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ABSTRACT 
 
 
 
 
 
Abstract 

 
 
The study of the atmosphere behaviour is been of particular importance both in 
SESAR and NextGen programs, where the current air traffic management 
(ATM) system is undergoing a profound transformation to the new paradigms 
both in Europe and the USA, respectively, to guide and track aircraft more 
precisely on more efficient routes. Uncertainty is a fundamental characteristic of 
weather phenomena which is transferred to separation assurance, flight path de-
confliction and flight planning applications. In this respect, the wind is a key 
factor regarding the prediction of the future position of the aircraft, so that 
having a deeper and accurate knowledge of wind field will reduce ATC 
uncertainties. 
 
The purpose of this thesis is to develop a new and operationally useful technique 
intended to provide adequate and direct real-time atmospheric winds fields 
based on on-board aircraft data, in order to improve aircraft trajectory 
prediction.  
 
In order to achieve this objective the following work has been accomplished. 
The different sources in the aircraft systems that provide the variables needed to 
derivate the wind velocity have been described and analysed, as well as the 
capabilities which allow presenting this information for air traffic management 
applications. The use of aircraft as wind sensors in a terminal area for real-time 
wind estimation in order to improve aircraft trajectory prediction has been 
explored. Computationally efficient methods have been developed to estimate 
horizontal wind components from aircraft velocities (VGS, VCAS/VTAS), pressure, 
and temperature data. These wind data were utilized to estimate a real-time wind 
field using a data processing approach through a minimum variance method. 
Finally, the accuracy of this procedure has been evaluated for this information to 
be useful to air traffic control. 
 
The initial information comes from a Flight Data Recorder (FDR) sample of 
aircraft landing in Madrid-Barajas Airport. Data available for more than three 
months were exploited in order to derive the wind vector field in each point of 
the airspace. Mathematical model based on different interpolation methods were 
used in order to obtain wind vectors in void areas. 
 
Three particular scenarios were employed to test two interpolation methods: a 
two-dimensional one that works with both horizontal components in an 
independent way, and also a complex variable formulation that links both 
components. Those methods were tested using various scenarios with dissimilar 
results.  
 

xv 
 



ABSTRACT 
 

This methodology has been implemented in a prototype tool in MATLAB © in 
order to automatically analyse FDR and determine the wind vector field that 
aircraft encounter when flying in the studied airspace. Required conditions and 
accuracy of the results were derived for this model. 
 
The method developed could be fed by commercial aircraft utilizing their 
currently available data sources and computational capabilities, and providing 
them to ATM system where the proposed method could be run. Computed wind 
velocities, or ground and true airspeeds, would then be broadcasted, for 
example, via the Aircraft Communication Addressing and Reporting System 
(ACARS), ADS-B out messages, or Mode S. This new source would help 
updating the wind information furnished in meteorological aeronautical 
products (PAM), meteorological aerodrome reports (AIRMET), and significant 
meteorological information (SIGMET). 
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RESUMEN 
 
 
 
 
 
Resumen 

 
 
El estudio del comportamiento de la atmósfera ha resultado de especial 
importancia tanto en el programa SESAR como en NextGen, en los que la 
gestión actual del tránsito aéreo (ATM) está experimentando una profunda 
transformación hacia nuevos paradigmas tanto en Europa como en los EE.UU., 
respectivamente, para el guiado y seguimiento de las aeronaves en la realización 
de rutas más eficientes y con mayor precisión. La incertidumbre es una 
característica fundamental de los fenómenos meteorológicos que se transfiere a 
la separación de las aeronaves, las trayectorias de vuelo libres de conflictos y a 
la planificación de vuelos. En este sentido, el viento es un factor clave en cuanto 
a la predicción de la futura posición de la aeronave, por lo que tener un 
conocimiento más profundo y preciso de campo de viento reducirá las 
incertidumbres del ATC. 

El objetivo de esta tesis es el desarrollo de una nueva técnica operativa y útil 
destinada a proporcionar de forma adecuada y directa el campo de viento 
atmosférico en tiempo real, basada en datos de a bordo de la aeronave, con el 
fin de mejorar la predicción de las trayectorias de las aeronaves. 

Para lograr este objetivo se ha realizado el siguiente trabajo. Se han descrito y 
analizado los diferentes sistemas de la aeronave que proporcionan las variables 
necesarias para obtener la velocidad del viento, así como de las capacidades que 
permiten la presentación de esta información para sus aplicaciones en la gestión 
del tráfico aéreo. Se ha explorado el uso de aeronaves como los sensores de 
viento en un área terminal para la estimación del viento en tiempo real con el fin 
de mejorar la predicción de las trayectorias de aeronaves. Se han desarrollado 
métodos computacionalmente eficientes para estimar las componentes 
horizontales de la velocidad del viento a partir de las velocidades de las 
aeronaves (VGS, VCAS/VTAS), la presión y datos de temperatura. Estos datos de 
viento se han utilizado para estimar el campo de viento en tiempo real 
utilizando un sistema de procesamiento de datos a través de un método de 
mínima varianza. Por último, se ha evaluado la exactitud de este procedimiento 
para que esta información sea útil para el control del tráfico aéreo. 

La información inicial proviene de una muestra de datos de Registradores de 
Datos de Vuelo (FDR) de aviones que aterrizaron en el aeropuerto Madrid-
Barajas. Se dispuso de datos de ciertas aeronaves durante un periodo de más de 
tres meses que se emplearon para calcular el vector viento en cada punto del 
espacio aéreo. Se utilizó un modelo matemático basado en diferentes métodos 
de interpolación para obtener los vectores de viento en áreas sin datos 
disponibles. 
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RESUMEN 
 

Se han utilizado tres escenarios concretos para validar dos métodos de 
interpolación: uno de dos dimensiones que trabaja con ambas componentes 
horizontales de forma independiente, y otro basado en el uso de una variable 
compleja que relaciona ambas componentes. Esos métodos se han probado en 
diferentes escenarios con resultados dispares. 

Esta metodología se ha aplicado en un prototipo de herramienta en MATLAB © 
para analizar automáticamente los datos de FDR y determinar el campo 
vectorial del viento que encuentra la aeronave al volar en el espacio aéreo en 
estudio. Finalmente se han obtenido las condiciones requeridas y la precisión de 
los resultados para este modelo. 

El método desarrollado podría utilizar los datos de los aviones comerciales 
como inputs utilizando los datos actualmente disponibles y la capacidad 
computacional, para proporcionárselos a los sistemas ATM donde se podría 
ejecutar el método propuesto. Estas velocidades del viento calculadas, o bien la 
velocidad respecto al suelo y la velocidad verdadera, se podrían difundir, por 
ejemplo, a través del sistema de direccionamiento e informe para 
comunicaciones de aeronaves (ACARS), mensajes de ADS-B o Modo S. Esta 
nueva fuente ayudaría a actualizar la información del viento suministrada en los 
productos aeronáuticos meteorológicos (PAM), informes meteorológicos de 
aeródromos (AIRMET), e información meteorológica significativa (SIGMET).  
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CHAPTER 1: Introduction  
 
 
 
The main purpose of this project is to increase the development of tools which permit to 
come together the knowledge of wind behaviour within the airspace and the 4D-free 
routing. In particular by developing a new and operationally useful technique intended to 
provide adequate and direct real-time atmospheric winds fields based on on-board aircraft 
data, in order to improve aircraft trajectory prediction.  
 
 
1.1 Motivation 
 
The study of the atmosphere behaviour has been of particular importance both in Single 
European Sky ATM Research (SESAR) [77] and NextGen [35] programs, where the current air 
traffic management (ATM) system is undergoing a profound transformation to the new 
paradigms both in Europe and the USA, respectively, to guide and track aircraft more precisely 
on more efficient routes. 
 
The key element of the future ATM system is based on a fundamental shift in paradigm to 
‘four-dimensional (4-D) trajectory management’ [32] introducing time to the classical three-
dimensional trajectory. It includes a time constraint at specific merging points, in addition to the 
already known lateral, longitudinal and vertical separation constraints. A target time within a 
10-second window was checked in the first test flight for several separate merge points in 2012 
[33] and a second i4D flight trial was successfully performed in March 2014 [79].  
 
Therefore, negotiated trajectories expressed in those four dimensions will satisfy many of the 
airline preferences (particularly regarding fuel and time consumptions reduction) providing a 
higher throughput by performing more efficient aircraft operations but will also include other 
advantages as an ATC workload decrease regarding speed instructions as well as less vectoring 
assignments [34]. Nevertheless, it will also involve additional constraints due to limited airspace 
and airport capacity, in order to achieve an accurate trajectory prediction to produce flyable, 
efficient and de-conflicted trajectories for all the affected aircraft.  
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Uncertainty is a fundamental characteristic of weather phenomena which is transferred to 
separation assurance, flight path de-confliction and flight planning applications. In this respect, 
the wind is a key factor regarding the prediction of the future position of the aircraft, so that 
having a deeper and accurate knowledge of wind field will reduce ATC uncertainties. In fact, 
one of the potential instability sources that encompass the 4-D scenario is the variability of 
meteorological conditions, particularly when the aircraft encounter wind different from the one 
forecasted [79]. 
 
Meteorological information is provided in each country by the corresponding national 
meteorological agency. Furthermore, for different purposes, including flight planning, these 
agencies monitor the Earth's environment and forecast atmosphere behaviour providing reliable 
and timely information. Their forecasts are based on data from atmospheric observations 
(balloon, satellite, and aircraft data) taken at various locations worldwide, and numerical 
weather prediction models. 
 
Wind information currently available for ATS units, like aerodrome control towers (TWR), 
approach control units (APP), area control centres (ACC), flight information centres (FIC), etc., 
is supplied by their corresponding meteorological agency thought meteorological offices, 
meteorological watch offices (MWO), aeronautical meteorological stations, world area forecast 
centres (WAFC), etc. [49] These offices, centres and stations provide different meteorological 
reports: METAR, SPECI, TAF, SIGMET, AIRMET, trend forecasts, aerodrome warnings, etc., 
based on either data collected at the aerodrome area, or information on forecasts issued by 
WAFCs of the World Area Forecast System (WAFS). 
 
The frequency and validity of those reports is variable from hourly or half-hourly (if the 
regional air navigation agreement decided so in certain cases) to every 6 hours, if required, and 
some of them are delivered only when warranted. 
 
Regarding the surface wind displayed at ATS units for TWR and APP, they must show 
direction in degrees and the mean wind speed and direction averaged over two minutes (or over 
ten minutes in METAR and SPECI reports), and they have to be labelled in order to be related 
to their corresponding sensor.  
 
Other sources of meteorological information are the aircraft themselves. When automatic 
dependent surveillance (ADS) or secondary surveillance radar (SSR) Mode S are applied, 
routine air report are part of the information available for the ATS unit. Besides, surrounding 
aircraft report on meteorological conditions, either via data link which provides a large number 
of routine aircraft observations through the WMO aircraft meteorological data relay (AMDAR) 
system, or via special voice reports whenever certain severe meteorological conditions like 
turbulence, icing, and thunderstorms are encountered or observed by the aircraft crew. 
 
Wind data available both for ATM purposes and for aircraft pilots suffer from small 
measurement rate with respect to location and time. Having wind data available in real-time is 
of vital importance for ATC traffic control functions, particularly during climb-out or approach 
phases where they could be used for the sequencing of aircraft. Moreover, the surface wind data 
is needed for establishing runways in use, and currently weather radar data are used for guiding 
aircraft, and upper-air forecasts are a key factor for tactical decision-making. 
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The use of computational tools to simplify the tasks of human operators involved in the scheme 
will help, among others already mentioned, to reduce temporal target windows to be met during 
the flight execution. One example of such tools could be to make available a real-time wind 
field estimation for the airport surrounded area not only to the Air Traffic Control (ATC) but 
also to the aircraft implicated. 
 
The purpose of this dissertation is to describe a new and operationally useful technique intended 
to provide adequate and direct real-time atmospheric winds fields based on on-board aircraft 
data. Computationally efficient methods have been developed to estimate horizontal wind 
components from aircraft speed (VGS, VCAS /VTAS), pressure and temperature data. These wind 
data are utilized to estimate a real-time wind field. 
 
This method could be fed by commercial aircraft utilizing their currently available data sources 
and computational capabilities, and providing them to ATM system where the proposed method 
could be run. Computed wind velocities, from ground and true airspeeds, would then be 
broadcasted, for example, via the Aircraft Communication Addressing and Reporting System 
(ACARS), ADS-B out messages, or Mode S. This new source will help updating the wind 
information furnished in PAMs (meteorological aeronautical products), AIRMETs 
(METeorological Aerodrome Report) and SIGMETs (Significant Meteorological Information) 
reports. 
 
1.2 Goals 
 
The main goal of this dissertation is to develop a method for estimating horizontal wind velocity 
derived from on-board sensors. For practical reasons the assessment has been developed using 
stored information in FDR. This information was used to derivate wind vectors in void areas 
and assess the required conditions for having an as much as practicable accurate model. To 
reach those goals the following intermediate objectives must be achieved: 
 

• Exhaustive revision of the literature on wind observation and derivation from other 
variables as well as a revision of the aerodynamical/numerical methods employed for 
deriving wind in areas with void or scarce observations. 

• Derivation of wind vectors from data available in FDR samples and definition of a 
spatiotemporal grid to determine wind value at void areas. 

• Definition of an aerodynamical/meteorological model which establishes air motion 
based on fluid mechanics formulation and/or numerical methods. This will allow us 
obtaining wind vectors fields in the analyzed area.  

• Validation of the selected approach by solving numerical instances. 
 

1.3 Modelling 
 
As it has been described so far, the calculation of the wind field is subject to knowing the wind 
vector at different points and finding the optimal model which is able to determine these vectors 
in void areas. Therefore, modelling the phenomena involved in the calculation of the wind in a 
clever way is a key factor to tackle the problem. Models must be not too complex so that 
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problems are solvable as well as not time-consuming if we need a real-time field, but yet 
accurate to represent reality in a reliable way.  
 
In this thesis a 2 Degree Of Freedom (DOF) model that describes the point variable motion of 
the aircraft has been considered. The Earth has been treated as the ellipsoid frame defined in the 
WGS 84 (World Geodetic System 1984) and in order to obtain the x and y coordinates a 
stereographic projection [81] has been performed, where a mapping function has been 
considered to project the ellipsoid into a plane. The acceleration due to gravity in the 
atmosphere has been considered constant and perpendicular to the surface of Earth.  
 
The model of atmosphere that has been considered is the standard one used in aviation and 
weather studies, in which the pressure, density and temperature of the air are a function of the 
altitude given by the profiles established by the International Standard Atmosphere (ISA) [62] 
in the different layers of the atmosphere. 
 
Where necessary, wind forecasts have been used to assess the proposed methodology using the 
freeware application Ugrib [42] which allows us to download instant and fully customizable 
weather data from the numerical model developed at the National Oceanic and Atmospheric 
Administration (NOAA) Forecasts System Laboratory (FSL) that incorporates aircraft 
measurements, balloon soundings, and other sensor data [64]. Forecasts are provided via 
GRIdded Binary (GRIB) files.  
 
