to experience minor improvements in the 
number and duration of delays due to storms, as well as a slight improvement in horizontal flight 
efficiency caused by the lower number of stormy areas that would have to be circumnavigated.  

The traffic density map shown in Figure 39 suggests the most congested areas are around Madrid, 
Barcelona, Palma de Mallorca and Lisbon. It can be expected that traffic to/from Barcelona and Lisbon 
will experience less operational disruption than traffic to/from Madrid and Palma de Mallorca, as the 
reduction in the projected number of stormy days near Barcelona and Lisbon is greater than 
reductions foreseen for Madrid and Palma de Mallorca. 

Finally, airports at coastal destinations on the Iberian Peninsula as well as traffic departing 
from/arriving to these airports is likely to experience less disruption from storms activity (compared 
to 2019).  

Metric 
2013-
2019 

2019 
only 

Scn. A Scn. B Scn. X 

Minutes of en-route ATFM delay due to 
weather per flight delayed by a major storm 

11.56 14.96 22.01 20.08 11.15 

Horizontal flight inefficiency 4.473% 5.830% 5.920% 5.703% 4.468% 

Additional distance per flight impacted by a 
major storm (in KM) 

17.00 22.45 25.06 22.74 16.94 

Projected change in number of major storms 
per year 

n/a n/a -29% 

Estimated growth in  flights against 2019 n/a n/a +42% 52% 0 



  

 

 

 
 
 
 
 

8. Conclusion
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 Conclusion 

This work is an extension to Annex 1 "An overview of short-term weather impacts on European 
aviation" and has resulted in a greater insight into the relationship between storms and ATFM delays, 
and the projected changes in occurrence of high impact storms by 2050. There is a strong relationship 
between the intensity of storms and significant weather days (days that experience considerable ATFM 
delay). There is a clear tendency for days with significant en-route ATFM delays to be associated with 
intense convective activity above a certain threshold. Separately, the same can be said for significant 
arrival ATFM delays and a high threshold of surface wind speed. This evidence for disruption at certain 
storm intensities appeared to be consistent across Europe. However, it is noted that some areas of 
Europe currently rarely reach the meteorological thresholds that are associated with ATFM delays. 
Northern Europe experiences few days with convective activity of a high enough intensity, while 
southern Europe, with the exception of coastal areas, rarely sees extreme surface wind speeds. 

With these key thresholds of CAPE and surface wind speed established, the probability that they are 
exceeded in each of the eight weather patterns was investigated. Supporting the work of Annex 1, it 
is clear that some weather patterns are associated with a high probability of major storms. This is 
expected, given some patterns are associated with deep low-pressure systems that bring unsettled 
weather, while others are characterised by high pressure anomalies that usually bring benign weather 
(particularly few storms). Using the UKCP18 climate dataset and considering projected changes in 
these weather patterns out to 2050, there is limited evidence for changes in the frequencies of some 
of the weather patterns. There appears to be a tendency towards more settled weather patterns in the 
summer months across northern Europe. This would mean fewer days with weather-related disruption. 

For the changes in the number of high intensity storms simulated by the regional climate model 
ensemble, there are some clear patterns. Firstly, extreme rainfall days (used as a proxy for convective 
activity) are projected to increase across large parts of northern Europe, with projected decreases in 
occurrence across southern Europe. The strongest signal for increases in extreme rainfall is seen across 
Scandinavia, an area that does not see frequent disruption due to convective activity at present. While 
southern Europe and the Mediterranean will still see the most extreme convective activity, there is 
some indication that this will become less common, although individual storms may be more powerful 
than they are today. The projected changes for high impact surface wind speeds are unclear and 
model evidence is inconclusive. 

These two lines of evidence may appear contradictory. For example, the changes in weather patterns 
indicate more benign weather in summer in northern Europe, yet more extreme rainfall / convective 
activity days. This result simply suggests that more settled and drier weather will be seen as a whole, 
but there will also be more days of high impact storms. This is entirely consistent with the message 
from UKCP18 (Lowe et al., 2018). In a warmer world it is expected that while there could be fewer days 
of convective activity overall, due to these circulation changes, there will be more days of disruptive 
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convection. This brings both advantages and challenges for the European aviation sector. It is also 
important to note that projected increases in temperature do not necessarily imply more convective 
activity / increasingly intense convective activity. This is because convection is highly dependent on 
how ‘stable’ the atmosphere is (determined by changes in weather conditions thousands of metres 
about the surface), as well as the availability of moisture.  

