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CREATE
INNOVATIVE OPERATIONS AND CLIMATE AND WEATHER MODELS TO
IMPROVE ATM RESILIENCE AND REDUCE IMPACTS

This deliverable document is part of a project that has received funding from the SESAR Joint Undertaking under grant
agreement No 891061 under European Union’s Horizon 2020 research and innovation programme.

Abstract
CREATE is a project aligned with the research topic “Environment & Meteorology for ATM”, which is
part of the research area “ATM Excellent Science & Outreach” of the SESAR 2020 Exploratory Research
programme (call H2020-SESAR-2019-2).
CREATE challenge consists in the reduction of the environmental impact of aviation, considering not
only fuel burn, but also other aspects such as air pollutants, e.g. CO, NOx and particulate matter. The
CREATE project fully complies with this topic, because it proposes new ATM concepts aiming to reduce
the environmental impact of flight operations for both en-route and TMA (Terminal Manoeuvring
Areas), taking advantage of an innovative approach for 4D trajectory optimisation together with the
use of advanced weather and air quality models.
This deliverable collects the outputs provided by the tasks 2.3 “Vulnerability of ATM with respect to
weather phenomena” and 2.4 “State-of-the-art of meteo tools supporting ATM” and reports the
studies carried out in these tasks to: 1) individuate the most relevant weather phenomena that affect
the ATM operations, their main impacts on them in terms of operational disruptions and the associated
level of severity; 2) individuate the most relevant meteo tools that are expressed by state-of-the-art
technologies to support the ATM operations in order to properly take into account the weather
conditions in a precise and timely manner.
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1 Introduction1
This deliverable collects the outputs provided by the Tasks 2.3 “Vulnerability of ATM with respect to
weather phenomena” and by the Task 2.4 “State-of-the-art of meteo tools supporting ATM” and
reports the studies carried out in these tasks to: 1) individuate the most relevant weather phenomena
that affect the ATM operations, their main impacts on them in terms of operational disruptions and
the associated level of severity; 2) individuate the most relevant meteo tools that are expressed by
state-of-the-art technologies to support the ATM operations in order to properly take into account the
weather conditions in a precise and timely manner.
This deliverable is aimed to provide inputs to the next steps of the project activities and in particular it
will serve as input document for the following specific WPs/Tasks:
•

WP3: this deliverable is considered in WP3 to better tailor the research activities towards the
design of meteo tools able to detect and provide info about the weather phenomena, because
this deliverable emphasizes what are the most interesting phenomena for operations en-route
and in TMA and also allows individuating, in WP3, limitations emerging from the state-of-theart meteo tools supporting ATM here outlined and to contribute to overcome such limitations.

•

WP4: this deliverable constitutes the background definition of the impact of weather on ATM
operations, therefore clarifying the motivation and the objectives for the design of the tactical
trajectory management tools for en-route and TMA addressed in the WP4.

•

WP5: this deliverable serves as input to Task 5.3 for the definition of the scenarios for
validation of the methodologies that are designed in WP4. In addition, this deliverable will be
used in Tasks 5.4 and 5.5 to support the validation exercises definition and to support
consultations with stakeholders, thanks to the provision of a clear and concise outline of the
relationship between ATM and weather and of the state-of-the-art weather tools supporting
ATM. The document identifies the baseline condition that the CREATE project methodologies
aim to improve, thanks to dedicated innovations in both weather models and ATM support
tools design and in trajectory replanning at tactical level in en-route and TMA flight phases.

It is worth noticing that, even if in literature similar works exist, the peculiarity of this study and of this
deliverable is that here the identification and the prioritization of the meteorological hazards have
been performed by considering the Key Performance Areas (KPAs) as defined in the “SESAR
performance framework” and by using the criteria described in the “EUROCAE Hazards Classification”,
so allowing to assign a score to the impacts that the weather considered phenomena have on KPAs.
This approach is peculiar of this study and is aimed to better support the activities in the following WPs
of the project, as outlined above, by addressing the topic of MET hazards and their impact on ATM
from the perspective of their prioritization in order to better focus in the project the activities of

1

The opinions expressed herein reflect the author’s view only. Under no circumstances shall the SESAR Joint
Undertaking be responsible for any use that may be made of the information contained herein.
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weather models and tools improvement and of trajectory optimization at tactical (i.e. during the flight)
level.
The document represents the deliverable D2.2 “Analysis of vulnerability of ATM to weather
phenomena” expected to be delivered by CREATE project WP2 “Relation between environment and
ATM” according to the GA n. 890898.

1.1 Applicable Reference material
[R1] Intergovernmental Panel on Climate Change and EUROCONTROL’s Challenges of Growth 2013.
http://www.eurocontrol.int/sites/default/files/article/content/documents/officialdocuments/reports/201303-challenges-of-growth-2013-task-8.pdf
[R2] R. McCarthy, L. Budd, Case Study 3: Potential Changes in Severe Convection in Maastricht Upper
Area Airspace, in “Challenges of Growth Environmental Update Study: Climate Adaptation Case
Studies”, EUROCONTROL, Brussels, 2010.
[R3] P. van der Linden, J. Mitchell, “Climate Change and its Impacts: Summary of research and results
from the ENSEMBLES project”, Met Office Hadley Centre, 2009.
[R4] IATA Safety Report 2016, issued April 2017 – 53rd edition.2
[R5] O. Gluchschenko, P. Förster, “Performance based approach to investigate resilience and
robustness of the ATM system”, Tenth USA/Europe Air Traffic Management Research and
Development Seminar, Chicago, 2013.
[R6] R. Molarius et al., “Weather hazards and vulnerabilities for the European transport system: a
risk panorama”, Technical Research Centre of Finland, Bruxelles, 2012.
[R7] V. de Léon, J. Carlos, “Vulnerability: a conceptual and methodological review”, UNU Collections,
EHS Research briefs, Bonn, 2006.
[R8] O. Gluchschenko, A. Heid, “From uncertainty to robustness and system´s resilience in ATM: A
case-study”, Air Transport and Operations Symposium, Delft, 2012.
[R9] M. Kreuz, T. Luchkova, M. Schultz, “Effect of Restricted Airspace on the ATM System”, World
Conference on Transport Research, Shanghai, 2016.
[R10] G. van Es, P. van der Geest, T. Nieuwpoort, “Safety aspects of aircraft operations in crosswind”,
National Aerospace Laboratory NLR, Amsterdam, 2001.
[R11] A. Churchill et al., “Evaluating a New Formulation for Large-Scale Traffic Flow Management”,
Eighth USA/Europe Air Traffic Management Research and Development Seminar, 2009.
[R12] W. H. Dines, “Meteorology and Aviation”, Monthly Weather Review, 45, 401 (1917).
[R13] Review of National Transportation Safety Board (NTSB) Weather-Related Accidents (2003–
2007), National Aviation Safety Data Analysis Center, Washington DC, USA, 2010.

2

The IATA Safety Report is the flagship safety document produced by IATA since 1964. It provides the industry
with critical information derived from the analysis of aviation accidents to understand safety risks in the industry
and propose mitigation strategies.
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[R14] I. Gultepe et al., “A Review of High Impact Weather for Aviation Meteorology, Pure and Applied
Geophysics”, May 2019.
[R15] D. Eick, “Turbulence related accidents and incidents”, Presentation at NCAR Turbulence Impact
Mitigation Workshop 2, 3–4 Sep 2014.
[R16] EUROCONTROL European Organisation for the Safety of Air Navigation, SESAR PERFORMANCE
FRAMEWORK A Common Programme Reference for Performance Management, February 2018.
[R17] EUROCAE ED-78A - Guidelines for Approval of the Provision and Use of Air Traffic Services
supported by Data Communications, Dec 2000.
[R18] www.easa.europa.eu/sites/default/files/dfu/218639_EASA_ASR_MAIN_REPORT_2018.pdf
www.easa.europa.eu/domains/air-operations/weather-information-pilots
https://flightsafety.org/asw-article/a-new-way-to-measure/
[R19] H. Hersbach, B. Bell, P. Berrisford, S. Hirahara, A. Horányi, J. Muñoz‐Sabater, J. Nicolas, C.
Peubey, R. Radu, D. Schepers, A. Simmons, C. Soci, S. Abdalla, X. Abellan, G. Balsamo, P.
Bechtold, G. Biavati, J. Bidlot, M. Bonavita, G. De Chiara, P. Dahlgren, D. Dee, M. Diamantakis, R.
Dragani, J. Flemming, R. Forbes, M. Fuentes, A. Geer, L. Haimberger, S. Healy, R. J. Hogan, E.
Hólm, M. Janisková, S. Keeley, P. Laloyaux, P. Lopez, C. Lupu, G. Radnoti, P. de Rosnay, I. Rozum,
F. Vamborg, S. Villaume, J. N. Thépaut, “The ERA5 global reanalysis”, Quarterly Journal of the
Royal Meteorological Society, 146 (730), 1999-2049, 2020.
[R20] M. Taszarek, S. Kendzierski, N. Pilguj, “Hazardous weather affecting European airports:
Climatological estimates of situations with limited visibility, thunderstorm, low-level wind shear
and snowfall from ERA5”, Weather and Climate Extremes, 28, 100243, 2020.
[R21] EASA, 2020. Certification Specification for Large Aeroplanes CS-25, 26th Amendment, 2020.
www.easa.europa.eu/sites/default/files/dfu/cs-25_amendment_26_0.pdf
[R22] Integrated approach to safe flights under icing conditions: Description of Work, THEME
[AAT.2012.3.5-1.], Grant agreement no 314314, HAIC.
[R23] M. Bravin, J. Strapp, J. Mason, “An Investigation into Location and Convective Lifecycle Trends
in an Ice Crystal Icing Engine Event Database,” SAE 2015 International Conference on Icing of
Aircraft, Engines, and Structures, SAE International, Warrendale, USA, 2015.
[R24] Final Report (AF 447), Bureau d'Enquêtes et d'Analyses, Le Bourget, France, 2012.
http://www.bea.aero/en/enquetes/flight.af.447/reports.php
[R25] Green Paper on the gains for the European ATM Network of aligned weather impact
management - European Organisation for the Safety of Air Navigation (EUROCONTROL), 2013.
[R26] Air Facts – The journal for the personal air travel – By pilots, for pilots.
https://airfactsjournal.com/2016/03/icing-cold-hard-air-facts/
[R27] Canadian TSB, FINAL REPORT ON AIR CANADA SEVERE TURBULENCE INCIDENT, Sep 26th 2019.
[R28] Secretaria de Comunicaciones y transportes SCT, Informe Accidente learjet 45 XC-VMC, 2008.
[R29] A321, en-route, Vienna, Austria, 2003.
www.skybrary.aero/index.php/A321,_en-route,_Vienna_Austria,_2003
[R30] A321, en-route, Gimpo, South Korea, 2006.
http://www.skybrary.aero/index.php/A321,_en-route,_Gimpo_South_Korea,_2006
[R31] AS3B, en-route, North Sea, UK, 2008.
www.skybrary.aero/index.php/AS3B,_en-route,_northern_North_Sea_UK,_2008
[R32] SB20, vicinity Sumburgh, UK, 2014.
www.skybrary.aero/index.php/SB20,_vicinity_Sumburgh,_UK_2014
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[R33] SU95, Moscow Sheremetyevo, Russia, 2019.
www.skybrary.aero/index.php/SU95,_Moscow_Sheremetyevo_Russia,_2019
[R34] Air traffic management volcanic ash contingency procedures for the car regions, ICAO, 2012.
[R35] B742, en-route, Mount Galunggung, Indonesia, 1982.
www.skybrary.aero/index.php/B742,_en-route,_Mount_Galunggung_Indonesia,_1982
[R36] B744, en-route, Alaska, USA, 1989.
www.skybrary.aero/index.php/B744,_en-route,_Alaska_USA,_1989
[R37] M. Schultz et al., “Weather Impact on Airport Performance”, Aerospace, 5, 109, 2018.
[R38] Federal Aviation Administration, Advisory Circular 00-45, Aviation Weather Services, Technical
Report, Washington DC, USA, 2016.
[R39] Gobierno De Espana, minister de trasportes movilidad y agenda urbana, Report In-031/2012
Incident involving severeal aircraft in the airspace of the Madrid CRT (control zone), may 2018.
[R40] Raad vd Luchtvaart, Final Report Uitspraak van de raad voor de luchtvaart, 6 October 1981.
[R41] B. Antonescu, D. Schultz, A. Holzer, P. Groenemeijer, TORNADOES IN EUROPE: An
Underestimated Threat, Bulletin of the American Meteorological Society, 98, 713-728 (2017).
[R42] The Weather Channel, available at:
https://weather.com/news/news/2020-08-08-canada-tornado-manitoba-virden-damage
[R43] B752, Girona, Spain, 1999.
www.skybrary.aero/index.php/B752,_Girona_Spain,_1999
[R44] DC10, Tahiti, French Polynesia, 2000.
www.skybrary.aero/index.php/DC10,_Tahiti_French_Polynesia,_2000
[R45] B734, Brisbane, Australia, 2001.
www.skybrary.aero/index.php/B734,_Brisbane_Australia,_2001
[R46] A343, Toronto, Canada, 2005.
www.skybrary.aero/index.php/A343,_Toronto_Canada,_2005
[R47] DC93-B722, Madrid, Spain, 1983.
www.skybrary.aero/index.php/DC93_/_B722,_Madrid_Spain,_1983
[R48] MD87-C525, Milan, Linate, 2001.
www.skybrary.aero/index.php/MD87_/_C525,_Milan_Linate,_2001
[R49] C501, vicinity Trier-Fohren, Germany, 2014.
www.skybrary.aero/index.php/C501,_vicinity_Trier-Fohren_Germany,_2014
[R50] C25A, Bern, Switzerland, 2018.
www.skybrary.aero/index.php/C25A,_Bern_Switzerland,_2018
[R51] Eurocontrol, “Algorithm to Describe Weather Conditions at European Airports”, Technical
Report, Brussels, Belgium, 2011.
[R52] Annex 3 - Meteorological Service for International Air Navigation of ICAO, ICAO, 2016.
[R53] Annex 11 - Air Traffic Services, ICAO, 2001.
[R54] Weather Information to Pilots Strategy Paper. An Outcome of the All-Weather Operations
Project, EASA, 2018.
[R55] A. J. M. Jacobs, N. Maat, “Numerical guidance methods for decision support in aviation
meteorological forecasting”, Weather and forecasting, 20 (1), 82-100, 2005.
[R56] F. Kalinka, K. Roloff, J. Tendel, T. Hauf, “The In-flight icing warning system ADWICE for European
airspace-Current structure, recent improvements and verification results”, Meteorologische
Zeitschrift, 26 (4), 441-455, 2017.
[R57] C. A. Barrere, M. Eilts, J. Johnson, R. Fritchie, P. Spencer, B. Shaw, Y. Li, W. Ladwig, R. Schudalla,
D. Mitchell, “An Aviation Weather Decision Support System (AWDSS) for the Dubai International
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1.2 Acronyms
4DWxCube
ACARS
ADWICE
AIP
AIRMET
ALADIN
AQ
AQM
ARPEGE
ATC
ATIS

GLOSSARY
Four-Dimensional Weather Cube
Aircraft Communications Addressing and Reporting System
Advanced Diagnosis and Warning system for aircraft ICing Environments
Aeronautical Information Publication
AIRman's METeorological Information
Aire Limitée Adaptation dynamique Développement InterNational
Air Quality
Air Quality Model
Action de Recherche Petite Echelle Grande Echelle
Air Traffic Control
Automatic Terminal Information Service
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ATM
ATMAP
ATR
ATS
AWDSS
AWOS
BUFR
C3S
CALMO
CAMS
CAT
COSMO
CSU
CTR
DIA
DLR
DMM
DWD
EASA
ECMWF
EMEP
ENAC
ENAV
ENR
EPS
ERA5
EUROCAE
EWF
FAA
FAIRMODE
FRD
GCM
GPS
HIRLAM
IAF
IATA
ICAO
IFR
IFS
IMuK
ITWS
IWC