GRIB is a format with high compactness and high capacity used by the meteorological institutes 
of the world to store, share, and manipulate weather data. In Ugrib, data are provided four times 
a day into a 1×1 degree grid for surface wind, wind data at 10 m over the surface, and their 
corresponding sea level pressure. In particular, Ugrib files provide horizontal wind forecasts 
giving the two components, north and east, of the wind vector at each node of the grid. Wind in 
the vertical direction has been assumed to be zero due to its low values compared to the 
horizontal component.  
 
We turn now to the explanation of the models underlying the interpolation methods after a 
thorough revision of the more used techniques for solving wind-related issues; we focus on a 
deterministic, inexact, global method, a trend surface analysis in spite of the fact that 
deterministic methods provide no indication of the extent of possible errors. 
 
 
1.4 Literature review 
 
The range of altitude where aircraft usually fly is between sea level and about FL450 above 
mean sea level. This turns out the part of the Earth’s atmosphere where the greatest changes in 
temperature, pressure, density, humidity and wind take place.  

Many scientific and technological fields are related to the atmosphere behaviour, such as 
climatology, meteorology, air navigation, wind farms, environmental pollution studies, etc., 
which has given rise to different techniques of searching mathematical models that are able to 
determine, either analytically or empirically, the variations of the involved parameters over time 
and position.  
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These variables and their changes have been collected within the atmosphere at different 
latitudes, longitudes and altitudes by diverse means. In-situ devices as ballon sondes, 
radiosondes and rawinsondes (those latter are radiosondes tracked in flight so that winds aloft 
could be obtained) have been used, the former from the end of the nineteenth century [73], to 
collect data to investigate the structure and chemistry of the upper-atmosphere. In the mid-
1980's a significant progress was made in automation, and nowadays radiosondes systems use 
the Global Positioning System (GPS) to determine winds aloft [64]. There are over 800 upper-
air observation stations worldwide collecting data up to 35 km and those data are exchanged 
between countries thanks to international agreements [64]. Observations are usually taken at the 
same time each day 365 days a year. Severe weather conditions usually require additional 
soundings at selected stations. 

Those data are used in the analysis of the atmospheric parameters trend at various altitudes 
within the atmosphere and it has been made for wind measurements [43] or the structure of the 
tropical upper troposphere and lower stratosphere regarding water vapour and ozone, 
temperature and winds in [76]. Usually those observations are stored for studying seasonal, 
annual or semi-annual trends over a particular area [43], and they are also used to combine 
observations of main atmospheric variables into mathematical models through a data 
assimilation process in numerical weather prediction (NWP) models in order to establish the 
current atmospheric state, it is to say the initial conditions [30], and provide accurate weather 
forecasts. In [25] it has been studied the effect on the quality weather forecast of using or not all 
the available observations from radiosondes, pilot stations and aircraft regarding both 
temperature and winds. 

In-situ observations have been used to feed meteorological centres, either collecting surface data 
or upper-air information. In order to bring this about, automatic weather stations (AWS) usually 
form part of a network of meteorological stations that transmit their data to a central network 
system by a defined means [92]. They generate weather reports from remotely locations, 
particularly in areas that are otherwise lacking in observations such as over large parts of the 
oceans, especially in the Southern Hemisphere. In [47] a small automatic weather station 
network is presented consisting of eight AWSs installed across the Sahara, in several remote 
locations, where data are recorded every 3 min and are transmitted in near-real time (1-h lag) to 
the United Kingdom to be uploaded to the Global Telecommunications System (GTS), for 
assimilation into forecast models. 

Also ground based and satellite remotely sensed observations, based on the interaction of 
electromagnetic or acoustic energy with the atmosphere, are used in the assimilation process. In 
remote-sensing techniques both the instrument and the variable to be measured are spatially 
separated, conversely to in-situ or on site sensors already mentioned. Active and passive 
techniques are applied in meteorology either making use of naturally occurring phenomena in 
the atmosphere, as microwaves and radiometers, or sending out an artificial radiation into the 
atmosphere, this is the case of sodars (sound detection and ranging), wind profilers, RASSs 
(radio acoustic sounding systems) and lidars (light detection and ranging). Nevertheless not all 
of them are used for measuring wind. 

Doppler sodars operate on the principle of the scattering of acoustic waves and by measuring 
the Doppler frequency shift between transmitted and backscattered sound. This way, they are 
able to determine the radial wind speed of the air, typically using three beams, one vertical and 
the other slightly tilted to obtain wind components in three directions. The main limitation of 
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sodar systems are related to their restricted height coverage (of about 600 m) and their 
sensitivity to noise. In [10] a 2-year experiment has been undertaken with a good quality wind 
data from a Doppler sodar and an integral automatic weather station (AWS) located in the 
Antarctic continent.  

Wind profilers are ground-based Doppler radar operating in the VHF or UHF frequency bands 
used for studying atmospheric flow in the troposphere and lower stratosphere [90]. They 
continuously monitor the wind field giving a vertical profile by transmitting pulses through 
near-vertical direction, in order to resolve the three-dimensional vector wind. A single wind 
profile is produced over an observing period of 30 to 90 s. Wind profiles measured within a 
specified averaging period (15 min to 60 min) are averaged together using a routine that filters 
outliers using threshold and acceptance windows [64]. The maximum observable altitude 
decrease with increasing frequency so that 50 MHz provide wind information from 3 to 30 km; 
400 MHz for a range of 500 m to about 10 km; and 1000 MHz for a layer from 100 m to 3 km. 

Different studies on wind profiler radar data have been carried out in order to distinguish the 
weak atmospheric signals from fluctuations of the noise [72], and comparison between 
rawinsonde and wind profiler radar measurements in [86] shows that they give comparable wind 
component measurements, may be too large for instrument error but it could be reduced by 
improving signal-noise and data sampling in wind profilers. 

Regarding lidar, it is a remote sensing method used mainly to examine the surface of the Earth 
and the seafloor by either infrared laser to map the land, or water-penetrating green light to 
measure sea and riverbed elevations [65]. With respect to wind measurement, many experiments 
have been carried out in the atmosphere, as in [78], where the stratosphere wind field has been 
observed for several days using a temporal resolution of 15 min and a spatial resolution of 
200 m from 5 to 40 km of altitude. The results have been compared with rawinsonde 
measurements showing good agreement with expected measurement accuracy as well as the 
stability and robustness of the lidar. The study performed in [18 ] with a lidar operating with a 
multimode laser indicates in both laboratory and atmospheric measurements that it is capable of 
measuring the radial wind velocity with a systematic error lower than 1 ms-1 and a random error 
lower than 2 ms-1 for a signal-to-noise ratio of 100. 

As for Mode-S radar, high space and time resolution temperature and wind observations from 
aircraft retrieved using the tracking and ranging of those types of radars from airport air traffic 
control facility are used on very-short range numerical weather forecast. These observations are 
assimilated into a numerical model giving improved nowcastings [27]. 

Geostationary satellites (GEOs) are also a useful source of information for meteorological 
purposes. They orbit the Earth at elevations of about 36,000 km above the equator matching the 
speed of rotation of the Earth, providing images of the Earth surface between 60ºN and 60ºS 
while they remain almost stationary over a specific area on the equator. By contrast, polar 
satellites move at about 850 km over the Earth surface, in low-Earth orbits (LEOs).  

Geostationary and polar satellites have been used over several decades (NASA launched the 
first weather satellite, TIROS-1, from Cape Canaveral, Florida on April 1, 1960) and provide 
accurate imagery. Geostationary satellites track a fixed strip above and below the Ecuador while 
polar satellites give images of the entire planet within 12 hours at higher resolution. Wind 
measurements are obtained through cloud drift using infrared images showing differences in 
wind mean vector between cloud drift winds and winds measured by wind-finding radars about 
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3.5 and 7 ms–1 for low, middle and high clouds, for one month. The drawbacks of this method 
are basically the existence of suitable clouds, a timescale of nowcasting between 0 and 12 hours, 
a frequency of coverage of 15 min, and a speed of product delivery about 5 min [92]. A 
comparison for estimating synoptic-scale and mesoscale flows tracked within a sequence of 
geostationary visible (VIS) and infrared (IR) imagery based on estimates from atmospheric 
motion vectors shows very favorable results compared with those derived by a human expert, 
and demonstrate the applicability of AMVs for now-casting [13]. In [14] satellite-derived 
AMVs with a great coverage are also in agreement with wind profiler network observations and 
rawinsondes. 

Aircraft Meteorological Data Relay (AMDAR) [68] is a program initiated by the World 
Meteorological Organization (WMO), a sub-system of the WMO Integrated Global Observing 
System and the Global Observing System (GOS) which is under the WMO World Weather 
Watch Programme, whose main purpose is to collect meteorological data from aircraft on-board 
sensors, computer and communication systems to collect, process and transmit meteorological 
data to ground stations. Compiled data include among others: aircraft ID, time of observation, 
latitude, longitude, pressure altitude, static air temperature, wind direction and wind speed, used 
for weather forecasting and climate monitoring and prediction. The air-to-ground 
communications are based on on-board avionics applications requiring ground communications 
via Aircraft Communications and Reporting System (ACARS) that can use both VHF and 
satellite communications system. AMDAR software applications are generally configured to use 
VHF communications channel for delivering data. Since the majority of AMDAR reports are 
delivered within minutes, the lack of VHF coverage in some areas lead to a delay of 15 to 
30 min. Once the aircraft is on the ground, data are relayed, processed, and transmitted on the 
WMO Global Telecommunications System (GTS). 

An analysis of 22-day AMDAR reports during over 300 landing at Frankfurt Rhein/Main 
Airport in 2004 shows that the largest systematic deviations in wind measurements from 
different aircraft types were over 0.5 ms-1, and they were located in the longitudinal direction 
(parallel to the flight direction) [31]. 

To sum up, there are many sources of accuracy wind data available for multiple purposes, 
mainly climatological research and meteorological weather forecast. Different types of 
numerical models are actually in use or under research, depending on the spatiotemporal 
resolution. A general circulation model, also known as a global climate model, both abbreviated 
as GCM, uses the same equations of motion as a numerical weather prediction (NWP) model, 
but the purpose is to numerically simulate changes in climate over long periods of time, while 
numerical weather prediction models are used to forecast the weather in shorter periods, 1-3 
days, or medium range, 4-10 days [57]. The GCM of the ECMWF forecasting system, the so-
called Integrated Forecasting System (IFS) is made up of several components: an atmospheric 
general circulation model, an ocean wave model, a land surface model, an ocean general 
circulation model and perturbation models for the data assimilation, the Ensemble based Data 
Assimilation (EDA) and forecast ensembles, the Ensemble Control Forecast (ENS) [11]. It 
produces forecasts from days to weeks and months ahead, but its complexity requires an 
analysis that uses observations from a 12-hour time window. To provide the best initial 
condition for the next analysis a full resolution 3-hour forecast is run, based on the previous 
analysis.  
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Limited Area Models (LAM) are useful for shorter periods of time (up to 48 hours) and reduced 
areas [38], but require boundary conditions from global models, like the ECMWF model. 
HIRLAM is a LAM model which has been developed as an international research programme 
involving 10 European meteorological institutes, the Spanish State Meteorological Agency 
(Agencia Estatal de Meteorología, AEMET) among others [45]. HIRLAM is a numerical 
weather prediction (NWP) system, containing a data assimilation system, and a limited area 
forecasting model with a comprehensive set of physical parameterizations. It is owned and 
developed jointly by the HIRLAM member institutes [85]. This model is a hydrostatic grid-
point model whose resolution is 0.5º for latitude and longitude and 31 vertical levels that 
provide forecasts up to 48 hours four times per day. It also includes a higher resolution nested 
version with a 0.2º resolution for latitude and longitude for performing 24-hour forecasts four 
times per day. 

During the model initialization process the equations predict relatively large changes as they 
evolve towards the equation of motion quasi-equilibrium, this period is generally referred to as 
"spinup" period, and the model shows large errors due to inaccuracies, spurious behaviour of the 
model during the first time-steps of the integration, decreasing with time, so the minimum-to-
maximum spin-up time varies depending on the model from 4-6 hours [87] to 12 hours [67].  

For weather analysis and diagnosis, a wide variety of observational data are compiled within the 
atmosphere at different points. While some areas provide a denser source of observations, the 
Northern Hemisphere and particularly over highly populated areas, there are others where 
meteorological data exhibit a rather scarce distribution, as it happens in the Southern 
Hemisphere and especially in oceanic areas. Different authors have applied diverse techniques 
for obtaining wind, temperature, pressure or other atmospheric variables fields. In [40] a 
temporal interpolation of wind fields is performed and compared to two other interpolation 
methods, the complex empirical orthogonal function (EOF) method, also developed in [94], and 
also a method based on fast Fourier transform (FFT) techniques. Based on real data obtained 
from two meteorological centers, different test have been carried out showing not conclusive 
results, although the linear interpolations errors were located in between EOF and FFT methods 
in both test. 

A comparison among different interpolation methods used in meteorology demonstrates that 
Kriging interpolation method yields better results than spline or weights inversely proportional 
to the distance to a power method in [23] when obtaining sea-surface pressure field and the geo-
potential height field on 500 hPa and only when sampling points are located in a small area 
around the estimated point. 

Another contrasting analysis among several interpolation techniques have been performed in 
[58], studying both deterministic and geoestatistical methods to estimate continuous wind speed 
surfaces from irregularly distributed data from England and Wales. The comparison indicates 
that the best estimations was produced by a geoestatistical method named cokriging based on 
[52], were a linear combination of weights have been used to estimate the values at unknown 
points.  

A broad description of the state of the art in interpolation and assimilation methods used for 
meteorological information by the institutions involved in the Alpine meteorological services 
shows in [54] that there is a wide variety regarding interpolations methods used, ranging from 
inverse distance weighting (IDW) to optimal interpolation (OI), Kriging or splines. This report 

8 
 

http://en.wikipedia.org/wiki/Inverse_distance_weighting
http://www.atmosp.physics.utoronto.ca/PHY2509/ch3.pdf


INTRO DUCTIO N 
 
 
indicates that mesoscale observations are subject to little development and there is no real 
agreement among meteorological operators on which is the interpolation method that best suit 
different parameters.  
 
For acquiring near real-time wind information there are basically two methods: either using 
wind observations made by aircraft systems that are transmitted to the ground, or on the basis of 
the position and speed data of the secondary surveillance radar (SSR). In this latter case, it can 
be done using downlinked airborne parameters (DAPs) [55], or in the event that those 
parameters are not available, the wind can be estimated when the aircraft perform a turn. 

Regarding the first method, we have already mentioned AMDAR, an automatic observations 
system for collecting data from some aircraft equipped with the appropriate software packages 
that gather meteorological information and relay it via satellites or ground stations.  

As to the second method, a study performed in Schiphol airport based on a Mode-S radar, an 
enhanced tracking and ranging (TAR) air traffic control radar has been carried out in [26]. The 
radar covers a range of 27 km and collect aircraft flight level, direction, and speed information 
every 4 s, that combined with aircraft ground track allows the estimation of temperature and 
wind. The analysis of the results indicate that the temperature errors double those of the 
AMDAR system while the quality of wind estimations is as good as AMDAR, but slightly 
worse than radiosonde observations. 