Overall, these results suggest that there are both positive factors and risks for European aviation in 
the 21st century. A projected decrease in the number of extreme rainfall days in southern Europe in 
the summer suggests that there could be a decrease in the number of days with significant en-route 
disruption due to the need for flights to avoid convection. However, it is also possible that the intensity 
of convective outbreaks will increase and therefore the level of disruption is greater on those days 
with disruption. Given the lack of agreement on projected changes in average and extreme surface 
winds in climate models (and the often-imperfect representation of these winds in the historical period 
for which observations are available) it is difficult to confidently state that there will be future changes. 
Therefore, the European aviation sector should expect something similar to the current surface wind 
conditions by the year 2050, in the absence of strong evidence suggesting otherwise.  

From an operational perspective, the anticipated changes in future storm patterns are likely to cause 
an increase in the number of days with significant convective activity in the Scandinavian and Baltic 
states, and northern parts of the UK. A localised increase is also expected in central Europe near 
mountainous areas of Austria and Switzerland. The rest of the continent is likely to experience a 
decrease in the frequency of days with convective activity, with the most significant decreases 
expected in northern Italy, southern France and along the Adriatic coast.  

This study considered three possible scenarios for projections of operational performance during 
stormy days in 2050. The first two scenarios assumed traffic growth as indicated in the most recent 
Challenges of Growth forecast released in 2018. Despite the temporary drop in traffic numbers caused 
by the pandemic, this forecast is still the only long term forecast currently available. Two of the traffic 
growth scenarios were used in the study reported on here, and it was assumed that various 
technological, infrastructural, and operational enablers will allow further increases in airspace capacity 
while keeping the overall delays at acceptable levels. The third scenario considered in this work was 
introduced to eliminate the impact of uncertainties related to the aviation system in 2050. This is a 
theoretical scenario focussed on quantification of net impacts of changing storm patterns while 
keeping all the other variables constant, including traffic levels. 

Depending on the scenario, the anticipated en-route ATFM delay due to weather per flight delayed 
by a major storm in 2050 is expected to be 3-5 minutes greater than it is today. The horizontal flight 
inefficiency during a major storm is expected to be between 4.0% and 4.2%. This is a notable increase 
from the 3.6% experienced during major storms in 2019. This should be considered in the context of 
the overall average horizontal flight inefficiency across 2013-2019, which ranged from 2.7% to 2.9%. 
Moreover, it should be noted that a 0.5% increase in horizontal flight inefficiency represents about 
5,700 tonnes of additional CO2 emissions per year on average. This will also have an impact on 
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additional  distance  flown  as  a  result  of  a  major  storm  where  an  increase  from  8.6  km  per  
flight (as measured in 2019) to 10.0-10.6 km per flight is expected.  
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Appendix 

 
Figure 40: The location of the 19 airports used in this analysis. 

 



EUROCONTROL’s Climate Change Risks for European Aviation study 2021  

Impact of Changes in Storm Patterns and Intensity on Flight Operations   
Technical report 

28/07/2021  Page 92 of 115 

Version 1.4  

Figure 41: The probability of potential en-route ATFM delay due to exceedance of the CAPE threshold for the 44 ECAC 
countries, categorised by season. 

 

Figure 42: The probability of potential arrival ATFM delay due to exceedance of the surface wind speed threshold for the 19 
airports shown in Figure 40, categorised by season. 



EUROCONTROL’s Climate Change Risks for European Aviation study 2021  

Impact of Changes in Storm Patterns and Intensity on Flight Operations   
Technical report 

28/07/2021  Page 93 of 115 

Version 1.4  

 
Figure 43: Definitions for the reduced set of eight weather patterns in ERA5. Mean sea level pressure (MSLP) anomalies are 
plotted as filled contours (hPa) and MSLP mean values are plotted in the foreground (2 hPa intervals). 
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Table 10: A description of what the eight weather patterns mean for the flow of air and potential weather across Europe. 

Weather 
pattern 

Description 

1 
Positive MSLP anomalies over northern Europe and negative MSLP anomalies over southern 
Europe. This setup suggests a continental flow of warm air arriving in western Europe in the 
summer and cold air arriving in western Europe in the winter. 

