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Executive summary 

Aviation-relevant weather impacts can cause significant disruption for the sector. Yet, while there is a clear link 
between disruptive weather and delays the exact sensitivity of operations to different weather events in 
different regions is not as well understood. Moreover, the scientific literature suggests that some of these 
events could change in frequency and / or intensity under future climate change. Here, an approach is 
adopted to classify European weather into a number of distinct patterns, which are associated with particular 
weather characteristics depending on location. Short-term projected changes in occurrences of these weather 
patterns are calculated for the next five years. 

ATFM delay data, starting in 2010 for arrivals and 2013 for en route delay, is filtered to capture disruption that 
is largely due to significant weather events. From this filtering, a set of significant weather days are identified 
for both arrival and en-route ATFM delays. This analysis reveals clear patterns in weather regulated arrival 
ATFM delays and weather regulated en-route ATFM delays, with significant weather days being skewed 
towards winter for arrivals and towards summer for en-route. 

A reanalysis dataset is used to classify these significant weather days into a number of weather patterns, from 
which the likelihood that a given weather pattern leads to a significant weather day is determined, calculated 
by country and season. The spatial pattern of disruptive weather patterns is considered, with clear links 
between the likelihood of a weather pattern to cause disruption and the expected, associated weather. This 
link is clearest for en-route ATFM delays in the summer, where there is a clear link between significant weather 
days and weather patterns favourable for convective activity. 

Observed historical and climate model projected changes in these weather patterns are then calculated. There 
is not strong evidence for changes in the frequency of any of eight weather patterns over the past 40 years. 
Likewise, there is not strong evidence for projected changes in the frequency of these weather patterns over 
the next five years. This suggests that, while weather events will continue to cause ATFM delays across the 
European aviation network, the large-scale setups for these events are not expected to change in frequency 
due to climate change in the next five years. 

Key points 

 There are clear links between high impact weather events and disruption to the European aviation 
network. 

 These links are further understood here by classifying weather into eight distinct weather patterns. 

 There is no evidence for significant changes in the occurrence of these weather patterns over the past 
40 years. 

 Climate change is not expected to drive significant changes in the occurrence of weather patterns 
associated with high impact weather events in the next five years. The role of year-to-year natural 
variability over the short-term is considerable and uncertainty due to this is expected to dominate over 
any trends related to climate change over the next five years. 

 This does not mean that changes will not occur out to more distant time horizons. At these timescales 
there could also be significant changes in the intensity of the high impact weather events.  
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 Introduction 

Aviation has been closely associated with meteorology from its beginning, and the present-day aviation sector 
remains exposed to adverse weather events such as thunderstorms, windstorms and fog. The efficiency of 
daily operations is dependent on many factors, of which weather is a major component. On days of significant 
weather disruption, the impact on aviation operations can be substantial. This is acutely felt across the 
European network, as traffic has increased considerably over the past 10-20 years and the system was in 2019 
operating close to capacity. As such, an impact due to weather disruption of a given day can also cause 
disruption on subsequent days.  

The future trends in European aviation traffic are uncertain, with the possibility of changing demand due to 
reasons including (but not limited to) ongoing expansion of low-cost carriers, the development of new hub 
airports and changing tourism demand (itself perhaps impacted by changing temperature extremes in a 
warming world). There is also the very current uncertainty caused by the COVID-19 pandemic. Since this study 
considers the short-term (i.e. the next five years), any changes in high impact weather events should cause 
smaller disruption while traffic levels remain below 2019 peaks.  

Changing weather events (their frequency, intensity and duration) in a warming world present a very real but 
poorly quantified risk. Here, the objective is to understand the aviation-relevant weather impacts already being 
experienced and those expected in the next five years, 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 (European) aviation sector. The aim of this report is to produce a 
high-level overview of the links between weather and aviation ATFM delays, with an emphasis on identifying 
when certain ATFM delays occur throughout the year and the pattern of European-scale weather associated 
with those ATFM delays. Once this link has been made between ATFM delays and weather, the projected 
changes in these weather patterns will be quantified with comments on what this means for the European 
aviation sector in the short-term. Subsequent studies will build on this to understand the impacts of sea level 
rise on European airport capacity, the impact of changes in storm patterns and their intensity on flight 
operations, the impact on tourism demand of climate change, and the impact of both surface winds and winds 
aloft on flight operations. These studies will also consider projections out to more distant time horizons 
(beyond the next five years). 

Despite the significant improvements in spatial resolution and the array of physical processes represented in 
the latest climate models, the fine-scale detail of many impactful weather events is not always faithfully 
simulated. In general, the finer the scale of the particular weather event, the poorer its representation in model 
simulations. Recent model developments have been targeted at improving this, however there are still some 
challenges. These developments and challenges are now discussed for key variables of interest.  

Fog can have a significant localised impact at an airport level. One of the London area airports, for example, 
can experience highly disruptive dense fog, while the others are unaffected. A complex combination of 
topography, land surface type, soil moisture and boundary layer mixing play a role in the development of fog 
and it remains a difficult variable to forecast in operational numerical weather prediction (NWP) models and 
even non-operational very high resolution NWP models (Boutle et al., 2016). In climate models, which are run 
at coarser resolution, this representation of fog is poorer still. Therefore, the representation of fog features, 
from long-term average fog occurrence (climatology) to persistence of fog, remains a challenge.1 

Other weather events, such as convective activity, are also localised and have corresponding local scale-
impacts. These events can be highly disruptive to aircraft en-route and arriving at airports and can account for 

                                                      
1 Recent convection permitting models offer some promise for the future (Kendon et al., 2017), but these are 
(at present) typically limited in their area size, with characteristics over larger areas still needing to be inferred 
indirectly. 
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delays due to the necessity of rerouting. They can also lead to temporary airport closures, further disrupting 
traffic. Convective activity, dominant in the summer, typically occurs at finer spatial resolutions than those 
found in most climate models. Hence, the full observed characteristics of convective activity are not always 
well simulated in climate models, which tend to produce light rain too often (sometimes referred to as the 
‘drizzle problem’). This situation is changing, as increased computational capacity has enabled the running of 
very high-resolution climate simulations(Chan et al., 2020). However, these advances in capability / resolution 
(offering the potential for improved confidence around future projected changes in high intensity, short 
duration convective activity) are still largely in development. 

The advantage of using slightly coarser resolution models in this and subsequent studies – albeit still at the 
cutting-edge of model resolution and development – is that they can be run multiple times (a collection of 
simulations being known as an ensemble), over timescales of a century or more, and driven by different 
emissions scenarios to test the sensitivity to future emissions outcomes. Models that include an improved 
representation of localised weather, such as fog and small-scale convection are often run for short periods 
(typically a maximum of 10-20 years) and over a limited area (typically only a country). Therefore, they do not 
sample the uncertainty inherent in climate model projections, particularly at continental scales. The models 
used here allow for an improved representation of the uncertainty in projections, which is important when 
considering future changes in high impact weather events. They have been carefully developed so that they 
faithfully represent the observed behaviour of a range of weather variables and are therefore suitable for 
application in studies such as this. 

High impact events also occur at larger spatial scales, as well as the smaller spatial scales of fog and 
convective activity. Windstorms (also referred to as extratropical cyclones in the scientific literature), typically 
affect northern and western regions of Europe during the winter season. These storms can impact airport 
arrivals, particularly if the wind is perpendicular (or close to perpendicular) to the runway centre line, such that 
crosswind landings are required. A single storm can impact several European countries, often within a single a 
day. Being typically driven at larger, synoptic2 (as opposed to convective) scales, these storms have an 
improved representation in climate models, relative to the small-scale features already mentioned. In phase 6 
of the Coupled Model Intercomparison Project (CMIP6)3 biases in the representation of North Atlantic storm 
tracks persist but to a lesser extent than seen in previous model intercomparisons (Priestley et al., 2020). A full 
understanding of what these latest models suggest for projected changes in windstorms is still pending. 
However, previous analysis of projected changes in windstorms from models in (the older) phase 5 of the 
Coupled Model Intercomparison Project (CMIP5) (Zappa et al., 2013) suggest a signal for decreases in their 
frequency in both winter and summer. 