Air Traffic Management
Air traffic management airport performance
Avions de Transport Régional
Air Traffic Services
Aviation Weather Decision Support System
Automated Weather Observing System
Binary Universal Form for the Representation of meteorological data
Copernicus Climate Change Service
CALibration Model
Copernicus Atmosphere Monitoring Service
Clear Air Turbulence
COnsortium for Small-scale MOdeling
Colorado State University
Control Zone
Diagnostic Icing Algorithm
Deutsches Zentrum für Luft- und Raumfahrt
Deterministic Mathematical Model
Deutscher Wetterdienst
European Union Aviation Safety Agency
European Center for Medium-Range Weather Forecasts
European Monitoring and Evaluation Programme
Ente Nazionale per l’Aviazione Civile
Ente Nazionale di Assistenza al Volo
En-Route
Ensemble Prediction System
ECMWF Reanalysis v5
European Organisation for Civil Aviation Equipment
Ensemble Weather Forecast
Federal Aviation Administration
Forum for Air quality Modeling
Flight data recorder
General Circulation Model
Global Positioning System
High Resolution Limited Area Model
Initial Approach Fix
International Air Transport Association
International Civil Aviation Organization
Instrument Flight Rules
Integrated Forecast System
Institut für Meteorologie und Klimatologie
Integrated Terminal Weather System
Ice Water Content
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KPAs
KPIs
LAM
LLWAS
MC2-AQ
MDCRS
METAR
MOS
MPAS
MUSICA
NCAR
NEXRAD
NLR
NOAA
NOTAM
NWP
NWS
PBL
PIA
PIREP
PNG
PTP
RAMS
RVR
SESAR
SIGMET
SIGWX
SLD
SNOWTAM
SPECI
STARs
SWIM
TAF
TDWR
TMA
TCA
TP
UTC
VFR
VMC
VOLMET
WAFC

Key Performance Areas
Key Performance Indicators
Limited Area Model
Low-Level Wind Shear Alert System
Mesoscale Compressible Community – Air Quality
Meteorological Data Collection and Reporting System
METeorological Aerodrome Report
Model Output Statistics
Model for Prediction Across Scales
Multi-Scale Infrastructure for Chemistry and Aerosols
National Center for Atmospheric Research
Next Generation Weather Radar
Nederlands Lucht- en Ruimtevaartcentrum
National Oceanic and Atmospheric Administration
Notice To Airmen
Numerical Weather Prediction
National Weather Service
Planetary Boundary Layer
Prognostic Icing Algorithm
PIlot REPort
Portable Networks Graphic
Probabilistic Trajectory Prediction
Regional Atmospheric Modeling System
Runway Visual Range
Single European Sky ATM Research
SIGnificant METeorological Information
SIGnificant Weather
Supercooled Large Droplets
Snow Warning To Airmen
Aviation Special Weather Report
Standard Arrival Routes
System Wide Information Management
Terminal Aerodrome Forecast
Terminal Doppler Weather Radar
Terminal Manoeuvring Area
Terminal Control Area
Trajectory Prediction
Coordinated Universal Time
Visual Flight Rules
Visual Meteorological Conditions
Vol Meteo
World Area Forecast Centre
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WDT
WMO
WRF

Weather Decision Technologies
World Meteorological Organization
Weather Research and Forecasting
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2 Study logic
The study logic that has been implemented in the activities addressing the identification of the
vulnerability of ATM to weather phenomena followed the procedure and considerations indicated
below.

1

2

3

Several weather phenomena are identified that are burdensome for air
mobility.

The criticalities, due to weather, may result in a more or less severe impact on
flight operations.

Since there are different flight conditions and each one has its peculiarities, the
identification of the weather-related interesting phenomena and of their
impact has to be carried out by distinguishing the considered flight operations,
in terms of:
-) En-route operations;
-) Terminal Manoeuvring Area (TMA) operations.

4

•The analysis of the flight operations is carried out by considering the Key
Performance Areas (KPAs), defined in the “SESAR performance framework”
[R16].

5

By using the criteria described in the EUROCAE Hazards Classification, a score
is assigned to the impact that the weather phenomena considered have on
KPAs, in both flight phases.

6

Based on the study results, finally, the indication is provided of:
-) the KPAs most impacted by weather phenomena;
-) the weather phenomena that have the greatest impact in the two phases.

For what concerns, then, the work performed in the framework of the task 2.4 “State-of-the-art of
meteo tools supporting ATM”, the outcomes of this study are presented in Section 4. Specifically:
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➢ The most used weather reports have been described, devoted to provide several kinds of
weather information, observed and/or forecasted, over airports or along the flight route.
➢ The description of some systems that integrate several kinds of meteorological data (and
provide weather information useful to support aviation) is also reported.
➢ A review of the numerical weather models and the air quality models is provided; in particular,
o

some popular Limited Area Models (LAMs) are briefly described, operationally used to
provide weather forecasts of atmospheric conditions at high spatial resolution over a
specific geographic area and, in some cases, also to simulate the input necessary to air
quality models to determine aircraft emission impacts;

o

air quality models are described and classified;

o

challenging areas of both weather and air quality models are analysed.
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3 Impact of weather phenomena on ATM
operations
3.1 Introduction
Weather conditions are consistently responsible for a third of all Air Traffic Management (ATM) delays
in the European network. Since 2013, there has been an 80% increase in delay minutes attributable to
weather [R1].
Aviation is highly weather dependent, any potential disruption that may put a stress on an area of the
air traffic network needs to be managed in order to mitigate its impact on the whole system. The
operation of the European aviation network is vulnerable to a loss of performance when one major
airport or airspace sector is closed. Unfortunately, the frequency of damaging weather events will
likely increase over Europe, this equates to a potential increase in the number of days where the ATM
will be affected by extreme weather conditions. According to current scientific consensus, even if there
were a drastic and immediate reduction in greenhouse gas emissions, climate change effects would be
inevitable anyway, due to inertia in the climate system. This may result in impacts such as increasing
temperatures, rising sea level rise, possible water shortages and more frequent extreme weather
events. In recent years, the aviation sector has initiated a comprehensive range of measures to
mitigate its greenhouse gas emissions. However, as yet, relatively little has been done to address the
potential adaptation needs of the industry.
By 2050 it is possible that summer season occurrences of storminess may fall below present-day levels,
due to a shift in convective activity to the shoulder months (during spring and autumn). This indicates
that convective weather events will have impact on a greater proportion of the year rather than being
confined to the “traditional” summer months [R2]. A potential impact of an increase of convective
weather events could bring a loss of en-route capacity, and consequently flight delay. It is known that
annual average temperatures across Europe are already rising faster than the global average and are
projected to further increase to 2.5 °C by 2050 [R3]. The increase in temperature has an impact on
climb performance, changing runway length requirements at take-off and could affect aircraft payload
or the size of aircraft that could operate from a runway of a given length.
In this chapter, the effects that weather-related disturbances have on the ATM system will be
examined, in order to identify the vulnerability of ATM with respect to weather phenomena.
Moreover, the most relevant weather phenomena that can lead to disturbances and even disruptions
in the ATM operations and infrastructure will be identified. More details will be given in section 3.2 for
the definition of the vulnerability of ATM with respect to weather and related considerations in terms
of resilience and response of the ATM system will be provided. Then, the approach for classification of
weather hazards in terms of severity from the ATM perspective will be indicated. Afterwards, the
analysis of weather phenomena impact on operations and evaluation of their related severity will be
reported, with reference to en-route (section 3.3) and Terminal Control Area (section 3.4) operations,
while relevant conclusions will be summarized in section 3.5.
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3.2 Vulnerability of ATM to weather phenomena
The International Air Transport Association (IATA), in its 2016 Safety Report [R4], identifies weather as
the first threat contributing to aircraft accidents.
To understand how ATM system responds to weather-related disturbances, the identification of the
main relations and resulting vulnerabilities of ATM with respect to weather phenomena is needed,
such as strong winds, thunderstorms, rain, low visibility conditions, considering both the TMA and enroute flight phases. In this context, the concepts of resilience and robustness are used.

3.2.1 Definitions
Following the definition in [R5], the robustness is “the ability of a system to experience no stress since
a disturbance has occurred, i.e. the system is robust against the disturbance over the considered time
horizon”. Complementary, the resilience is therein defined as “the ability of a system to respond on a
disturbance within a time horizon by transient perturbation, i.e. the system is resilient against the
disturbance over the considered time horizon”. A higher resilience of a system with respect to the
disturbance means that the system is able to limit its performance degradation due to the effect of the
disturbance, therefore it is desirable to have high resilience with respect to weather-related
phenomena in the sense that it is desirable that the ATM operations degradation due to weather
phenomena should be minimized. In this context, disturbance is defined as an internal or external
occurrence that may lead to measurable deviations from the specified reference state. The transient
perturbation denotes the reaction of a system with a temporary deviation returning to the reference
state over time. Vulnerability is the interaction between risk (possibility to be hit by a potential hazard)
and preparedness (capacity to reduce the risk) [R6].
The degree to which hazards or disturbances threaten a particular system can be seen as the opposite
of robustness or reciprocal of resilience [R7]. This means that the less resilient a system is, the more
vulnerable it is. Vulnerability from this point of view covers any negative reaction of a system regarding
a disturbance. A system is vulnerable if a disturbance leads to a reaction with respect to a decline of
defined performance values in a given timeframe; otherwise it is defined as robust. Resilience (or the
system state “transient perturbation”) can thus be seen as the special form of vulnerability, where the
system experiences (measurable) deviations from the reference state, but is able to recover back to a
predefined (measurable) reference state after a certain time called “transient perturbation” [R8]. The
“new reference state of a system” where a system responds with a “permanent perturbation” to a
disturbance can be seen as a more severe form of vulnerability. The disturbance that makes a
modification of a system necessary is called “lethal stress”. The relationship of the terms used here
[R9] is illustrated in Figure 1. However, it has to be emphasized that the classification of a reaction
regarding a disturbance depends on the duration considered after a disturbance occurred: considering
the day of operations of an ATM system, a disturbance may lead to a permanent perturbation whereas
considering the week after a disturbance the system may turn out as resilient.
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Figure 1 – ATM-Systems Vulnerability [R9]
Vulnerability can be further split into external and internal vulnerability. External vulnerability is
related to exposure to external shocks and stresses. The internal vulnerability is associated with
defencelessness and incapacity to cope without damaging losses. How vulnerable a system behaves
depends on some aspects: type, frequency, intensity, duration and time of occurrence of the
disturbance, as well as the capacity utilization of the ATM system part. It is necessary to elaborate the
influence and interdependencies of weather conditions and analysing the resulting impacts [R10].

3.2.2 Weather events and impact on aviation operations
The ATM system is highly sensitive against disturbing weather effects. Compared to other modes of
transport, even slight disruptions in the flight plans at airports (being at their capacity limit) can lead
to massive disruptions throughout Europe. A list of extreme weather events with high relevance to the
air traffic system is shown in Figure 2. The impacts of these extreme weather events can be classified
into three categories (Figure 2): impacts related to operational procedures in the air and on ground,
impacts related to infrastructure and impacts related to work-related issues. Impacts on the
operational procedures imply aspects such as the reduced visual recognition (e.g. caused by fog, sand
storms or hail), slipperiness (e.g. by heavy precipitation, snow or icing) and reduced aircraft
performance (e.g. by turbulences or tornados).
The impacts of extreme weather events are classified into three categories: impacts related to
operational procedures in the air and on ground, impacts related to infrastructure, and work-related
issues. Impacts on the operational procedures imply aspects such as the reduced visual recognition
(fog, sand storms, hail), slipperiness (heavy precipitation, snow, icing) and reduced aircraft
performance (turbulences, tornados). Nevertheless, due to high safety standards and professional
staff on-board as well as on ground the number of accidents is negligible within Europe. Infrastructure
related impacts deal with damages on both aircraft and airports by e.g. hail or lightning. Besides these
operational and technical issues, human aspects in terms of constraints on outdoor working conditions
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are also considered. Anyway, it is believed that health and safety have generally improved in the air
transport sector over the past decade, as the number of accidents and incidents is believed to have
decreased. Learning from past events has greatly informed weather response protocols. There was an
improved understanding of what needs to be done to minimize impacts, to ensure staff have sufficient
working equipment and clear protocols to follow. Reactions on disruptive events cover a broad range
of measures depending on the parts of aviation affected and the severity of the event [R11]. For less
severe events, a timely limited change of operational procedures is often a suitable reaction pattern,
e.g. changing the runway operating direction to avoid tailwinds. Very severe events, e.g. flooding, do
often lead to damages of the infrastructure. If damages concern essential parts of the ATM system,
e.g. runways, the reaction may lead to a new reference state or even system modification.
In Figure 2, a summary of usually applied operational reaction patterns related to the classification of
possible impacts is also shown. Two main categories of operational reaction patterns are defined:
changes in technical procedures (technical) and changes in the execution of work (human). Concerning
the first ones, the adaptation of operational procedures can be simply an increase of aircraft
separation or, depending on the impact and its severity, other operational restrictions e.g. direction of
runway use, mandatory equipment of aircraft, or even a closure of a part of the ATM system (runway,
airspace, airport) may be necessary.
Humans are mainly exposed to extreme weather outside the airport buildings. Thus, constraints on
outdoor activities may lead to increased break times or even temporal interruption of work. As long as
restrictions have to be applied only for a certain time, delays will be relieved after returning to
“normal” procedures. Whereas the amount of delay that can be assigned to a direct event is a sign of
the vulnerability of the ATM system, the reaction is a transient perturbation. Under these conditions,
we can talk about a resilient system providing that the recovery phase is considered.
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Figure 2 – Weather events, impact on the aviation system and operational reaction patterns [R9]

The influence of atmospheric processes was recognized in the early 1900s. In fact, references can
already be found in articles from that period [R12], in which evidence was found of the aviator's
requests to the meteorologist to provide forecasts for wind and fog on the route that the aviator will
undertake. Even today these statements are valid, the actual requests have only become more precise,
referring to wind speed and visibility. Severe weather conditions can disrupt ATM operations, both in
en-route and in TMA. The most important parameters related to aviation meteorology that cause or
contribute to aviation accidents, include wind, visibility/ceiling, high density altitude, turbulence, icing,
updrafts/downdrafts, precipitation, thunder-storms, wind shear, thermal lift, temperature (T)
extremes and lightning. Consider as an example one of the studies on weather related aviation
accident statistics [R13], where the statistics of meteorological conditions from 2003 to 2007 are
analysed. Looking in details, as listed in Figure 3 which shows the breakdown of 1740 accidents, there
were 2223 citations of weather-related subject modifiers. For each accident investigation in which
weather conditions were found to be a cause or contributing factor, a subject modifier is cited which
designates the specific weather conditions encountered during the accident. A single accident may
have multiple causes and/or contributing factors, resulting in multiple citations of subject modifiers
for a single accident (not mutually exclusive).
It emerges that visibility, ceiling and precipitation related conditions occurred 483 times, wind and
turbulence 1263 times, icing and engine icing 150 times. Looking at these statistics, results that wind
and visibility are still the most critical parameters.
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Figure 3 – Breakdown of Weather-related Accident Citations 2003–2007 [R13]
Looking to the different classes of aircraft, small non-commercial airplanes and commercial jets, it is
clear that the firsts of these experienced the highest number of weather-related accidents, accounting
for 88% of all accidents period from 2000 to 2011 [R14]. Also, for this aircraft class, adverse winds are
the main cause of meteorological accidents, followed by low ceilings, as shown Figure 4.