2 

An extensive low-pressure system over Iceland with high pressure over the Azores, causing 
negative MSLP anomalies over northern Europe and positive MSLP anomalies over southern 
Europe. A flow of air into Europe from the North Atlantic, associated with strong winds over 
large swathes of northern Europe. 

3 
Low pressure over Scandinavia, causing negative MSLP anomalies here, with the potential for 
strong winds. 

4 
Low pressure near Iceland and high pressure over eastern Europe. Positive MSLP anomalies 
over much of continental Europe could lead to fog development, with the potential for strong 
winds over the United Kingdom and Ireland. 

5 
High pressure over Scandinavia and low pressure in the North Atlantic. Leads to a flow or 
warm and humid air from the Mediterranean over much of western Europe, with the potential 
for convective activity in the summer. 

6 
High pressure, situated over western Europe, dominates the setup across Europe. The positive 
MSLP anomalies could cause fog development but are unlikely to be associated with 
windstorms or significant convective activity across Europe. 

7 
Low pressure west of the United Kingdom and Ireland. The associated negative MSLP 
anomalies could cause strong winds across parts of western Europe and draw warm air across 
eastern Europe in the summer. 

8 
Extensive high pressure over the Azores extends over much of Europe. Could cause fog across 
parts of southern and eastern Europe, as well as the potential for convective activity across 
eastern Europe in the summer. 
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Figure 44: CAPE anomalies (J/kg) for the eight weather patterns in ERA5. 
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Figure 45: Surface wind speed anomalies (m/s) for the eight weather patterns in ERA5. 
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Figure 46: Winter (top) and summer (bottom) ensemble median percentage change in the frequency of each weather pattern 
for 2036-2065, relative to 1981-2010, for both the PPE-15 RCP2.6 emissions scenario (blue crosses) and PPE-15 RCP8.5 
emissions scenario (yellow crosses) ensembles. The thin vertical blue and yellow lines represent the second lowest and second 
highest projected changes from across the respective ensembles. 
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Figure 47: The probability of exceeding daily rainfall totals for days above and below a threshold of 500 J/kg of CAPE. A day 
with zero rainfall or greater occurs 100% of the time and this percentage falls off rapidly with increasing daily rainfall totals. 
To more easily visualise this rapid decrease the y-axis is on a logarithmic scale. The vertical line on the plot shows the 
threshold chosen to represent convective weather days. 
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Table 11: Impact of weather and storms on HFI per country (2019). 

2019 HFI on 
days 
with 
major 
storms 
excluded 

Av. 
Annual 
HFI 

HFI on 
days 
with 
major 
storms 

Av. 
annual 
additional 
distance 
per flight 
(in km) 

Av. 
additional 
distance 
per flight 
on days 
with 
major 
storms 

Difference 
between 
average 
additional 
distance 
per flight 
per day and 
on days 
with major 
storms 

Number 
of 
major 
storms 
in 2019 

Spain 
Continental 

3.90% 3.92% 5.83% 
15.51 22.45 6.94 1 

Switzerland 4.56% 4.60% 5.34% 4.54 5.47 0.93 14 

Belgium 3.87% 3.89% 4.85% 4.65 5.76 1.10 3 

Cyprus 4.30% 4.34% 4.38% 14.28 14.38 0.10 2 

Italy 3.15% 3.24% 4.22% 11.36 16.12 4.76 6 

Netherlands 3.26% 3.27% 4.13% 4.89 6.25 1.36 3 

Slovenia 1.74% 1.87% 3.95% 1.72 3.55 1.83 2 

France 3.37% 3.39% 3.86% 15.79 18.05 2.26 5 

Slovakia 2.52% 2.60% 3.73% 3.70 5.15 1.46 9 

Germany 2.99% 3.00% 3.72% 8.58 10.62 2.04 4 

Czech 
Republic 

2.58% 2.62% 3.59% 
5.60 7.39 1.79 11 

Bulgaria 2.66% 2.73% 3.56% 6.82 8.54 1.72 2 

Latvia 1.36% 1.37% 3.36% 2.57 5.81 3.23 1 

Austria 2.30% 2.37% 3.36% 3.74 5.08 1.33 18 

Romania 2.32% 2.39% 3.32% 8.99 12.01 3.02 7 

Poland 1.82% 1.85% 2.75% 6.58 9.87 3.29 1 

North 
Macedonia 

2.03% 2.04% 2.71% 
2.41 3.16 0.74 2 
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2019 HFI on 
days 
with 
major 
storms 
excluded 