Temperature extremes also affect wider regions. Cold weather or cold air outbreaks can be highly disruptive, 
especially when icing of aircraft or runways is present. However, impacts can be significantly amplified when 
cold air outbreaks are coupled with significant snowfall. Snowstorms are known to be more likely to occur 
during certain circulation patterns, for example when the North Atlantic Oscillation4, a key mode of 
atmospheric circulation variability in the North Atlantic-European area, is in its negative phase. There is even 
some debate around whether climate change, specifically the feature of amplified warming in the Arctic, could 
be causing more cold air outbreaks (Francis and Vavrus, 2012). This has been fuelled by a number of high-
profile cold extremes in Europe and North America over the past decade. However, the scientific consensus on 

                                                      
2 https://www.metoffice.gov.uk/weather/learn-about/weather/how-weather-works/synoptic-weather-chart 
[Accessed on: 11th September 2020] 
3 CMIP6 is a major coordinated international modelling effort using the latest global climate models and 
contributing to the upcoming Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report 
(AR6). 
4 https://www.metoffice.gov.uk/research/climate/seasonal-to-decadal/gpc-outlooks/ens-mean/nao-
description [Accessed on: 11th September 2020] 

https://www.metoffice.gov.uk/weather/learn-about/weather/how-weather-works/synoptic-weather-chart
https://www.metoffice.gov.uk/research/climate/seasonal-to-decadal/gpc-outlooks/ens-mean/nao-description
https://www.metoffice.gov.uk/research/climate/seasonal-to-decadal/gpc-outlooks/ens-mean/nao-description
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whether there is any observed signal towards more cold events (or whether it is just due to natural variability) 
and the ability to detect a robust physical mechanism driving a causal relationship is mixed (Blackport et al., 
2019).  

The present study will consider whether circulation patterns that bring cold weather to large swathes of 
Europe are projected to change in the short-term. High temperature extremes also cause a decrease in aircraft 
take-off performance (Zhou et al., 2018). With an increase in high temperature extremes projected, disruption 
such as that seen at Phoenix Sky Harbor International Airport, Arizona, USA, on 20 June 20175 could become 
more common, although the likelihood of exceeding such temperature thresholds over Europe is not 
considered here. 

It is important to consider the potential changes in circulation patterns against a backdrop of global warming. 
Regardless of the circulation pattern there is clear evidence of a warming trend across Europe, which is 
projected to continue in the coming decades, due to increasing greenhouse gas (GHG) emissions. There has 
already been an observable decrease in the number of days with extreme cold temperatures in Europe (Lorenz 
et al., 2019). Meanwhile, days with extreme heat have become more common. There is less convincing 
evidence that these significant temperature changes are linked to changes in high impact weather events, 
such as the occurrence of disruptive cold air outbreaks and snowstorms (discussed above). However, 
increasing temperatures could have indirect effects on high impact weather events that pose a risk to aviation, 
notably convective activity. The potential impact of warming on the intensity of convective activity will be 
considered in a subsequent study, with the potential for extreme rainfall events to become more intense. It is 
important to note, however, that the direct and indirect impacts of warming on high impact weather for 
aviation in Europe is not expected to be clear over the short-term (i.e. the next five years). The role of year-to-
year natural variability over the short-term is considerable and uncertainty due to this is expected to dominate 
over any trends related to climate change over the next five years. 

 Weather pattern approach 

Given the range of aviation-relevant weather impacts and the difficulty in simulating them all accurately with a 
single model, or set of models as in CMIP6, a holistic approach to identifying past and future changes in these 
events is helpful. A study such as this could otherwise become immensely complex without a succinct way of 
combining the observed impact data (aviation delays; section 2) with the weather causing the impact. The 
interconnectivity of these meteorological events over the European aviation sector means that an integrated 
analysis is suitable. Weather patterns can be particularly useful in achieving this. By classifying a daily synoptic 
weather setup into one of a number of pre-defined circulation types, the impactful weather events can be 
related to a specific setup.  

The weather patterns used are primarily based on the classification of daily mean sea level pressure (MSLP) 
fields, a fundamental atmospheric variable and a common element of both observed and climate model 
datasets. Crucially, MSLP is a variable that is well captured in observed and climate model datasets alike, due 
to the fact it varies smoothly over large spatial scales. Further to this, it is also known to be the fundamental 
controlling force determining much of the weather experienced within the mid-latitudes (the reason that 
MSLP charts have traditionally been a significant part of meteorological broadcasts to the public). 
Consideration of weather experienced in each classification of MSLP can yield a clearer picture of the likely 
conditions associated with a large-scale weather pattern, including consideration of time of year. For example, 
a wintertime weather situation in which an area of high pressure (anticyclone) sits over the northern United 
Kingdom and low pressure (cyclone) sits over the southern United Kingdom can draw in air from continental 
Europe which is often characterised by low temperatures and little precipitation. In summer this same pressure 
pattern might bring warm air from continental Europe, still often dry but sometimes with thunderstorms.  

                                                      
5 https://www.bbc.co.uk/news/world-us-canada-40339730 [Accessed on: 15 July 2020] 

https://www.bbc.co.uk/news/world-us-canada-40339730
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Projections of future changes in atmospheric pressure over Europe are important as a potential indicator of 
general weather conditions including temperature, precipitation and storminess that have a direct impact on 
the European aviation network. Using weather patterns will enable a more efficient synthesis of the available 
climate information to determine whether particular patterns are likely to increase in frequency over the next 
five years, compared with present-day conditions. Furthermore, using an archive of weather patterns 
generated for historical periods will allow the identification of analogue days from which to elicit climate 
impacts. 

 Document Structure 

The remainder of the report comprises the following sections: 

 Section 2: The role of weather in ATFM delays. 

 Section 3: Historical weather pattern classifications. 

 Section 4: Relating weather patterns to significant weather days. 

 Section 5: Historical and future trends in weather patterns. 

 Section 6: Discussion. 

 Section 7: Conclusions. 

 Appendices: 

o Appendix A – References. 

o Appendix B – Graphs. 

o Appendix C – Glossary. 
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 The role of weather in ATFM aviation delays 

There are a variety of known external factors which can result in disruption to operations within the air traffic 
sector. The following data analysis investigates the role of weather in causing two types of aviation delay6, 
namely arrival Air Traffic Flow Management (ATFM) delay at destination airports and en-route ATFM flight 
delay within airspaces.  

This analysis is wholly based on two datasets; arrival ATFM delay data, provided by the EUROCONTROL 
Network Manager, for 166 airports across 29 European Civil Aviation Conference (ECAC) countries and en-
route ATFM delay data, downloaded from the EUROCONTROL Aviation Intelligence Portal, for 56 Flight 
Information Regions (FIR) and Upper Information Regions (UIR) in the ECAC area. The geographical granularity 
of the analysis will be at the country level. Therefore, aggregated FIR / UIR7 consisting of multiple countries 
have been excluded, resulting in 37 individual FIR / UIR available in the en-route data.  

Both datasets provided information on, for a given flight date, the total number of flights either arriving at the 
destination airport or flying through the FIR airspace, the total ATFM delay minutes that occurred due to all 
ATFM regulation reasons and the total ATFM delay minutes assigned to weather regulation. The dataset does 
not include data on cancellations attributed to weather and this is not included in the analysis, which focuses 
solely on delay at the airport or en-route within Flight and Upper Information Regions. Similarly, the 
reactionary (knock-on) effect of primary ATFM weather delays and the impact of convective weather on flying 
times (and related drop in arrival punctuality and reactionary delay build-up) is not in scope of this analysis. 

The arrival data, provided by EUROCONTROL, contained data on flight dates from 2010-2019 where weather 
regulations were recorded. In addition to the other variables identified above, this dataset also detailed the 
total number of inbound flights that were assigned ATFM weather regulations.  

Although a greater granularity of data relating to arrival ATFM delay was available for 2016-2019 on the ANS 
Performance website8, including data on 289 airports across 42 countries, the longer dataset (2010-2019) was 
prioritised to ensure there would be sufficient historical data to identify trends in ATFM delay patterns and 
associated weather patterns. It is considered that the longer dataset still provides a good geographical 
representation across the ECAC region.  