In [29], wind fields are estimated based on radar track measurements following two patterns: 
when true airspeed (TAS) is available on board, a linear model using Kalman filter is used to 
estimate wind vectors; meanwhile, in the cases where only aircraft positions are available, wind 
can only be estimated when the aircraft is turning. Once those wind estimates have been 
derived, an interpolation method based on vector splines is applied to produce winds fields in 
the corresponding area. A similar study was also made in [48] based on turning aircraft track 
rendering wind precision between 5 and 10 kt for lower and higher altitudes, at near and farther 
the airport, yielding outcomes that were consistent with soundings. 

Real-time wind estimations have been also derived based on aircraft data downlinked of Mode-
S radar system using not only radar position measurements but also downlinked TAS and 
heading to be applied to a Kalman Filter [56]. 

Other surveillance technique as Automatic Dependent Surveillance-Broadcast (ADS-B) allows 
the aircraft fitted with this system to broadcast their identity, position, ground speed, track 
angle, and other aircraft information [71]. A thorough study including the strengths and 
weaknesses of this system has been accomplished in [8], including a mathematical model to 
estimate the atmospheric pressure at different points. ADS-B has also been used to estimate 
wind [39] because it provides aircraft velocity vector information measured using a global 
satellite navigation system, which is more accurate and have higher update rate than SSR data. 
The results have been compared with Global Forecast System (GFS) [21] yielding, under some 
assumptions, mean absolute errors for the wind speed and direction estimates of 9.5 kt and 30º, 
respectively. 

In [44], estimated wind speed and direction for a sailplane have been calculated using position 
and airspeed data recorded during aircraft flight and were compared to radiosonde data yielding 
good agreement. 
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Data retrieved directly from Flight Data Recorder (FDR) [46], or by using special acquisition 
devices, such as Quick Access Recorders (QAR), have been widely used for a broad range of 
purposes. Registered data are periodically collected and sent to the air carrier’s office for 
analysis in order to identify and reduce or eliminate safety risks. One of its primary goals is the 
aircraft accident investigation [12], [84] and [16]. In [46], unrecorded FDR parameters such as 
the 3-dimensional winds have been estimated; and in [20], four accidents were analyzed using 
recorded or derived wind data. QAR have also been used to analyze other wind-related 
parameters as windshear [44], as wind is involved in more than 45% of accidents related to 
adverse weather conditions [36]. 
 

1.5 Contributions 
 
The original contribution of this dissertation may be outlined in the following aspects: 
 

a. A thorough analysis of FDR data from an airline sample has been conducted so as to 
gather information enabling us to establish a procedure for real-time wind field 
determination. As a consequence, a number of points have been identified where 
improvements can still be made. First, in relation to the features the sample should met 
in order to achieve our goal, regarding the number of recorded operation needed in the 
sample as well as those variables required and which other should be desirable. 
 

b. A deeper knowledge of wind magnitude and direction uncertainty has been acquired 
based on aircraft manufacturer information regarding wind and other parameters 
uncertainty for some particular conditions. 
 

c. As a result of a lack of some parameters recorded in the sample, we have tested two 
interpolation methods: a two-dimensional one that works with both horizontal 
components in an independent way, and also a complex variable formulation that links 
both components through the interpolation method. Those methods have been tested 
using various scenarios with dissimilar results. 

 
Overall, this dissertation aims at defining real-time wind fields in the aerodrome aerospace 
surroundings, based on FDR data and performing an assessment of the requirements needed for 
having accurate results through either the use of a simplified meteorological model or by 
utilizing additional mathematical tools as interpolation methods for obtaining wind speed in 
void areas.  
 
 
1.6 Outline of the dissertation 
 
This dissertation is organized as follows: 

In Chapter 2 the data included in the sample provided by the airliner are described as well as 
other variables that will be needed for wind calculations.  

In Chapter 3 wind velocity is obtained from data provided through different methods based on 
the International Standard Atmosphere and also on airspeed equations.  
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In Chapter 4 the filters used for filtering outliers found in some variables and for smoothing 
other parameters presenting high level of noise signal after their calculation is described. Two 
types of filters have been detailed in this section, the n-plots filter and the central moving 
average filter together with their filtered plots.  

After filtering, it became clear that some drawbacks appeared when representing filtered 
variables, as wind, heading or track angle, whose limitations are analysed in Chapter 5. There, 
uncertainties both in wind magnitude and in wind direction have been addressed and some 
preliminary conclusions were outlined in relation to the accuracy of those and other variables.  

The atmospheric equations governing air movement, as the main reference models for analyzing 
meteorological information in case of reduced input data have also been included in Chapter 6. 

The interpolation methods have been summarized in Chapter 7 and the one chosen, trend 
surface analysis, was depicted for being applied regarding two different techniques. A two-
dimensional formulation applied to both northern and eastern wind component in an 
independently manner was explained along to a complex formulation method that was also 
applied to wind data.  

Results and discussion is the title of Chapter 8. It includes the wind maps obtained from FDR 
data together with three wind maps from a global weather model to be employed to validate the 
detailed interpolation methods. Findings regarding those wind scenarios were presented and 
discussed in this section.  

Finally, in Chapter 9 some conclusions about the work performed in this dissertation and future 
lines of research are drawn.  

In Appendix A, the FDR variables from the four aircraft types contained in the sample were 
listed. Appendix B, C and D include data regarding light scenario, strong scenario and wind 
with vorticity scenario, respectively. The wind barb code used for wind representations and the 
Beaufort scale, which establishes wind forces with a general weather description, have been 
incorporated in Appendix F and E, respectively. Appendix G describes features of wind 
components polynomials to be implemented in two-dimensional formulation, and Appendix H 
and I include, respectively, tables for the three scenarios results, regarding both two-
dimensional formulation and complex formulation.  
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CHAPTER 2: FDR DATA 
 
 
 
2.1 Data available from the aircraft FDR 
 
Different on-board systems can provide data needed to derivate the wind velocity vector such as 
GPS plus ADC (Air Data Computer) [95]. This information is usually stored in the Flight Data 
Recorder (FDR) [88] [46], or Quick Access Recorder (QAR) [44] [53], and broadcasted by 
mode S radar system [28] [48], ACARS [75] [15] [24], or ADS-B messages [8], which receive 
their inputs from the Flight Data Acquisition Unit (FDAU). 
 
The FDAU collects sensor signals (approximately 2500 parameters) and sends parallel data 
signals to both the FDR and the QAR. The OQAR, equipped with an optical disk, can store up 
to 300 hours of flight data, whereas the FDR uses a 25-hour looptape. The QAR tapes or disks 
are replaced at the end of each day or sometimes after a period of several days depending on the 
media capacity, and they are sent to the aircraft carrier offices for being analysed.  
 
As different electronic equipment and systems need to be interconnected, the Digital 
Information Transfer System (DITS) provides the electrical and data characteristics and 
protocols, as well as the units, ranges, resolutions, refresh rates, number of significant bits, etc., 
for the data to be transferred to other systems. Depending on the type of data, they are 
transmitted at intervals ranging from 10 to 20 ms as is the case of the track angle rate, or from 
125 to 250 ms or 250 to 500 ms for the ground speed, depending on the system source [7]. 
 
The minimum set of data needed to perform the wind calculations consists of indications of 
position, velocity, flight level, track identification, time and heading for each aircraft flying into 
a specific area. This section provides a preliminary analysis of those parameters based on the 
data contained in the above mentioned FDR files. 
 
In this work, the FDR data have been supplied by an airline in the frame of a more complex 
study through a FDR sample for some aircraft. The aircraft types considered in the files 
provided include A340, A340-642, A319-111 and A321-211 aircraft models. The parameters 
measured on board and stored vary from type to type. Basically, the FDR data can be grouped 
into several categories; viz., inertial data (e.g. position, groundspeed, accelerations), attitude 
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data (e.g. pitch, roll) and attitude rates (if available), aerodynamic data (e.g. calibrated airspeed, 
true airspeed, Mach number, etc.). The data sampling rates vary for the different parameters and 
also depend on the aircraft type. Table A.1 in Appendix A shows the data available for each 
different type of aircraft as well as their format.  
 
The files furnished to us for the airline contain information about aircraft overflying FIR/UIR 
Madrid and landing at Madrid-Barajas Airport. Data described below were recorded for about 
20 minutes before landing.  

Two folders containing several files were furnished to us, for example: 

• DATOS_0301_0307.mat  
It contains information about flights from 1st March 2009 to 7th March 2009. There is a list of 
all flights performed during those days, including: 
 

1. Flight number (XXX6826). 
2. Departure Airport, ICAO code (GRU: São Paulo-Guarulhos International Airport). 
3. Departure Airport runway (GRU-27R). 
4. Arrival Airport, ICAO code (MAD: Madrid Barajas International Airport). 
5. Arrival Airport runway (MAD-33R). 
6. Date/time of flight (02/03/2009 19:58:05). 
7. Flight duration (09:59:06). 
8. Engine type (RR RB 211 Trent). 
9. Aircraft type (A340-642). 
10. Aircraft registration (EC-IQR). 
11. Flight number (1624421). 
12. Time of flight in hours (19.9681) 
13. Continuous Descent Approach or not (‘NO_CDA’) 

 
• 0301_0307 folder.  

In this file it can be found, for each flight, the data set related to the corresponding flight 
number (i.e. 162441.ENG). It is a flat text file containing different data depending on the 
aircraft type.  
 

The total number of files and their corresponding number of aircraft, as well as the average per 
day has been showed in Table 2.1. Those figures provide an average value for the whole sample 
of 6 operations per day. 
 
Those FDR data have been listed in Table A.1, Appendix A, for different aircraft, taking into 
account the variable and their units, formats and range. 
 
Regarding that table some preliminary considerations need to be performed. First of all we will 
overview the four types of aircraft whose data form part of the provided sample set. Basically, 
the Airbus A340 family is a long-range four-engine wide-body commercial passenger jet 
airliner with four variants: the A340-200, A340-300, A340-500 and A340-600. Essentially, 
those jetliners’ have different fuselage lengths, varying from 63.67 m for -200 and -300 series to 
an overall length of 75.36 m for A340-500 and -600 series. Aircraft series under the banner of 
“A340” in Table A.1 belong to the -300 series.  
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Table 2.1. Files of FDR available regarding the number of aircraft recorded and their daily 
average. 

 

 
 
Second of all, the A319 belongs to the Airbus A320 family, which includes the A318, A319, 
A320 and A321, consisting of short to medium-range two-engine narrow-body jet airliners. The 
A319 is a shortened-fuselage version of Airbus A320 single-aisle jetliner, whose length ranges 
from 33.84 m for A319-100 to 44.50 m for A321-100 and -200 [6].  
 
Taking these features into account, the number of parameters recorded varies basically 
regarding the number of engines and their related variables. The column called pos (position) 
denotes the number of variables available for each type of aircraft. In the case of A340 (both, 
the so-called simply A340 and the A340-642) a total of 37 variables have been recorded vs 29 
in the case of A319 and A321. Therefore, the parameters missing in the second group are N1, 
N2, EGT and FF for engines 3 and 4, resulting in a difference of 8 parameters.  
 
In respect to units, it is worth noting that while standard altitude, radio altitude, GS, CAS/IAS, 
and IVV are given in the Imperial and US customary measurement systems (i.e. feet, knots, and 
feet per minutes) other parameters are provided in the International System of Units, this is the 
case of FF, given in kg/h or GW given in tonnes and only FQ is given in kg for the A340 series 
and in pounds for the A320 family.  
 
Focusing on the specific recorded variables, there is no significant difference among data 
provided for the four types of aircraft, there are only slight divergences among the four columns 
in Table A.1; for instance, differences in the number of flight phase, flaps configuration or in 
the case of roll angle and pitch angle format (with a negative number with a minus or a capital 
N meaning “negative” behind the figure). But there are other differences that are not of little 
importance. On the subject of position number 7, the CAS has been recorded in the case of 
A340 while A319 and A320 provide IAS. In spite of the fact that there is a section in this 
dissertation which analyses the wind velocity derivation, using airspeed as an input, a brief 
explanation is required at this point.  
 
Calibrated airspeed is the indicated airspeed of an aircraft, corrected for position and instrument 
error, and it is equal to true airspeed in standard atmosphere at sea level [50]. When the aircraft 

 File name # aircraft Daily average  

 DATOS_0301_0307 52 6.5  

 DATOS_0308_0314 51 7.3  

 DATOS_0315_0321 48 6.9  

 DATOS_0322_0328 54 7.7  

 DATOS_0401_0531 150 2.5  

 DATOS_0601_0615 81 5.1  
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speed increases the compressibility error is not negligible anymore and the true airspeed, TAS, 
must be calculated either using the Mach number and other atmospheric parameters (i.e. static 
air temperature and pressure altitude) or employing IAS or CAS, as well as atmospheric 
variables. Current aircraft instrumentation uses the Air Data Computer to perform this 
calculation and the TAS is displayed on the EFIS. 
 
As for the heading angle, in the case of A340-642 it is given from -180 to +180 degrees while in 
the rest of the aircraft it ranges from 0 to 360 degrees. This is of interest because heading is one 
of the variables we will need to derive wind vector, therefore a prior standardization of this 
variable is required, and the heading has been translated to a range of -180/180 degrees for all 
the aircraft. 
 
Heading recorded in the FDR is the magnetic heading, therefore, for geographical purposes it 
should be corrected using the relation between true heading, magnetic heading and its magnetic 
variation (also called magnetic declination). The magnetic variation is the angle between the 
magnetic north and the true north (or geographical north), and it is considered positive when the 
magnetic north is east of true north (also called an eastern variation). According to the Madrid 
Barajas aerodrome geographical data and administration from the Spanish Aeronautical 
Information Publication (AIP), the magnetic variation for the aerodrome and its corresponding 
annual change are, respectively, 2ºW and 7.5’E for the year 2010 [3]. Therefore the correction 
to be applied to aircraft overflying this area is, for the year 2009, when the FDR were registered 
is: 
 

(2º 7.5 ')true magψ ψ= −   

 
Even though it is a minimum deviation we will take it into account when deriving wind fields. 
 
The rest of the variables listed in Table A.1, such as flight phase, pitch angle, roll angle, flaps 
configuration and others related to engine performance, are of no interest for deriving wind 
velocity, so that they will not be handled at all during this dissertation. 
 
 
2.2 Data derived from the aircraft FDR 
 
Some other variables will be needed in further steps; therefore the procedure to be used will be 
described below. This is the case of x and y coordinates needed to derive the track angle. As our 
inputs are latitude and longitude (and pressure altitude), a map projection is required, 
particularly in wide regions. This means that we need to establish a relationship between 
spherical angular coordinates, latitude and longitude, and their corresponding plane Cartesian 
coordinates x and y. This is an old issue that has been addressed hundreds of years ago for 
geographical applications. 
 