Av. 
Annual 
HFI 

HFI on 
days 
with 
major 
storms 

Av. 
annual 
additional 
distance 
per flight 
(in km) 

Av. 
additional 
distance 
per flight 
on days 
with 
major 
storms 

Difference 
between 
average 
additional 
distance 
per flight 
per day and 
on days 
with major 
storms 

Number 
of 
major 
storms 
in 2019 

Serbia and 
Montenegro21  

1.66% 1.71% 2.69% 
4.02 6.20 2.17 7 

Greece 2.29% 2.34% 2.66% 10.18 10.95 0.77 3 

Hungary 1.66% 1.71% 2.58% 3.55 5.17 1.62 13 

Croatia 1.59% 1.71% 2.48% 3.59 5.18 1.59 25 

 

  

                                                 
21 Serbia and Montenegro are included together as they share an ACC, Beograd ACC 



EUROCONTROL’s Climate Change Risks for European Aviation study 2021  

Impact of Changes in Storm Patterns and Intensity on Flight Operations   
Technical report 

28/07/2021  Page 101 of 115 

Version 1.4  

Table 12: Impact of storms on vertical flight efficiency (measured through av. distance flown level during the descent phase) 
at national level in 2019 (descent). 

2019 Average 
distance 
flown level 
(descent) – 
days with 
major storms 
excluded, in 
NM 

Average 
distance flown 
level 
(descent), in 
NM 

Average 
distance 
flown level 
(descent) – 
days with 
major storms, 
in NM 

Impact on CDO 
performance 

Number of 
major 
storms in 
2019 

Belgium 19.9 20.0 23.5 18% 3 

Switzerland 19.1 19.2 22.1 15% 14 

France 21.1 21.1 22.0 4% 5 

Hungary 17.0 17.2 21.5 25% 13 

Germany 18.8 18.8 20.5 9% 4 

Czech 
Republic 15.2 

15.4 19.9 29% 
11 

Slovenia 11.4 11.7 17.5 50% 2 

Croatia 12.1 12.9 16.3 26% 25 

Netherlands 12.9 12.9 14.2 10% 3 

Serbia and 
Montenegro  9.9 

10.1 14.2 40% 
7 

Italy 10.7 11.0 14.1 28% 6 

Austria 12.2 12.3 13.7 12% 18 

Slovakia 10.0 10.2 12.4 22% 9 

Bulgaria 9.7 9.8 10.9 12% 2 

Romania 7.4 7.6 9.9 30% 7 

Cyprus 5.3 5.6 9.1 64% 2 

Poland 6.9 7.0 8.4 20% 1 

North 
Macedonia 5.6 

5.6 6.9 24% 
2 

Greece 4.6 4.7 5.2 10% 3 
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2019 Average 
distance 
flown level 
(descent) – 
days with 
major storms 
excluded, in 
NM 

Average 
distance flown 
level 
(descent), in 
NM 

Average 
distance 
flown level 
(descent) – 
days with 
major storms, 
in NM 

Impact on CDO 
performance 

Number of 
major 
storms in 
2019 

Latvia 3.1 3.1 3.5 12% 1 
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Table 13:  Impact of storms on vertical flight efficiency (measured through av. distance flown level during climb phase of 
flight) at national level in 2019 (climb). 

2019 Average 
distance 
flown level 
(climb) – 
days with 
major storms 
excluded, in 
NM 

Average 
distance 
flown level 
(climb), in NM 

Average 
distance 
flown level 
(climb) – days 
with major 
storms, in NM 

Impact on CCO 
performance 

Number of 
major 
storms in 
2019 

Switzerland 6.7 6.9 10.3 50% 14 

Austria 5.9 6.1 9.7 59% 18 

Belgium 7.4 7.4 9.6 30% 3 

Hungary 5.8 6.0 8.9 47% 13 

Macedonia 3.0 3.0 8.8 188% 2 

Czech 
Republic 5.3 5.4 8.0 48% 11 

Germany 5.2 5.3 7.5 42% 4 

Serbia and 
Montenegro  3.8 4.0 7.1 79% 7 

Slovenia 4.5 4.7 7.1 51% 7 

Bulgaria 3.5 3.8 6.5 71% 2 

Romania 3.4 3.6 6.3 74% 2 

Cyprus 5.9 6.0 6.2 4% 7 

Croatia 3.5 4.0 6.1 55% 2 

Italy 3.3 3.6 6.1 72% 25 

Slovakia 4.2 4.3 5.9 37% 6 

France 4.4 4.5 5.9 33% 9 

Netherlands 3.5 3.5 5.2 47% 5 

Poland 1.9 2.0 4.4 127% 3 

Latvia 1.7 1.7 3.6 118% 1 

Greece 2.1 2.3 3.2 39% 1 



EUROCONTROL’s Climate Change Risks for European Aviation study 2021  

Impact of Changes in Storm Patterns and Intensity on Flight Operations   
Technical report 