The en-route ATFM delay data, obtained from the ANS Performance website, was a continuous daily time 
series of all ATFM delays. This dataset included dates where no weather regulated ATFM delay occurred but 
covered a shorter time period from January 2013 to March 2020. The data for 2020 were excluded from 
analyses, as only three months of data for en-route ATFM delay were present (while there was no data for 
arrival ATFM delay). The total number of flights assigned ATFM weather regulation was not available for the 
en-route ATFM delay data.  

Processing of datasets – Part 1: Weather impacts 

Borsky and Unterberger (2019) note that the two types of weather conditions, sudden and slow onset events, 
can result in different delay scenarios at the airport level, with the potential for only an hour or two of affected 

                                                      
6 The overall impact of weather is not limited to ATFM delays only, but includes also non-ATFM delays, 
especially in the context of airport operations. Examples of such delay include delay caused by ground 
handling being impaired by adverse weather conditions, delays caused by removal of snow/ice/water from the 
runway, and delays caused by de-icing of the aircraft and others. 
7 Excluded aggregated regions are: BLUE MED FAB, Baltic FAB, DANUBE FAB, DK-SE FAB, FAB CE, FAB CE (SES 
RP1), FAB CE (SES RP2), FABEC, NEFAB, SES Area (RP2), SW FAB, UK-Ireland FAB, Portugal Continental, Portugal 
Santa Maria, Serbia and Montenegro, UK Continental and UK Oceanic. 
8 https://ansperformance.eu/data/ [Accessed on: 15 July 2020] 

https://ansperformance.eu/data/
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flights compared to delay events occurring over the course of a whole day or even longer. The data provided 
for both en-route and arrival ATFM delay is at a daily resolution, and therefore it is not within the scope of this 
study to consider the time of the delay in the analysis and differentiate between sudden and slow onset events 
and subsequent delay. Instead, the analysis is based on the total sum of ATFM delay experienced in a day by a 
country, either en-route in the airspace or arrivals at airports. It is considered that this data is inclusive of both 
short-term adverse weather events, that last for a maximum of a few hours, as well as any sustained weather 
conditions spanning a whole day, or in some cases several days. 

Data processing was undertaken to identify the airports and FIR / UIR where on any given day the ATFM 
weather delay accounted for 50% or more of all ATFM delays. This threshold allows a set of days to be 
selected based on weather being the significant factor in network disruptions and identifies when weather was 
the main issue causing ATFM delay, as opposed to other regulation factors, or incorrect regulation application, 
skewing the data. It is noted at this stage that some weather conditions that may only be present for a limited 
time, such as fog, can have a significant impact, even if this weather regulated ATFM delay did not account for 
50% or more of all ATFM delay on a day. However, it is beyond the scope of the available data to identify 
dates where these instances arose and they therefore are not included within the analysis following this 
filtering. Table 1 provides a summary for the data availability for each country within the arrival and en-route 
datasets. 

Table 1: The data availability for countries in the arrival and en-route datasets considered in the analysis.  
* Luxembourg does not have an individual FIR / UIR and en-route data is captured in Belgian airspace. 

Country 

 

2010-2019  

Arrival ATFM delay dataset 

2013-2019 
En-Route ATFM delay dataset 

No. data points 
with weather 
ATFM delay 

No. data points 
with >=50% 
threshold 

No. data points 
with weather 
ATFM delay 

No. data points 
with >=50% 
threshold 

Albania 1 1 0 0 

Armenia No airport data No airport data 0 0 

Austria 918 666 309 225 

Belgium 1270 903 327 198 

Bosnia and Herzegovina No airport data No airport data 0 0 

Bulgaria No airport data No airport data 14 14 

Croatia 5 2 297 205 

Cyprus 0 0 30 13 

Czech Republic 189 97 99 75 

Denmark 160 125 5 5 

Estonia 1 0 14 13 

Finland 350 287 0 0 

France 2934 2015 648 127 

Georgia No airport data No airport data 0 0 

Germany 2996 2073 693 269 

Greece 99 75 20 11 

Hungary 26 12 136 106 

Ireland 178 127 0 0 
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Italy 985 801 19 17 

Latvia No airport data No airport data 11 10 

Lithuania No airport data No airport data 0 0 

Luxembourg 164 131 NA* 

Malta 1 1 0 0 

Moldova No airport data No airport data 0 0 

Netherlands 1042 717 269 199 

North Macedonia No airport data No airport data 19 19 

Norway 583 526 9 8 

Poland 283 128 144 51 

Portugal 1013 748 28 24 

Romania 10 9 27 27 

Serbia 2  2  Within an aggregated FIR, excluded. 

Slovakia No airport data No airport data 80 64 

Slovenia 3 0 6 6 

Spain 1611 973 619 200 

Sweden 499 423 130 120 

Switzerland 2095 1204 255 186 

Turkey 582 437 0 0 

Ukraine 34 32 1 1 

United Kingdom 3477 2724 238 175 

This filtering eliminates an additional ten FIR from the en-route dataset, as there were no instances of weather 
ATFM delay occurring on any flight date between 2013 and 2019 in Albania, Armenia, Bosnia and Herzegovina, 
Finland, Georgia, Ireland, Lithuania, Malta, Moldova or Turkey. Estonia and Slovenia were also eliminated from 
the arrival analysis at this stage, as no instances occurred where weather ATFM delay accounted for 50% or 
more of all ATFM delays on any flight date between 2010-2019. The data availability in some countries may be 
reduced due to the method of assigning ATFM delay to the most-penalising regulation. This could act to 
cluster the weather ATFM delay in certain countries where the capacity constraints are worst. For example, this 
could favour the assignment of weather ATFM delay in Austria over Slovenia, reducing the number of days 
with weather ATFM delay in the dataset in Slovenia. 

Processing of datasets – Part 2: Airport aggregation 

Further processing on the arrival data included the aggregation of all airports for each country on any given 
flight date. The result of this was one entry per country per flight date which is the sum of all flight data from 
the individual airports. It should be noted at this stage that the dataset provided does not include all airports 
in every country, which is addressed in the next section. 

Finally, a minimum threshold of 75 arrivals across a country on any given date was applied, in order for the 
flight date to be included in the analysis. The purpose of this threshold was to eliminate days where, for 
example, only a small airport had ATFM delays or there were a limited number of flights in a short period of 
time experiencing significant ATFM delay. These instances would have resulted in a data skew that indicated a 
significant weather impact at the country level when this was not the case. The application of this threshold 
eliminated Albania, Malta and Serbia from further arrival ATFM delay analysis. 
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Processing of datasets – Part 3: Normalising ATFM delay data 

The Average ATFM Weather Delay Per Flight was calculated for the en-route dataset, by dividing the total 
ATFM delay minutes due to weather regulation by the total number of flights within the airspace. By averaging 
over the total number of flights any bias towards larger countries is removed, facilitating comparison across 
regions.  

The arrival data only extended to dates where weather regulated ATFM delay occurred and subsequently only 
airports that experienced weather regulated ATFM delay are included. In order to calculate ‘ATFM delay per 
flight’, the total number of flights arriving at all airports across the country on any date, including those 
without weather regulation, would be required. As this was not available, the Average ATFM Weather Delay 
Per Weather Regulated Flight was calculated by dividing the total ATFM delay minutes due to weather 
regulation by the total number of inbound flights that were assigned ATFM weather regulation. 

 Significant weather days dataset 

In summary of the previous sections, a total of 27 FIR / UIR and 25 arrival countries were taken forward into 
the weather pattern analysis. The threshold for identifying the significant weather days (SWDs) was set to 
capture ~5% of all days in the period covered in the respective dataset, with 3,652 days in the arrivals dataset 
(2010-2019) and 2,556 days in the en-route dataset (2013-2019). For each country or FIR / UIR, flight dates are 
ordered from largest to smallest based on the normalised ATFM delay per flight described previously i.e. 
ATFM delay per weather regulated flight for arrivals and ATFM delay per flight for en-route. Extraction of 
SWDs equates to the selection of the top 183 flight dates for each country in the arrival data and top 128 
flight dates for each FIR / UIR in the en-route data. 