Cartography projections are based on the use of mapping functions that allows the 
representation of the Earth, which may be considered it as a geoid, an ellipsoid or a sphere, into 
a plane. Charts or maps for aeronautical purposes use basically three different types of 
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projection (i.e. Mercator, Lambert and stereographic) depending on the surface employed for 
projecting the points [60]. 
 
Mercator is a cylindrical map projection where the cylinder is the developable surface 
figuratively located tangent to the equator with its axe parallel to the Earth. In this projection 
meridians and parallels are always perpendicular to each other, and it is also an angle preserving 
projection (as well as a shape-preserving one) but there is a great distortion in areas outside the 
range of latitude between 70ºN and 70ºS. Nevertheless, it was widely used for navigation 
because loxodrome also called rhumb lines (lines of constant course) are represented as a 
straight line in these maps. 
 
Years later, but also in use currently, the Lambert projection, also a conformal mapping, was 
developed for navigation purposes. In this case, the developable surface is a cone located 
approximately tangent to a parallel. The Lambert projection has the advantage of representing 
an ortodrome distance (or a great-circle distance, the minimum distance between two points 
over a sphere) as a straight line, so the distance between two points may be measured directly on 
the map. 
 
Stereographic projection is mainly used for polar maps but it may likewise be employed for 
projecting from any selected point of the spherical surface. A plane, in this case, the developable 
surface, is located tangent to the surface at a particular point, and the projection is performed 
from the focus located at its antipode, Figure 2.1. Meridians are straight lines joining at the pole 
and parallels are concentric circles in polar mapping. Any stereographic projection is angle-
preserving but the distortion increases as we move away from the point of tangency. 
 

 
Figure 2.1 Stereographic oblique projection. 

 
Returning to the issue we are involved in, the problem of locating aircraft into 2D surface for air 
traffic control system have been addressed using the stereographic projection for obtaining radar 
coordinates [66] in the National Airspace System [61] in the USA, and it is also the most 
common projection used for air traffic controllers [63] as well as in AENA as in UCS FOCUCS 
Control position for routes, terminal control area and integrated tower system [5]. 
 
Thus, the transformation equations considering the Earth as an ellipsoid of equatorial radius a 
and with an eccentricity e, for an oblique projection onto a plane tangent to the Earth at a point 
with coordinates ϕ0, λ0 are given by [81]: 
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( )0cos sinx A χ λ λ= −  

( )0 1 0cos sin sin cos cosy A χ χ χ χ λ λ= − −    

Where: 

( )
0 0

0 0 0 0

2
cos 1 sin sin cos cos cos

ak mA
χ χ χ χ χ λ λ

=
+ + −  

 

( )( )1 22 tan tan 1 sin 1 sin
4 2 2

e

e eπ φ πχ φ φ−   = + − + −       
 

( )
1

2 2 2cos 1 sinm eφ φ= −  

These equations allow us to calculate the x and y Cartesian coordinates as a function of any 
given set of data: a, e, k0, ϕ0, λ0; for each pair of values of longitude and latitude, ϕ and λ. The 
origin of x and y coordinates occurs at the centre, (ϕ0, λ0), and the scale factor, defined as the 
ratio of the scale along the meridian or along the parallel at a given point to the scale at a 
standard point or along a standard line, which is made true to scale, k0, is usually taken as 1.0 at 
the centre point. The remaining variables have been chosen in accordance with the ellipsoid 
defined in WGS84 [89] whose values are detailed in Table 2.2: 

Table 2.2. The WGS84 primary constants used to define the reference ellipsoid. 

 Parameter Symbol Value  

 Semi-major axis a 6378137.00 m  

 Flattening f 1/298.257223563  

 
Product of the Earth's mass and 
the Gravitational Constant GM 3.986004418∙1014 m3s-2  

 Earth's angular velocity Ω 7292115∙10-11 rad s-1  

 

Taking into account the relationship between the flattening and the eccentricity: 

2 22e f f= −  

The value of the coordinates at the centre, (ϕ0, λ0), have been chosen at the Madrid airport in 
order to have a lower distortion in the airport area: 
 

0 40º 52 '0.4 '' Nφ =  

0 5º 31'0.2 ''Wλ =  
 
Once we have defined the Cartesian coordinates, we are able to derive the track angle needed 
for wind velocity calculation. Track angle is defined as the angle between the direction of the 
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aircraft on the ground and the true north. This parameter has not been recorded among the flight 
data, and, therefore, the procedure we used to derivate it has been detailed below. 
 

true
xatan
y

θ
 ∆

=  ∆ 
  

The atan function may provide an angle between –π and π (atan2 is the MATLAB © 
instruction) or a value in the range of –π/2 y π/2 (atan function). We chose the former to have 
an angle which lies in the same close interval selected for true heading. The corresponding 
values calculated for each increment are the following: 
 

1i i ix x x+∆ = −  
1i i iy y y+∆ = −  

 
As it could be seen in Chapter 4, once the track angle has been derived some kind of filtering 
will be applied because this procedure provides a great level of noise. 
 
Another point to be borne in mind is the sampling rate of the listed variables. In Table 2.3 the 
variables we needed to perform wind calculations have been listed, however, those regarding 
engines, fuel flow, or aircraft weight have been deleted. 
 

Table 2.3. Sampling rate of different variables. 

    A340 A340-642 A319-111 A321-211 
Pos Variable Sampling time (s) 

1 x (nm) 
Obtained from latitude and longitude 

2 y (nm) 
3 Longitude (deg) 4 2 4 4 
4 Latitude (deg) 4 2 4 4 
5 Standard altitude (ft) 1 1 1 1 
6 Heading (deg) 1 1 1 1 
7 Radio altitude (ft) 1 2 2 2 
8 GS (knots) 1 1 1 1 
9 CAS/IAS (knots) 1 1 1 1 
10 IVV (ft/min) 1 1 1 1 
28 SAT (ºC) 2 1 1 1 
29 Mach 1 1 1 1 
32 Flight phase -* -* -* -* 

    * Changes are very slow  therefore is not possible to know  their corresponding sampling time 
 
The basis of all post-processing and calculations is a fixed sampling rate of 1 Hz. For this 
purpose, data interpolation is required for various parameters. 
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Chapter 3: Wind velocity derivation 
 
 
 
Wind velocity is a variable available on board through the inertial reference system (IRS), 
which includes two inertial reference units (IRU), each of them containing three laser gyros and 
three accelerometers. This system is able to detect angular rates and also linear accelerations. 
Those data are resolved to local vertical coordinates and combined with air data inputs to 
compute the wind speed and direction, among others parameters. Unfortunately this parameter 
is not available in our FDR data sample, so we need to derivate it based on parameters at our 
disposal. 
 
 
3.1 International Standard Atmosphere  
 
As indicated before, calibrated, equivalent and true airspeed are based on the standard 
atmosphere, which establishes a nominal behaviour of the air mass surrounding the Earth. 
Therefore, we will need a brief description of the constants, equations and assumptions we will 
apply when obtaining the expressions of airspeed. 
 
The standard atmosphere is a representation of the atmosphere based on average measurements 
which is used in fields as aerodynamics, meteorology, flight mechanics, etc., to idealize the 
Earth atmosphere behaviour. It is grounded on the assumption of some equilibrium equations 
plus the adoption of numerical values for several constants. 
 
Regarding the equations, for this ideal atmosphere the air is assumed to be dry, homogeneous 
(at least at heights below 86 km), with a constant mean molecular weight, and a perfect gas 
where the pressure, density, and temperature at any point in the atmosphere are related by the 
perfect gas law equation: 
 

*

a

p R R
T Mρ
= =  (1) 
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In order to simplify the following equations, we will use the gas constant for air R as defined in 
equation (1). 
 
Some of the values we will employ across this dissertation in relation to the atmosphere are 
listed in Table 3.1 [62]. 
 

Table 3.1. Constants definition for the International Standard Atmosphere 

Name Symbol Value 

Pressure at msl 0p  1.013250∙105 Pa 

Temperature at msl 0T  288 K 

Density at msl 0ρ  1.2245 kg/m3 

The universal gas constant *R  8.31432∙103 N m/(kmol K)  
Gas constant for air R  287.05372 m2/(s2 K)  

Acceleration of gravity at msl 0g  9.80665 m/s2 
Adiabatic index γ  1.400 
Air mean molecular weight aM  28.9644 kg/kmol 
Temperature gradient (0-11 km) λ  -6.5 K/km 
Temperature gradient (11-20 km) 2λ  0 

The effective radius of the Earth 0r  6,356,766 m 
 
 
Within the part of the atmosphere where the air is homogeneous, it is also assumed that there is 
hydrostatic equilibrium, so that the differential of pressure, dp  is related to the differential of 
geometric height, dZ , by the following formula: 
 

dp g
dZ

ρ= −  (2) 

 
The relationship between geopotential altitude H, geometric height Z and the height–dependent 
acceleration of gravity g, is: 
 

0g dH g dZ=  
 
Taking into account the expression for the law of gravitation: 
 

2

0
0

0

rg g
r Z

 
=  + 

 

 
The difference between geopotential altitude and geometric height is negligible when the 
distance between the analysed point and the mean sea level is much less than the Earth radius, 
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which is our case. From now on, we will refer to this variable as altitude, z, and we will use a 
constant value of gravity, g0. 
 
Taking into account that this model defines temperature as a linear function of altitude the 
relationship between these two variables for the troposphere, i.e., from mean sea level to 
11,000 m is: 
 

0T T zλ= +  (3) 

 
Eliminating the density from equations (1) and (2), and substituting temperature as a function of 
the altitude z, equation (3), the integration for the troposphere yields: 
 

0

0
0

0

g
RT zp p

T

λλ
−

 +
=  

 
 (4) 

Finally, after substituting pressure and temperature, as function of the altitude into the perfect 
gas law equation (1), the relation between density and altitude is given by: 
 

0 1

0
0

0

g
RT z

T

λλρ ρ
− −

 +
=  

 
 (5) 

 
The maximum altitude where the aircraft recorded in the sample set are flying is about 40,000 ft 
(FL400) equivalent to 12,000 m. Above 11,000 m there is a layer where the stratosphere is 
considered to be isotherm, therefore the equations (3), (4), and (5) are not valid anymore. 
Nevertheless the error in pressure temperature and density calculation exceeding slightly the 
tropopause is under 0.05% in all three variables. Results for 12,000 m altitude are shown in 
Table 3.2. 
 

Table 3.2. Differences of several variables at 12,000 m using the troposphere equations 

 Tropopause formula Estratopause formula Error (%) 
Pressure  19,297 Pa 19,344 Pa 0.00243 
Temperature 210.150 K 216.650 K 0.03000 
Density 0.3198 kg/m3 0.3109 kg/m3 -0.02863 

 
Consequently, for simplicity we will use the troposphere expressions for any input altitude. 
 
 
3.2 Airspeed equations 
 
In an aircraft, the airspeed is measured with a pitot-static tube that, in fact, do not measure speed 
but different pressures [69]. Through this tube installed in the flow stream, both the total 
pressure (also referred to as stagnation pressure) Tp  and the static pressure p , are measured, as 
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well as the impact pressure cq  which is the subtraction of those mentioned variables. In the 
case of incompressible flow, the Bernouilli formula establishes: 
 

T cp p q= +  (6) 

 
Where the impact pressure can be written as a function of the true airspeed: 
 

21
2c TASq Vρ=  

 
For higher velocities, where the air flow is clearly compressible, the relation among airspeed 
and total and static pressure is given by [41] for speeds lower than the speed of sound as a 
function of the Mach number M : 
 

1211
2Tp p M

γ
γγ −− = + 

 
 (7) 

 
A thorough description of the procedure leading to this equation can be found in [9]. 
 
Taking into account the relation among Mach number, speed of sound (and the atmospheric 
variables) and the true airspeed: 

TAS TAS

z

V VM
a RTγ

= =  (8) 

 
With the substitution of equation (8) in equation (7) and this result in equation (6), the true 
airspeed can be expressed in terms of cq  by the following equation: 
 

2 111 1
2

TAS
c

Vq p
RT

γ
γγ

γ

−
 
 − = + −     

 (9) 

 
The concept of calibrated airspeed was introduced for calibrating airspeed indicators, and it is 
made equal to VTAS at sea level for standard conditions; in that event, the dynamic pressure and 
the calibrated airspeed are related through the following equation: 
 

2 1

0
0

11 1
2

CAS
c

Vq p
RT

γ
γγ

γ

−
 
 − = + −     

 (10) 
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Therefore, the relation among true airspeed, calibrated airspeed and the atmospheric variables is 
given by the following formula: 
 

1

0

1

0

0

1 1
1

1 1
1

c

c

TAS CAS

c

c

qp
q p

V V

p q
q p

γ
γ

γ
γ

γ
γ

ρ
ρ

γ
γ

−

−

 
  + −  −    =
 
  + −  −    

 (11) 

 
Though there are other defined airspeeds (equivalent and indicated) whose definition and uses 
can be found in [41], they are not of general utility in this analysis. 
 
As it has been stated in equation (11), true airspeed can be obtained from calibrated airspeed, 
dynamic pressure, static pressure and atmospheric density (or atmospheric temperature). 
Nevertheless, the true airspeed can also be determined from the Mach number and the 
atmospheric temperature by using equation (8), since both variables have been recorded in the 
FDR data. In this study, we will make use of the latter due to its simplicity, because it is 
straightforward and less time-consuming than the former when implementing in a MATLAB © 
code, and also because it can be used for all four aircraft types available in the sampling set. 
Besides, the use of a procedure that employs a reduced number of variables, in general, reduces 
the associated uncertainty, because the more variables and constants in an equation, the higher 
the propagation of the uncertainty. 
 
 
3.3 Wind velocity derivation 
 
Wind velocity has three components which can be called north, east and upwards, depending on 
the reference frame. Nevertheless, in this research only the horizontal component will be studied 
because the vertical component has a lower order of magnitude than the horizontal one. 
 
Let us consider an aircraft flying through an airspace region of varying wind speed and 
direction, both in time and position. The problem we examine here is that of deriving the 
horizontal wind speed magnitude and direction along the flight path starting from flight data 
measured by on-board instruments or systems.  
 
Depending on the aircraft type and family, available data are ground speed derived from GPS 
position measurements, true airspeed (TAS) or calibrated airspeed (CAS), pressure altitude and 
temperature. We use the fundamental vector relationship among velocities and their 
corresponding angles: heading, ψ, track angle, θ, and wind correction angle, β, (Figure 3.1). The 
aircraft ground speed VGS is the vector sum of the aircraft velocity relative to the air VTAS and the 
wind velocity VW : 
 

GS TAS W= +V V V  
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North

VTAS

VW

ψ 

θ 
β

VGS

East
 

Figure 3.1. Wind velocity triangle.  
 
