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Abstract- ""eat her is a major sOlll"Ce of operationnl air 
trarric delays, accounting for 25 to 70 percent of all delays 
dependent of the geographical region. In toclay 's Air 
Traffic Management (ATl\1) systems, a variety of weat her 
information is available to help tactical and strntegic 
planners better anticipate weather events that impact 
airspace cnpacity. Regretflilly, the infol"ll1ntion is not 
always shared amongst all the stakeholders involved or 
well integrated into the existing ATM environment. This 
paper describes the high-level concepts for an improved 
sharing and integration or weather information into Air 
Traffic NIanagement Decisions, as well as the current state 
and anticipated capabilities or the underlying inrormation 
nHlnagement infrastrllcture. 

I. INTEGRATtON OF WEATH ER INFORMATtON IN ATM 

1\ . U.S. Perspective 

\\fea ther hns a tremendous impact on aviation operntions. A 
study or ncc iclcnl reports fro m the ye~Hs 1994 th rough 2006 
revea led tha t 20 percent or aviation acc idents and 23 percent of 
raw l lI viatioll accidents were wcather related. \Veather delays 
acco unt for 70 perccnt or the $41 bi ll ion anllua l cost of air 
traffic c1clnys with in the Un ited Stmes Na tionnl Ai rspace 
Sys tem (NAS), or $28 billion annually. Approxi mately tlVO 
thirds ($ 19 billion) of these delays are considered to be 

*'111is work was sponsored by lhe Federal Aviation Ad mi nistra ti on under Air 
f'"o rcc Contran No. FA8 72 I ~OS·C.OO02 . Opinions, inteqJretations, 
concl us ions, and rt'"commcndmions !I re lhose of the aUlhors and are nOI 

llI:ccssarily endorsed by (he Un it ed Sta les Govelll menL 

Dennis Hart 
Eurolltrol 
Brussels 

Denn is. hart@eurocontrol.int 

Oliver Newell and Kajal Claypool 
Weather Sensing Group 
MIT Lincoln Laboratory 

Lexington , MA 
01 ivern @II.lllit.edu 

avoidable. The Weather-Air Traffic Management (ATM) 
IntegI:ation Working Group of the NAS Operations 
Subcommittee of the Federal Aviation Admini stration ' s 
(FAA 's) Research, Engineering and Development Advisory 
Committee conducted a 12- lllonth study to examine the 
potential benefits of integrating weather and ATM. The report 
of thi s committee mnde several recommendations regarding 
integration of weather and the potentin] for weather integration 
to hclp reduce delnys . The wny to mitigate these delays and 
eliminate those that are avo idable is to improve the qual ity and 
method of use of weather information and integrate the weather 
support into NAS dec isions. At the same time, the acl vnntages 
nnd potential benefits of integrating weather and air traffic 
management will , in all likeli hood, ass ist in reducing the 
number of weather relnted accidents. 

The FAA has produced a NextGen A n 'l-Weather 
Integration Plan which prov ides the npproach, scope. and 
implementation road rnap to achieve the NextGcn vision: to 
enable dec isio n makers to identify areas where and when 
ni rcrn ft cn n ny safely with weather assimil ated into the 
dec ision making. It nlso addresses agency ro les ancl 
responsibilities and includes resource requ irements. The pl an 
es tab lishes an npproach to deal wi th the in tcgrnt ioll of weat her 
information into the ATM dec ision-mak ing process. 
Integration as used here rete rs to the inclusio n of weat her 
information into the logic of a decision process or a decision 
nid sllch that weather constraints are taken into accou nt when 
the dccision is mnde or recommended. The goal of weathcr 
integration is to minimi ze the need for humans to gauge NAS 
weather constraints and to determine the optir11LlIl1 miti g.a tion of 
these constraints. 



The ATM~wetllher Integratio n concept addresses the 
fo llowing problems: 

• Most weather support to ATM is manual , with wea ther 
disp lays that Tllllst be interpreted by the lIser. 

• Weather products do no t have the maturity required for 
d irec t insertion without inte rpretation nor are they 
translated into constraint information. 

• Rules for interpretation and LIse of weather data are 
generally based on the experience of the user. 