Only days where weather ATFM delay accounted for 50% or more of all ATFM delays are included in the 
SWDs. There were some instances within both datasets where a country or FIR / UIR did not have the full 183 
or 128 data points, respectively, and therefore contribute fewer days to the SWDs datasets. Whether this gives 
enough days to link SWDs to weather events in these countries is discussed further in section 4. 

The justification for a 5% threshold stems from the need to ensure a sufficient level of data to undertake the 
weather pattern analysis (section 4), balanced with ensuring the dataset is not dominated with average or 
‘business as usual’ weather days that would mask significant weather events and adverse conditions. 

The SWDs can be used in a qualitative sense, to link to known historic weather events that occurred on these 
dates, by looking at archive news coverage and meteorological records, in addition to the quantitative analysis 
undertaken later. Sections 2.2-2.4 provide an initial indication of the types of weather that result in aviation 
ATFM delays and a useful framing for the results from the subsequent weather pattern analysis. 

 Patterns in weather regulated arrival ATFM delay 

The arrival ATFM delay dataset indicates a fairly even spread of arrival ATFM delay attributed to weather 
across most of the year, except for winter where there is a spike in the extent of the disruption. For example, 
Italy exhibits a fairly consistent range of both average and significant ATFM delay for weather regulated 
arrivals across each year, as shown in Figure 1. However, the larger spikes of significant weather ATFM delay 
are also skewed towards the winter months, occurring between October and February in eight out of ten 
years.  
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Figure 1: Daily average arrival weather ATFM delay per weather regulated flight in Italy from 2010-2019. Data are only 
included where weather accounted for 50% or more of all ATFM delay. Significant weather day is as defined in section 2.1. 

A skew of SWDs towards the winter months can be observed in more detail when the data are broken down 
by year. Figure 2 shows the average arrival weather ATFM delay per weather regulated flight in Belgium for 
each year from 2010 to 2019. Whilst there are instances of weather ATFM delay occurring through the year, 
there is an observable clustering of data towards the left and right sides of each panel (i.e. in the winter 
(December-January-February) months and the transitional months either side), with maximum ATFM delay 
occurring between November and February in eight out of ten years. 
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Figure 2: Daily average arrival weather ATFM delay per weather regulated flight in Belgium each year from 2010-2019. Data 
are only included where weather accounted for 50% or more of all ATFM delay. Significant weather day is as defined in 
section 2.1. 

The maximum ATFM delay recorded in August 2012 was the result of a software system issue, which was 
rectified by 2013, and is not reflective of a high impact weather event. It can therefore be concluded that most 
of the arrival ATFM delay in Belgium typically occurs in or around the winter months. The distribution of SWDs 
acknowledges it is not impossible to have significant weather disruption during spring, summer and autumn 
months, but illustrates that these are usually less frequent and impactful. Neighbouring Luxembourg had one 
of the smallest available datasets, as shown in Figure 3, and provides another good example of the airport 
arrival ATFM delay skewed towards winter months. 
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Figure 3: Daily average arrival weather ATFM delay per flight at Luxembourg Airport from 2010-2019. Data are only included 
where weather accounted for 50% or more of all ATFM delay. Significant weather day is as defined in section 2.1. 

 Patterns in weather regulated en-route ATFM delay 

In contrast, the data for en-route weather ATFM delay indicates a clustering towards the summer months. The 
en-route ATFM delays in the Netherlands airspace (Amsterdam FIR / UIR) are shown in Figure 4. The spread 
across the year is reduced compared to the arrival ATFM delays. The en-route weather ATFM delays, 
particularly the largest spikes, are heavily skewed towards the summer months (June-July-August). 



Climate Change Risks for European Aviation 2021   

An overview of short-term weather impacts on European aviation  

Technical report 

Page 18 of 54 
 

 

Figure 4: Daily average en-route weather ATFM delay per flight in Netherland FIR from 2013-2019. Data are only included 
where weather accounted for 50% or more of all ATFM delay. Significant weather day is as defined in section 2.1. 

The en-route ATFM delays for the France UIR shown for each year (Figure 5) provide evidence to support this 
pattern, with a clustering around the summer months on each panel, and only one or two outliers falling 
further afield. The SWDs for the last seven years are seen between May and September, with the most extreme 
ATFM delay days falling between June and August. 
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Figure 5: Daily average en-route weather ATFM delay per flight in France UIR from 2013-2019. Data are only included where 
weather accounted for 50% or more of all ATFM delay. Significant weather day is as defined in section 2.1. 

Poland is another FIR with few en-route ATFM delay incidences over the last seven years. There were only 51 
dates where weather accounted for 50% or more of ATFM delay minutes. Figure 6 highlights that 80% of these 
51 flight dates occurred during the summer months, with 10 occurrences in late May and 1 in early September.  



Climate Change Risks for European Aviation 2021   

An overview of short-term weather impacts on European aviation  

Technical report 

Page 20 of 54 
 

 

Figure 6: Daily average en-route weather ATFM delay per flight in Poland FIR from 2013-2019. Data are only included where 
weather accounted for 50% or more of all ATFM delay. Significant weather day is as defined in section 2.1. 

 Impactful weather causing ATFM delays 

The two signals emerging from the ATFM delay data indicate increased ATFM delays for airport arrivals in the 
winter months, whereas en-route ATFM delays mostly occur during the summer. Typical high impact winter 
weather such as fog, snow, ice, or high surface winds can all cause significant disruption to airport operations, 
both for arrivals and departures (Steiner et al., 2015). For example, winter conditions increase the time 
between successive take-offs and landing, reducing the capacity of the airport. This can be due to weather-
induced low-visibility operations at the airport, associated reductions in taxi speeds, degraded runway surface 
conditions (frost, rain, snow, etc.) or crosswind components preventing certain aircraft being able to land 
safely. In extreme cases, arriving flights may be diverted to alternate airports if the conditions are too 
dangerous and departing flights may be severely delayed and / or cancelled. 

Two weather event case studies have been considered at the airport level, to illustrate the severity of 
disruption that can be caused by weather conditions. For example, Figure 7 shows a significant spike in ATFM 
delay per weather regulated flight for airport arrivals in the United Kingdom in December 2010. 
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Figure 7: Daily average arrival weather ATFM delay per weather regulated flight in United Kingdom from 2010-2019. Data 
are only included where weather accounted for 50% or more of all ATFM delay. Significant weather day is as defined in 
section 2.1. 

Indeed, there were only 52 flight arrivals on the 19 December 2010 at London Heathrow (Appendix B, Figure 
23), which typically averaged 628 flights per day in that year. This was preceded by a drop to 265 flights on 18 
December and similar figures following on 20 and 21 December. Heavy snowfall resulted in snow depths of up 
to 9cm on 18 December, remaining at 8cm into 19 December. Coupled with overnight temperatures of below 
freezing, this resulted in dangerous conditions and runway closures (Begg et al., 2011). 

Figure 8 shows that Turkey has experienced annual incidences in arrival ATFM delay during winter, most likely 
as a result of adverse cold conditions. Özdemir et al. (2016) undertook an analysis of the impacts of fog at 
Istanbul Ataturk airport, identifying that fog can lead to a decrease in landing rates as well as other airport 
disruption events. The foggiest day in their analysis period (2006-2015) was found to be 19 February 2014, 
where the airport experienced 15 hours and 23 minutes of foggy conditions.  
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Figure 8: Daily average arrival weather ATFM delay per weather regulated flight in Turkey from 2010-2019. Data are only 
included where weather accounted for 50% or more of all ATFM delay. Significant weather day is as defined in section 2.1. 

The arrival ATFM delay data for this date does indicate a significant level of ATFM delay, the second largest 
ATFM delay per weather regulated flight at Istanbul Ataturk for that year (Appendix B, Figure 24). This event 
represents the fourth largest ATFM delay per weather regulated flight for all airports in Turkey in 2014 (Figure 
8). Another notable event was record-breaking snowfall in February 2015, with snow reaching 73cm in the 
nearby Catalca district. Airport arrivals at Istanbul Ataturk dropped to 182 flights per day from an average of 
576 in the same year. News articles report Turkish airlines cancelled approximately 800 flights owing to the 
snowfall on this day. 