As it has been mentioned before, while the magnetic heading angle is available from aircraft on-
board instruments, and has been transformed into true heading (ψ) using the airport variation, 
the true track angle (θ) has been obtained through the x and y coordinates by using the inverse 
tangent equation: 
 

xatan
y

∆θ
∆

 
=  

 
 

 
So that the wind velocity magnitude VW  and wind direction Wd with respect to the true north are 
obtained: 
 

Wx GS TASV V sen V senθ ψ= ⋅ − ⋅  (12) 

 

Wy GS TASV V cos V cosθ ψ= ⋅ − ⋅  (13) 

 
2 2

W Wx WyV V V= +
 

(14) 

 

( )180º 0º 360ºWx
d d

Wy

VW atan W
V
 

= + ≤ <  
 

 (15) 

 
Where subscripts x (East) and y (North) denote the Cartesian or local components; and the 
addition of 180º in wind direction is due to the wind velocity definition, because it is given as 
the direction the wind is coming from, so that for plotting purposes we use the direction it is 
moving to, it is to say, the reciprocal bearing. An example of those angles is given in Figure 3.2. 
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Figure 3.2. The wind direction is given as the direction the air mass is moving to. 

 
When the VTAS is not provided, such is the case of some of the aircraft on the sample, it will be 
obtained by using atmospheric air data plus Mach number, as it was stated in previous section. 
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Chapter 4: Filtering and smoothing 
 
 
 
Before introducing the corresponding variables in the aforementioned formulae, some of them 
needed to be pre-processed. On the one hand, raw data provided by the airline presented outliers 
in some of the variables (e.g. longitude and latitude, Figure 4.1). Therefore some kind of 
filtering was required, and for this purpose, an ad-hoc filtering was created.  
 

 
Figure 4.1. The longitude and latitude in certain aircraft data present some outliers which were 

removed. 
 
Different filters were tested but even though they reduced the peak of the curve they also 
propagated the effect of the filtering; for this reason we decided to remove those points and 
replace them by new points obtained by means of a first degree polynomial curve fitting. 
 
 
4.1 N-plots filter 
 
This algorithm was used for deleting the outliers present in raw data. It establishes an estimate 
of the position using a linear interpolator based on n previous measurements along with the 
current measurement. The output of the filter is an estimate of the current measurement 
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smoothed by the last n data [74]. The major contribution of this technique is the smoothing of 
position estimates when there are noise-corrupted measurements.  
 
The filter we used computed 8 previous points for obtaining the estimated position. Based on 
the equation of state which relates the analyzed variable, the position x and the corresponding 
velocity v, keeping the velocity constant in each interval, the general form of this linear equation 
was: 
 

0 1
0 0

x xd
v vdt
     

= ⋅     
     

  

 
And the equation of measurements, where the measurements z were related to the position and 
the velocity: 
 

[ ]1 0
x

z
v
 

= ⋅  
 

  

The equations (20) and (21) can be written as one observation equation considering T the time 
between successive samples of the variable: 
 

8
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2

1

1 8
1 7
1 6
1 5
1 4
1 3
1 2
1
1 0

z T
z T
z T
z T

x
z T

v
z T
z T
z T
z

−

−

−

−

−

−

−

−

−   
   −   
   −
   −        = −       −   
   −
   

−   
   
   

 (16) 

 
This linear system can be expressed as a product of matrices in the form: 
 

z Gx=  
 
Solving this equation for the estimated position x : 
 

1T Tx ( G G ) G z−=  
 
Substituting into the above equation the value of the matrix G given in equation (16) yields the 
following equation for 8 previous measurements: 
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7 / 45 4 / 45 1/ 45 2 / 45 1/ 45 8 / 45 11/ 45 14 / 45 17 / 45
1/15 1/ 20 1/ 30 1/ 60 0 1/ 60 1/ 30 1/ 20 1/15

x z
T T T T T T T T

− − − 
=  − − − − 

 
Using scalar notation to write x  and v : 
 

8 7 6 5 4 3 2 1
1 ( 7 4 2 5 8 11 14 17 )
45

x z z z z z z z z z− − − − − − − −= − − − + + + + + +  (17) 

 

8 7 6 5 3 2 1
1 ( 4 3 2 0 2 3 4 )

60
v z z z z z z z z

T − − − − − − −= − − − − + + + + +  (18) 

 
Then, in order to determine if a measurement was an outlier or not, an ad-hoc filter based on the 
n-plots filter was used. In this case, the future position was derived using the estimated position 
and velocity given in equations (17) and (18), so that the estimated position for the next point 
was: 
 

1 1i i ix x v T− −= +  (19) 

 
An 8-point linear regression was defined for the set of points, from i-8 to i-1, and the maximum 
deviation of these 8 points and their corresponding linear regression point was obtained, dmax. 
Then, the point was considered an outlier if it was outside the window defined as follows: 
 

max max( , )i i i ix x x x max 4d 0.2= + ∆ = +  

min max( , )i i i ix x x x max 4d 0.2= −∆ = −  
 
A minimum height of the window size with a value of 0.2 were to be considered for almost 
horizontal legs where dmax had a very low value. Consequently, if the analyzed point was 
considered to be an outlier, then the current measurement value was replaced by the one 
obtained using the equation (19). 
 
The number of points chosen for this filter (8 in this case) was a trade-off between time 
consumption and filtering performance on the one side, and smoothing the signal on the other. 
The higher the number of points, the higher the computational time as well as the flattening of 
the curve. 
 
Additionally, as this filter was based on the eight previous points, it required not having an 
outlier among them, so that it was essential to remove them, if any. For this purpose, a similar 
analysis with a first order regression was performed. In this case, the analysis was performed 
taking out in each step a pair of points. We chose a pair of them because in many variables each 
point is repeated twice, so using this procedure, both outliers were removed at the same time. 
 
Thus, for every pair of points, two linear regression lines were obtained, one with all the points 
and the other without the analyzed pair of points. Then absolute values of the residuals of the 
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remaining six points were summed up. Finally, to determine whether a pair of points were or 
were not out of range, we determined the sum of the absolute value of the residuals for each pair 
of points. When there was a blunder, one of them had a lower value that was identified, and then 
those points were removed and replaced by the corresponding linear regression points, as it can 
be seen in Figure 4.2. 
 

 
Figure 4.2. Regression lines with and without outliers indicate where the outliers are located. 

 
On the one hand, the whole process was applied to x and y coordinates, derived from longitude 
and latitude, which showed evident points out of range as it has been display in Figure 4.1. On 
the other hand, variables such as longitude, latitude, radio altitude and pressure altitude had a 
data sampling rates of 2 or 4 seconds, depending on the aircraft type, in which cases variables 
values are repeated every 2 or 4 seconds giving a stepped curve. Besides, we also found the case 
of radio altimeter variable that showed in many cases a stepped aspect that also needed to be 
corrected (Figure 4.3).  
 

 
Figure 4.3. Steeped aspect of standard altitude vs. time in raw data. 

 
And finally, static air temperature values were recorded every other one. Consequently, some 
kind of filtering was applied in order to have smoothed values every 1 second.  
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4.2 Central moving average filter 
 
In order to smooth the signal, and remove the unwanted noise, we chose a 15-point moving 
average filter with a central moving average. The moving average filters are the most common 
filter when processing digital signals, mainly because its simplicity.  
 
The implementation of this filter is straightforward and has a lower computer time–consuming 
than other filters. The filter equation may be written as: 
 

( 1)/2

( 1)/2

1 M

i i j
j M

x z
M

−

+
=− −

= ∑  

 
Where z is the input signal (i.e. the measured variable), x is the output signal (i.e. the filtered 
variable), and M is the number of points in the average filter. For example, in a centred 5-point 
moving average, the point 20 in the output signal is given by: 
 

20 18 19 20 21 22
1 ( )
5

x z z z z z= + + + +  

 
As it happens in this case, when the input signal is chosen symmetrically around the output 
point, the number of points in the averaging window must be an odd number. 
 
The frequency response of a moving average filter may be described as the Fourier transform of 
the rectangular pulse: 
 

( )
( )

sin
( )

sin
fM

H f
M M

π
π

=  

 
This choice was based on a trade-off between advantages and disadvantages. First, moving 
average filters are appropriate when the data are collected rapidly compared with their change; 
this is the case we are studying where the characteristic time is between minutes and hours [59], 
which is greater than 1 second of sampling collection. Second, they are optimal for reducing 
random noise while retaining a sharp step [80]. And third, these types of filters also have a 
linear-phase response, which means that using a central moving average filter we will obtain a 
response with no signal delay. This is an important issue because when we derived the wind 
velocity, it was found to be proportional to the difference between heading and track angle, so a 
delay in one of them will strongly affect the wind modulus. 
 
Additionally, we chose a central moving average in which the number of window points, the 
filter width, was a trade-off between increasing the signal-to-noise and the signal distortion [80]. 
These filters provide an amount of noise reduction equal to the square-root of the number of 
points in the filter width. In the case we are analysing, a 15 point moving average filter reduces 
the noise by a factor of almost 4. 
 
Unfortunately, this type of filters also has attached some disadvantages. First, there is a loss of 
points equivalent to the filter width in the first set of points and in the last one due to the filter 
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implementation. Additionally, in order to filter out significantly high frequency noise, the filter 
window size needs to be large, which increases the loss of points and also may reduce notably 
some sharp steps. One solution to avoid increasing the number of points is to use a multiple-
pass moving average filter that involves passing the input signal through a moving average filter 
two or more times. This implies a reduction of peak sidelobes that means a better stopband 
attenuation and also increases the roll-off in the frequency domain, as it may be seen in 
Figure 4.4. 
 

 
Figure 4.4. Frequency response for a single- and a double-pass 15-point moving average filter. 

 
Furthermore, we can display the frequency response for both single- and double-pass filter in 
order to determine the cut-off frequency for those filters. This variable is defined as the highest 
passband frequency for lowpass filters, and is normally obtained as the frequency for -3dB 
reduction. The values for single-and double pass filter have been obtained from Figure 4.5, and 
are equal to 0.030 and 0.021 Hz, respectively.  
 

 
Figure 4.5. Frequency response in dB for a single- and a double-pass 15-point moving average 

filter. 
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All the variables we used to derive wind velocity were filtered with a single-pass 15-point 
moving average filter, apart from the track angle. This later parameter, and specifically x∆  and 

y∆ , presented a higher level of noise despite the fact that x and y data were previously filtered. 
For this reason, when deriving this angle a double-pass filter was required for those variables,

x∆  and y∆ . The calculations of those increments were performed using the following 
equations: 
 

1n n nx x x+∆ = −  

1n n ny y y+∆ = −  
 
As a result, both variables x∆  and y∆  were filtered in order to determine a smoothed track 
angle. As an example, the Figure 4.6 (a), (b), and (c) shows the x∆  plot without any type of 
filter, after a single-pass, and after a double-pass 15-point moving average filter. 
 
Once the increments were filtered, the track angle was derived from them, using the equation 
given by: 
 

( )0º 360ºn
n

n

xatan
y

θ θ
 ∆

= ≤ < ∆ 
 

 
Figure 4.7 (a), (b), and (c) shows the track angle plot after a double-pass 15-point moving 
average filter. In those figures the first and last points, which exhibit a great distortion, have 
been discarded. The distortion appeared because those first 8 points presented x and y variables 
repeated, and were no previously filtered. Thus the increments go to zero every other value 
giving a stepped shape at the beginning and at the end of the draft. 
 
Once the variables were filtered, we could obtain wind vectors for every aircraft flight, using the 
equations (12) to (15). They have been plotted in Figure 4.8. 
 
While Figure 4.8 shows a smooth variation of wind modulus (and also wind components), wind 
direction displays strong changes in a short period of time, about 1,200 seconds. 
 
This led us to use a more intuitive way of illustrating winds, which is representing the wind 
vector by vector arrows so that the arrow’s length is associated with the magnitude of wind 
velocity and the direction from which it comes. Using this type of representation we found a 
series of issues that needed to be addressed. 
 
First, when an aircraft performed a turn, as it is showed in Figure 4.9, both wind speed and wind 
direction exhibit abnormal changes during turns. This may be due to various factors. One of 
them appears when the track angle and heading are close to ±180º. In this case, small 
increments in those variables provide a great difference between them making large variations 
in wind velocity, magnitude and direction.  
 
  

35 
 



FILTERING AND SMO OTHING 
 
 

 
(a) 

 
(b) 

 
(c) 

Figure 4.6. The variable Δx (a) without, (b) with a single-pass, and (c) with a double-pass 15-point 
moving average filter. 
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(a) 

 
(b) 

 
(c) 

Figure 4.7. The track angle (a) without, (b) with a single-pass, and (c) with a double-pass 15-point 
moving average filter. 
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Figure 4.8. The wind modulus, and its components, as well as the wind direction have been plotted 

for the last 1200 seconds flight. 
 
This drawback is clearly depicted Figure 4.10, where heading and track angle are drawn for an 
aircraft after touchdown. Other limitations regarding wind calculations during turns will be 
accounted for in the Limitations Chapter. 
 

 
Figure 4.9. The estimated wind velocity shows a weird modulus and direction during turns. 

 
With respect to the variables depicted in Figure 4.10, we also tried to estimate the wind vector 
after the landing, when heading and track angle should match. However, we found two 
obstacles. First, we were unable to obtain accurate VTAS because minimum Mach number 
recorded is 0.1 so that when obtaining VTAS through the Mach number and the atmospheric 
temperature, it remained constant from the runway touchdown to the aircraft stop. 
 
In addition, when VGS is low, increments of x and y are very low, and this fact brings great errors 
in the estimation of the track angle. 
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Figure 4.10. Aircraft flying with heading near 180º provide great wind modulus due to angle small 

changes. 
 
Second, even when the aircraft followed a straight line path the estimated wind direction may 
have different prevailing directions, before and after a turn, as it can be seen in Figure 4.11. This 
fact seems to indicate a constant error linked to the calculation of wind direction. As stated 
before, small changes in heading and track angle turn into great changes in wind direction. A 
thorough analysis of uncertainties propagation will be performed in Chapter 5. 
 

 
Figure 4.11. Two different wind directions are depicted during this flight: for lower y values wind 

comes from south-east and for higher y values wind blow from east. 
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Chapter 5: Limitations 
 
 
 
5.1 Introduction 
 
The process of deriving wind speed by using the ground speed and the true airspeed is in fact 
performed on board. Actually, wind speed and direction are already presented to the cabin crew 
members in the navigation display (ND) by the air data inertial reference system (ADIR). 
Nevertheless, Airbus documentation on this very system states that there are two aspects that 
need to be considered with regard to the accuracy of wind information: 
 
• During yaw movements, wind value seen on the NDs could be different than the one 

displayed by the ADIR unit. 
• Wind speed and direction displayed to the crew members have to be used with care 

regarding VGS and VTAS accuracy: 
 

VGS accuracy: ± 8 knots. VTAS accuracy: ± 4 knots 
Wind (> 50 knots) accuracy: ± 12 knots and ± 10° 
True track: ± 2.3° with VGS=200 knots 
True heading: ± 0.4° 

 
It should be noted that the precision on the value of the wind is not given for wind speeds below 
50 knots [84]. 
 