• ATM decisions based upon today's weather products 
are inconsisten t from user to user. 

Figure I below illustra tes the process of moving from raw 
current and forecast weat her data through the creation of 
wea ther informatio n that re la tes weather data to aviat ion 
const raints and on to the generation of rules for decisions to be 
made by ATM operators and other users and ult imately to the 
creation of auto mated Decision Support Tools (DSTs) . 

An analysis of the current stale of weather integration was 
conduc ted and found weather integrat ion opportunities in the 
NextGen Solution Sets: Initiate Trajectory Based Operations, 
Increase Arri vals/Departures at High Density Airports , Increase 
Flexib il ity in the Termina l Environment , Improve 
Collaborative ATJ'vI, Increase Safety, Securi ty, and 
Environmental Performance, and Transform Fac ilit ies. Each 
so lut ion set was broken down into Operat ional Improvements 
(OIs), wi th level Mid-Term capabilities, Mid-Term operat ional 
scenarios, and Mid-Term wea ther integration and needs 
ana lysis. 

ATM wi ll require DSTs that can access information from 
the 4-D Weather Data Cube (4-D Wx Data Cube) that has been 
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translated into NAS co nstraints a ncl provide ATM with best 
choice opt ions. The translation can be obtained by a network 
service for common lise or by imbedd ing the transla tion 
capability in the DST for unique needs. The rAA ATM
Weather Integration Plan provides an overview of 
methodologies. the strategy for evaluation of the 
methodologies, and the initial ident ifi cation of the best near
term strategies for further development. An appendix to the 
Plan provides a survey identifying technologies and 
methodologies for translat ing .weather information into ATlv[ 
co nstraints in the NAS and for usi ng that information. The 
survey includes approaches for addressing weather-re lated 
uncertainty in ATM decision making and risk management 
processes. 

The Plan presents a summary of each of the surveyed ATM 
cons traint and impact models stan ing with models that were 
derived primarily for co nvect ion, and ending with a wide 
var iety of models for severa l types of aviat ion hazards. It also 
contains an assessment of the maturity of the ATM cons train t 
and impact models presented, and identifies gaps in 
technologies that mllst be addressed for NextGen. 

Further research is required on the COil vers io n of weather 
data into spec ific ATM const ra ints. It is expected that th is 
research will be a collaborati ve e ffo rt in vo lvi ng the 
government, the private sector, and academia. 

The execution of this Plan will occur in four steps. The 
steps will be executed in sequential orde r from the start, but the 
steps will be repeated many times as new weather techniques 
and ATM tools are developed and may be occ urring 
simultaneously at some point in the future. The steps are as 
follows: 
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Figure J Convers ion of weather infonnation into ATi ... f decisions. 



I . Align teams with each solution set and analyze 
wc,lIher integration requ iremeTHs for a scrvice- and 
performance-based approach for weather integra tion as 
associated with operational relevance. 

2. Idcntify the specific weather in tegration insert ion 
points, including performance criteria and va lue, into ATM tool 
or dccision platform functionality. 

3. Identify and recommend the specific weather 
integration techniques and technologies that best fit the 
requirements of a particular traffic flow management tool under 
development and in particular, the insertion points identified in 
the previous step. 

4. Serve as the Subject Matter Expert for the ATM tool 
development team to ass ist in integration of the weather 
methodologies and to evaluate test results. 

To download the f'AA ATM-Weather Integrat ion Plan, go 
to hup://www.jpdo.gov/ and then in the top right corner choose 
"Knowledge Cente r" and "Library." From there, look under 
"Technical Documents" to find "Air Traffic Management
Weather Integration Plan v2.0." 

B. European Perspective 

Today 's and future European ATM Network (EATMN) is 
little different to the US NAS and will continue to be subject to 
the same vagaries of weather phenomena that affect air 
transport today . EUROCONTROL's Performance Review Unit 
(PRU) and its Centra l Flow Management Unit (CFMU) 
est imated that over recent years, 25% of the airport and en
rou te delays in the EATMN were attributable to weather. 
Translating this to Airport performance, aroll nd 45% of delays 
had a direct relationship with the weather on or in the vicinity 
of airpons. Whilst less impressive than the es timated associated 
costs in the US, the average annual costs for weather related 
delays in Europe is an estimated €900 million. 