Figure 4 – Small aircraft weather as cause/factor during all accidents for 2000-2011 [R14]
Regarding the second class (commercial jet aircraft), the situation is quite different, with over 70% of
weather-related accidents related to turbulence (in a generic sense, i.e. it can be CAT, thunderstorm,
wind-shear) as it results from Figure 5, which shows the statistics of weather-related accidents of this
class of aircraft for the period 2000-2011 [R15].
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Figure 5 – Commercial jet aircraft weather related cause/factors for 2000-2011 [R15]
In sections 3.3 and 3.4, the affected operations, en-route and TMA, and the affecting weather
phenomena will be highlighted, in order to analyse the relationships between them: in particular, the
way in which every single atmospheric phenomenon can influence the specific operation under
consideration.

3.2.3 Analysis framework
The analysis of the en-route and TMA flight operations is carried out considering the “SESAR
performance framework” [R16].
The overall “SESAR Performance Framework” encompasses both the performance management
process and the application of relevant performance framework concepts of Key Performance Areas
(KPAs) and Key Performance Indicators (KPIs) for the purpose of assessing performance and tracking
achievement of targets.
The SESAR Performance Framework addresses the following Performance Areas. Note that, as
emphasized in this list, the greyed-out items 2), 8), 10) are out of the scope of this document because
issues such as security, equity and civil military cooperation do not affect the correlation ATM-weather
phenomena. For example, the hijacking of an aircraft is part of security, i.e. an accident not attributable
to weather phenomena, but to human decisions.
1) Safety
2) Security (out of the scope of this document)
3) Environment
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4) Capacity
5) Predictability and Punctuality
6) Cost Efficiency
7) Flexibility
8) Access and Equity (out of the scope of this document)
9) Human Performance
10) Civil Military Cooperation and Coordination (out of the scope of this document)
11) Cost Benefits Analysis
The impacts on ATM operations associated to each considered weather phenomenon are classified
according to properly evaluated severity level, in order to identify the most relevant vulnerabilities. In
particular, as reported in Table 1, the EUROCAE Hazards Classification [R17] for en-route and TMA
flight operations will be used.

Table 1 – EUROCAE Hazards Classification [R17]
Hazard Class

1 (most severe)

2

3

4

5 (least severe)

Effect on
Operations

Normally with hull
loss. Total loss of
flight control, midair collision, flight
into terrain or highspeed surface
movement
collision.

Large reduction in
safety margins or
aircraft functional
capabilities.

Significant
reduction in safety
margins or aircraft
functional
capabilities.

Slight reduction in
safety margins or
aircraft functional
capabilities.

No effect on
operational
capabilities or
safety.

Effect on
Occupants

Multiple fatalities.

Serious or fatal
injury a small
number of
passengers or cabin
crew.

Physical distress,
possibly including
injuries.

Physical
discomfort.

Inconvenience.

Effect on Air
Crew

Fatalities or
incapacitation

Physical distress or
excessive workload
impairs ability to
perform tasks.

Physical
discomfort,
possibility including
injuries or
significant increase
in workload

Slight increase in
workload.

No effect on flight
crew.

Effect on Air
Traffic Service

Total loss of
separation.

Large reduction in
separation or a
total loss of air
traffic control for a
significant time.

Significant
reduction in
separation or
significant
reduction in air
traffic control
capability.

Slight reduction in
separation or slight
reduction in air
traffic control
capability.
Significant increase
in air traffic
controller
workload.

Slight increase in
air traffic controller
workload.
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Indeed, in this study also the EASA documentation [R18] has been analysed but it has been preferred
here to use the EUROCAE Hazards Classification, because it better suits the specific project needs, such
as the prioritization of the meteorological hazards. Moreover, EUROCAE documents are widely
referenced by ICAO as Guidance Material and by EASA as means of compliance to European Technical
Standard Orders and other regulatory documents.
The study of extreme weather events affecting traffic and airport operations can be conducted by
analysing several kinds of data, among which meteorological observations (gridded or in-situ, e.g.
METAR and SYNOP) and climate reanalysis. In the following subsection, a short description of one of
the most advanced reanalysis datasets are reported.

3.2.4 ERA5 reanalysis
A climate reanalysis gives a numerical description of the past climate, obtained combining observations
with numerical weather models by means of data assimilation techniques. It contains estimates of
atmospheric parameters such as air temperature, pressure and wind at different altitudes, and surface
parameters such as rainfall, soil moisture content, ocean-wave height and sea-surface temperature.
The estimates are produced for all locations on earth, and they span a long time period that can extend
back several decades or more. Climate reanalyses generate large datasets that can take up several
petabytes of space, and are best processed with cloud-based tools, to avoid large download volumes.
The latest climate reanalysis produced by ECMWF (European Center for Medium-Range Weather
Forecasts) is ERA5 (ECMWF Reanalysis v5) [R19], providing hourly data of different atmospheric, landsurface and sea-state parameters at spatial resolution of 31 km. Being produced by Copernicus Climate
Change Service (C3S) (climate.copernicus.eu) at ECMWF, ERA5 provides a snapshot of the atmosphere,
land surface and ocean waves for each hour from 1979 onwards (for 1950 to 1978 a preliminary version
is available). It includes an uncertainty estimate which highlights the considerable evolution of the
observing system, on which reanalysis products rely. They can be used for several purposes, such as
monitoring climate change, research, education and commercial applications. For example, in [R20],
ERA5 data have been used to analyse the variability of atmospheric conditions that can lead to hazards
affecting aviation operations, such as limited visibility, thunderstorms, low-level wind shear and
snowfall. Nevertheless, it is noteworthy that reanalysis is only an approximation of real atmospheric
conditions, leading to some limitations in representing physical parameters.

3.3 En-route operations
3.3.1 Main affecting weather phenomena
The main phenomena that impact on the key performance areas and relevant for the en-route
operations (as it will be reported in the Table 2) are described in the following. In particular, their
summary is shown below:
➢ Ice
➢ Air turbulence
28

D2.2 ANALYSIS OF VULNERABILITY OF ATM TO WEATHER PHENOMENA

➢ Hail damage
➢ Lightning strike
➢ Volcanic ash

3.3.1.1 Ice
Icing classically occurs when an aircraft flies through clouds in which supercooled droplets are
suspended. A supercooled droplet is a small drop of liquid water with an ambient air temperature
below the freezing point. When the droplets impinge on the aircraft surfaces, they freeze, leading to
ice accretion. Airframe icing can lead to a reduction of visibility, damage due to ice shedding, blockage
of pitot tubes and static vents and furthermore to aerodynamic surface contamination and obstruction
of control surfaces, that cause a general reduction of flight performances and loss-of-control.
The aerodynamic effects of ice accretion on airfoil, as shown in Figure 6, are a complex subject due to
the many forms that such accretion can take. Stall warning, could fail, because systems are designed
to operate referencing to the angle of attack of a clean surface and cannot be relied upon to activate
usefully in the case of an ice-loaded airframe. Fundamental is the how the balance between lift and
drag is affected by ice and how ice protection systems work.
The aerodynamic effects of ice on an airfoil are dependent on the location of the ice with respect to
the airfoil’s pressure distribution, the ratio of the ice shape height over the chord length of the wing
and the geometry of the ice shape itself. Quantifying these parameters is difficult, if not impossible,
when it is in flight, with a simple view of the wing from the cockpit. The effects of icing are noncumulative in linear or proportional sense. Larger ice shapes can have substantial effects on lift, drag
and pitching moment. However, remarkable work over the past decades has determined that very
little surface roughness is required to generate significant aerodynamic degradation, such as lift
decreasing and increasing drag forces, resulting in a global loss of efficiency, up to abrupt flow
separation and stall. These effects are dependent on angle-of-attack which, consequently, makes
control of the angle-of-attack critical. An aspect of the icing effects that can be considered an open
issue could be the fact that there is no in-flight warning system available which predicts when icing
leads to a reduced aircraft aerodynamic performance or loss-of-control.
A thin ice surface roughness, often characterized as hoar frost, can cause a very early and abrupt peak
on the lift curve, followed by a precipitous drop in lift. The insidious aspect of this is that, up until the
peak is reached and flow separation occurs, the lift curve may be quite normal. Consequently, there is
no reason to expect aerodynamic warning. Further, the flow separation can occur well in advance of
artificial stall warning. The drag curve for hoar frost may yield little degradation until the angle of attack
is very near that at which the early stall will develop. Even then, the increase in drag may be easily
manageable. Hoar Frost has been identified as causal in a large number of accidents. Typically, this
results from the flight crew either not detecting the thin ice accretion before increasing the angle of
attack, or the flight crew delaying operation of the ice protection system until a minimal ice thickness
has developed.
Larger ice shapes may create similar effects. In some cases, the lift curve may peak at an angle of attack
substantially lower than that for Hoar Frost. However, large drag rises are usually associated with
larger ice shapes. These drag increases are also directly related to angle of attack. What is particularly
dangerous is the tendency for drag to increase much more rapidly with increasing angle of attack than
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the pilot is accustomed to. It is very possible for the drag, at higher angles of attack, to exceed the
available power.
Some airplanes are equipped with different systems to try to solve the problem of ice accretion. They
can be divided into two main families:
❖ De-ice, if they remove the already formed ice
❖ Anti-ice, if they prevent the formation of ice
They can be powered by the hot air of the pneumatic system or by using suitably arranged electrical
resistances.
More recent aircraft incidents have highlighted the existence of icing cloud characteristics beyond the
current certification icing envelope that is defined by the CS/FAR Appendix C [R21]. This envelope,
defined as a function of altitude, temperature and Liquid Water Content, covers only supercooled
droplet with diameters up to 50μm. Among these icing conditions, Supercooled Large Droplets (SLD)
have been incriminated as main contributors in noteworthy accidents including Roselawn, Indiana,
when an ATR-72 (American Eagle Flight 4184) crashed in 1994 [R22].
Nevertheless, information gathered since the 1990’s on over 100 weather related engine power loss
events [R23], has also permitted the Scientific and Regulatory community to conclude that aircraft
flying through areas of high Ice Water Content (IWC) at high altitude are subject to a specific type of
weather induced incidents. Ice crystals cannot only cause engine events, but they can also accrete on
surfaces of aircraft probes. For example, the obstruction of the Pitot probes by ice particles of Air
France Flight 447 (AF447) in cruise altitude resulted in the temporary failure of the airspeed indicators
and was a contributing factor to its crash on 1st June 2009 [R24].
It is clear that it is necessary to intervene to mitigate the effects of ice formation because the ice can
lead to control difficulties due to degradation of aircraft performance, which ultimately could result in
loss of control, limited visibility from the cockpit, communication problems, blockage of pitot-tubes
and static vents and ice shedding [R25].

Figure 6 – Example of aircraft ice formation [R26]
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3.3.1.2 Air turbulence
Turbulence is caused by the relative movement of disturbed air through which an aircraft is flying as
showed in Figure 7. Its origin may be thermal or mechanical and it may occur either within or clear of
cloud. The absolute severity of turbulence depends directly upon the rate at which the speed or the
direction of airflow is changing, although perception of the severity of turbulence which has been
encountered will be affected by the mass of the aircraft involved.
Significant mechanical turbulence will often result from the passage of strong winds over irregular
terrain or obstacles. Less severe low-level turbulence can also be the result of convection occasioned
by surface heating.

Figure 7 – Air turbulence phenomenon
Turbulence may also arise from air movements associated with convective activity, especially in or
near a thunderstorm or due to the presence of strong temperature gradients near to a Jet Stream. Jet
Stream Turbulence, like turbulence caused by Mountain Waves, which can form downwind of ridges,
occurs clear of cloud and in the form of Clear Air Turbulence.
Very localised, but sometimes severe, Wake Vortex Turbulence may be encountered when following
or crossing behind another aircraft. This turbulence is due to wing tip trailing vortices generated by the
preceding aircraft; however, this phenomenon is distinctively transient.
Air moving over or around high ground may create turbulence in the lee of the terrain feature. This
may produce violent and, for smaller aircraft, potentially uncontrollable effects resulting in pitch and
or roll to extreme positions.
Relative air movements which involve rapid rates of change in wind velocity are described as wind
shear and, when severe, they may be sufficient to displace an aircraft abruptly from its intended flight
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path such that substantial control input is required to compensate. The consequences of such
encounters can be particularly dangerous at low altitude where any loss of control may occur
sufficiently close to terrain to make recovery difficult. The extreme down-bursts which occur below
the base of cumulonimbus clouds called Microbursts are a classic example of circumstances conducive
to Low Level Wind Shear.
For the purpose of reporting and forecasting of air turbulence, it is graded on a relative scale, according
to its perceived or potential effect on a typical aircraft, as Light, Moderate, Severe and Extreme. Light
turbulence is the least severe, with slight, erratic changes in attitude and or altitude.
Moderate turbulence is similar to light turbulence, but of greater intensity - variations in speed as well
as altitude and attitude may occur but the aircraft remains in control all the time.
Severe turbulence is characterised by large, abrupt changes in attitude and altitude with large
variations in airspeed. There may be brief periods where effective control of the aircraft is impossible.
Loose objects may move around the cabin and damage to aircraft structures may occur.
Extreme turbulence is capable of causing structural damage and resulting directly in prolonged,
possibly terminal, loss of control of the aircraft.
In-flight turbulence assessment is essentially subjective. Routine encounters involve light or moderate
turbulence, although for inexperienced passengers, especially in small aircraft, these conditions may
seem to be severe.
The perception of turbulence severity experienced by an aircraft depends not only on the strength of
the air disturbance but also on the size of the aircraft - moderate turbulence in a large aircraft may
appear severe in a small aircraft. Therefore, pilot reports of turbulence should mention the aircraft
type to aid assessment of the relevance to other pilots in, or approaching, the same area.
In-air turbulence is the leading cause of injury to people on flights, often causing hurt especially in
cases where the passengers are not wearing seat belts correctly.
A striking example happened recently in a flight of Air Canada flight on July 11 2019 that was traveling
from Vancouver to Sydney but was diverted to Hawaii, in which 37 people were injured [R27].
Unfortunately, the effects can also be more severe as in the case the incident occurred on 4 November
2008, when an official Mexican Secretariat of the Interior aircraft, a Learjet 45, crashed in central
Mexico City. The plane followed a Boeing 767 too closely and encountered wake turbulence which
caused it to invert into a nose-down position. The pilots were able to reduce the angle of descent but
due to excessive speed and insufficient altitude were unable to regain control of the aircraft. The plane
crashed into a building, exploding on impact [R28].