28/07/2021  Page 104 of 115 

Version 1.4  

 
Figure 48: Increase in average distance flown level in descent phase, during days with major storms in 2019 (for the states 
included in the traffic sample). 
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Figure 49: Increase in average distance flown level in climb phase of flight, during days with major storms in 2019 (for the 
states included in the traffic sample). 
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Table 14: Additional daily fuel burn and emissions on a day with a major storm (2019). 
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with major 
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Austria 6,027 35,797 112,761 44,281 6,086 179 97 30 4 
Belgium 4,124 24,497 77,167 30,303 4,165 122 66 21 2 
Bulgaria 5,075 30,143 94,952 37,287 5,124 151 81 25 3 
Croatia 4,448 26,419 83,218 32,680 4,491 132 71 22 3 
Czech Republic 4,932 29,295 92,278 36,237 4,980 146 79 25 3 
France 25,327 150,442 473,891 186,096 25,575 752 406 126 15 
Germany 21,561 128,074 403,433 158,427 21,773 640 346 108 13 
Greece 2,791 16,576 52,215 20,505 2,818 83 45 14 2 
Hungary 4,859 28,863 90,920 35,704 4,907 144 78 24 3 
Italy 34,679 205,995 648,885 254,816 35,019 1,030 556 173 21 
Latvia 3,046 18,091 56,988 22,379 3,076 90 49 15 2 
Netherlands 5,362 31,849 100,325 39,397 5,414 159 86 27 3 
North 
Macedonia 

639 3,796 11,956 4,695 645 19 10 3 0 

Poland 9,722 57,750 181,912 71,436 9,817 289 156 49 6 
Romania 7,536 44,766 141,013 55,376 7,610 224 121 38 4 
Serbia and 
Montenegro  

6,217 36,928 116,324 45,680 6,278 185 100 31 4 

Slovakia 3,039 18,054 56,870 22,333 3,069 90 49 15 2 
Spain 46,084 273,741 862,285 338,618 46,536 1,369 739 230 27 
Switzerland 3,571 21,211 66,814 26,238 3,606 106 57 18 2 
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Table 15: Share of costs (in '000 EUR) related to a major storm per country (2019). 

Share of 
costs (in 

'000 EUR) 
related to a 
major storm 
per country 

(2019) 

Storm-related 
en-route ATFM 

delays 

Cost of extra 
fuel to avoid the 

storm 

Environmental 
costs 

Passenger lost 
time costs 

‘000 EUR 
% of 
total 

‘000 
EUR 

% of 
total 

‘000 
EUR 

% of 
total 

‘000 
EUR 

% of 
total 

France 12,678 61% 323 2% 1,729 8% 5,939 29% 
Germany 9,328 62% 220 1% 1,178 8% 4,370 29% 
Austria 33,293 66% 277 1% 1,481 3% 15,597 31% 
Spain 1,100 47% 118 5% 629 27% 515 22% 
Hungary 13,308 65% 161 1% 863 4% 6,235 30% 
Belgium 2,196 64% 32 1% 169 5% 1,029 30% 
Italy 2,047 32% 531 8% 2,841 45% 959 15% 
Netherlands 1,962 62% 41 1% 220 7% 919 29% 
Croatia 15,916 63% 284 1% 1,518 6% 7,456 30% 
Czech 
Republic 

4,657 60% 139 2% 741 10% 2,182 28% 

Switzerland 5,755 62% 128 1% 683 7% 2,696 29% 
Serbia and 
Montenegro  

1,926 55% 111 3% 594 17% 902 26% 

Romania 1,699 51% 135 4% 720 22% 796 24% 
Greece 530 58% 21 2% 114 13% 248 27% 
Slovakia 1,380 56% 70 3% 374 15% 646 26% 
Latvia 147 55% 8 3% 42 16% 69 26% 
Poland 27 14% 25 13% 133 68% 12 6% 
Bulgaria 49 21% 26 11% 139 59% 23 10% 
North 
Macedonia 