Whilst arrival ATFM delay in the winter months is typically linked to cold and fog conditions, the annual 
Central Office for Delay Analysis (CODA) Digest reports published annually by EUROCONTROL, the European 
Commission nominated Network Manager, cite convective weather as a significant driver for en-route ATFM 
delays in the summer months. During periods of high temperature and humidity, warm, moist air can rise from 
low to high altitude, typically forming cumulus clouds. During periods of strong atmospheric instability and 
favourable convection conditions the warm air can rise higher before cooling, resulting in the production of 
cumulonimbus clouds and thunderstorms. 

During these periods of increased seasonal traffic, this can result in considerable effects on weather ATFM 
delays (Burbidge, 2016). For example, the CODA digest 2018 (EUROCONTROL, 2019) reported widespread 
convective thunderstorm activity affecting large areas of North West Europe during July of that year.  This is 
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clearly evident within the SWDs for en-route ATFM delay for airspaces in countries such as France (Figure 5) 
and Sweden (Figure 9). 

 

 

 

Figure 9: Daily average en-route weather ATFM delay per flight in Sweden FIR from 2013-2019. Data are only included where 
weather accounted for 50% or more of all ATFM delay. Significant weather day is as defined in section 2.1. 

Synoptic charts over continental Europe during July 2018 show a trough between areas of high and low 
pressure which drew warm air up from the Mediterranean and Africa prior to the widespread thunderstorms 
experienced across North West Europe. 

Other examples of this breakdown of a high temperature / pressure period into convective thunderstorms are 
the European heatwaves of June and July 2019. These heatwaves were widely reported across the news as 
record-breaking temperatures, reaching up to 40°C across European countries from Poland to Switzerland and 
down into northern Italy. Maximum peaks in 2019 in en-route weather ATFM delay spiked on the 22 June 
across Hungary (Figure 10), Slovakia, Italy and Austria FIR. It is also interesting to note that the maximum en-
route weather ATFM delay in Hungary in the whole period (2013-2019) was on 28th July 2018, likely associated 
with the convective activity previously mentioned. 
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Figure 10: Daily average en-route weather ATFM delay per flight in Hungary FIR from 2013-2019. Data are only included 
where weather accounted for 50% or more of all ATFM delay. Significant weather day is as defined in section 2.1 

Met Office synoptic charts for late July 20199 show an extensive area of high pressure across much of central 
and southern Europe at the beginning of the week (22 July 2019), extending across western Europe and the 
United Kingdom as the week continues. The resultant pressure pattern indicates a southerly flow, with very 
warm air being drawn up from southern Europe and Africa, leading to very high temperatures for many 
regions. Towards the end of the week, a low-pressure system can be seen approaching from the west, 
bringing much cooler air (Figure 11). The interaction between these air masses leads to increased atmospheric 
instability as the warm air rises through the cooler air resulting in widespread convective activity. Significant 
en-route ATFM delay spikes were recorded on 27 July 2019 in France (Figure 5), Switzerland (Figure 12), and 
Croatia.  

                                                      
9 North Atlantic and Europe analysis charts are available in Daily Weather Summaries prepared by the Met 
Office National Climate Information Centre (NCIC) in collaboration with the National Meteorological Library 
and Archive (NMLA) https://digital.nmla.metoffice.gov.uk/IO_28ec5a96-55e2-484f-ae11-5b9ac32b6585/ 
[Accessed on: 15 July 2020] 

https://digital.nmla.metoffice.gov.uk/IO_28ec5a96-55e2-484f-ae11-5b9ac32b6585/
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Figure 11: Synoptic analysis chart for 0000 UTC 27 July 2019 showing areas of low pressure over central and western Europe, 
with high pressure centred over northern Scandinavia. 
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Figure 12: Daily average en-route weather ATFM delay per flight in Switzerland FIR from 2013-2019. Data has only been 
included where weather accounted for 50% or more of all ATFM delay. Significant weather day is as defined in section 2.1. 

The total ATFM delay minutes in Switzerland FIR more than doubled on 27 July 2019 (598 minutes) compared 
to the preceding days (26 July, 223 minutes and 25 July, 90 minutes). Similarly, ATFM delay in the Croatia 
airspace was up to 539 and 554 minutes on 26 July and 27 July, respectively, compared to 212 minutes on the 
25 July, despite a ‘business as usual’ average number of flights passing through the airspace. Convective 
activity can cause significant rerouting of aircraft through different airspaces than the original flight path, 
resulting in a potentially longer flight path and subsequent en-route ATFM delay, increased fuel burn and 
increased generation of GHG emissions. Without any diversion data to corroborate the figures, it is difficult to 
conclude the role of weather in the number of flights passing through the airspace.  
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 Historical weather pattern classifications 

Recent published research has highlighted the use of weather patterns in weather forecasting, building on 
previous approaches to classifying weather into a number of patterns (Lamb, 1972). Neal et al. (2016) 
developed an objective means of deriving a number of weather patterns over Europe and their application in 
weather prediction, particularly in probabilistic forecasting. A key feature of this approach is the ability to 
summarise key aspects from the large volumes of forecast data, into a number of patterns. An underlying 
premise of this approach is that there is greater skill in forecasting broad-scale MSLP features than there is in 
forecasting small-scale high impact weather events. By relating the weather patterns to the likelihood of an 
impactful event, it might be possible to generate improved (more skilful) forecasts, compared to using a direct 
forecast alone.  

The flexible nature of the weather pattern approach has been demonstrated via its application to different 
forecasting problems, such as identifying periods with an increased likelihood of coastal flooding around the 
United Kingdom (Neal et al., 2017), and to identifying periods suitable for marine sector operations (Steele et 
al, 2018). All of these applications rely on a similar approach of relating weather patterns to local weather 
variables by searching for analogues in a pool of observations. With the methods already used in everyday 
operational weather forecasting, a natural extension to this is the application at climate timescales.  

The work here uses the set of 30 weather patterns defined in Neal et al. (2016), which were derived using a 
machine learning approach (specifically the k-means clustering technique) applied to the European and North 
Atlantic Daily to Multi-decadal Climate variability (EMULATE) MSLP (EMSLP) analysis dataset (Ansell et al., 
2006) for the period 1850-2003. 

While it is important to retain these 30 weather pattern definitions, since they are trained on a long duration 
dataset (and therefore capable of capturing the long-term average (known as the climatology) of MSLP and 
the main circulation types across Europe), the approach here is extended to consider the fifth generation of 
European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalyses of the global climate 
(ERA5)10. The ERA5 dataset has global extent, so covers a larger geographical area than EMSLP, which does 
not cover the entire ECAC area. It is also at a much higher spatial resolution (0.25° × 0.25°) than EMSLP and 
other reanalysis datasets, and therefore represents both MSLP and wind speed with smaller biases (Dullaart et 
al., 2020). Some of this added value will be lost as ERA5 data is re-gridded to a coarser resolution to match the 
EMSLP grid of the original weather pattern definitions (5° × 5°). Despite re-gridding to a coarser resolution, 
ERA5 is still expected to be the most appropriate dataset.11 

                                                      
10 https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5 [Accessed on: 15 July 2020] 
11 As an example, moving to ERA5 from its predecessor, ERA-Interim, at (0.75° × 0.75°), the root mean squared 
errors in tropical cyclone wind speed reduces by 58% (Dullaart et al., 2020), indicating an improvement in 
MSLP. 

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
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Figure 13: Definitions for the set of 30 weather patterns in ERA5. MSLP anomalies are plotted as filled contours (hPa) and 
MSLP mean values are plotted in the foreground (2 hPa intervals). 