Within the contex t of the futu re EATMN, this considerable 
impact of wcather on safeLY, capacity and efficiency and the 
potcntial to mitigate some of the environment impaci of 
aviat ion Illust be examined in detail. The importance of timely, 
accurate and easily available meteorological information for 
dec ision support is emphasized in European ATM Master Plan 
and the Si ngle European Sky ATM Research (SESA R) 
Programme. 

Identified by all stakeholders arc a number of key changes 
in support of the notion of utilization, management and 
interchange of metcorological information relevant for the 
fUlu re European and Global ATM system. These key changes 
idcnti lied arc very si milar to the US ones and address issues 
such as requirements for improved means to fo recast and report 
wind shear, low level turbu lence, wake vortex, low visibility 
procedure conditions, winter conditions, severe weather 
phenomena and similar OCC UITences to support lI ser needs. In 
general. these products and services are in addition to the 
tradit io nal requirements 1'0 1' Meteorological (MET) Information 
and Services as spec ified ill leAO Annex 3. This in itself 
requires a key change ill how MET is harmonized, regulated 
and all stakeholders conjointly work towards global 

interoperability. This is especially true in a European sell ing 
where MET Informat ion and Services available for aviation 
today are almost exclusively dictated by the Slated ICAO 
provisions. 

Besides developing new capabilities. rccent ad vances in 
meteorological observat ion and forecasting techniques have 
already raised the levels of accuracy of the predicted 
information at a European level significantly. But the lise of 
these products by the European ATM commun ity continues to 
be low. The reasons for this underutil ization are far from clear. 
There is circumstantial evidence thut a lack of awareness is a 
significant cause. However, the root cause could be that ATM 
today, with respect to weather, applies a reactive rather than 
proactive approach to decision making. ' Wait and see' appears 
to be the norm, as the perceived level of associated risk is 
considerably lower than in the proactive alternative. 

To change this norm, it is clear that a significantl y higher 
degree of understanding and cooperation between the user and 
supplier communities is required. The chall~ nge is to identify 
the key data attributes required 10 assure a high degree of 
confidence in the information and the platform for dec ision 
making. Moreover, 10 stan to work 0 11 this conversion of 
weather data into specific ATM constraints, it is crucial to 
understand, foster and develop the notion of uncertainty in 
ATM decision makIng. 

The aim is to 1110V~ towards the much desired holistic, 
cooperative and collaborative decision-making environment. 
In such an environment the diverging expectations and interests 
of all members of the Air Transport co mmunity are balanced to 
achieve equity, access and system efficiency. It is essential for 
the effic iency of ATM thm a knowledge-based decision 
making is made inclusive of weather. Therefore the existing 
knowledge on the uncertainty of MET Information throughout 
the th is decis ion making environment for ATM must be 
quickly and full y incorporated into operational procedures .. 

It is observed that in many domains of Ai r Transport and 
ATM, a state of ha ving lim ited knowledge and where il is 
impossible 10 exactly descr ibe the future outcome of th ings can 
be handled. Risk management methodologies inclusive of cost
lost analys is provide the mechanisms to nddress ullcertainty in 
decision making processes. It is accepted that a transat lan tic 
fli ght approaching the outer bounds of radar coverage will 
appear 011 the ATCO screen in defin ed space and time but not 
exactl y on position A, or time B. However, ATM find s it 
difficult 10, for instance. incorporate a spot wind forecast of 2 
meier per second at FL350. into the calculation of the 
associated intended track. 

It should be recognizcd that the level of ullcertainty in 
do mains other than meteorology is in 1110st eases of a different 
order. Therefore, it could be perce ived as difficul t to apply in a 
straightforward manner by ATiVI. This comes back to the 
inlrinsic stochastic nature or weat her -thus meteoro logy
compared to other informatio n types and doma ins lI sed by 
ATM. These are potentially reasons why it is 110t poss ible 10 
handle the uncertainly associated wit h meteorologica l 
information in an ATM context across the EATMN. The exact 
reasons are however not co mpl etely understood. 



Further research is required to improve the level of 
understanding and confidence within the MET and ATM 
communities to tackle issues associated with meteorological 
uncertainty. It is expected that this research will be a 
collaborative effort throughoLit the SESAR Programme. 