3.3.1.3 Hail damage
When rising moist warm air in a cumulonimbus cloud becomes saturated and water particles form,
these particles continue to be carried upwards by the rising updrafts, turning to ice. These small ice
particles then descend where they meet and join together with water droplets and are carried upwards
again by the updrafts in the cloud, freezing again to become an ice pellet or Hail. The cycle continues,
with the ice pellets getting larger each time, until, as the cumulonimbus becomes mature, the updrafts
weaken and they are insufficient to carry the weight of the ice pellets. At that point the pellets fall to
earth. Hail pellets can be as large as a golf ball and can cause considerable damage to aircraft whether
on the ground or in the air.
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Of course, avoiding hail would always be the first choice of any pilot, and in most circumstances, this
is possible. However, in some situations, a hailstorm is not predictable, and in others, the hail may
spread much further than the radius of the storm in question.
Common problems caused by hail include:
❖ Cracked windscreens. It is highly likely that the outer windscreen will be cracked by a hailstorm
(see Figure 8) and although the damage is mostly cosmetic, as the inner windscreen remains
structurally intact, this can cause visibility problems for the pilot and will precipitate an
emergency landing in many cases. However, aircraft windscreens are designed to withstand
much larger impacts and contain a heating layer to prevent damage to the load-bearing layer.
❖ Damage to the radome. The radome on the front of the aircraft often takes a battering in an
encounter with hail, and this can look dramatic, especially to those unfamiliar with aircraft
components. However, the function of the radome is only to be transparent to radar signals,
and this plastic component has no bearing on the flight of the aircraft. If the radome was to be
significantly damaged or even removed from the aircraft, the only resulting problems would
be an increase in noise level and an increased risk of damage to the radar antenna.
❖ Hail entering the engine. Hail that actually gets into the engine could be a significant problem
for an aircraft in flight, and could ultimately cause an inlet guide vane or compressor blade to
bend or break. This is, however, highly unlikely, and the cowling of the engine is designed to
protect the fuselage from any loose components or external objects. Aircraft are, of course,
thoroughly tested to ensure that they are not susceptible to problems of this kind, and are
designed to withstand the impact of birds and other objects hitting them at speed.
Moreover, for accident and incident reports involving hail damage, see:
➢ [R29] (on 26 May 2003, a British Midland AIRBUS A-321 suffered severe damage from hail en
route near Vienna).
➢ [R30] (on 9 June 2006, an Airbus 321-100, operated by Asiana Airlines, encountered a
thunderstorm accompanied by Hail around 20 miles southeast of Anyang VOR at an altitude
of 11500 ft, while descending for an approach to Gimpo Airport. The radome was detached
and the cockpit windshield was cracked due to impact with Hail).
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Figure 8 – Effect of hail damage on windshield

3.3.1.4 Lightning strike
Lightning occurs as a result of a build-up of static charges within a cumulonimbus cloud, often
associated with the vertical movement and collision of ice particles, which result in a negative charge
at the base of the cloud and a positive charge at the top of the cloud. Beneath the cloud, a shadow
positive charge is created on the ground and, as the charge builds, eventually a circuit is created and
discharges takes place between the cloud and the ground, or between the cloud and another cloud.
An aircraft passing close to an area of charge can initiate a discharge and this may occur some distance
from a Thunderstorm (see Figure 9). Lightning strikes on aircraft commonly occur within 5000 feet of
the freezing level. Standard advice to pilots is to remain at least 20 nautical miles displaced from any
cumulonimbus cloud.
Common problems caused by lightning include:
❖ Aircraft Damage. Structural damage to aircraft from Lightning strikes is rare and even more
rarely of a nature that threatens the safety of the aircraft. Nevertheless, there have been many
incidents of lightning strikes leaving puncture holes in the radomes and tail fins of aircraft
(entry and exit holes) and damage to control mechanisms and surfaces.
❖ Crew Incapacitation. Momentary blindness from the lightning flash, especially at night.
❖ Interference with Avionics. A lightning strike can affect avionics systems, e.g. compasses.
❖ Engine Shutdown. Transient airflow disturbance associated with lightning may cause engine
shutdown on aircraft with close-spaced engine pairs.

Moreover, for accident and incident reports including lightning as a factor, see:
➢ [R31](on 22 February 2008, a Eurocopter AS332 being operated on a day passenger flight from
the Bruce Offshore Oil Platform to Aberdeen was transiting a squall line in Instrument
Meteorological Conditions at the cruise altitude of 2000 feet when it was struck by lightning).

34

D2.2 ANALYSIS OF VULNERABILITY OF ATM TO WEATHER PHENOMENA

➢ [R32] (on 15 December 2014, a Saab 2000 (G-LGNO) being operated by Loganair on a Flybebranded scheduled domestic passenger flight from Aberdeen to Sumburgh was struck by
lightning shortly after discontinuing an approach at destination at night).
➢ [R33] (on 5 May 2019, a Sukhoi RRJ-95B being operated by Aeroflot on a scheduled domestic
passenger flight from Moscow Sheremetyevo to Murmansk failed to complete a normal
landing after returning to its departure airport following significant electrical systems failure).

Figure 9 – Airplane struck by lightning in cruising phase

3.3.1.5 Volcanic ash
Although they are not weather phenomena, volcanic ash and volcanic gases are very dangerous for
safe flight operations [R34]. In particular, phenomena such as strong winds can greatly amplify their
effects. During a volcanic eruption, huge quantities of material can be ejected into the atmosphere,
reaching great height and remaining a threat to aviation for several months. In fact, volcanic
contamination can reach and exceed the cruising altitudes of turbine-powered aircraft, among others,
within minutes and spread over vast geographical areas within a few days.
Moreover, volcanic ash accumulates at higher altitudes in clouds which then drift with the wind. The
ash does not show up on aircraft weather radar or ATC radars because of the small size of the particles.
Encounters with volcanic ash may result in a variety of disruptions, including one or more of the
following:
❖ The malfunction or failure of one or more engines leading not only to reduction, or complete
loss, of thrust but also to failures of electrical/electronic, pneumatic and hydraulic systems.
❖ Corroded compressor vanes, leading to increased surge occurrences and reduced thrust.
❖ Molten ash particles sticking to high-temperature components, e.g. fuel-nozzles and turbine
blades/vanes (caused by particles going through the combustion chamber where they are
melted and then solidifying onto the air-cooled nozzle guide vanes and turbine blades). This
leads to increased surge occurrences and loss of thrust.
❖ The blockage of pitot and static sensors resulting in unreliable airspeed indications and
erroneous warnings.
❖ Windscreens rendered partially or completely opaque.
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❖ Smoke, dust and/or toxic chemicals, as sulphur dioxide gas, which involve contamination of
cabin air requiring crew to don oxygen masks, thus impacting verbal communication and,
likewise, electronic systems too may also be affected.
❖ The erosion of external and internal aircraft components.
❖ Reduced electronic cooling efficiency leading to a wide range of aircraft system failures.
❖ The aircraft may have to be manoeuvred in a manner that conflicts with other aircrafts.
❖ Volcanic ash deposition on a runway may degrade aircraft braking performance, most
significantly if the volcanic ash is wet and, in several cases, this can lead to runway closure.
Mitigating the hazards posed by volcanic ash in the atmosphere and/or at the aerodrome cannot be
resolved in isolation but through Collaborative Decision Making involving all stakeholders concerned.
In the aviation field, the most famous event of last years was the eruption of the Icelandic volcano
Eyjafjallajökull in spring 2010 (see Figure 10), which caused enormous disruption to air travel across
western and northern Europe in April and continued into May.
For further accidents and incidents involving volcanic ash, see:
➢ [R35] (on 24 June 1982, a British Airways Boeing 747-200 lost power on all four engines while
flying at night en route from Kuala Lumpur to Perth).
➢ [R36] (on 15th December 1989, a KLM Boeing 747 encountered a Volcanic Ash cloud over
Alaska, USA. The ingestion of ash led to compressor stall of all engines; the engines were
subsequently relighted successfully and the aircraft landed safely).

Figure 10 – Iceland volcanic eruption

3.3.2 Main affected operations
The analysis of the en-route operations is carried out taking into consideration the key performance
areas defined in the “SESAR performance framework” [R16], as discussed in section 3.2.
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Before starting to identify the weather events that could influence this phase of the flight, in order to
better understand how and what can affect, it is necessary to clarify its main characteristics.
En-route phase is defined as the segment of flight from the termination point of a departure procedure
to the origination point of an arrival procedure, typically starts from an altitude above 20000 feet, even
if the reference flight level could differ by airport. Without going into details about how standards and
regulators define routes, separation and collision avoidance criteria, minimum altitudes, navigation
performance and communication needs, since that is beyond the scope of this document. However, it
is opportune to summarize the main features of this flight phase:
•

•

•

•

•
•
•

Climb to cruising level or altitude:
o For Instrument Flight Rules (IFR): from completion of Initial Climb to arrival at initial
assigned cruise altitude.
o For Visual Flight Rules (VFR): from completion of Initial Climb to initial cruise altitude.
Cruise: The phase of flight from the top of climb to cruise altitude, or flight level, to the start
of the descent toward the destination aerodrome or landing site. Any level flight segment after
arrival at cruise altitude until the start of descent to the destination.
Change of cruise level: The phase of flight during which the aircraft climbs, or descends, from
one cruising flight level or altitude to the next cruising flight level or altitude. Any climb or
descent during cruise after the initial climb to cruise, but before descent to the destination.
This includes a cruising technique resulting in a net increase in altitude as the aircraft mass
decreases.
Normal descent:
o For IFR: Descent from cruise to either Initial Approach Fix (IAF) or VFR pattern entry.
o For VFR: Descent from cruise to the VFR pattern entry or 1000 feet above the runway
elevation, whichever comes first.
Emergency descent en-route: The phase of flight in which an intentionally rapid, or premature,
descent is made en-route, in response to an in-flight emergency. The descent is controlled by
the crew.
Uncontrolled descent en-route: The phase of flight in which the aircraft descends
uncontrolled.
En-route holding: Execution of a predetermined manoeuvres (usually an oval race track
pattern), which keeps the aircraft within a specified airspace while awaiting further clearance.
En-route & Other: Any phase of flight en-route, in addition to those described above.

There is an interdependency between en-route capacity and flight efficiency. A structured route
network can offer more operational capacity, but can also add distance and time to a flight. The
reduction of fuel’s costs is one incentive for airspace users to plan and fly along the most direct route.
However, during delay’s periods, airspace users may look for alternative routes, even if they are longer
or with a less optimal flight level. This applies also in presence of weather hazards that prevent the
execution of the original optimal route.
Finally, for the en-route operations, Table 2 was filled based on the analysis results, by using literature
and projects documents [R14]. The score has to be interpreted according to hazards severity
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classification, described in the Table 1 of section 3.2, ranging from 1 that means most severe to 5
meaning least severe.
Note that the last four weather phenomena shown in Table 2 will be described in the next section
because they have particular impact on TMA flight operations. For this reason, the scores in the last
four columns are very high (low severity) or even not applicable for the en-route operations.

Table 2 – Weather phenomena impact on en-route operations
KPAs

Ice

Air
turbulence

Hail
damage

Lightning
strike

Volcanic
Ash

Strong low
level/surface
winds

Tornadoes

Low cloud
thunderstorms
heavy showers

Fog
Rain
Snow

Safety
Environment
Capacity
Predictability
and Punctuality
Cost Efficiency
Flexibility
Human
Performance
Cost Benefits
Analysis

1
2
2

2
3
3

3
3
4

4
3
4

2
1
1

N.A.
N.A.
N.A.

N.A.
N.A.
N.A.

4
4
5

5
4
5

2

3

3

4

1

N.A.

N.A.

5

5

1
1

3
3

3
1

3
3

1
1

N.A.
N.A.

N.A.
N.A.

5
5

5
5

1

1

3

3

1

N.A.

N.A.

4

4

1

3

3

4

2

N.A.

N.A.

5

5

3.4 TMA operations
3.4.1 Main affecting weather phenomena
Specific weather phenomena are categorized by the Air Traffic Management Airport Performance
(ATMAP) weather algorithm, which aims to quantify weather conditions at European airports based
on aviation routine meteorological reports [R37].
Current weather conditions are usually recorded at each airport in the form of Meteorological Aviation
Routine Weather Report and these data are reported in combination with a Terminal Area/Aerodrome
Forecast (TAF). While TAF provides forecast values, Weather Report data are measured values. Current
and historical Weather Report and TAF data are accessible through different publicly available websites
(more details about formats for reporting weather information are reported in section 4.2.1).
In addition to information about the location, day of the month and UTC-time, METAR contains
information about wind, visibility, precipitation, cloud, temperature and pressure that are relevant for
the air traffic, especially for the airport operations [R38].
The main weather phenomena that impact on the KPAs relevant for the Terminal Manoeuvring Area
(TMA) operations are indicated in the following. In particular, their summary is shown below:
➢ Strong low level/surface winds
➢ Tornadoes
➢ Thunderstorms and heavy showers
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➢ Fog, rain and snow

3.4.1.1 Strong low level/surface winds
Strong low level/surface winds, applicable to aircraft at low altitude (approach, landing and climb
phases of flight), can be particularly dangerous as any loss of control may occur sufficiently close to
terrain to make recovery difficult or impossible. Wind shear is defined as a sudden change of wind
velocity and/or direction. It may be vertical or horizontal, or a mixture of both types. ICAO defines the
vertical and horizontal components of wind shear as follows:
❖ Vertical wind shear is defined as change of horizontal wind direction and/or speed with height,
as would be determined by means of two or more anemometers mounted at different heights
on a single mast.
❖ Horizontal wind shear is defined as change of horizontal wind direction and/or speed with
horizontal distance, as would be determined by two or more anemometers mounted at the
same height along a runway.
The main effects of wind shear are turbulence and violent air movement, as shown in Figure 11, sudden
increase or reduction of airspeed, sudden increase or decrease of groundspeed and/or drift. Clear Air
Turbulence (CAT), which may be very severe, is often associated with jet streams. Rotor action or
down-draughts in the lee of mountain waves can create difficult flying conditions and may even lead
to loss of control. Horizontal and/or vertical Wind Shear on take-off result in sudden loss of airspeed
and/or reduction in climb rate, with potentially disastrous consequences. It is vital that such conditions
should be quickly recognised if they are encountered, and that pilot response should be immediate
and correct.
There are effective defence tools against wind shear such as:
➢ forecasting, recognition and avoidance of wind shear, aided by a Low-Level Wind Shear Alert
System (LLWAS) and airborne avionics equipment;
➢ correct response to wind shear encountered during the takeoff, initial climb, approach and
landing phases of flight.
An example of how this event can lead to consequences also on other aspects of the ATM can be
highlighted considering what happened on 27 May 2018 in Madrid: after a series of seven go-arounds
in 10 minutes, due to an excessive tailwind component on the 'preferred configuration' parallel landing
runways in use, it was decided to change the runway use to one providing landing runways more suited
to the prevailing wind conditions. This change was then followed by 4 losses of separation between 8
different aircrafts during final approach in day VMC each involving aircraft failing to meet the
prescribed minimum of 2nm radar separation when vertically separated by less than 1000 feet and on
approach to dependent parallel runways. All the aircraft involved were operating scheduled passenger
flights, from whose investigations [R39], it emerged that the cause of the losses of separation was
determined as “the complex operational situation in the airspace of the Madrid TMA”. Furthermore,
three Contributory Factors were also identified as follows:
➢ The unavailability of weather information tools that cover the entire airspace of Madrid TMA.
➢ The sudden change in weather conditions, and specifically, in the wind speed and direction.
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➢ The time needed to make the decision to change the runway configuration.