Calculating daily 1200 UTC MSLP anomaly fields over the ERA5 period, 1979-2019, each day in ERA5 is 
assigned to one of the 30 weather patterns, chosen as the weather pattern that minimises the grid-point 
average sum of squared differences. Anomalies are calculated using the 30-year period 1981-2010 as a 
climatology. Once each day is classified, it is possible to calculate weather pattern composites (means) for 
each of the 30 patterns (Figure 13). These means look almost identical to “Figure 1” of Neal et al. (2016), as 
expected, but here defined over a slightly extended area to encompass all of the ECAC area. Lower numbered 
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patterns occur more often during summer when there are weaker MSLP anomalies, and the higher numbered 
patterns occur more frequently during winter when there are stronger MSLP anomalies. 
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 Relating weather patterns to significant weather days 

Having identified the SWDs in section 2, covering 2010-2019 for arrival ATFM delays and 2013-2019 for en-
route ATFM delays, and performed daily classifications of ERA5 daily MSLP anomalies, the aviation-relevant 
weather impacts are related to certain weather patterns. Here, to simplify the analysis, the 30 weather patterns 
are reduced to a set of eight, as defined in Neal et al. (2016), which help to identify key changes in the overall 
flow type over Europe (Figure 14). This is achieved by grouping the 30 weather patterns when there are strong 
spatial correlations. Table 2 provides a description of the eight weather patterns and the weather associated 
with each pattern across Europe. 

 

Figure 14: Definitions for the reduced set of eight weather patterns in ERA5. 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 2: 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 of 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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The SWDs (see section 2.1) for each country are split into the summer season (June-July-August; JJA) and the 
winter season (December-January-February; DJF), with the most notable disruption to arrivals (i.e. more SWDs) 
in the winter season, as mentioned in section 2. A minimum threshold of 64 days is chosen to filter countries 
that have enough SWDs to take forward from section 2 into this analysis. This threshold of 64 days is 
equivalent to 2.5% of the 2,556 days in the en-route dataset (2013-2019) and achieves a balance between 
selecting enough representative days and not capturing average weather days. Therefore, for SWDs to be 
taken forward in the analysis the number must constitute a minimum of 2.5% of all days, but will be capped at 
a maximum of 5% of all days, for a given country. Further, where at least half of the 64 days (32 days) do not 
appear in one of the two seasons considered (summer and winter), this season is deemed not to have enough 
SWDs for matching with weather patterns. For arrivals data, this means that only seven countries contribute 
the required number of SWDs towards a summer analysis (Spain and Portugal are the only two countries that 
have more SWDs in summer than in winter). Therefore, only the winter season, where 19 countries contribute 
the required number of SWDs is considered further. 

 

Figure 15: The percentage of times that a given weather pattern leads to SWDs at French airports over the winter season. 

The daily weather pattern is extracted for each SWDs in the winter season for each country’s aggregated 
airport arrival ATFM delays. To account for the range in the occurrence of weather patterns over the 2010-
2019 period (lower numbered patterns in the set of eight occur far more frequently than higher numbered 
patterns) the occurrence of weather patterns on the SWDs are divided by their overall occurrence in the 
dataset in winter (i.e. if 10 occurrences of weather pattern 1, out of 100 in total in winter over the 2010-2019 
period, were associated with SWDs the value would be 10%). This gives an impression of the likelihood that 
the occurrence of a given weather pattern causes a SWD in a country. The likelihood that each of the eight 
weather patterns causes a significant weather day at French airports is shown in Figure 15. Pattern 1 is the 
dominant weather pattern, which represents a setup favourable for cold air being drawn from northern and 
eastern Europe into France, with the potential for icing and even snowfall. Therefore, it is understandable that 
this could cause significant disruption to airport operations. 
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Figure 16: The proportion of occurrences of each weather pattern that causes SWDs in the airport arrivals dataset, between 
2010-2019. 
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Taking a Europe-wide viewpoint, it becomes clear that weather pattern 1 is quite likely to cause SWDs in 
countries neighbouring France (Figure 16). Weather pattern 1 is also the dominant weather pattern associated 
with SWDs in the airport arrivals dataset for Germany, Netherlands, Belgium, Austria and Czech Republic. 
Windstorms are also expected to be prevalent and cause disruption across Europe in winter. Scandinavia sees 
a relatively high likelihood of SWDs when in weather patterns 3 and 7. These weather patterns are associated 
with low pressure extending over the Scandinavian region, which can lead to disruptive surface winds and 
impacts on landing aircraft.  

There is also expected to be disruption to airport operations due to fog in winter, but this will be difficult to 
identify due to the small spatial and temporal scales on which fog causes an impact. This means that it might 
not show up in a dataset at daily resolution or within aggregated airport ATFM delays across a country. There 
is some, albeit inconsistent, evidence for weather patterns favourable for fog development causing SWDs. For 
example, there is a relatively high likelihood of SWDs in Sweden when in weather pattern 5. This weather 
pattern is associated with high pressure centred close to the country and could favour the formation of fog. 
However, this study serves as an overview of weather impacts on European aviation and the data used does 
not allow for more detailed analysis on the nature of this link in Sweden.  
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Figure 17: The proportion of occurrences of each weather pattern that causes SWDs in the en-route dataset, between 2013-
2019. 
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Considering the SWDs for en-route ATFM delays, there is a clear skew towards disruption in the summer 
season. Again, a minimum threshold of 64 days is chosen to filter countries that have enough SWDs to take 
forward from section 2 into this analysis, with the requirement for at least 32 days to appear in one of the two 
seasons. There are no countries that meet this 32-day threshold in winter. Therefore, the analysis is restricted 
to the summer season for en-route ATFM delays. 

Figure 17 shows the likelihood that each of the eight weather patterns leads to a SWD in the en-route dataset. 
There are clear spatial signals here and they can be broadly linked to the association of weather patterns with 
convective activity. For example, weather pattern 5 is relatively likely to lead to a SWD in summer across 
multiple western European countries. This weather pattern is favourable for drawing warm and humid air from 
the Mediterranean to western Europe. This air mass is then capable of triggering convective activity in this 
region, which can impact en-route aircraft. These aircraft may need to divert around particularly intense 
convective activity (i.e. thunderstorms). Likewise, weather pattern 3 is relatively likely to lead to SWDs in a 
number of central European countries. 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 trigger daytime thunderstorms that also cause disruption. Generally, there is a clear link between 
favourable conditions for convective activity and the likelihood of causing SWDs. Clearly the intensity of 
convective activity will also impact the level of disruption and this is something that will be considered in a 
subsequent report. 
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 Historical and future trends in weather patterns 

Having identified historical impactful weather patterns across Europe, the focus now turns to understanding 
how the frequencies of weather patterns have changed over the observed record and are projected to change 
in the future.  

 Past observed changes 

This section investigates any trends in the frequency of weather patterns due to climate change. For this 
purpose, the change in the observed frequency of weather patterns between the periods 1980-1999 and 
2000-2019 was studied. Averaging over 20-year periods helps to ensure that changes picked up represent 
trends in the frequency of weather patterns and are not due to natural variability. Some components of the 
climate system, such as slowly evolving oceanic oscillations can persist in certain states at decadal timescales 
and have a potential impact on European circulation (Zampieri et al., 2017), so it is important to minimise such 
influences by taking long-term means. 

 

Figure 18: Winter and summer percentage change in the frequency of each weather pattern in ERA5 for 2000-2019, relative 
to 1980-1999 (blue crosses). The thin vertical blue lines represent the uncertainty. 
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Figure 18 shows the changes in the 8 weather patterns over the period of the ERA5 reanalysis (2000-2019 
relative to 1980-1999). The blue crosses represent the percentage changes, while the error bars (thin blue 
lines) represent an estimate of the uncertainty (quantified as the difference in the variance of the 20-year 
means). In other words, these lines represent noise in the dataset. Where these thin blue lines span the zero 
line there is not a significant difference between the periods and no evidence for the emergence of a climate 
change signal. This is the case for all 8 weather patterns, in both seasons. This is in line with expectations. Any 
observed climate change signals, except for large-scale temperature, are difficult to detect since the signal has 
not yet exceeded the noise. It may be tempting to interpret an indication of there almost being a significant 
change in weather pattern 7 in summer. However, this is not supported when considering changes in the 
EMSLP dataset over a longer period of time; 1981-2010 relative to 1881-1910 (Appendix B, Figure 25). The 
change in weather pattern 7 in summer in EMSLP is negative, opposing the positive change in ERA5. While this 
recent positive change warrants attention to see if it becomes significant, there is not strong enough evidence 
at present to suggest it is a signal driven by climate change. 