II. WEATHER INFORMATION MANAGEMENT 

INFRASTRUCTURE 

The U.S. and European plans for integration of weather 
information into ATM in the 2013-2025 time frame presume 
the existence of a robust ATM information management 
infrast ructure inclusive of weather information. At a high-level, 
both the FAA and EUl"Ocontl"01 and the regional ATM 
improvement programmes NextGen and SESAR are addressing 
the issue using a similar, Service-Oriented Architecture (SOA) 
approach that· relies on standardized data exchange models and 
data access services. A key goa l is to move away from stove
piped weather systems that are ntH inherent ly interoperable and 
are, as a consequence, difficult to maintain and extend and 
moreover hindering cOlllmon situational awareness amongst all 
relevant stakeho lders. 

The need for standardized data models and data access 
services is certa inly not unique to the weather domain, or the 
FAA or EUROCONTROL as organizations. In the U.S. , 
numerous other governmcnt agencies, such as the Department 
of Defense (DoD), Department of Homeland Security (DHS), 
are pursuing a similar strategy. In Europe, organizations such 
as the Infrastruc ture for Spatial Information in Europc 
(INSP1RE), serve a sim ilar ro le. 

A. Dow models 

The focus over the last few years has been on creating data 
models tha t leverage exist ing standards, such as the spatial data 
standards supported by the International Standardization 
Organization USO) or the Open Geospatial Consortium 
(OGC). The weather information exchange mode[ (WXX'1-.1), 
developed jointly by the FA A and EUROCONTROL, is an 
exa mple of a modular data model based on core components 
defined by the ISO and OGC standards. The benefits of 
standards include interoperability between a wide variety or 
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weather data providers and co nsumers. as well as shared 
software component libraries . 

Following guidance in the NextGen and SESAR Enterprise 
Architectures, \VXXM separates the abstract conceptual model 
from the physical implementation(s) of the 1110del. In WXXM , 
the abstract conceptual model is defined lIsing Universal 
Modeling Language (UML) and is commonly referred to as the 
Weather Information Conceptual Model (WXCM). Currently, 
WXX1v1 includes a physical implementation of the conceptual 
model in the form of an Extensible Mark-up Lan guage (XML) 
schema, which itself leverages XML schema components 
available from 1S0 and OGe and is automatically generated 
from the UrvtL model. This XML schema is referred to as 
WXXS. The 1110dular, component-based design of the WXXM 
Xl'vlL schema is shown below in figure 2. Note that the XML 
schema is one physical realizarion of the conceptual model, and 
other representations are possible. 

The layered, modular nature of the model provides obviolls 
benefits in the form of software reuse. Less obvioLl s is the faci 
that design also allows for modular governance of the model. 
This is particularly useful in the context of the more rapidly 
changing aspects of the model driven by new NextGen or 
SESAR requirements. Community-specific extensions provide 
the necessary agility for organizations such as the FAA and 
Eurocontrol to independently innovate, while still remaining 
true to the overall \VXXM framework. 

It is interesting to contrast the \VXXM data model with the 
aeronautical information exchange model (AIXM) and other 
models under development for data typical used in the ATM 
environment (Fli ght Objects, etc.) from the perspecti ve of 
Weather-ArM integration. As for \vXXM , A1XM is based on 
GML and the ISO/OGC spatial standards stack. A diagram 
illustrating the composition of the AIXM XML schema is 
shown below in figure 3. 

The leveraging of common underlying standards between 
WXXM, AIXM and other data domains under development 
provides a number of benefits to the ATiVr community. Shared 
software infrastructure and tooling across the weatller and 
aeronaut ical information domains wi l[ simplify application 
development and red uce overal l development costs. For 
example, a single GML software library can be lI sed, assLlm ing 
that the models are synchronized to use the same version of 
GNfL. Also cross-references between domains, such as a 
reference to an AIXl'vl runway description from a \VXXfVl 
airport weather report , also become more straightforward due 
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to the cOlllmon upproach shared by the two models. The use of 
cross references is important LO minimize duplication of duta, 
with its associated bandwidth requirements and qua lity 
assurance issues. Within the SESAR Programme, these 
commonali ties which respect to common rules and common 
components for all the models used in the different data 
domains is also made abstract. This COlllillon layer is 
represented as an abstract Information model inclusi ve of a set 
of rules with respect to the underpinning data domains. Th is 
model is referred to as the ATM Information Reference Model 
(AIRM). 