Figure 11 – Strong wind effect on aircraft

3.4.1.2 Tornadoes
The definition of “Tornado” is often applied to a violently spinning vortex of air with a diameter varying
from a few to several hundred metres in which the central air pressure is extremely low and the
horizontal pressure gradient near its centre intense (see Figure 12). Deep atmospheric instability
appears to be a prerequisite for its formation and so they are often associated with thunderstorms,
heavy rain and hail such as occurs when cumulonimbus cloud is present.
Tornadoes are characteristically relatively short lived - although the larger a feature they are, the
longer they will normally last. They may be seen extending down from the cloud base as a funnel cloud
which reaches the surface, where a debris cloud may be evident. The extent to which the funnel cloud
is visible will depend on the moisture content of the air. The funnel form may be visible due to
condensation and often takes on the colour of the earth and debris that is being sucked up by the
funnel. Surface wind speeds in the largest tornadoes, which are a particular feature of the summer
weather in the USA east of the Rocky Mountains, have been estimated to reach 200 knots.
There are numerous types of tornadoes but the most destructive occur when an extensive, persistent
and severe thunderstorm exists. Strong downdrafts at the trailing edge of the storm can force a
rotating mesocyclone towards the ground. Clear of the cloud of origin, the characteristic funnel cloud
then appears. Eventually, the cold downdrafts cut off the supply of warm air which feeds both the
tornado and the updraft within the storm cloud and the tornado dissipates. Tornadoes occur
exclusively over land and the most severe ones tend to occur in spring when atmospheric instability is
at its greatest, but they can occur at any time of the year. The most likely time of day is late afternoon.
The most severe and well documented tornadoes occur in the mid-western states of the USA and
southern Canada, an area often referred to as “Tornado Alley”. They also occur in north eastern
Mexico, northern Argentina, southern Brazil, the United Kingdom, Bangladesh and parts of southern
Russia. If the base of the cloud has well defined and extensive Mammatus cloud structures and the
strength of the updrafts within the cloud are strong enough to push the top of the cloud through the
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Tropopause, indicated by a central bulge in the anvil shaped top to the cloud, then the storm is severe
enough to generate tornadoes.
A tornado can cause considerable damage to airport and air traffic control infrastructure if it touches
down on an aerodrome; any aircraft caught on the ground in the path of a tornado will quite possibly
be damaged beyond repair. It is difficult to imagine any aircraft surviving the experience of
encountering a tornado while in flight. If an aircraft on the ground cannot be removed from an at-risk
position, then damage to it and other aircraft and structures may be lessened by securing the aircraft
to the ground.
Encounters between aircraft and tornadoes when in flight are, given the limited extent and prevalence
of tornadoes and the usual recognition and avoidance of the hazard they may represent, unsurprisingly
rare. However, on 6 October 1981 [R40], a Fokker F-28-4000 being operated by KLM Cityhopper on a
passenger flight from Rotterdam to Eindhoven in the Netherlands broke up in-flight in severe
turbulence associated with a tornado some 15nm south east of Rotterdam and all occupants were
killed. Flight data recorder (FDR) data obtained at the time stated that the aircraft had encountered
sudden vertical acceleration reaching 6g which had resulted in one wing being detached from the
aircraft and consequent terminal loss of control.
The common ideal leads us to think that they are mainly localized in the United States, but actually, it
is a widespread phenomenon all over the world as well as in Europe, although the threat of tornadoes
in Europe is not widely recognized. But actually, albeit not with the size and frequency of the United
States, in Europe between 1950 and 2015, 5478 tornadoes have been reported in 42 countries [R41].
Despite this, today there is still an underestimation of the tornado threat to Europe, a situation that
persists today despite the interest in recent years on tornadoes in Europe.

Figure 12 – Manitoba, an extremely powerful tornado in Canada [R42]

3.4.1.3 Thunderstorms and heavy showers
Low cloud and reduced visibility in thunderstorms and heavy showers impact the aircraft operations
in TMA. The nature of thunderstorms and heavy showers and their associated cumulonimbus cloud
formations can result in rapid and marked deteriorations of cloud base and visibility. Low cloud base
and reduced visibility may develop very quickly. Even if the most severe of the effects may be over
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limited geographical areas, the relevance of low cloud and reduced visibility is significant when at in
the vicinity of the aerodrome.
In particular, extreme precipitation can contaminate airfield and runway surfaces creating a hazard to
aircraft attempting to take-off or land.
It is here reported a list of relevant incident reports involving thunderstorms and heavy showers:
➢ [R43] (on 14 September 1999, a Britannia Airways Boeing 757 made an approach and landing
at Girona Airport, Spain, at night through heavy thunderstorms. The aircraft touched down
hard simultaneously on the nose and mainwheels and bounced. A second harder touchdown
on the nosewheel displaced the nose landing gear and its support structure).
➢ [R44] (on 24 December 2000, a Hawaiian Airlines McDonnell Douglas DC-10 overran the
runway in Tahiti after landing long on a wet runway having encountered crosswinds and
turbulence on approach in thunderstorms).
➢ [R45] (on 18 January 2001, a Boeing 737-400 being operated by Qantas on a scheduled
passenger flight from Sydney to Brisbane encountered a Microburst shortly after commencing
a go-around from 500 ft during an approach to runway 19 at destination due to the onset of
severe weather).
➢ [R46] (on 2 August 2005, an Airbus A340-300 being operated by Air France on a scheduled
passenger flight from Paris CDG to Toronto landed at destination in daylight during a
thunderstorm and failed to stop before reaching the end of the runway; see Figure 13).

Figure 13 – Air France Airbus A340-300, flight number 358, the day after the crash

3.4.1.4 Fog, rain and snow
Mist and Fog are the terms used to describe low visibility caused by water droplets suspended in the
air. Mist is a term used to describe visibility of greater than 1 km while Fog is the term used when
visibility is less than 1 km. Fog is effectively surface cloud and has a significant impact on the conduct
of flying operations, particularly landing and take-off.
There are many different types of fog defined according to how they are formed:
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❖ Radiation Fog. On a cloudless night, especially within a high-pressure system, the land surface
loses heat to the atmosphere by radiation and cools. Moist air in contact with cooling surface
also cools and when the temperature falls below the dew point for that air, fog forms. This
type of fog is known as radiation fog.
❖ Advection Fog. It occurs when a warm, moist air mass flows across a colder surface. The air
mass is cooled from below by the colder surface and, if the temperature of the air mass is
reduced to the dew point, then fog forms.
❖ Frontal Fog. It occurs in two ways. In the first case, during the passage of a front, clouds extend
down to the surface (this is especially the case over higher ground and may also be termed Hill
Fog); in the second case, the air in contact with the surface becomes saturated by evaporation
from the rain that has fallen (these conditions may occur in the cold air ahead of a warm front).
Low visibility in fog clearly affects flying operations. Reduced visibility because of fog may result in
restrictions on both ground and airborne movements at an airport and both can have the effect of
reducing capacity because of the safety-predicated consequences of Low Visibility Operations.
For accident and incident reports involving operations in Fog, see for example:
➢ [R47] (on 7 December 1983, a Boeing 727 being operated by Iberia on a scheduled passenger
flight from Madrid to Rome Fiumicino collided in thick fog in daylight with a Douglas DC-9).
➢ [R48] (on 8 October 2001, a Boeing MD-87 being operated by SAS and departing Milan Linate
on a scheduled passenger flight to Copenhagen in thick fog in daylight collided at high speed
with a German-operated Cessna Citation taxiing for departure on a non-scheduled passenger
flight from Paris Le Bourget).
➢ [R49] (on 12 January 2014, the crew of a Cessna 501 on a private business flight attempted to
make an approach to the fog-bound aerodrome at Trier-Fohren, Germany. However, the
aircraft emerged from the fog very close to the ground and collided with obstructions, caught
fire and crashed, killing all occupants).
➢ [R50] (on 2 March 2018, a Cessna 525A touched down at Bern aligned with the left-hand edge
of the runway and then left it completely before re-entering it over 300 metres and completing
the landing roll without further event).
Rain is the condensation of atmospheric water vapour into drops of water heavy enough to fall to the
surface of the Earth. Rainfall occurs when the air becomes saturated, either through cooling or by the
addition of water, to form a cloud. Condensed water molecules coalesce to form droplets; this process
continues until the droplets are of sufficient size to fall as rain. Cooling of the air may be caused by a
variety of means, for example, due to up-currents or when the air moves over a rising surface. Moisture
may be added when the air passes over water (e.g. sea or a lake).
Snow is a type of precipitation occurring in the form of crystalline ice and consisting of a multitude of
snowflakes that fall from clouds. Since snow is composed of small ice particles, it is a granular material.
It has an open and therefore soft structure, unless packed by external pressure. Snowflakes come in a
variety of sizes and shapes. Types which fall in the form of a ball due to melting and refreezing, rather
than a flake, are known as graupel, with ice pellets and snow grains as examples of graupel. Snowfall
amount and its related liquid equivalent precipitation amount are determined using a variety of
different rain gauges.
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Rain and snow are generally well managed with the support of onboard instrumentation, but can
create serious problems in cases of intense events. In particular, ICAO defines SNOWTAM as a special
series Notice to Airmen (NOTAM) notifying the presence, or removal, of hazardous conditions due to
snow, ice, slush or standing water associated with snow, slush and ice on the movement area.

3.4.2 Main affected operations
TMA is an aviation term describing a designated area of controlled airspace surrounding a major
airport characterized by high volume of traffic. TMA airspace is normally designed in a circular
configuration centered on the geographic coordinates of the airport and includes several levels of
increasingly larger areas, with operations typically up to 20000 feet of altitude. The Figure 14 is a detail
of the Italy AIP 6.1.1 en-route chart - standard ATS route network, referred to Naples air space.
Generally, this chart defines the airways and shows the entry waypoints from which the STARs
(Standard Arrival Routes) can be flown. In this approach phase, the weather phenomena have a
significant impact, and moreover in the TMA. In example, shown in Figure 14, the upper limit of Naples
CTR (Control Zone) is FL165, and this could be relevant for the applicable weather phenomena to the
TMA phase.

Figure 14 – Zoomed particular of AIP Italia 6.1.1 en-route chart standard ATS route network
The analysis of the TMA operations is carried out taking into consideration the KPAs, defined in the
“SESAR performance framework” [R16], as discussed in section 3.2.
There are several studies evaluating the impacts of weather events on airport performance and
therefore on TMA operations. For example, in [R37] it is provided a quantification of the individual
airport performance with regards to an aggregated weather-performance metric. The results shown
therein are computed from a dataset of 20.5 million European flights of 2013 and local weather data.
A methodology is presented to evaluate the impact of weather events on the airport performance and
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to select the appropriate threshold for significant weather conditions. In this context, the performance
is measured as deviation of actual and schedule timestamps, defined as delay.
In [R51], the Eurocontrol’s Performance Review Unit (PRU), in consultation with the ATMAP group, has
published an algorithm (already mentioned in the previous section) for a unified evaluation of weather
conditions at airports. The ATMAP algorithm quantifies and aggregate major weather conditions at
airports, which have significant impact on the airport operations.
Thus, the ATMAP group identifies relevant aviation weather factors and considers that these factors
are additionally coupled with the availability of local airport technologies (such as precision approaches
in poor visibility conditions) and aircraft characteristics (such as defined tolerances for crosswind and
tailwind). Furthermore, the ATMAP algorithm weighs the different weather factors so that similar
ATMAP scores result in comparable impacts on airport operations, although they are based on
different weather events (such as high wind speeds or low visibility conditions).
The following definitions are used in the ATMAP algorithm: weather phenomenon is a single
meteorological element, which impacts the safety of aircraft during air and ground operations;
weather class is a group of one or more weather phenomena affecting the airport performance;
severity code is a ranking number of the weather class status (from best to worst); coefficient
represents the assignment of a score to a given severity code in order to describe the nonlinear
behaviour of various weather phenomena. The algorithm identifies five different weather classes with
a significant influence on aircraft and airport operations:
•
•
•
•
•

Ceiling and visibility
Wind
Precipitation
Freezing conditions
Dangerous phenomena

In Table 3, the five different weather classes are described with related meteorological conditions and
linked to the associated maximum coefficient defined by the ATMAP-algorithm.
Table 3 – Weather classes defined in the ATMAP algorithm
Weather Class
Ceiling and
visibility
Wind
Precipitation

Freezing
conditions
Dangerous
phenomena

Description
Deterioration of visibility (from
“non-precision approach” up
to “low visibility”).
Strong head-/cross-wind, also
gusts.
Runway friction influencing
runway occupancy times.
Complex procedures for
runway clearing.
Reduced runway friction, deicing: additional taxi out times.
Dangerous for aircraft, unsafe
operations, unpredictable
impact.

Meteorological Conditions
Precision approach runways:
CAT I-III

Coefficient
Max. 5

Wind speed > 16 knots (+gusts)

Max. 4 (+1)

e.g., rain, (+/−) snow, frozen rain.

Max. 3

T ≤ 3 °C, visible moisture or not,
any precipitation.
towering
cumulus/cumulonimbus, cloud
cover, (+/−) shower.

Max. 4
3-24
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(+/−) phenomena
(e.g., thunderstorm)

18-30

Compared to other weather classes, dangerous phenomena have a high impact on airport operations,
which results in the highest coefficients. For both cumulonimbus and towering cumulus clouds, ATMAP
coefficients are ranging from 3 to 10 or from 4 to 12, depending on the cloud coverage.
Showery precipitation and intensive precipitation can lead to a further increase of the coefficient
values, up to values between 18 and 24. Other dangerous phenomena with impact on the safety of
aircraft operations can be divided into three groups: 30 points (heavy thunderstorm), 24 points (e.g.,
sandstorm, volcanic ash), and 18 points (small hail and/or snow pellets).
Finally, for the TMA operations, Table 4 was filled based on the analysis results, by using literature and
projects documents [R14]. The score has to be interpreted according to hazards severity classification,
described in the Table 1 of section 3.2 ranging from 1 that means most severe to 5 meaning least
severe.
Note that for the weather phenomena shown in Table 4, not described in this section, the descriptions
given in section 3.3.1, relating to en-route operations, apply.
Table 4 – Weather phenomena impact on TMA operations
KPAs

Ice

Air
turbulence

Hail
damage

Lightning
strike

Volcanic
Ash

Strong low
level/surface
winds

Tornadoes

Low cloud
thunderstorms
heavy showers

Fog
Rain
Snow

Safety
Environment
Capacity
Predictability
and Punctuality
Cost Efficiency
Flexibility
Human
Performance
Cost Benefits
Analysis

1
2
3

1
2
2

2
2
3

3
4
5

1
1
1

1
2
2

1
1
1

3
3
4

4
3
4

3

2

3

5

1

1

1

4

4

1
2

3
2

2
2

4
4

1
1

1
1

1
1

4
4

4
4

2

2

2

4

1

1

1

3

3

1

3

2

5

2

2

1

4

4

3.5 Conclusions
Adverse weather conditions can disrupt en-route and TMA operations. The most important hazards
related to aeronautical meteorology were discussed, like as ice accretion, air turbulence, hail, lightning
strike, volcanic ash, wind shear, tornadoes, low clouds, thunderstorms, fog, rain and snow.
This chapter summarizes the current knowledge available for meteorological-related aviation
operations and provides suggestions for necessary improvements. Hazards having the greatest impact
in the two flight phases considered have been analyzed, along with the related impacts on en route
and TMA operations. All the aspects are studied considering the “SESAR performance framework” and
the KPAs defined there.
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3.5.1 Main affected ATM KPAs
As previously described, the analyses have been carried out taking into consideration only the KPAs
inherent to the purpose of the document. In particular, their summary is shown below:
➢ Safety
➢ Environment
➢ Capacity
➢ Predictability and Punctuality
➢ Cost Efficiency
➢ Flexibility
➢ Human Performance
➢ Cost Benefits Analysis

In particular, Table 5 and Table 6 show the average criticality value attributed to each KPA for both
flight phases: Table 5 for en-route operations and Table 6 for TMA operations.
Related to the weather phenomena described above, in order to better understand the result of
comparison, the average value has been rounded to the first decimal place, although this is not codified
in the Table 1 of section 3.2, ranging from 1 that means most severe to 5 meaning least severe.
The results show that for en route operations the most impacted KPA is Human Performance, while
the most resilient is Capacity. For TMA operations, the most impacted KPA is Safety, while Capacity
still obtaining the best average score.