 Projected changes 

The global climate model simulations of UKCP1812 are used to determine projected changes in the set of 30 
weather patterns. A set of 28 climate simulations are available for the period 1900-2100 (covering both the 
historical and future periods). The 28 simulations are split into two ensembles, both of which sample the 
underlying uncertainties in different ways: 

 The perturbed physics ensemble (PPE) is made up of 15 variants of the Met Office Hadley Centre model 
(hereafter referred to as PPE-15). The PPE is created by perturbing a set of model parameters to ensure 
that the broadest possible range of future outcomes is sampled in a systematic way. However, since it 
uses a single model it may be limited in the uncertainty sampled.  

 The CMIP ensemble is made up of 13 models, produced by 13 separate institutions, from CMIP5 
(hereafter referred to as CMIP-13). Since the models are created independently there is more scope to 
sample different sources of uncertainty. 

These two ensembles are kept separate to allow a qualitative comparison of the robustness of any projected 
trends in weather patterns. Here, a robust change is defined as one where the associated uncertainty does not 
span zero. The PPE-15 ensemble allows for a quantification of uncertainty owing to parameter uncertainties 
(how fast ice falls in clouds, for example), while the CMIP-13 ensemble allows for a quantification of 
uncertainties owing to structural model choices (the type of land and ocean models used, for example). 

Prior to investigating projected changes in weather patterns, it is important to perform a thorough validation 
of model outputs to ensure they can capture observed features of weather patterns. The frequency and 
persistence of the modelled weather patterns are compared with observed values. Figure 19 shows that the 
model ensembles can faithfully capture the observed seasonal variation in the frequency of weather patterns 
over the historical period 1981-2010, as well as the in-season differences. 

                                                      
12 https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Land-report.pdf 
[Accessed on: 15 July 2020] 

https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Land-report.pdf
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Figure 19: The ERA5, PPE-15 and CMIP-13 frequency of the 8 weather patterns for the winter, spring, summer and autumn 
seasons, during the period 1981-2010. 

The range in the persistence of weather patterns across the seasons is also well replicated in the climate 
models (Figure 20). Calculating the average daily persistence of the weather patterns, the PPE-15 and CMIP-13 
ensembles share similar behaviour to the ERA5 reanalysis. These validation checks instil confidence in the use 
of these model ensembles to generate credible future projections. 
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Figure 20: The ERA5, PPE-15 and CMIP-13 average daily persistence of the 8 weather patterns for the winter, spring, summer 
and autumn seasons, during the period 1981-2010. 
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Figure 21: Winter (top) and summer (bottom) ensemble median percentage change in the frequency of each weather pattern 
for 2011-2040, relative to 1981-2010, for both the PPE-15 (blue crosses) and CMIP-13 (yellow crosses) ensembles in the 
RCP8.5 emissions scenario 

Figure 21 shows the ensemble median projected changes in weather pattern in winter and summer during the 
period 2011-2040, which is centred on the year 2025, to determine changes over the next five years. It should 
be considered representative of the year 2025 but uses the average over a 30-year period 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, for the RCP8.5 emissions scenario, which represents a high-end no-policy 
emissions scenario (or a world where the warming impact of GHG emissions is higher than the current best 
guess).  

As expected, given the near-term horizons of the projections there is no evidence for robust changes in the 
weather patterns, given that the ensemble range almost always spans the zero line. This does not mean that 
there is not a trend, but rather that any trend due to climate change is smaller than the variability expected in 
the short-term. Consideration of more distant time horizons may reveal a trend in weather pattern frequency 
that emerges above the climate variability (to be considered in a subsequent study). In cases where the range 
does not span the zero line (weather patterns 3, 6 and 7 in summer (JJA) in PPE-15), this is not replicated by 
the alternative ensemble (CMIP-13). There is not always good agreement in the sign of the ensemble median 



Climate Change Risks for European Aviation 2021   

An overview of short-term weather impacts on European aviation  

Technical report 

Page 42 of 54 
 

projected changes between PPE-15 and CMIP-13, further indicating that there are uncertain signals over this 
timescale.  

Generally, there is good agreement between different emissions scenarios. 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 comparable to those in RCP8.5, with the ensemble median 
change in good agreement, particularly in summer, and particularly where the changes are largest (Appendix 
B, Figure 26). Again, the ensemble range spans the zero line for nearly all the weather patterns in both 
seasons, indicating that there is enough uncertainty in the projections to preclude confident statements about 
the sign of changes in weather pattern frequency. 
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 Discussion 

As explained in section 2, in order to ensure that there was sufficient historical data. different approaches were 
taken to the en-route and arrival datasets, both in terms of length, content and source. Arrival data, provided 
by the EUROCONTROL Network Manager, covered each flight date in the last decade (2010-2019) where 
weather ATFM delays occurred and included the number of weather regulated flights. The en-route ATFM 
delay data were downloaded from the EUROCONTROL Aviation Intelligence Portal which provided data for 
every day from January 2013 to March 2020. The number of flights assigned ATFM weather regulation was not 
provided, resulting in different analysis being undertaken to look at the average ATFM delay per flight. 

ATFM delay data at this granularity are not available for more than ten years. Additionally, not all countries 
and FIR / UIR had full coverage across the dataset period (an occurrence of ATFM delay in every year). It is 
assumed that if a country or airport is present in the data then it is possible for ATFM delay to have occurred 
at any point in the time period. For example, if a country / airport only has a handful of data points, it is 
assumed this reflects that the country / airport is rarely impacted by weather regulated ATFM delay, as 
opposed to the addition of that country / airport to the dataset later in the time period.  Both of these 
datasets are short in terms of looking at historical trends and a longer dataset would have provided better 
confidence in any data interpretations. 

Since this analysis considers ATFM delay and weather data at daily resolution there could occasionally be high 
risk weather events that have minimal impact, for example if they occur during the night. However, moving to 
sub-daily data would have added to the complexity of the analysis, with the requirement for more granular 
data. The weather pattern approach here works best at daily timescales, while incorporating sub-daily weather 
data would be problematic due to the often poor quality of observations at this temporal resolution. Further 
insight could be gained by understanding the range in the intensity of weather associated with each weather 
pattern at daily resolution and this will be the focus of a subsequent study. This will look specifically at the 
changes in storm patterns and intensity, with an understanding of the intensity thresholds at which ATFM 
delay is typically experienced for various regions of Europe.  

The relationship between weather pattern occurrence, 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. This may impact the analysis to an extent but is extremely difficult to 
quantify. Another factor that is difficult to quantify is the impact of interdependencies between weather events 
and compound events, where, for example, low visibility at an airport combined with disruptive crosswinds on 
the same day. The use of daily data does not allow such an analysis, which would also require weather 
observations at small spatial scales. 

The weather pattern approach used here to determine aviation-relevant weather impacts, and to quantify the 
past and future trends in these weather patterns, has many advantages over directly investigating the high 
impact weather events themselves in climate models. There are, however, some potential limitations to this 
approach. The weather patterns are defined on a relatively coarse 5° × 5° resolution grid. While MSLP is a 
spatially homogeneous variable, this does mean that some small-scale circulation features can be missed. 
These include medicanes (Cavicchia et al., 2014), which are tropical-like storms that can have a significant 
impact in the Mediterranean region, polar lows that could impact Scandinavia, and smaller scale cold air 
outbreaks that can impact central and eastern Europe. 

The k-means clustering that is used to derive the 30 weather patterns in section 3 is somewhat biased towards 
larger scale pressure patterns, particularly those that affect northern and western Europe. Regardless, even a 
pressure dipole between the North Atlantic and Scandinavia can have implications for the weather in central 
and southern Europe. Taking weather pattern 16 in Figure 13, for example, even though the pressure centres 
are far removed from France and the Iberian peninsula, the positioning of low and high pressures combine to 
move warm and humid Mediterranean air northwards across this region. In the summer months this would 
have the potential to trigger convective activity, which could be disruptive to both arrival and en-route aircraft 
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operations. Importantly, the bias in patterns towards northern and western Europe does not overly impact the 
study here, since these smaller scale features are typically not well resolved in climate model simulations. 
Further, European aviation traffic is heavily skewed towards these regions, which are currently home to the 
majority of Europe’s major hub airports. 