 
5.2 Wind magnitude uncertainty 
 
According to this investigation report, in the worst-case scenario, when the wind velocity is 
about 50 knots, the error considered by Airbus represents 25% of the nominal value, and 
slightly lower percentage for higher wind speeds. Given the fact that the wind speed accuracy 
has been not provided by the aircraft manufacturer, we will assume that we will not be able to 
reach much better values for wind speeds accuracy under 50 knots. Furthermore, we can 
represent the value of the wind velocity magnitude for different values of VTAS and the wind 
correction angle, β, where this latter angle, is defined as: 
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β ψ θ= −  
 
The value of wind magnitude as a function of wind correction angle β : 
 

2 2 2 cosW GS TAS GS TASV V V V V β= + −  
 

The value of wind velocity magnitude obtained by using the simpler version of the law of 
propagation of uncertainties [17] for wind modulus as a function of VGS, VTAS and β

[ ( ), ,W GS TASV f V V β= ], is given by the following general expression: 
 

W GS TAS
GS TAS

f f fV V V
V V

β
β

∂ ∂ ∂
∆ = ∆ + ∆ + ∆

∂ ∂ ∂  
 

Where β∆  has been obtained as a function of ψ  and θ  [ ( ),gβ ψ θ= ]: 

 
g gβ ψ θ
ψ θ
∂ ∂

∆ = ∆ + ∆
∂ ∂  

 
The uncertainties we used for VTAS between 150 and 250 knots are listed in Table 5.1. They were 
those provided by the manufacturer. 
 

Table 5.1. Uncertainties used for determining wind modulus uncertainty. 

Variable Symbol Uncertainty  
Ground Speed VGS ± 8 knots 
True Airspeed VTAS ± 4 knots 
True Heading Angle ψ ± 0.4° 
True Track Angle θ ± 2.3° 

 
Figure 5.1 shows wind uncertainties for three wind correction angles: 0, 10, and 20º. As we can 
see, the range of wind magnitude values is wider for lower values of the wind correction angle 
β. In fact, wind speed becomes zero, for wind correction angle equal to zero, when VGS and VTAS 
have the same magnitude and direction. For each of the curves represented in Figure 5.1, we 
have plotted the uncertainty associated with the wind magnitude value in vertical error bars. 
 
It may be noticed that the β=0 curve has no uncertainty bar for wind modulus equal to zero, this 
is due to the cancelation of all terms included on the propagation of the uncertainty equation.  
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Figure 5.1. Estimated wind velocity modulus and its uncertainty for VGS=200 kt, wind correction 

angle β=0, 10 and 20º, and VTAS from 150 to 250 kt. 
 
Minimum and maximum values of wind modulus uncertainty are 8.856 and 9.618 kt, 
respectively. Average values of wind velocity magnitude and maximum wind uncertainty with 
its corresponding VTAS have been listed in Table 5.2. 
 

Table 5.2. Average values of wind modulus and maximum wind modulus uncertainty at its 
corresponding VTAS for given β values. 

β(º) 
Average VW 

(kt) 
Maximum ±ΔVW (VTAS) 

(kt) 
  % 

0 27.273 8.944 (all) 32.80 
5 33.936 9.424 (200) 27.77 
10 46.130 9.485 (210) 20.56 
15 60.546 9.549 (230) 15.77 
20 75.966 9.618 (240) 12.66 

 
Data show that while the average wind modulus is significantly increasing with β (wind speed is 
over 50 kt for β equal to or greater than 15º) maximum uncertainty is slightly greater than the 
initial one (and its value is attained at increasing VTAS). This, therefore, represents a lower 
percentage of the wind magnitude. 
 
Assuming that the true track uncertainty value is constant and following the same process for 
different VGS (150, and 250 kt) the maximum wind uncertainty obtained was 8.944 and 11.781 
kt, respectively, which is in line with Airbus data (ΔVW =12 kt for VW >50 kt and VGS=200 kt) 
 
 
5.3 Wind direction uncertainty  
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The same process may be followed with wind direction; nevertheless we should keep angles, ψ 
and θ, through the calculations to obtain wind direction uncertainty. In this case, the equation 
we should use is the following: 
 

( )180º 0º 360ºWx
d d

Wy

VW atan W
V
 

= + ≤ <  
 

 

 
As this equation is to be used for uncertainty calculation, wind direction has to be expressed as a 
function of VGS, VTAS, ψ and θ [ ( ), , ,d GS TASW f V V ψ θ= ]:  

 

180ºGS TAS
d

GS TAS

V sen V senW atan
V cos V cos

θ ψ
θ ψ

 ⋅ − ⋅
= + ⋅ − ⋅ 

 

 
Following a similar procedure than the one already preformed for wind magnitude, we may 
obtain the wind direction uncertainty using the following formula: 
 

d GS TAS
GS TAS

f f f fW V V
V V

ψ θ
ψ θ

∂ ∂ ∂ ∂
∆ = ∆ + ∆ + ∆ + ∆

∂ ∂ ∂ ∂
 

 
And also using the same uncertainties used in the case of wind magnitude listed in Table 5.1 for 
a range of VTAS between 150 and 250 knots we obtained different results.  
 
The first finding derived was that although uncertainties were directly linked to heading and 
track angle, in fact, the values derived depend on the difference of both angles, that is to say the 
wind correction angle. Actually, Figure 5.2 shows the case of an aircraft flying to the north 
(ψ=0, θ=0, and β=0).  
 

 
Figure 5.2. Estimated wind direction and its uncertainty for VGS=200 kt, (ψ=0, θ=0, and β=0) and 

VTAS from 150 to 250 kt. 
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In this particular case, wind direction is always changing from 180º to 0 (variations in VTAS with 
a constant VGS lead to head wind, no wind or tail wind) and uncertainties graph has the same 
aspect as the one for an aircraft flying to the east (ψ=90º, θ=90º, and β=0), as has been shown 
in Figure 5.3. The only difference between these two plots would be that the former will be 
located at a wind direction equal to 180-0º and the latter at a 270-90º, and so on. Therefore, only 
one particular case has been plotted for zero wind correction angle. 
 

 
Figure 5.3. Estimated wind direction and its uncertainty for VGS=200 kt, (ψ=90º, θ=90º, and β=0) 

and VTAS from 150 to 250 kt. 
 
Another feature to be highlighted regarding this plot is the fact that uncertainty is dramatically 
increasing as the airspeed approaches the ground speed. The corresponding numeric values have 
been listed in Table 5.3.  
 

Table 5.3. Wind magnitude, wind direction and its uncertainties for VGS=200 kt, (ψ=0, θ=0, and 
β=0) and VTAS from 150 to 250 kt. 

VTAS (kt) VW (kt) Wd (deg) ±ΔWd (deg) 
150 50 180 9.2779 
160 40 180 11.6108 
170 30 180 15.5000 
180 20 180 23.2800 
190 10 180 46.6236 
200 0 - - 
210 10 0 46.7607 
220 20 0 23.4171 
230 30 0 15.6370 
240 40 0 11.7478 
250 50 0 9.4149 
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It is clear, according to these figures, that wind direction presents huge uncertainties as the same 
time as wind magnitude decreases, reaching a value near 47º for wind magnitude of 10 kt. In 
addition, it can be seen that there is neither wind direction nor uncertainty value for a true 
airspeed of 200 kt; this happens because at this very point wind value becomes zero and, no 
value for wind direction can be estimated. 
 
So as to avoid graphs overlapping additional plots and tables are furnished for wind correction 
angles of 10 and 20º (Figure 5. 3 and Figure 5.4, and Table 5.4 and Table 5.5). Plot depicted in 
Figure 5.3 shows a smoothed variation of wind direction in comparison with the one for zero 
wind correction angle. However, it follows the same pattern with uncertainties increasing for 
airspeed near 200 kt. 
 

 
Figure 5.4. Estimated wind direction and its uncertainty for VGS=200 kt, (ψ=10º, θ=0, and β=10º) 

and VTAS from 150 to 250 kt. 
 

Table 5.4. Wind magnitude, wind direction and its uncertainties for VGS=200 kt, (ψ=10º, θ=0, and 
β=10º) and VTAS from 150 to 250 kt. 

VTAS (kt) VW (kt) Wd (deg) ±ΔWd (deg) 
150 58.4083 153.5158 8.2500 
160 50.7179 146.7832 9.6180 
170 43.9667 137.8232 11.2679 
180 38.6502 126.0303 13.0403 
190 35.4205 111.3347 14.4238 
200 34.8623 95.0000 14.6903 
210 37.0965 79.4225 13.6673 
220 41.6763 66.4411 11.9775 
230 47.9342 56.4295 10.2659 
240 55.3033 48.9016 8.8037 
250 63.3974 43.2168 7.6246 
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In this case, maximum values of wind direction uncertainties are much lower than in the 
previous case, reaching a maximum value of about 15º, far below the value of 47º almost 
reached for wind correction angle equal to zero. 
 
Finally, in the last case we plot below, wind correction angle trend is almost linear, giving 
uncertainties more uniform than the two previous cases with a maximum value about half the 
maximum for 10º and almost a seventh of the one obtained for zero wind correction angle. 
 

 
Figure 5.5. Estimated wind direction and its uncertainty for VGS=200 kt, (ψ=20º, θ=0, and β=20º) 

and VTAS from 150 to 250 kt. 
 

Table 5.5. Wind magnitude, wind direction and its uncertainties for VGS=200 kt, (ψ=20º, θ=0, and 
β=20º) and VTAS from 150 to 250 kt. 

VTAS (kt) VW (kt) Wd (deg) ±ΔWd (deg) 
150 78.2205 139.0138 6.4173 
160 73.8896 132.2168 6.8526 
170 70.7171 124.6946 7.2108 
180 68.8631 116.6198 7.4372 
190 68.4351 108.2738 7.4899 
200 69.4593 100.0000 7.3591 
210 71.8736 92.1246 7.0718 
220 75.5450 84.8872 6.6788 
230 80.3012 78.4127 6.2340 
240 85.9622 72.7257 5.7800 
250 92.3620 67.7832 5.3442 

 
Similar figures and plots have been obtained for wind correction angle of 5º and 15º. A 
summary of all average values as well as the maximum wind direction uncertainty with its 
corresponding VTAS have been listed in Table 5.6. It is worth mentioning that maximum wind 
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correction angle uncertainties are related to minimum wind magnitude in each table, and that 
this fact is also correlated to similar values of ground speed and true airspeed, the latter always 
near 200 kt. 
 

Table 5.6. Average values of wind modulus and maximum wind modulus uncertainty at its 
corresponding VTAS for given β values. 

β(º) Average ΔWd 
(kt) 

Maximum ±ΔWd (VTAS) 
(kt) 

0 21.3269 46.7607 (210) 
5 16.6582 29.3668 (200) 
10 11.2390 14.6903 (200) 
15 8.4390 9.8809 (190) 
20 6.7159 7.4899 (190) 

 
To sum up, regarding both wind magnitude and wind direction uncertainties obtained in this 
section, as well as winds estimated in previous section, we may infer two important conclusions. 
First, wind values obtained during yaw movements are not reliable, agreeing with Airbus 
information and also supported by our calculations. And second, from the above analysis we 
may deduce that the wind velocity magnitude uncertainty is in the range of 9 and 12 kt for VGS 
and VTAS between 150 and 250 kt, representing a significant percentage of the average wind 
magnitude. 
 
Additionally, wind direction uncertainties obtained for winds speeds of 50 kt yield results that 
are in line with the one provided by Airbus that gives us a and ±10° for wind direction 
uncertainties above 50 kt. Besides, the lower the wind speed, the higher the wind modulus 
uncertainty as well as the wind direction uncertainty, making very difficult to relay on those 
values. 
 
Furthermore, the higher the wind correction angle, the lower wind uncertainties: for the 
magnitude it represent a lower percentage of wind modulus and regarding wind direction, it has 
lower values as wind correction angle increases. 
 
 
5.4 Other limitations 
 
Other limitations that should be included in this chapter are related to two variables recorded in 
our FDR sample. First of them is the Mach number, a parameter that was used in the wind 
estimation. It was recorded for the four aircraft models but the lower value recorded was 0.1. 
This means that for low speeds, when the aircraft is on the runway, and even if the rest of 
variables may be measured, neither VTAS nor wind speed may be derived. In Figure 5.5, the fight 
phase is set in 11 (110 in the figure), meaning that the aircraft is landing. 
 
Second of them is the problem we found in heading and track angle variables, because wind 
magnitude, as we have already analyzed, is very sensitive to variations of wind correction angle. 
As it can be noticed in Figure 5.6, when both variables have values near 180º (positive or 
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negative) plot shows great oscillations for small changes in those variables, yielding in certain 
occasions a value of wind correction angle near 360º, which does not allow wind estimations.  

 
 

 
Figure 5.6. Minimum Mach number of 0.1 do not allows calculation of VTAS nor wind velocity after 

touchdown 
 
 

 
Figure 5.7. Small variations in heading and track angle around 180º (positive or negative) do not 

permit wind derivation. 
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Chapter 6: Reference models for atmospheric 
behaviour 
 
 
 
6.1 Introduction 
 
Meteorological services are responsible for studying both at national and international levels the 
state and behaviour of the Earth's atmosphere, its interaction with the oceans and the climate, in 
general.  
 
In Spain, the authority responsible for the meteorological services is the so called “Agencia 
Estatal de Meteorología” (AEMET) [1], with the primary intention of developing, implementing 
and providing meteorological services and to contribute towards safety regularity and efficiency 
of international air navigation. Among others, they take and record meteorological observations 
in Spain, monitor and forecast weather and they also do scientific research in numerical weather 
prediction (NWP) models. 
 
NWP models use the equations of fluid dynamics and thermodynamics to estimate the state of 
the atmosphere at some time in the future at given locations and altitudes. Observation data are 
entered into the model to generate initial conditions. These inputs are observations on the one 
hand from radiosondes located in weather balloons that measure various atmospheric 
parameters and transmit them to a fixed receiver, and on the other hand from weather satellites. 
Some of these inputs come from Earth surface observations (synop), another from different 
altitudes (temp), from meteorological satellites (satob), from commercial aircraft (airep), etc. 
(Figure 6.1).  
 
Due to diverse spatio-temporal data acquisition, these observations need to be processed by data 
assimilation and objective analysis methods, so as to obtain values at locations usable by the 
meteorological model. This is the way of obtaining initial values for the grid which will be used 
in the model as the starting point for a forecast; this process is referred to as analysis. 
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Figure 6.1. Distribution of assimilated meteorological observations from satellite (light blue), 

aircraft (red) and radiosondes (dark blue). (Source: AEMET) 
 
 
In order to get meteorological data in the future at different locations, we have to analyse the 
movement of atmospheric air. It responds to general fluid equations. Based on those equations 
and on meteorological observation the variables are forecasted, and the airport meteorological 
stations worldwide provide different reports for air navigation purposes.  
 
The AEMET provides forecasted information through HIRLAM [1] [45], a grid-point 
hydrostatic model with a semi-Lagrange dynamic scheme, where radiative processes and those 
occurring at too small-scale are parameterized (turbulence, clouds and condensation, 
convection, water and energy exchanges with the surface...).  
 
HIRLAM runs 4 times a day in AEMET in 3 distinct domains: Euro-Atlantic area with 16 km 
horizontal resolution and two focused on the Iberian Peninsula and the Canary Island with 5 km 
resolution. The number of vertical levels is 40. Wind fields, 10-meter-height winds, provided 
for the global model of the European Centre for Medium-Term Forecast (ECMWF) are received 
4 times a day and are used to force the model with 5 wind analysed fields: 0, 3, 6, 9 and 12 h. 
The observation data, received thanks to the global telecommunications system set up by the 
World Meteorological Organization (WMO), are used to determine the atmospheric initial state 
regularly. 
 