Table 5 – Mean impact of all meteo hazards on KPAs for en-route operations
KPAs
Safety
Environment
Capacity
Predictability and Punctuality
Cost Efficiency
Flexibility
Human Performance
Cost Benefits Analysis

Mean impact of all meteo
hazard on a single KPA
3.0
2.9
3.4
3.3
3.0
2.7
2.4
3.3
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Table 6 – Mean impact of all meteo hazards on KPAs for TMA operations
KPAs
Safety
Environment
Capacity
Predictability and Punctuality
Cost Efficiency
Flexibility
Human Performance
Cost Benefits Analysis

Mean impact of all meteo
hazards on a single KPA
1.9
2.2
2.8
2.7
2.3
2.3
2.1
2.7

3.5.2 Main affecting weather phenomena
As described in this chapter, weather hazards can have a more or less critical impact on ATM
operations in en-route and TMA phase, with different repercussions with respect to the performances
defined in the KPAs.
Looking at results in Table 7 and Table 8, which show weather hazard correlated to the average impact
on KPA, respectively for en-route and TMA phase, we can analyze which meteorological hazard have a
greater weight on KPAs, and which are well tolerated.
Table 7 – Mean impact of meteo hazard on en-route phase

Mean impact
related meteo
hazard on the
KPAs

Ice

Air
turbulence

Hail
damage

Lightning
strike

Volcanic
Ash

Strong low
level/surface
winds

Tornadoes

Low cloud
thunderstorms
heavy showers

Fog
Rain
Snow

1.4

2.6

2.9

3.5

1.3

N.A.

N.A.

4.6

4.8

Table 8 – Mean impact of meteo hazard on TMA phase

Mean impact
related meteo
hazard on the
KPAs

Ice

Air
turbulence

Hail
damage

Lightning
strike

Volcanic
Ash

Strong low
level/surface
winds

Tornadoes

Low cloud
thunderstorms
heavy showers

Fog
Rain
Snow

1.9

2.1

2.3

4.3

1.1

1.4

1.0

3.6

3.8

Thus, it emerges that the formation of ice and the volcanic eruptions can have a serious impact both
in en-route and in TMA phase. In particular, ice can affect the airfoil with the consequences already
mentioned above but it can also compromise the functionality of on-board instrumentation.
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As regards volcanic eruptions, such as the recent event of the Icelandic volcano, they can lead in the
worst-case scenario to the interdiction of airspace with even the closure of some airports.
Turbulences are dangerous too, linked to their nature which is not derived only from the weather but
also from the morphology of the terrain and the presence of other aircraft in the vicinity, especially
those of a higher category. Another particularly impacting event is the tornado, especially in TMA, for
which the area is closed. For this phase of flight, another weather hazard is due to low level winds that
can lead to wind shear phenomena.
Instead, these have less impact on en-route phase, considering the typical flight level. Likewise, events
such as rains and thunderstorms are generally well tolerated because the probability of occurrence is
reduced at this altitude.
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4 State of the art of meteo tools supporting
ATM
4.1 Introduction
Monitoring and forecasting of weather conditions occurring over an airport or along a flight route are
crucial aspects in aviation operations, and are aimed to ensure the safety and efficiency of operations.
The aviation community receives information about weather conditions (and the impact on the related
operations) in many ways. Historically, this information came in the form of regulated observations
and forecasts for specific locations and areas (METAR, TAF and SIGMET messages), following a specific
standard regulated from the International Civil Aviation Organization (ICAO) and the World
Meteorological Organization (WMO). However, the nature of meteorology means that weather
crosses borders and one type of phenomenon may invoke different operational procedures,
depending on its geographical location. This traditionally implied that there may be conflicting
information about the impacts of an event and ultimately nobody feels that they have had the best
possible service. The aim of this section is to provide a review of the most frequently used aviation
weather reports and some examples of systems used to integrate different meteorological
information. More specifically, sec 4.2 is devoted to the presentation of the report and tools, while
sec. 4.3 to the description of the numerical models used to support ATM, along with an analysis of the
perspective of innovations for these strategic models.

4.2 Reports and tools
4.2.1 Weather reports
Several formats for reporting weather information are currently available. The most frequently used
reports to support aviation are described here.
METAR (METeorological Aerodrome Report) is a message reporting in a standard international format
the observation of current surface weather. Following [R52], METARs contain the following
information:
•
•
•
•
•
•

Identification of type of report
ICAO station code
Day and time of the observation
The code AUTO if the report has been generated by an automated system
Several meteorological parameters: surface wind direction and speed; visibility; runway visual
range (when applicable); present weather; cloud amount, cloud type and height of cloud base;
air temperature and dew-point temperature; QNH value (altimeter setting)
Supplementary information

METARs are updated in near real time and are issued on an hourly or half-hourly basis. They can be
substituted with a SPECI (Aviation Special Weather Report) report, similar to METAR ones, in case of
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significant changes in weather conditions. Additionally, at the end of METAR and SPECI, information
concerning weather forecast (TREND) valid for a period of 2 hours in advance can be added.
METAR/SPECI can be generated also in an automatic way, for example by means of AWOS (Automated
Weather Observing System). They can be used in order to retrieve continuous and real time
information on weather conditions from the sensors integrated in the system. Specifically, depending
on the weather sensors installed at the airport, it is possible to get information about different
meteorological parameters, such as wind speed and direction, temperature, humidity, visibility, cloud
ceiling height, precipitation type. Data are then processed following ICAO and WMO indications and
disseminated in several ways, such as computer-generated voice messages and also in METAR format.
For example, ENAV (Italian air navigation service provider) has developed an E-AWOS system (ENAV Automatic Weather Observation System), allowing to better manage observed weather data. Indeed,
among its services, ENAV includes the provision of weather observations and forecast for air
navigation, issued in real time in accordance with Italian national (ENAC) and international (ICAO)
norms. Furthermore, weather messages for synoptic charts are issued according to the World
Meteorological Organization (WMO) directives. The E-AWOS system is composed of four subsystems
including AWOS (the main application), devoted to manage and collect data from the weather sensors
installed at airports, allowing operators to monitor weather data and compile meteorological reports.
The other components are RVR (Runway Visual Range), managing visibility data along the runways,
and ATIS (Automatic Terminal Information Service), used to provide meteorological and aeronautical
information to the pilots by means of a radio channel.
Indeed, ATIS systems are devoted to automatically provide to arriving and departing aircrafts in the
terminal area several kinds of information, such as runways in use and conditions, available
approaches, weather information (e.g. wind speed and direction, visibility, cloud cover, temperature)
([R53]). They elaborate different data, among which METAR and SPECI report and generate a message,
which is provided as continuous voice broadcasts or via data-link. Their usage allows reducing the
workload of controllers at airport.
PIREP (Pilot Reports) is another typical kind of report providing actual weather conditions existing in
the air. PIREPs are provided by the pilot during a flight and contain information regarding height of
bases and tops of clouds, location of inflight icing, wind shear and turbulence, visibility, temperature.
Pilots are encouraged to provide a PIREP especially when they encounter unexpected weather
conditions during the flight. The data, transmitted by radio or in an automatic way, are used for several
purpose, e.g. to provide inflight advisories to other pilots, to provide information for the flight planning
and for research activities.
Significant Weather (SIGWX) forecasts, produced by the World Area Forecast Centres (WAFCs),
represent 24-hour forecasts of several weather phenomena dangerous for aviation, such as jet
streams, clear air turbulence, cumulonimbus, tropical cyclones, volcanic eruptions. They are produced
four times a day (at 00, 06, 12 and 18 UTC) and are used for a time period ranging from 3 hours before
to 3 hours after the validity time. The primary data format is BUFR (Binary Universal Form for the
Representation of meteorological data), but they are additionally provided in PNG (Portable Networks
Graphic) format too. They are available in pre-flight phase to support aviation operations ([R54]).
TAF (Terminal Aerodrome Forecasts) report, in a concise way, expected meteorological conditions at
an aerodrome for a specified period. TAFs are similar to METAR and their main components are ([R52]):
•

Identification of type of forecast
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•
•
•
•
•
•

Location indicator
Time of issue of forecast
Date and period of validity of forecast
Forecast of surface wind, visibility, weather phenomena, cloud cover, temperature
Expected significant changes during the period of validity
Probability of phenomena occurrence in tens of per cent

TAFs are valid for period ranging between 6 to 30 hours. In particular, they are updated every 3 hours
for TAF valid for less than 12 hours, otherwise they should be issued every 6 hours. They are prepared
by the meteorological office designated by the meteorological authority. Typically, they are manually
written by forecasters, based on specific data such as the output of Numerical Weather Prediction
(NWP) models, in combination of available observations ([R55]). However, in the last years several
methods have been developed, aimed to automatize the process adopted for the creation of TAFs. For
example, the Deutscher Wetterdienst (DWD, Germany) uses an AutoTAF3 system able to provide both
automated forecast guidance and TAF reports. It is based on the adoption of the Model Output
Statistics (MOS) technique applied to the global weather model IFS (Integrated Forecast System) of the
ECMWF (European Center for Medium-Range Weather Forecasts, England) to interpret and correct
the predictions. By using an encoding algorithm, forecast parameters are automatically converted in a
TAF report. A similar approach is described also in [R55], presenting two methods to support aviation
meteorological forecasters, the first one representing a numerical guidance method used to derive the
production of TAFs and TRENDs for airports. It is based on statistical and physical postprocessing of
NWP model data (i.e. operational mesoscale HIRLAM model) and observations, by using Model Output
Statistics (MOS); an encoding software is then used for the automatic production of TAFs and TRENDs
and a graphical interface can be used to enable modifications by forecasters.
AIRMETs and SIGMETs provide forecasts of potentially hazardous weather conditions during the flight.
They are available also for flight planning activities. Following ICAO definition ([R52]), AIRMETs
(AIRman's METeorological Information) are disseminated by meteorological watch offices and contain
information about the occurrence or expected occurrence of en-route weather phenomena that may
affect safety of low-level aircraft operations (not included in the forecast issued for low-level flights in
the flight information region concerned). They contain forecasts of several weather phenomena of
moderate intensity, such as icing, turbulence, mountain waves, sustained surface winds > 30 knots or
restricted visibility. SIGMETs (SIGnificant METeorological Information) are inflight weather advisories
providing a concise description concerning non-convective weather conditions affecting the safety of
aircrafts. They can include forecasts of severe turbulence, severe icing, volcanic ash, tropical cyclones
and other phenomena. Convective SIGMETs can also be released in case of hazardous weather
associated to severe thunderstorms.
During the flight, meteorological information and updates can be provided in several ways, such as via
ACARS (Aircraft Communications Addressing and Reporting System), VOLMET or ATIS ([R54]). In
particular, VOLMET is used to provide information, by means of continuous and repetitive voice
broadcasts or via data-link ([R52]), on the weather conditions at the main airports surrounding

3

https://www.dwd.de/EN/research/weatherforecasting/met_applications/aviation_forecasts/autotaf_en_nod
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destination (METAR, TAF, SPECI and SIGMET), whereas ATIS (as above reported) provides local weather
reports for the specific airport.

4.2.2 Systems
During the last years, newer developments in internet-based weather services and especially the
innovations driven by the broad usage of mobile devices and GPS navigation systems in general
aviation were pioneering the introduction of primarily graphical and interactive accessible weather
information for aeronautical users. Currently, several systems are available, operationally used or
under development, devoted to integrate different meteorological information. Some of them are
presented here.
ADWICE, the Advanced Diagnosis and Warning system for aircraft ICing Environments ([R56]), is used
at the German Advisory Centres for Aviation to support pilots in flight planning. Operationally running
at DWD, it has been developed by a collaboration among the German Aerospace Centre (DLR), the
DWD and the Institute of Meteorology and Climatology of the Leibniz Universität Hannover (IMuK)
with the aim to provide warnings regarding in-flight icing conditions. It is based on the application of
two algorithms, the Prognostic Icing Algorithm (PIA) and the Diagnostic Icing Algorithm (DIA), applied
to the output of an NWP model and to observations (SYNOP, METAR, radar and satellite data). The
system identifies regions containing supercooled liquid water where aircraft icing can occur,
associating also an icing intensity to the regions.
AWDSS (Aviation Weather Decision Support System) is a system developed by Weather Decision
Technologies (WDT) for aviation meteorologists and Air Traffic Control personnel, aimed to support
aviation operations ([R57]). It integrates weather data coming from different sources, e.g. Doppler
Weather Radars, Microwave Atmospheric Profilers, Radar Wind Profiles, local airport sensors, lightning
data, satellite and numerical weather prediction grids. The data are integrated and processed in order
to provide warnings of weather hazards. Specifically, the usage of several algorithms (developed by
WDT or by other research organizations for the US FAA Integrated Terminal Weather System program),
allows the detection, nowcast and forecast of phenomena such as wind shear, gust fronts, storms,
microbursts, fog, turbulence, inversions. An important component of AWDSS is a customized
implementation of the Weather Research and Forecasting (WRF) model, which takes advantage of
data sources integrated in AWDSS for advanced data assimilation techniques. The system is equipped
with two different end-user interfaces: the first one is devoted to air traffic controllers (ATC), similar
to ITWS displays, an advisory tool devoted to alert ATC personnel about hazardous conditions in the
terminal area; the second display, instead, is devoted to meteorologists and includes, in addition to
the same functionality used for ATC, also the possibility to analyze weather data and algorithms and
verify alerts that will be sent to the ATC display. A flagship installation has been carried out at the Dubai
International Airport.
ITWS (Integrated Terminal Weather System4) is an ATM tool devoted to terminal air traffic managers
and controllers, developed by the Lincoln Laboratory’s Weather Sensing Group under the sponsorship
of the FAA’s Aviation Weather Development Program ([R58]). The aim of the system is to reduce flight

4

https://www.faa.gov/air_traffic/technology/itws/
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delays and improve the safety of flight in adverse weather conditions, also reducing the terminal
controller workload. It integrates and analyses several data from FAA and National Weather Service
(NWS) sensors and systems, including for example Terminal Doppler Weather Radar (TDWR), the Next
Generation Weather Radar (NEXRAD), the Low-Level Wind Shear Alert System (LLWAS), Automated
Weather Observing System (AWOS), aircraft observations from Meteorological Data Collection and
Reporting System (MDCRS) and NWS gridded model data. The data, integrated and analysed by means
of sophisticated algorithms, are used to provide current and near-term forecasts of weather conditions
and hazards in the terminal area, in graphical and textual form, on a single interface.
4DWxCube. In the framework of SESAR, a four-dimensional weather cube (4DWxCube5) was
developed to support ATM operations. It generates and transfers ATM tailored meteo information in
response to SESAR’s challenges and objectives. The 4DWxCube system will enable users across Europe
to access MET information in SWIM formats for executing successful flight operations. This is done by
creating a consistent Meteorological picture over Europe, consistent in location, time and user
application hence enabling consistent decision making and thus reducing the potential for conflict and
enhancing ATM predictability. 4DWxCube, whose schema is depicted in Figure 15, is a virtual
repository of meteorological information (observations and forecasts) produced by multiple
meteorological service. The data are processed and consolidated so that user can extract the details
relevant to their situation by means of the MET-Gate system, used as SWIM compliant user interface
for ATM stakeholders.

Figure 15 – 4DWxCube MET-GATE schematic

5

https://www.sesarju.eu/highlights/Delivering%20tailored%20MET%20information%20with%20the%204DWxC
ube%20and%20MET-Gate
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Currently, several research activities are in progress on these topics. For example, IMET6 is a research
project carried out by Netherlands Aerospace Centre NLR and national weather service providers
Météo France and Met Office with the aim to quantify the uncertainty in trajectory parameters due to
uncertainty in weather conditions. Specifically, the aim was to explore the impact on Trajectory
Prediction (TP) output of Ensemble Weather Forecast (EWF) generated by Ensemble Prediction
Systems (EPS). By means of output of a Numerical Weather Prediction (NWP) system, a set of EWF can
be generated starting from a single deterministic weather forecast and altering model physics,
parameters and/or initial conditions. This allows to determine an ensemble of trajectories and, hence,
a Probabilistic Trajectory Prediction (PTP). IMET approach can increase the awareness of predictability
and can also contribute to cost reduction (e.g. reducing contingency fuel); it can be useful for pretactical flight planning, also due to the high computational time required for the EPS calculations.