The shnring of XML components at the physica l exchange 
level is, however, not a magic bullet in terms of providing 
seamless interoperability between two or more information 
domains. In practice. there is still a fair amount of manual 
doma in-specific labor involved, plac ing limits on software 
component reuse. Weather information, for example, tends to 
be highly dyna mic when compared with aeronautical 
information sllch as runway and airspace geometries. The 
temporality models of AIXM and WXXM evolved somewhat 
separately, and are quite different. As a result, software 
components llsed to hand le the tempora l aspects of weather 
data cannot curre ntly see significant rellse with respect to 
hand li ng the tempora l aspecls of AIM data. The possibility of 
increased alignment of the models with respect to temporality 
and other features will be the subject of ongoing research in the 
201 1-2015 time-fram e, so me of wh ich wil l be conducted under 
the auspices of the OGe interoperability program. 

B. In/omwrioll Services 

The second major piece of the interoperability puzzle is the 
set of interfaces, or services, used to access the data, History 
has shown Ihat large-scale intcroperability is best achieved by 
leveraging a re latively sma ll number of interfaces that arc, to 
thc ex tent possible, data type agnostic (analogous to the lise of 
HTTP and ITP on the Internet). The OGe Web Feature 
Service (WFS) and Web Coverage Service (\YCS) have been 
selecled as a set of sti.lIldardized interfaces for access of non
gridded :lI1d gridded weat her data products, when lIsed in near 
real time user applications. These interfaces provide 
standardized query semantics to allow data to be filtered by 
product type, as well as by spec ifying spatial and temporal 
constraiJlls. 

Ne ither the \~lCS or WFS services, as currentl y specified by 
the OGC, support pub I ish/subscribe message exchange 
semantics. Thi s is cons idered to be an imporlant service pattern 
in an ATtvl environment. A key activity wi thin Nex lGen has 
been [0 develop publish/subsc ri be ex tensions fo r \YCS and 
WFS, based on the OAS IS WS-Notification speci fi cat ion. This 
capnbility has been sllccessfull y demonstrated, and the 
responsible NNE\V team will be working on standardizing the 
:lpproach wi thin the aGe over the next two years. 

The OGC inte rl~tces, including the pl anned 
publish/subscribe extensions, arc nOI spec ific to the weather 
domain, and are capable of supporting spatial and temporal 
query access 10 other data types such as aeronautical 
information, night informat ion or other relevant information 
for ATM. The \VFS and \YCS interfaces serve as an abstraction 
layer, allowing for a var iety of underlying data stores (SQL, 

Flat-File, eLc .) to be used in support i t varie ty of data Iypes. 
such as weather, aeronautical information, and Ilight da ta. 

Add itional information on the NNE\y program can be 
found on the NNEW Wik i at : 
http,:!lwiki.lIcar.edli/displayINNEWDffhe+NNEW+W iki 

The SESAR Information Management activi ties inclusive 
of meteorology can be found at: 
h t 10:/ /www.sesarju.eu/prngramm(./wnrkpackaf!.es/wpR 

Ill. CONCLUS tON 

The challenges associated with the globa l integration of 
weather into ATM decision making are signi fi cant not least 
from the institutional side. EUROCONTROL and the FAA are 
working closely together to ensure harmonization across the 
Atlantic and to support ICAO at the globa l and regional levels. 
This collaboration is reflected in Action Plan P29 of the 
EurocontrollFAA Memorandum of Cooperat ion which has 
already delivered WXXM. Work is ongo ing with respect to the 
4 D Weather Cube and the many other facets of aviation 
meteorology which are cLIITently being considered or deli vered. 
Harmonization is forma lly organized through biannual 
Technical Interchange Meetings (TIM) and the essent ial needs 
of global harmonization are not being ignored. ICAO, WMO 
and a limited number of States from other ICAO regions are 
inv ited to participate in the TIMs 
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