The fact that no significant changes in the occurrence of weather patterns are projected over the next five 
years is consistent with expectations. Even though a 30-year mean (2011-2040) is used to represent 2025, any 
changes in weather patterns over this period are expected to be small, even in a high emissions scenario such 
as RCP8.5. The occurrence of different weather patterns is quite variable from year-to-year and no robust 
changes have been detected in the historical period (Figure 18). For some weather parameters and regions 
one would expect to detect so-called ‘forced’ changes (changes that can be linked to increasing GHG 
emissions and the associated energy imbalance and global mean warming they cause) even in this short 
period: however this is mostly limited to the global scale and for variables strongly related to increasing 
temperature (for example, extreme rainfall events). Over continental scales and for circulation changes, which 
have a less strong relationship with temperatures, the expectation would be that any forced change does not 
emerge in such short time horizons. In general, climate models show less agreement on projected changes of 
dynamic variables, related to circulation, than they do for thermodynamic variables, related to temperature. 

Regarding temperature, it is perhaps the one variable that might display robust forced changes, even at small 
spatial scales and considering subsequent 30-year periods. The most direct impact of temperature on 
aviation-relevant weather events across Europe is through cold air outbreaks. Generally, this does not mean 
that the weather patterns that lead to cold air outbreaks (for example, weather pattern 27 in Figure 13 would 
draw cold air across the United Kingdom during the winter) will necessarily become less common. However, 
when they do arrive, they might be expected to be associated with reduced cold (Azarzaguena and Screen, 
2016). The same can be said for all weather patterns. For a given weather pattern the near surface 
temperatures will, on average, under future warming be greater than those historically observed. There are 
also indirect effects from temperature changes that might emerge, such as the impact of increasing 
temperature on extreme convective activity. Extreme rainfall events are expected to become more intense, in 
line with increases in temperature and associated increases in the water holding capacity of the atmosphere.  

It is important not to interpret the projected changes presented in section 5 as probabilistic. The projections 
represent the spread across two largely independent climate ensembles of limited size (15 members for the 
PPE-15 and 13 members for CMIP-13). They do not represent the full range of uncertainty in projected 
occurrences of weather patterns, but rather give an impression of the range of projections. Quantifying the full 
uncertainties requires a consideration of responses across a wider range of parameter and model choices than 
are available in the UKCP18 climate ensembles. 

Finally, the approach here attempts to isolate a forced change in the occurrences of weather patterns and 
average out any changes due to naturally occurring climate oscillations, such as the El Nino Southern 
Oscillation and the Atlantic Multidecadal Oscillation. These slowly evolving patterns vary over periods of years 
to decades and in an uninitialized climate simulation (one not initialised with realistic initial, observed 
conditions, such as used here) the prevalence of one of these oscillations in a given state over a particular 30-
year period, by chance could lead to a biased projection. However, correctly forecasting the states of these 
oscillations over the next five years could lead to improved projections of weather pattern changes, relative to 
averages, on these decadal prediction horizons. This is where there could be some merit in using an initialised 
simulation, which account for the current mean state of the climate system. Here, use of uninitialized climate 
simulations ensures consistency with the subsequent studies which will use the simulations out to more 
distant time horizons. 
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 Conclusions 

Weather impacts on the European aviation sector can be disruptive and costly. Yet, the sensitivity of 
operations to different weather events and the potential near-term (five years) future changes in impactful 
weather is not well understood. Here, an approach is used that identifies historic days across the European 
aviation sector that saw significant disruption to operations, before associating these days with a number of 
key weather patterns. The observed and climate model projected changes in these weather patterns are 
analysed with comment on what this could mean for the sector in the short-term. Figure 22 summarises the 
approach taken. 
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Figure 22: A schematic showing the approach taken in this report. 
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Firstly, both airport arrival and en-route ATFM delays are investigated to derive a number of significant 
weather days impacting airports and countries across the European network. There are clear seasonal 
tendencies in these datasets, with impactful weather that causes airport arrival ATFM delays occurring more 
often in winter and impactful weather that causes en-route ATFM delays occurring overwhelmingly in summer. 
This is well understood from the types of weather events behind these significant weather days, with, for 
example, convective activity able to cause route extensions to flights and, in turn, en-route ATFM delays. 
Convective activity occurs largely in the summer season. Other impactful weather events picked up in an 
analysis of the airport arrival ATFM delays include windstorms, snowstorms and fog. 

To synthesise impactful weather events, a weather pattern analysis is adopted. Weather patterns can be 
related to local weather variables by searching for analogues in a pool of observations. This holistic approach 
offers a means of linking impactful weather with particular weather setups and ensures that multiple high-
impact events are captured within a single common framework. Here, significant weather days both for airport 
arrival and en-route ATFM delays are matched with the weather pattern classification for that day. The 
likelihood of a given weather pattern to cause an ATFM delay is found to be related to the weather conditions 
expected with a weather pattern, for a given geographical location and season. There is variability in the 
weather pattern types that are responsible for disruption across European airports and countries as would be 
expected. 

Using the UKCP18 climate dataset and considering projected changes in these weather patterns over the next 
five years, there is no evidence for significant changes. This is expected given the near-term nature of this time 
horizon. This is consistent across seasons, climate model ensembles and emissions scenarios. While there is 
some agreement in ensemble median changes across climate model ensembles and emissions scenarios, the 
ensemble range almost always includes zero, indicating that the uncertainty in the projections over the next 
five years is considerable. This implies that, on average, there should be no significant deterioration in the 
weather beyond that which we currently experience. This does not mean that localised weather events that 
have the potential to generate severe disruption will not occur. Over the short-term (next five years), the role 
of year-to-year natural variability in these weather events will be more of an influence than any trends related 
to global mean warming. Although there may be some anecdotal evidence that there is more weather-related 
disruption occurring, the scientific evidence from this study does not yet support this. It is also found that 
observed changes over the period (1980-2019) are not significant when placed in the context of year-to-year 
variability. 

While this study has presented a high-level overview of short-term weather impacts on European aviation, a 
subsequent report will consider the impact of changes in storm patterns and intensity on flight operations. 
This will allow for a more detailed consideration of the distribution of wind speeds and convective activity for 
each weather pattern and a clearer picture of the thresholds associated with weather ATFM delays in the 
regions / countries of Europe. Further, this subsequent study will look beyond the short-term, out towards 
2030 and 2050 time horizons, where there is the possibility that robust changes in the occurrence of weather 
patterns (and the intensity of storm activity associated with them) begin to emerge. 
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B. Graphs 

 
Figure 23: Daily average arrival weather ATFM delay per weather regulated flight at London Heathrow from 2010-2019. Data 
are only included where weather accounted for 50% or more of all ATFM delay. Significant weather day is as defined in 
section 2.1. 
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Figure 24: Daily average arrival weather ATFM delay per weather regulated flight at Istanbul Ataturk from 2010-2019. Data 
are only included where weather accounted for 50% or more of all ATFM delay. Significant weather day is as defined in 
section 2.1. 
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Figure 25: Winter and summer percentage change in the frequency of each weather pattern in EMSLP for 1981-2010, relative 
to 1881-1910 (solid blue bars). The thin vertical blue lines represent the uncertainty. 
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Figure 26: Winter (top) and summer (bottom) ensemble median percentage change in the frequency of each weather pattern 
for 2011-2040, 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. 

C. Glossary 

Term Definition 

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. 

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

ERA-5 A recently released atmospheric reanalysis dataset, which provides a numerical 
description of the recent climate by combining models with observations. 
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The research presented in this document, and the document itself, have been prepared by the Met Office. Egis 
carried out a technical review and approved the document for EUROCONTROL review. 

 

 

Specifically, ERA5 is the fifth generation of ECMWF atmospheric reanalyses of the 
global climate. 

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. See section 2.1 for full calculation. 

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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