4.3 Numerical models to support ATM
Numerical Weather Prediction (NWP) focuses on taking current observations of weather and
processing these data with computer models. They represent the foundations of the tools used to
provide weather information to support ATM. Furthermore, air quality models are used in several
studies to analyze the impact of aviation emissions on air quality ([R59], [R60], [R61]). Indeed, it is well
known that emissions from civil aviation increase concentration of pollutants, such as fine particulate
matter (PM2.5) and ozone (O3) ([R62]), have impact on climate ([R63]), air quality and human health
([R64]). To this aim, chemical transport models are used to assess global and regional aircraft emission
impacts, adopting numerical weather prediction models to simulate the meteorological input.

4.3.1 Weather models
The scientific and technological developments have led to increasing weather forecast capabilities over
the past 40 years. The importance of accurate weather forecast, especially at high resolution, is widely
recognized and in particular meteorological information availability is strategical for the management
of adverse events. In order to forecast the future state of weather, NWP can be adopted, which take
current weather observations as input through a process defined data assimilation, aimed to produce
initial conditions for the meteorological variables, from the oceans to the top of the atmosphere.
Currently, the scientific community is developing different kinds of products for the monitoring and
forecast of high impact atmospheric events.
The inherent uncertainty in weather predictions partly depends on the physics of the problem. For
example, the prediction of temperature has generally less uncertainty than precipitation, as
temperature is strongly constrained by total energy budgets ([R65]), which are easier to represent and
have been well understood. On the other hand, the prediction of precipitation is more complex, being

6

https://www.sesarju.eu/newsroom/brochures-publications/imet-investigating-optimal-approach-futuretrajectory-prediction-tp
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influenced by both local and larger-scale processes, including transported moisture by the general
circulation of the atmosphere, one of the main remote contributing factors ([R66]).
Weather predictions can be made using statistical (empirical) procedures or a physical-based
modelling approach. Statistical methods are based on historical relationships between the values of
variables to be predicted and values that have already been observed, using various forms of
regression or correlation analysis. The physical approach is based on the Navier-Stokes and mass
continuity equations, together with the first law of thermodynamics and the ideal gas law. They
represent the full set of prognostic equations upon which the evolution in the atmosphere (in space
and time) of wind, pressure, density and temperature is described ([R67]). These equations are solved
numerically using spatial and temporal discretization, and this approximation provides a distinction
between resolved and unresolved scales of motion. Physical processes that operate on unresolved
scales need to be ‘parameterized’ in terms of their interaction with the resolved scales.
Parameterizations play a fundamental role in determining the predictive skill, because they determine
key aspects, such as clouds, precipitation, temperature and wind. Parameterizations capture
convective, radiative and diffusive effects in the atmosphere and at the interface between atmosphere
and the surface, and are often determined by relatively small spatial scales (Figure 16).

Figure 16 – Physical processes of importance to weather prediction (from [R67])
Operational weather forecasts systems are based on high-medium resolution models to represent
complex atmospheric processes and have an explicit treatment of microphysics, but the evolution of
other components of the climate system is not considered because they change slowly during the
prediction timescale. Currently, a hierarchy of many models with different levels of complexity exists,
covering the full range between global weather prediction and local-area modelling for high-impact
weather or air-quality prediction. NWP models can be classified into two categories: General
Circulation Models (GCMs) and Limited Area Models (LAMs). General Circulation Models perform
simulation considering the whole (Global) atmosphere around the Earth and of course are
characterized by a low resolution. Limited Area Models are used to obtain detailed information over a
specific geographic area of interest and of course they allow the usage of a much higher resolution if
compared with Global models. Even if GCMs are important, because they provide initial and boundary
conditions to LAMs, in the present study the attention is focused only on LAMs because they are widely
used to support civil aviation. It is worth mentioning that the subdivision between GCMs and LAMs
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employed to resolve regional to local scales could be revised in the near future, since many groups are
building Earth system models taking advantage of global refined grid capabilities that allow multiscale
simulations in a single model run, e.g. MPAS ([R68], [R69])), MUSICA ([R70]) approaches. Several LAMs
are available and are currently operationally used by national meteorological forecast services. In the
following, a selection of the most popular ones is described.

WRF
The Weather Research and Forecasting (WRF) Model ([R71]) is a next-generation mesoscale numerical
weather prediction system designed for both atmospheric research and operational forecasting
applications. It features two dynamical cores, a data assimilation system, and a software architecture
supporting parallel computation and system extensibility. The model serves a wide range of
meteorological applications across scales from tens of meters to thousands of kilometres. The
development of WRF began in the latter 1990's under a collaborative partnership of the National
Center for Atmospheric Research (NCAR), the National Oceanic and Atmospheric Administration
(NOAA), the U.S. Air Force, the Naval Research Laboratory, the University of Oklahoma, and the Federal
Aviation Administration (FAA). The modelling system supports atmospheric simulations across scales
from large-eddy to global. Applications include real-time NWP, weather events and atmosphericprocess studies, data assimilation development, parameterized-physics development, regional climate
simulation, air quality modelling, atmosphere-ocean coupling, and idealized- atmosphere studies.

The COSMO model
The COSMO model ([R72]), designed as an NWP tool, is developed in the frame of the European
consortium COSMO (COnsortium for Small-scale MOdeling), a group of national meteorological
services of European countries that pool their research and development resources in the field of
regional NWP. COSMO is a non-hydrostatic limited area model for three-dimensional compressible
flows, based on the primitive hydro-thermodynamical equations. The atmosphere is treated as a
multicomponent continuum, which is constituted by dry air, water vapor, liquid and solid water,
forming an ideal mixture. The system is subject to the external influence of gravity and Coriolis forces
([R73]). The model equations are solved numerically on a rotated latitude longitude grid, with terrainfollowing coordinates in the vertical, using an Eulerian finite difference approach. The time integration
is also performed by discrete stepping, using a fixed time step. Different algorithms of integrations
(Leapfrog, Runge-Kutta) are implemented. Physical processes not resolved by the three-dimensional
numerical grid are parameterized in order to estimate the properties of sub-grid scale processes.

ALADIN
ALADIN is a high-resolution limited-area hydrostatic and non-hydrostatic model developed under the
leadership of Météo-France ([R74]). The concept of the ALADIN project was proposed in 1990, with
the aim of building a mutually beneficial collaboration with the National Meteorological Services of
Central and Eastern Europe. The acronym (Aire Limitée Adaptation dynamique Développement
InterNational) clearly indicates the major axes of this project:
•

to prepare and maintain an NWP system for use on limited geographic areas, this requiring
only moderate computing power while allowing a zoom effect with respect to the coupling
model ARPEGE (Action de Recherche Petite Echelle Grande Echelle);

•

to work with small domains and high spatial resolution: the informed assumption here is the
important meteorological events at those fine scales (local winds, breezes, thunderstorms
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lines, ...) are mainly the result of a so-called "dynamical" adaptation to the characteristics of
the earth's surface;
•

to build from scratch an international top-level NWP tool, in order that all partners may take
part in a true NWP development, with the aim that everyone may eventually use the result of
the common effort.

RAMS
The Regional Atmospheric Modeling System has been developed in the 1980s at Colorado State
University (CSU) for numerical simulations of atmospheric meteorology and other environmental
phenomena. RAMS is a multipurpose, numerical prediction model designed to simulate atmospheric
circulations spanning in scale from hemispheric scales down to large eddy simulations of the planetary
boundary layer. The most frequent applications of RAMS are to simulate atmospheric phenomena on
the mesoscale (horizontal scales from 2 km to 2000 km) for purposes ranging from operational weather
forecasting to air quality and dispersion applications to support of basic research.

4.3.2 Air quality models
These models play a fundamental role in both the understanding of individual processes and the whole
atmospheric system; moreover, they represent an important tool in climate change modelling, where
they are used to study the air pollution – climate feedbacks (Figure 17). Air pollution modelling is based
on a set of mathematical equations that simulates the natural atmospheric conditions. Air pollution
modelling represents a method for providing information on air quality on the basis of the emissions
and of the atmospheric processes that lead to pollutant dispersion, transport, chemical conversion and
removal from the atmosphere by deposition. In fact, a model is able to define an explicit relation
between air concentrations and emissions. Air Quality Models (AQMs) are useful for studying different
types of primary and secondary air pollutants and provide the possibility to reveal the contribution of
air pollutant sources through source apportionment techniques. Of course, the limitation of the
models should be considered, in particular the fact that uncertainties in the model results may be
large, related both to the model itself and to the input parameters. For example, difference in spatial
and temporal resolution between the air quality field and the emission inventories can affect the
quality of results. For this reason, atmospheric models are generally subjected to rigorous validation
procedures that certify their validity in terms of uncertainty with respect to the performance standards
that the scientific community accepts.
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Figure 17 – Atmospheric Processes Simulated in Air Quality Models (from [R75])
As stated in Deliverable D2.1 of CREATE ([R76]), air quality models are also used for air quality
assessment practises for airports and air traffic. In particular, EUROCONTROL has developed models
to support Member States in estimating the environmental impacts that current and future air-traffic
movements might have. These models are used to assess future regulatory options, such as
introducing constricted aircraft noise and emissions standards. EUROCONTROL models are aimed to
estimate fuel consumption and emissions around airports, as well as impact of noise. The emissions
provided by these models are successively provided to air quality models in order to calculate air
pollutant concentrations at the various space scales (from the global to the regional and to the local
one).
An air quality simulation is generally performed through the following steps ([R77]):
1. Definition of pollutants and output quantity to be modelled (concentration fields).
2. Definition of time resolution.
3. Definition of the areas for which the model calculations are made, and the spatial resolution.
4. Evaluation of the model area (it may extend beyond the output area, particularly in case of
pollutants with long range transport).
5. Investigation of availability of emission, meteorological, topographical and air quality data.
6. Simulation and analysis of the output (in terms of e.g. contour plots for presenting the
concentration fields and time-series to be compared with available observations).
Regarding input data, each model requires emission parameters (type of source, emission rate,
location, height, temperature), topography (rural or urban area, terrain elevation) and meteorological
conditions (wind speed and direction, atmospheric temperature, cloud cover, solar radiation etc.). A
measure of how the model accurately reproduces the real conditions is given by the uncertainty
assessment. A comparison between observations and model prediction is not simple, because the
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observations are points in space (and even contain measurement errors), while predictions represent
volume averages (in particular for the numerical models). Moreover, results are affected by errors in
the model input parameters (emission and meteorological data) while measurements can be
characterised by limited space representativity (e.g. for roadside station), have their own uncertainty
depending on the measurement technique and can be exposed to local sources direct influence.
Models can be classified according with different criteria, such as physical concepts, space and time
scale, type of applications. For example, the Gaussian models provide reliable results for long term
average values of relative inert pollutants in case of uniform terrains, almost stationary conditions and
reliable meteorological data, but in complex meteorological and topographical conditions, models
solving numerically the atmospheric diffusion equation must be preferred. Moreover, in case of
reactive pollutants, chemical modules should be included in the model, with different levels of
complexity for these modules.
Other ways of classifications could be done according with their performance and strengths, according
with the role of data on these models, including datasets accessibility, types and sources (e.g., traffic
data and land-use data) since the data availability is typically the most critical aspect to selecting an
applicable air quality model. However, the most popular way of classification is based on the model
structure and the approach used for the closure of the turbulent diffusion equation, which is widely
used in urban air pollution modelling ([R78]). Air pollution model can be classified as ([R79]):
Deterministic Models, Statistical Models, Physical Models.
Deterministic models
These are deterministic mathematical models (DMM), which calculate the pollutant concentrations
from emission inventory and meteorological variables according to the solutions of various equations
representing the relevant physical processes. In other words, the rate of change of pollutant
concentration is related to average wind and turbulent diffusion which, in turn, is derived from the
mass conservation principle. For these models, it is possible to write ([R80]):
F(P, M): Q→ C, Dep
In which:
-

F: the AQM,

-

P: model parameters

-

M: meteorological data

-

Q: emission

-

C: pollutant’s concentration in air

-

Dep: pollutant’s deposition on the ground

These numerical models are time dependent, based on finite difference approximation on fixed grids
(Eulerian approach), or on coordinate systems attached to a fictitious vertical air column (Lagrangian
approach), which move horizontally with the adjective wind. Both approaches are characterized by
limitations, for example Lagrangian particle models are able to solve the problem only if air motion
and turbulence are properly described, while Eulerian models are characterized by different problems
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and result more expensive in terms of computational costs. The first Lagrangian models used in
atmospheric science were single trajectory models that only simulate air parcel transport with the
main flow, but no turbulent dispersion nor any other sub-grid scale processes. Currently these models
simulate the air parcel trajectories of several ten thousand of parcels that undergo turbulent mixing in
the atmospheric boundary layer and sub-grid scale deep convective vertical mixing. Thereby they can
be used for quantitative simulations of tracer transport. The horizontal domain may vary from 200 to
2000 or more kilometres, while the horizontal resolution can range from 1 to 100 km.
Statistical Models
Differently from deterministic modelling, statistical models evaluate concentrations from
meteorological and traffic parameters after that an appropriate statistical relationship has been
obtained empirically from measured concentrations. Key methods in statistical modelling are
regression, multiple regression and time-series techniques. It is worth noting that these methods
require long historical data sets, are site specific and that there could be a lack of physical
interpretation, leading to low performances when used to model non-linear systems. These models
can be effective to reproduce/forecast air quality at a single location, but they cannot describe air
pollutants space variability and cannot be used to perform scenario analyses and source
apportionment studies. In the recent years, machine learning techniques are presently being proposed
to provide high resolution air quality analysis and forecast using observations, satellite data and model
forecast as input data. For example, Random forests is an advanced data mining method and has been
used to model the regression relationships between concentrations of the pollutants, and the variables
describing meteorological conditions, temporal conditions and traffic flow ([R81]).
Physical Models
In these models, a real process is simulated on a smaller scale in laboratory by a physical experiment,
in such a way that the important features of the original processes being studied are represented.
Typical experimental devices, such as wind tunnels or water tunnels are employed. A limitation of this
approach is related to the fact that the simulation of air pollution dispersion is expensive and that real
time forecast is not possible.