112 60% 3 2% 17 9% 52 28% 
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Figure 50: The percentage change in the number of days exceeding 26.2 mm of rainfall for 2036-2065, relative to 1981-2010, for the RCM-PPE ensemble in the RCP8.5 emissions 
scenario. 
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Figure 51: The percentage change in the number of days exceeding 26.2 mm of rainfall for 2036-2065, relative to 1981-2010, for the RCM-PPE ensemble in the RCP8.5 emissions 
scenario with planned trajectories on Friday 6 September 2019. 
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Figure 52: The percentage change in the number of days exceeding 26.2 mm of rainfall for 2036-2065, relative to 1981-2010, for the RCM-PPE ensemble in the RCP8.5 emissions 
scenario with density of flight operations on Friday 6 September 2019. 
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Figure 53: The percentage change in the number of days exceeding 26.2 mm of rainfall for 2036-2065, relative to 1981-2010, for the RCM-PPE ensemble in the RCP8.5 emissions 
scenario with planned trajectories and density of operations on Friday 6 September 2019. 
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Glossary 

Term Explanation 

ATFM delays 
Air Traffic Flow Management delays. Delay caused by air traffic management 
as a result of weather, capacity, staffing, industrial action etc. 

Climatology 
The long-term average of a given variable, often over time periods of 20-30 
years. It can also refer to the study of climate science itself, but that context is 
not used in this report. 

CMIP-13 
A model ensemble from phase 5 of the Coupled Model Intercomparison 
Project collection of models, chosen for use in UKCP18 

Convective 
activity 

Here referring to the vertical movement of air that can pose a hazard to 
aviation and best avoided, if possible, through diversions. 

Convective 
available potential 

energy (CAPE) 

A measure of convective activity. CAPE integrates two key ingredients for deep 
and moist convection, instability and moisture. CAPE is measured in units of 
J/kg. 

Demand Capacity 
Balancer (DCB) 

The Demand Capacity Balancing (DCB) aims at reducing the Air Traffic 
Management resources held in reserve to cope with demand peaks by 
providing the system with demand smoothing means. 

Ensemble 
A collection of climate models that vary to some extent but can be used 
collectively to quantify uncertainties in the system. 

ERA5 

A recently released atmospheric reanalysis dataset, which provides a numerical 
description of the recent climate by combining models with observations. 
Specifically, ERA5 is the fifth generation of ECMWF atmospheric reanalyses of 
the global climate. 

 ECMWF European Centre for Medium-Range Weather Forecasts. 

Greenhouse gas 
Greenhouse gases are those that absorb and emit infrared radiation in the 
wavelength range emitted by Earth. 

RCM (Regional 
Climate Model) 

A numerical climate prediction model forced by specified lateral and ocean 
conditions from a general circulation model (GCM), while accounting for high-
resolution topographical data, land-sea contrasts, surface characteristics, and 
other components of the Earth-system. 

Perturbed Physics 
Ensembles (PPEs) 

Perturbed physics ensembles (PPEs) are widely used to assess climate model 
uncertainties and provide new estimates of climate sensitivity and parametric 
uncertainty in state-of-the-art climate models. 
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Major storm 

For the purpose of this study a major storm is defined as a storm with CAPE 
value ranking to the top 5% of all measurements. At the same time, the 
contribution of weather element to total en-route ATFM delay on the day of 
such storm was greater than, or equal to, 50%.  

PPE-15 
A model ensemble of different variants of a Met Office climate model, chosen 
for use in UKCP18. 

Reanalysis 
A numerical description of past climate, which consists of a blend of models 
and observations. Reanalysis datasets offer complete spatial coverage over a 
given area. 

Significant 
weather day 

(SWD) 

A flight date where weather-related ATFM delay accounted for 50% or more 
of all ATFM delays, AND falls in the top 183 days for minutes of normalised 
ATFM delay for arrival data OR falls within the top 128 days for minutes of 
normalised ATFM delay per flight in the en-route data. 

Synoptic 
Here refers to the large (European) scale setup of pressure patterns, low/high 
pressure patterns and how this relates to wind direction and probable weather 
conditions. 

UKCP18 
The most up-to-date assessment from the Met Office of how the UK / 
European / global climate may change over the 21st century. 
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