In Madrid-Barajas airport, half-hourly routine meteorological reports METAR (Meteorological 
Aerodrome Report) and aerodrome special meteorological reports (SPECI), short TAF 
(Terminal Aerodrome Forecast) and long TAF, SIGMET, and AIRMET, as well as aerodrome 
warnings via data link or in some cases broadcasted [2]. 
 
In Spain, sort TAF reports, for instance, have a validity period of 9 hours; 24 or 30 hours for 
long TAFs, meteorological aeronautical products (PAM), consisting of information for different 
flight levels and certain points, given by latitude and longitude, of a series of direct 
meteorological parameters (geopotential height, wind, temperature, etc.), among others, with 
analysis and predictions are provided for 6, 12, 24, 36 and 48 hours. 
 
Even when forecasted meteorological conditions are generally not far away from real variables 
measured, the use of aircraft wind data as input in our algorithm opens the door to the 
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possibility of having available a method providing precise, quantitative and real-time winds 
information. 
 
 
6.2 Atmospheric equations  
 
The equations governing the air movement in the atmosphere are [51] the Navier-Stokes 
equations (20), the mass conservation equation (21), the first law of thermodynamics equation 
(22), and the ideal gas law, equation (23). This make up six equations to solve for the six 
unknowns: three for the air velocity, ( ), ,u v wv = , the air pressure, p, the air temperature, T, the 
air density, ρ : 
 

( )1 2
ρ

∂
= + ⋅∇ = − ∇ + − ∧ ∧ − ∧ +
∂

Ω Ω Ω r
Dv v v v p g r v f
Dt t

 (20) 

 

( ) 0v
t
ρ ρ∂
+∇⋅ =

∂  
(21) 

 
1

p
dT dpQ c
dt dtρ

= −  (22) 

 
p R
Tρ
=

 
(23) 

 
The foregoing Navier-Stokes equations are an application of Newton’s second law (i.e. the 
conservation of momentum) with respect to a rotating frame of reference located at the Earth 
centre. This frame rotates with respect to an inertial frame at constant angular velocity Ω , the 
angular velocity of Earth. In these equations, the left-hand side represents the material 
derivative of the velocity of the parcel, and may be composed of time dependent and convective 
effects. The right-hand side of equation (20) represents the real forces (per unit mass) acting on 

a parcel of air, that is to say the pressure gradient force 1
ρ

− ∇p , the gravitational force g , and 

the frictional force rf  due to viscosity.  
 
Nevertheless, in a rotating frame of reference moving with the Earth, there are also included two 
apparent acceleration given by the inertial centrifugal force for an air parcel located at a distance 
of the centre of the Earth r , ( )− ∧ ∧ rΩ Ω , and the Coriolis force, which depends on the 

parcel relative velocity to the Earth, 2− ∧ vΩ . 
 
Usually, the centrifugal and the gravitational forces are combined in a geopotential function 

φ∇ , since ( ) ( )2 r2 2Ω / 2− ∧ ∧ = = ∇a ar rΩ Ω Ω , where ar  is the position vector from the 
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axis of rotation to the parcel. Therefore, the geopotential function related to the apparent 
gravity, ag , is given by the following relation: 
 

2φ Ω−∇ = = −a ag g r  
 
For further calculations we should notice that at the surface of the Earth and for medium 
latitudes, the difference between geographic latitude and geocentric latitude is less than six 
minutes of a degree of latitude. Therefore, we will consider geographic latitude from now on. 
 
These equations are a system of nonlinear partial differential equations that require numerical 
methods to be solved. While some models use finite differences, in which the world (or a 
limited part of it) is represented as discrete points on a regularly spaced grid of latitude and 
longitude [96]; others use spectral methods that are solved for a range of wavelengths [82].  

 
For weather studies, there is a different treatment of those equations depending on the time and 
length scales, variables that are usually related to each other. For instance, when performing a 
global analysis or studying large areas of the atmosphere, this is the so-called synoptic scale, 
several terms can be neglected due to their lower importance in the process compared with the 
rest of them (vertical accelerations of the air or advection by ageostrophic wind). For synoptic 
scales, motions tend to approach geostrophic balance, whereas in local scales also named 
microscales, where the characteristic length of the scale is about a few kilometres or less, the 
Coriolis force or the horizontal pressure gradient force can be disregarded [59].  
 
Nevertheless, in medium scales, also called mesoscales, where the characteristic length of the 
phenomena are between 2 and 2,000 km, any of the terms in the dynamical equations frequently 
cannot be neglected. In the case we are working on, the characteristic length of our parcel of air 
is about 100 km x100 km in the horizontal dimension and only a few kilometres in the vertical 
direction.  
 
Besides, when performing weather studies two kinds of analysis may be carried out: diagnosis 
and prognosis. The latter, for forecasting purposes, requires keeping temporal terms in the 
equations and analysing the variables evolution with time, using a snap-shot of the analysed 
variables in order to trigger the process. Nevertheless, for weather diagnosis, information 
coming from different sources need to be merge for providing the initial conditions of the 
evolution.  
 
This lead us to disregard the equation of the first law of thermodynamics, since the variables 
collected in our data set that will be used for performing analyses related to aircraft navigation 
include information neither about transferred heat nor entropy. 
 
Moreover, in this dissertation we are focused on obtaining real-time wind fields for a particular 
area, so that studying the temporal evolution of the variables is out of our scope. We, therefore, 
resort to perform an objective analysis in order to interpolate the data observations into a grid, 
by linking the variables dynamically through the equations governing the air movement, duly 
simplified. 
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All this means that neglecting frictional forces (for Reynolds numbers Re>>1), the governing 
equations for a tangent plane (spherical coordinates will be required for larger areas) rotating 
with the local vertical component of the Earth rotation, are: 

10du p f v
dt xρ

∂
= = − + ⋅

∂
 

10dv p f u
dt yρ

∂
= = − − ⋅

∂
 

10dw pg
dt zρ

∂
= = − −

∂
 

0 u v w
t x y z
ρ ρ

 ∂ ∂ ∂ ∂
= = − + + ∂ ∂ ∂ ∂ 

 

 
Where f  is the Coriolis parameter that may be obtained from the Coriolis force as a function of 
the Earth's angular velocity and the latitude: 
 

2f sinΩ φ=  
 
At this point, we may assume that the part of atmosphere we are working on is shallow such that 
denoting Z the vertical scale and L the horizontal one, the simplified the mass conservation 
equation lead us to: 
 

1Z
L
<<  

 
This can be translated into two further simplified equations. First of all, the mass equation has 
been reduced to a horizontal movement in the following equation, where capital letters denote 
the order of magnitude of the corresponding variables: 
 

0u v w U WO
x y z L Z

 ∂ ∂ ∂  + + = + =   ∂ ∂ ∂   
 

1W Z
U L

= <<  

 
And second of all, we can also neglect the vertical velocity field in the vertical momentum 
equation, which results in the equation of hydrostatic balance in that direction: 
 

p g
z

ρ∂
= −

∂
 

 
To sum up, this approach allows us the use of the equations of the geostrophic flow where 
gradient pressure and the Coriolis force are balanced: 
 

1 pfv
xρ
∂

=
∂
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1 pfu
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In addition, as the atmosphere can be assumed to be a perfect gas, we will consider that 
pressure, temperature and density of the air are related by the gas constant for air. 
 
 
6.3 Geostrophic model 
 
Although the original intention was to apply the Navier-Stokes equations, or at least a set of 
simplified equations, we found that there was not enough information within the available data 
to do it, not even to use the coarse approximation of geostrophic wind model described in 
previous section. This particular model establishes the equilibrium between the pressure 
gradient force and the Coriolis force, the latter due to the movement of the Earth’s frame. This 
is to say, the geostrophic model neglects the effect of friction between the air and the land, and 
assumes the system to be stationary: 
 

10Du p f v
Dt xρ

∂
= = − + ⋅

∂
 

10Dv p f u
Dt yρ

∂
= = − − ⋅
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10Dw pg
Dt zρ

∂
= = − −

∂
 

 
Even though some of the variables we would need were available on board (i.e. geometric 
altitude, vertical geometric acceleration), they were not provided in FDR data furnished to us, 
and therefore we were not able to apply the above approximation. This led us to the application 
of a particular interpolation method. 
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Chapter 7: Interpolation methods 
 
 
 
7.1 Introduction 
 
The use of aircraft as wind sensors implies that wind data are recorded at different point 
locations in a sparse way. Therefore, a spatial interpolation method is required to estimate data 
values at other locations. In general the higher the point density is, the better the results are. But 
some variables, such as wind, present a wider variation over shorter distances than other 
meteorological variables as temperature or relative humidity [58]. Likewise the spatial 
arrangement of these points can take different forms and, as a result, the solution surface will be 
highly form-dependent, as the error. This means that we would require a denser grid of points 
but also the spread of points will be crucial to achieve an accurate and precise solution surface. 
 
Interpolation methods are generally classified into deterministic and statistical methods [19]. 
The first ones assign values to locations based on the surrounding measurements and use 
specified mathematical formulae that will determine the smoothness of the resulting surface. 
Some examples of this method are inverse distance weighting (IDW), natural neighbour, trend, 
and spline. 
 
The seconds, statistical methods, are based on statistical models that take into account the 
autocorrelation, it is to say, the statistical relationship among the measured points. Because of 
this, statistical techniques not only have the capability of producing a solution surface but also 
provide some measure of the certainty or accuracy of the surface. May be the most 
representative example of statistical method is the Kriging method. 
 
Interpolation methods may also been classified into exact and inexact methods. The former are 
used when the known values exactly match the interpolation surface, while the latter, inexact 
methods, do not establish this constraint, and therefore provide a smoother solution.  
 
Those methods can also be divided into other two types: global and local. Global interpolators 
use all the available data to provide a solution surface, but local methods use only the 
information surrounding the point being estimated. The Kriging methods are local (exact and 
stochastic) interpolators that use the more advanced statistical techniques. 
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Some comparisons among several interpolation techniques have been performed in different 
studies [58], [23] with diverse results depending on the spatial distribution of the data. 
 
In this study, we were looking for a deterministic method, and we are neither interested in the 
probability of having a certain value exceeded nor in the probability of having the interpolated 
value within a range, therefore we put aside statistical methods.  
 
Moreover, we did not need an exact method, meaning the surface solution verifying the data set, 
because each known wind point has been obtained as a mean value in a particular cell; and on 
the other hand, we avoided exact methods for the sake of having a smoother surface. Finally, in 
order to be less time-consuming (pre-processing sometimes takes a while, depending on the 
number of aircraft involved) and taking into consideration the variability and size of the data set 
and the extent of the studied area, we resort to deterministic, inexact, global method: a trend 
surface analysis, in spite of the fact that deterministic methods provide no indication of the 
extent of possible errors  
 
 
7.2 Trend surface analysis 
 
Trend analysis is an interpolation method that can be thought of as the generation of a surface 
from scattered observation data. As a global method, we will calculate a single function for the 
entire studied area using all the available data. This type of interpolation analysis is the most 
widely used global surface-fitting procedure and it is also the most appropriate when working 
with low data quality sets.  
 
For the implementation of the method, the observation data are approximated by a polynomial 
expansion of the geographic coordinates of the available points, and the coefficients of the 
polynomial function are found using standard regression techniques, ensuring that the sum of 
the squared deviation from the solution surface is a minimum. The polynomial that generates 
the surface can be expanded to any desired degree, from linear to a higher degree depending 
upon the number of unknowns and the data set.  
 
In order to obtain the unknown coefficients, a set of simultaneous linear equations that includes 
the sums of powers and cross products of the polynomial is to be solved. Once the coefficients 
have been estimated, the polynomial function can be evaluated at any point within the studied 
area, usually building a grid and calculating an estimate of the surface for each node. Besides, 
thanks to the use of the least-squares fitting procedure, there is no other polynomial equation of 
the same degree that may provide a better approximation of the dataset. 
 
In the case we are working on, the variable to be estimated is the wind vector, this implies that 
we will need to estimate two components of wind (north and east) for every single point in the 
map, x and y coordinates. This issue has been addressed using two different approaches: first, 
we will use a two-dimensional formulation so that each wind component may be estimated 
using independents trend functions; and second, we will take advantage of the benefits of the 
complex variable formulation for finding the approximation function for a vector function. 
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7.2.1 One-dimensional formulation 
 
In this section we will introduce the procedure for finding the surface that best fit a one-
dimensional variable, which could be the air temperature, the atmospheric pressure or any other 
scalar variable. The goal of this technique is to find a trial function ( )ˆ ,u x y , within a class of 

functions, polynomials in this case, that best fits the data set given at x and y coordinates and the 
variable value for each particular point, ( ), ;i i ix y u  [83]. Given the trial function defined as: 

 

( ) ( ) ( ) ( ) ( )
1

ˆ , , , , ,
m

T
i i

i
u x y p x y a x y x y x y

=

= =∑ p a  

 
Where ( )ˆ ,u x y  is the approximation to the function ( ),u x y , and: 

 

( ) ( ) ( ) ( )1 2, , , ... ,T
mx y p x y p x y p x y=   p  

( ) ( ) ( ) ( )1 2, , , ... ,T
mx y a x y a x y a x y=   a  

 
Are the basis function vector, and the corresponding coefficient vector, respectively, and m  is 
the number of terms in the basis function vector. Besides, the linear and quadratic function 
vector are given respectively by: 
 

( ) [ ], 1T x y x y=p  

( ) 2 2, 1T x y x y x xy y =  p  

 
With a number of terms, m , of 3 and 6 respectively. For higher polynomial degree, the number 
of coefficient to be evaluated is listed in Table 7.1: 
 

Table 7.1. Number of unknown coefficient for different polynomial degrees in a one-dimensional 
formulation 

Polynomial degree Number of unknowns 
1 3 
2 6 
3 10 
4 15 
5 21 

 
The measurement residual for a known point ( ), ;I I Ix y u , is given by the difference between the 

variable value at any given point and the approximation function at that point: 
 

( ) ( )ˆ, ,
Iu I I I Iu x y u x yε = −  

( ) ( ) ( ), , ,T
I I I Iu x y x y x y= − p a  
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The unknown parameters ( )1,2,...,ia i m=  are determined minimizing the following cost 

function, that can be weighted in the case that a local approximation at point ( ),x y  was 

required: 
 

( )2

1

1 ˆ( , ; , ) ( , ) ( , ; , )
2

n

I I I I I I
I

J W x y x y u x y u x y x y
=

= −∑  

 
We will assume that a weight variable is unnecessary and therefore the value of the weight 
function, ( ), ; ,I IW x y x y , is set equal to 1, making the unknown parameters not depending on 

the point position, x and y coordinate. This leads us to the cost function, given as a function of 
the residual error: 
 

1
2

T
u uJ ε ε= ( ) ( )1 ˆ ˆ

2
Tu u u u= − −  

( ) ( )1
2

T= − −u Pa u Pa  

 
Where P  is the observation matrix, for a linear function with n  data points, and u  refers to 
the values measured at the n known points: 
 

1 1

2 2

1
1
... ... ...
1 n n

x y
x y

x y

 
 
 =
 
 
 

P  

 

[ ]1 2 3...
T

nu u u u=u  
 

Expanding ( )J u : 
 

( ) ( )1
2

T T T T T TJ = − − +u u u u Pa a P u a P Pa  

 
Its minimum with respect to a  is found by setting the gradient to zero: 

 
 

 
Solving for a , the least-square estimator is found to be: 
 

( ) 1T T L−
= =a P P P u P u  

 

( ) ( ) 0
TT TJ

a
∂

= − =
∂

u
P Pa P u
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Where LP  is the left pseudoinverse of P . 
 