4.3.3 Perspective of innovations
4.3.3.1 Weather models: Current challenging areas
It is well known that NWP models are nonlinear dynamical systems, in which the evolution depends
on the initial conditions. The chaotic nature of the atmosphere and the involvement of nonlinear
dynamics imply that small errors in estimating the initial state of the atmosphere grow rapidly with
time. As a consequence, weather prediction is a process that deals with uncertainties, since the initial
conditions can be estimated only within a certain accuracy. Successively, during the forecast, the initial
errors can be amplified and produce significant errors. Apart from errors related to initial conditions,
NWP systems are also sensitive to errors associated with the model itself. In particular, the uncertainty
related to the parameterizations of sub-grid-scale physical processes plays a crucial role in the quality
of prediction. Errors related to the physical parameterizations are generally referred to as model
errors. In the last decade, a great effort has been focused on enhancing the prediction quality, mainly
by developing skilful models addressing the uncertainty of initial conditions by better estimation
techniques, and also on developing physical parameterization models that lead to improved predictive
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skill. From these considerations, it is clear that the improvement in the weather forecasting can be
achieved by investigating four different challenging areas: improvement of initial conditions,
optimization of parameterization schemes, ensemble forecasting, high resolution. These four areas are
discussed in the following of this section.
Improvement of initial conditions
The original methods for the specification of initial conditions were based on the analysis of graphical
weather charts. Successively, various forms of interpolation procedures were used and then replaced
by data assimilation techniques, based on optimum control theory. The derivation of the current state
(the analysis) of the atmosphere is treated as a Bayesian inversion problem using observations,
previous information from forecasts and related uncertainties as constraints. These calculations
involve a global minimization and are performed in four dimensions to produce an analysis that is
physically consistent in space and time and can deal with big amounts of observational data that are
heterogeneously distributed in space and time (such as the large amount of satellite data used for
Earth observation since the 1980s). Since the uncertainty estimation of initial state is also crucial for
ensemble prediction and because data assimilation employs both imperfect observations and forecast
model, ensemble methods (see related subsection) have also become an integral part of data
assimilation.
The operational implementation of four-dimensional variational data assimilation techniques has
marked a milestone in operational global NWP. It occurred in 1997 at the European Centre for
Medium-Range Weather Forecasts (ECMWF), followed by Meteo-France in 2000, the Met Office in
2004, the Japan Meteorological Agency in 2005, and the US Naval Research Laboratory in 2009. The
development of four-dimensional variational data assimilation required more than 10 years, and
further research has substantially refined the main components. These were the increasing use of
satellite radiance data by combining the forecast model with computationally efficient radiative
transfer models, the better refined characterization of short-range forecast and a better use of
observations arising from significant improvements of physical parameterizations.
The usage of more of the existing and new observations, pose science challenges for NWP; in fact,
NWP is limited by insufficient observational data, since fundamental variables are still missing. For
example, wind data are primarily needed in the tropics, an area covering around 50% of the Earth and
where the sparsity of observations is a serious impediment to increased analysis accuracy. In spite of
the complexity of current data assimilation, there are many challenges for the future, most of all
regarding improved solution algorithms; they will be targeted at increasing the exploitation of new
observational data, but will also be able to handle improved models. The computational affordability
will continue to be a limitation, because a relevant proportion of the cost of producing a forecast is
associated with data assimilation. Next-generation data assimilation methods will probably employ
fundamentally new mathematics, but assimilation methods in the near future will probably be based
on a combination of existing concepts.
Optimization of parameterization schemes
In contrast to the dynamics of NWP models, which are based on fundamental concepts, physical
parameterizations, although partly based on fundamental physical laws, involve empirical functions
and tuning parameters, which usually referred to as model closure parameters. This means that
typically an expert knowledge and manual techniques are required to define the optimal parameter
values, based on observations, process studies, large eddy simulations, etc. Therefore, some
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parameter combinations perform better than others, but it is very demanding to manually specify the
optimal combination. Several studies have demonstrated the importance of this “parameter
uncertainty” by perturbing single and multiple model parameters within plausible ranges determined
by expert judgment. The sensitivity of a LAM to a parameter perturbation has been examined in several
studies. [R82] presented results of the operational NWP COSMO and the related sensitivity activity
performed for the convective scale. [R83] examined the feasibility to calibrate COSMO model using an
approach based on an objective multi-variate calibration method built on a quadratic meta-model. The
importance of the model calibration has been acknowledged by the COSMO Consortium through the
establishment of the priority project CALMO (2013-2016), aimed to develop a method supporting an
objective calibration of the input parameters of the model. [R84]showed that the results of COSMO in
terms of temperature and precipitation over South Italy show a great sensitivity to changes related to
the physical parameterizations of soil and atmosphere, and that the optimal configuration allows a
good improvement in terms of temperature bias over this complex orographic area. This confirms that
an approach based on an objective multi-variate calibration method built on a quadratic meta-model
could be a useful tool in order to find a better combination of the values of the tuning parameters.
Apart from the configuration optimization, significant achievements could be obtained by improving
critical parameterization schemes, such as those related to the urban representation. In the last years,
Limited Area Models have employed very high spatial resolution to improve local forecasts, especially
for dangerous convective phenomena, and to capture better the urban features. In the same period,
a large number of urban land-surface schemes have been developed. They enable the convection
permitting atmospheric models to resolve the heterogeneity of cities with applications for heat stress
assessment and the development of urban climate adaptation and mitigation strategies. Urban areas
have a significant impact on atmospheric flow and meteorological processes and their study is growing
inside the scientific community. The topic is of great interest because the urbanized surfaces are
enlarging throughout the world and the number of people living in will increase in the following years.
The use of urban canopy parameterizations is getting more and more common in high-resolution NWP
modelling, since it has been proven that the use of urban canopy models and the specification of
different urban model parameters have comparable or even more important contributions to forecast
biases temperature and wind speed than PBL schemes ([R85]). In the basic version of the COSMO
model, cities are represented as natural land building surfaces with an increased surface roughness
length and a reduced vegetation cover. This representation is not very effective, since urban areas are
still treated as water-permeable soil with aerodynamic, radiative and thermal parameters similar to
the surrounding natural land. The introduction of the TERRA_URB parameterization ([R86]) offers an
intrinsic representation of urban physics with modifications of the input data, soil module and land
atmospheric interactions. It has been shown ([R87]) that the effect of TERRA_URB combined with a
skin temperature scheme ([R88]), provides a substantial improvement in capturing the UHI intensity
and improving air temperature forecasts for urban areas.
Ensemble forecasting
At the beginning of the 20th century, Poincare ([R89]) recognized that forecasts of nonlinear systems
can vastly differ if small perturbations are applied to the initial conditions, and that this difficulty could
be fundamental in limiting predictive skill. Successively, from the chaos theory of Lorenz, it raised the
need for reducing the growth of initial condition uncertainties and errors introduced by imperfect
models. The recognition of imperfect forecasts and determining how to calculate uncertainty using an
ensemble approach represent a major accomplishment in physical sciences. This is particularly true for
the prediction of highly variable parameters like precipitation, where ensemble spread quantifies
forecast uncertainty of rainfall location and intensity and thus provides essential information to users.
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In the last years, the “ensemble forecasting” ([R90]) became a successful way to address the problems
associated with the uncertainty of initial conditions. To minimize these errors, an ensemble forecast
can be also applied, which takes an average across all predictions, such that only strong predictable
signals remain.
Ensemble forecasting allows a better estimation of the initial conditions produced by data assimilation
techniques ([R91]). Then, perturbations of the initial state are computed in different forecasts, initiated
by a perturbed initial state. Several weather centres addressed this problem by developing operational
ensemble prediction systems (EPS), using the ensemble spread to indicate the forecast uncertainty.
However, one of the main drawbacks of the ensemble averaging is that it may show some physically
implausible characteristics ([R92]). Different sets of initial conditions are generally used in a way aimed
to maximize the difference between ensemble members, thereby aiming to capture the widest
possible range of the uncertainty associated with the initial condition errors ([R93]). In more recent
ensemble methods, different weights have been assigned to different models based on their skills
using the least squares minimization approach ([R94]).
High resolution
There is an ongoing debate in the weather forecast community about the benefits of convection
permitting models that explicitly resolve convection and other thermo-dynamical processes. An
increasing number of studies show improvements in model performances when the grid spacing is
increased to 1-km scale, in particular that convection-permitting models confer significant advantages
in representing orographic regions, producing high-order statistics, predicting events with small
temporal and spatial scales, and representing convective organization.
It has been shown that application of weather models with higher resolutions might deteriorate
representation of the atmospheric processes ([R95]). For example, convective schemes that have been
developed for simulations with coarse resolutions could be less effective at relatively higher
resolutions. However, in general, models with relatively higher resolutions can better capture local
features such as topography, land use and coastlines ([R96]). At higher resolutions, some small-scale
processes are represented more accurately or even explicitly, so systematic errors of models generally
decrease at higher resolutions (e.g. [R97]). In response to application of models with higher
resolutions, improvements have been also achieved in representation of some large-scale features due
to an adequate representation of small-scale processes. Specifically, several studies revealed the
added value of kilometer-scale modelling in a better representation of diurnal cycles ([R98]), hourly
precipitation intensities, local–regional circulations, seasonal average precipitation, convective
downdrafts and the representation of cold pools ([R99]). In addition to these direct effects, there are
further benefits, e.g., a more accurate representation of interactions with complex topography, urban
effects, land-ocean contrasts and land surface heterogeneities, which play a key role in forcing or
triggering convection.

4.3.3.2 Air quality models: current challenging areas
The complexity of physical and chemical atmospheric processes results in many issues in the
atmospheric and climate systems. Since the development of the first AQMs, a great progress occurred,
but there are still gaps in the knowledge and understanding, mostly due to the spatial and temporal
scales of the problem. AQMs address more challenging problems than operational NWPs. Although
both types of models solve the standard set of primitive equations using numerical methods and
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parameterizations, AQMs must also diagnose and predict a wider range of variables, including trace
gases and aerosols along with the interactions between them. This includes accurate determinations
of the sources and sinks of reactive gases as well as liquid- and solid-phase particles, so in summary
they constitute huge computational tasks. Improvements in these models are obviously aimed at
reducing the total uncertainty involved in the air pollution simulation, which can be considered as the
sum of three components: uncertainty due to the errors in the model physics, input data errors
(meteorology and emission-related parameters) and stochastic processes (e.g. turbulence) in the
atmosphere. As a consequence, the following challenging areas have been individuated: coupling with
meteorological models, chemistry modules, improvement of input data, uncertainty evaluation of
AQMs. These areas are discussed in the following of this section.
Coupling with meteorological models
Since AQMs and NWP models were developed independently, the modern AQMs modelling systems
generally require an interface programs and, if the grids of the two models are incompatible, an
interpolation step is necessary to project the meteorology into the AQM’s grid. The interpolation from
one grid to another can lead to a modification of mass and loss of detail, especially if the original grid
has greater resolution than the target grid. For this reason, several initiatives have been conducted
worldwide in order to deal with this issue, and in particular to develop coupled models, such as MC2AQ modelling system (Mesoscale Compressible Community – Air Quality) developed in Canada or WRFChem that is a component of the WRF modelling system. In Europe, several initiatives have been
launched, aimed to develop an integration strategy of mesoscale meteorological model and chemical
transport model. The final integration system with fixed architecture (module interface structure) will
have a possibility of incorporating different kinds of models. The overall aim is to identify requirements
for the unification of modules and to propose recommendations for third-generation of AQM in
Europe.
Problems related to the coupling between pollution and meteorology are related not only to the grid
difference, but also to the fact that, in the real atmosphere, the chemical and physical processes
effectively interact. Chemistry can affect the meteorology through its effect on the radiation budget,
while meteorology can affect chemistry through clouds and precipitation influence on chemical
transformation and removal processes. However, the current mode of operation of majority of AQMs
decouple atmospheric chemistry and dynamics, creating disadvantages because there is no possibility
to consider chemical and dynamic feedbacks in the real atmosphere. It has to be considered that online coupled models are characterised by high computational resources demand, especially for
repeated simulations needed for emission scenarios analysis and source apportionment activities. This
is one of the reasons why off-line coupled meteorological and air quality models are still prevailing
used for air quality management and planning.
Chemistry modules
A relevant component of uncertainty could be reduced by introducing more physically and chemically
realistic and computationally efficient algorithms. The problem of air quality places more stress on
certain model components than standard NWP applications, since the chemical species of interest for
AQ models are a very large number and have extremely variable lifetimes in the troposphere. As a
result, the chemistry model, in order to handle both fast and slow reactions, is faced with a numerically
stiff problem. The solution techniques in this case can be computationally expensive and sensitive to
the update time between the meteorological and chemistry models.
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A fully explicit mechanism for representing gas-phase atmospheric chemistry would contain up to
20000 reactions and several thousand species, but there is no need nor computational feasibility to
incorporate such a huge number of components into AQMs. A good compromise between the need of
accurate chemical description and restrictions imposed by computational considerations could be
reached using a large amount of input data, such as reaction rate constants and activation energies.
The considered chemical mechanism should be able to handle the most important issues, and in
particular the sulphur-nitrogen chemistry, the photochemical oxidant cycle and secondary particulates
(PM2.5) chemistry. Finally, short chemical lifetimes also result in large concentration gradients in both
horizontal and vertical direction, which place a higher load on the accuracy of advection and diffusion
terms. Finally, AQMs are more sensitive to errors in turbulent processes and to the parameterization
methods that are used to close the turbulence equations and determine the state of the boundary
layer.
Improvement of input data
The values of input parameters to AQMs models are often affected by inaccuracies, resulting in
unreliable predictions. A relevant source of uncertainty is related to the emission input data. Even if
the European scale emission inventory has been improved (CAMS and EMEP are good references),
there are still intrinsic restrictions due to the limitation of pollutants included and since they are based
on national inventories data produced with different criteria in the member countries. Moreover,
European scale gridded inventories are not suitable to support local scale air quality modelling, since
they have to rely on Region/Province scale or national scale inventories ([R100]). Inverse modelling
studies are increasingly focusing on urban areas ([R101]), which represent the main sources of
pollutants, for which inventories with a high spatiotemporal resolution are used to better represent
the variability in local emissions affecting local concentration measurements. Understanding the
uncertainty at higher resolution than the country-level is thus necessary, which means that the
uncertainty caused by spatiotemporal disaggregation becomes important as well. The effects of input
data errors could be reduced by setting up more accurate monitoring instruments at representative
locations. On the other side, the stochastic fluctuations in the atmosphere are intrinsic features and
cannot be eliminated ([R78]). Another source of uncertainty is related to the low accuracy of
meteorological data used as input, but this issue is discussed in Sec. 4.3.2 of this document.
Uncertainty evaluation of AQ
There is still lack of a consistent procedure for the uncertainty evaluation of both AQ and weather
models. Consequently, the development and acceptation of a reliable evaluation procedure is still a
challenge to the scientific community. The statistical evaluation deals with examination of model
predictions against observations and has to be performed each time when a model is implemented to
a new region. During the validation process, observed values of point measurements at a station are
compared against predicted values averaged for the grid cell area. Therefore, not all existing station
data could be used for model validation purposes. Stations chosen should be representative of the grid
area conditions (i.e. stations in specific conditions should be excluded) so that stations should not be
influenced by local sources. Moreover, the usual requirement of temporal data completeness should
be assured as well as the requirement of a statistically sufficient number of stations, covering the entire
area of interest. In recent years, progresses have been achieved thanks to the activities promoted in
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the frame of FAIRMODE7 (Forum for Air quality Modeling). It is a forum aimed to bring together air
quality modelers and users to support the harmonized use of models by EU Member States, with
emphasis on model application under the European Air Quality Directives.

4.4 Conclusions
In this section, a review of the most frequently used aviation weather reports and some examples of
systems used to integrate different meteorological information have been presented. Moreover, a
description of the numerical models used to support ATM (weather and air quality models) has been
provided. It has been shown that, in the last years, newer developments in internet-based weather
services (along with the innovations driven by the broad usage of mobile devices and GPS navigation
systems) allowed the introduction of primarily graphical and interactive accessible weather
information for aeronautical users. Currently, several research activities are currently in progress on
these topics.
Numerical Weather Prediction (NWP) have also been analysed and described, since they represent the
foundations of the tools used to provide weather information to support ATM. Furthermore, air quality
models have been considered, since they are needed to analyse the impact of aviation emissions on
air quality. Regarding the perspective of innovations for these strategic models, four different
challenging areas have been investigated, aimed to improve the weather forecasting, namely the
improvement of initial conditions, optimization of parameterization schemes, ensemble forecasting,
high resolution. Moreover, since Air quality and Weather models were developed independently, they
generally require an interface programs and, if the grids of the two models are incompatible, an
interpolation step is necessary to project the meteorology into the air quality grid.

7

https://fairmode.jrc.ec.europa.eu
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