 
7.2.2 Two-dimensional formulation 
 
In this event, this named two-dimensional formulation is applied to a variable that has two 
components like wind (north and east). The process described in the previous section was 
independently applied for both wind components, so that we had two trial functions: 
 

( ) ( ) ( )ˆ , , ,T
u uu x y x y x y= p a  

( ) ( ) ( )ˆ , , ,T
v vv x y x y x y= p a  

 
Using this approximation procedure, it gave us, for the linear function, six unknown polynomial 
coefficients: three for the eastern component and another three for the northern component; 
twelve, if the function is a quadratic one, and so forth (Table 7.2). 
 

Table 7. 2. Number of unknown coefficients for different polynomial degrees in a two-dimensional 
formulation. 

Polynomial degree Number of unknowns 
1 3+3 
2 6+6 
3 10+10 
4 15+15 
5 21+21 

 
This means that the polynomial degree is limited by the number of data points. The number of 
degrees of freedom (dof) is determined by the number of the observations minus the number of 
parameters to be derived in the fitted regression model. When the dof are equal to zero, the 
fitting curve matches all data points. Picking a polynomial degree too high will overfit data, 
while if the degree is too low, the problem is named underfitting, and the curve cannot even 
capture an obvious trend in the data set. Therefore we will start trying linear polynomial and 
increase its degree gradually. 
 
 
7.2.3 Complex-variable formulation 
 
Although the use of the above procedure is able to yield a wind field for the analysed area, our 
intention was to retain the liaison between both components so we also essay a trial function 
where both components are related through a complex variable [93]: 
 

( ) ( ) ( ) ( ) ( )ˆ ˆ ˆ Tw z u z i v z z z= + = p a  

z x i y= +  
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The interpolation method leads us to: 
 

( ) ( )ˆ ˆReu z w z=     

( ) ( )ˆ ˆImv z w z=     

 
In this case, when dealing with complex coefficients, the number of them to be derived was two 
for the linear function, three for a quadratic one, and so forth. 
 
In this manner, reducing the number of unknowns for a specific area with a fixed number of 
data, we increase the number degrees of freedom which may be obtained by subtracting the 
number of estimated parameters from the number of observations data. The higher the number 
of dof is, the higher the precision of estimators is. 
 
As an example, we will apply this complex formulation in the case of quadratic basis function 
for four known points. In this case, the basis function vector, the coefficients vector and the trial 
function are: 
 

( ) 21T z z z =  p  

[ ]0 1 2
T a a a=a  

( ) ( ) ( ) 2
0 1 2ˆ ˆ ˆ ( , ) ( , )w z u z i v z a a z x y a z x y= + = + + = 

 
The observation matrix for the quadratic function and four data points 
 

2
1 1

2
2 2

2
3 3

2
4 4

1
1
1
1

r r
r r
r r
r r

 
 
 =
 
 
  

P  

 
And the left pseudoinverse matrix of P , LP  for this complex formulation: 
 

( ) 1L T T−
=P P P P  

 
Then w  takes into account the measured values of both wind components in the four known 
points, as a complex expression: 
 

1 1

2 2

3 3

4 4

u i v
u i v
u i v
u i v

+ 
 + =
 +
 + 

w  
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The coefficient vector is obtained from the formula: 
 

L=a P w  
 
The solution of this equation gives us the three unknown coefficients, whose values are in the 
complex plane. Therefore, both wind components, the real part and the imaginary part of the 
complex expression may be derived from the general approximation function: 
 

( ) 2
0 1 2ˆ ( , ) ( , )w z a a z x y a z x y= + +  

( )( ) ( )( )2
0 0 1 1 2 2R I R I R Ia i a a i a x i y a i a x i y= + + + + + + +  

 
Finally, the corresponding expression we were looking for: 
 

( ) ( )2 2
0 1 1 2 2ˆ , 2R R I R Iu x y a a x a y a x y a xy= + − + − −  

( ) ( )2 2
0 1 1 2 2ˆ , 2I R I I Rv x y a a y a x a x y a xy= + + + − +  

 
It is worth remarking that while two-dimensional formulation requires obtaining three 
unknowns for each wind component in the case of linear polynomial, the complex formulation 
needs to determine only two complex coefficients (see Table 7.3 for higher degrees) which 
assures a large range of degrees before reaching a dof equal to zero. 
 

Table 7. 3. Number of unknown complex coefficients for different polynomial degrees in complex 
dimensional formulation. 

Polynomial degree Number of complex 
unknowns 

1 2 
2 3 
3 4 
4 5 
5 6 

 
As we established in the two-dimensional method, we started testing a linear, cubic, quadratic 
polynomial and we increased the polynomial degree up to a fifth or sixth degree. We stopped 
either when the Vandermonde matrix became ill-conditioned, or when the dof became zero. 
This latter condition was attained with polynomials with a maximum degree of 9 (10 unknowns) 
and 19 (20 unknowns), respectively, when testing 10- and 20-point data set. 
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Chapter 8: Results and Discussion 
 
 
 
8.1 FDR data results 
 
FDR samples provided by the airline consisted of several files containing FDR data for certain 
number of days. As we were interested in having a high number of aircraft in the area of Madrid 
airport in order to increase the interpolation accuracy, we analysed each day searching for the 
higher aircraft density. 
 
The rate of aircraft landing or taking off at Madrid airport is about 42 per hour (average hourly 
value for 2012, with 373,185 operations) [4]. This averaged value means in daily terms 
approximately 1,000 aircraft arriving or leaving the airport. Unfortunately, we do not have all 
the aircraft landing and taking off data available, only those contained in the aforementioned 
files. The fact that we have a higher number of aircraft in a file does not mean that we will have 
a higher aircraft density, though. This happens because sometimes the aircraft are flying at 
different levels so that we also had to check whether they were located at the same level. Thus, 
after reviewing the recorded data we chose the one with a higher number of aircraft at the same 
time, and at the same level. 
 
The file DATOS_0301_0307.mat containing data belonging to 52 aircraft has been plotted in a 
unique figure (Figure 8.1). As it was mentioned before, the name of the file indicates the days 
recorded on it, in this case, from 1st to 7th March. Nevertheless, in this file, we could find aircraft 
flying from the 1st to the 8th March because they have been arranged in the file corresponding to 
the date and time of their airport departure. For this reason, the Figure 8.1 shows height plots, 
one per day, where each aircraft appears as a line of circles numbered from 1 to 52.  
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(a)                                                                 (b) 

 
(c)                                                                 (d) 

 
(e)                                                                 (f) 

 
(g)                                                                 (h) 

Figure 8.1. Aircraft in DATOS_0301_0307.mat file containing 52 aircraft: (a) 1st March; (b) 2nd 
March; (c) 3rd March; (d) 4th March; (e) 5th March; (f) 6th March; (g) 7th March; (h) 8th March. 
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The number of aircraft recorded each day as well as the maximum number per hour is shown in 
Table 8.1 with their corresponding hourly period. Despite the fact that the day that had more 
aircraft recorded was the 4th March with nine aircraft recorded, the 3rd March was chosen on 
account of registering the higher number of aircraft, five in this case, flying from 5:00 to 6:00. 
Figure 8.2 depict the aircraft landing at Madrid airport on the 3rd Mars, 2009 from 5.00 to 5.59 
hours, according to airline data. 
 

Table 8.1. Maximum number of aircraft per hour from 1st to 8 th March 2009. 

Day # aircraft Max # aircraft Time 
1st March 3 2 13:00-14:00 

2nd March 7 2 
5:00-6:00 

13:00-14:00 
3rd March 7 5 5:00-6:00 

4th March 9 2 
6:00-7:00 

13:00-14:00 
5th March 6 4 5:00-6:00 
6th March 6 4 5:00-6:00 

7th March 7 
2 4:00-5:00 
2 5:00-6:00 
2 6:00-7:00 

8th March 7 3 5:00-6:00 
 
Nevertheless, as it can be seen in Figure 8.2, the five aircraft recorded from 5:00 to 6:00 hours 
do not coincide at the same time when we divided the whole hour in quarters, but at least we 
had four aircraft in the interval from 5:15 to 5:30 (5.25 to 5.50 h). 
 

 
Figure 8.2. Five aircraft flying from 5:00 to 6:00 but only four of them between 5:15 and 5:30 (5.25 

to 5.50 h). 
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Next step was to perform a subsequent analysis of the altitude where these four aircraft were 
flying. As might be expected, aircraft landing at the airport followed approximately the same 
pattern at lower altitudes. Therefore, a 3D-plot shows that this could be a viable file for 
conducting the wind field calculation (Figure 8.3).  
 
 

 
Figure 8.3. Aircraft landing at Madrid airport the 3rd Mars, 2009 from 5.00 to 5.59 hours, 

according to airline data. 
 
As depicted in Figure 8.4, we got at best only 4 aircraft flying in Madrid airport area in our 
samples, on March 3rd, 2009, from 5:15 to 5:29. It meant 4 points per second in a box with an 
horizontal dimension covering about a 100×100 nm and with a vertical dimension of 8,000 m of 
altitude. 
 

 
Figure 8.4. Four aircraft flying in Madrid airport area in our samples the 3rd March, 2009 from 

5:15 to 5:29. 
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In order to establish both a temporal as well as an horizontal and vertical window we consider 
the work performed in [22], taking into account their spatio-temporal correlation of wind for 
horizontal and vertical dimensions as for the time. Figure 8.5 shows those tree correlations as a 
function of distance (a) and (b) and as a function of time (c). 

 
(a)                                                                   (b) 

 
                                                                    (c) 

Figure 8.5. Horizontal correlation (a) and vertical correlation (b) as a function of distance. Time 
correlation as a function of time (c). 

 
Based on this information, we set up a grid of 10×10 nm in the horizontal plane, which implies 
a horizontal correlation of 0.95; a vertical grid of 1000 m, which gave us a vertical correlation 
of 0.55; and a time window of 15 minutes, which entails a correlation of 0.81. Although vertical 
correlation was quite low compared with the time and the horizontal ones, we could not further 
reduce this band for several reasons. First, because as we can see in Figure 8.4, the number of 
aircraft was very small (we got only 4) and this implied a reduced number of cells with wind 
data. Second, the four aircraft were descending with an average vertical speed of about 350 
m/min (1,150 ft/min) which means that it took them less than 3 minutes to pass through a 
1,000 m layer and less than one and a half minute in the case of choosing a 500 m height, 
meaning about 10% of the time window. Figure 8.6 shows the reduced number of cells with 
wind vector values for layers of 1,000 m, in figures from (a) to (h) that have been plotted for the 
same area 
 
The number of cells with wind data varies from 1, in the case of the lower layer, to 11 (from 
6,000 to 7,000 m). In fact, these figures depend on the exact position where we set up the grid.  
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(a)   (b) 

 
(c)                                                        (d) 

 

 
(e)                                                              (f) 

 

 
(g)                                                         (h) 

Figure 8.6. Cells with wind vector values for layers of 1000 m, (a) from msl to 1,000 m; (b) from 
1,000 to 2,000 m; (c) from 2,000 to 3,000 m; (d) from 3,000 to 4,000 m; (e) from 4,000 to 5,000 m; (f) 

from 5,000 to 6,000 m; (g) from 6,000 to 7,000 m; and (h) from 7,000 to 8,000 m. 
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In reality, the number of points is not the only parameter for choosing one layer or another. It is 
also important for performing an analysis that the points on the grid were also, let say, 
uniformly distributed on the grid. For those reasons we analyse the layer form 3,000 to 4,000 m 
that had 8 occupied cells. 
 

 
Figure 8.7. Wind vectors obtained the 3rd Mars, 2009 from 5.15 to 5.29 hours, within 3,000 and 

4,000 m of altitude. 
 
Applying this grid we obtained several points for each cell, and we compute the average value 
of the wind in the centre of each one. This analysis resulted in the plot showed on the 
Figure 8.7, where there are only 8 wind points known in the map. All the points averaged for 
this graph were related to the corresponding aircraft flying between 5:15 and 5:29, and a 
pressure-altitude between 3,000 and 4,000 m.  
 
Wind velocity for each point has been listed in Table 8.2, including the coordinates of the point 
and wind components, as well as their magnitude and direction. We also have included the 
average value of wind obtained for these eight points: 8.7056 kt.  
 

Table 8.2. Averaged wind vectors and their coordinates obtained the 3rd Mars, 2009 from 5.15 to 
5.29 hours, within 3,000 and 4,000 m of altitude. 

x (nm) y (nm) u (kt) v (kt) Wmod (kt) Wdir (º) 
75 -65 -7.8232 9.0259 11.9444 139.0829 
75 -55 -9.4576 5.4169 10.8990 119.8024 
75 -35 -4.3743 6.9792 8.2368 147.9221 
85 -55 -11.1723 6.9804 13.1737 121.9969 
85 -35 -7.1022 1.4818 7.2552 101.7850 

115 -35 -6.1941 4.1658 7.4647 123.9227 
125 -45 -4.7874 -0.2887 4.7961 86.5496 
125 -35 -5.8387 -0.6544 5.8753 83.6052 

    
8.7056 
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Taking into account the average value of ground speed for the three aircraft involved 
(304.5431 kt), the estimated wind represents less than 3% of the aircraft speed, which may be 
considered as negligible, particularly because the uncertainty for such a low wind speed will be 
even higher than its magnitude (according to Airbus information the accuracy for winds over 
50 knots is ±12 knots). 
 
Due to the low number of points available, even in the case of grouping wind values for each 
grid and for a 15-minute window, we decided to check the validity of this interpolation method 
using several wind scenarios obtained from a global weather model. 
 
 
8.2 Different wind scenarios 
 
Given the small sample size of the FDR data set, we have been forced to resort to another 
meteorological data to test the interpolation method in a real wind field. Thus, three wind 
conditions were used for testing this two interpolation techniques. Those wind fields are real 
weather forecasts performed using the US GFS global weather model. Through a free software 
called Ugrib [42], we not only downloaded the corresponding grib files containing 
meteorological data, but also we were able to view those data in a world map (Figure 8.8, Figure 
8.9 and Figure 8.10). 
 
GRIB is the name of a data representation form for General Regularly-distributed Information 
in Binary form, also called Gridded Binary. This is the format commonly used in meteorology 
to transport, store and manipulate historical and forecasted weather data. The main advantage of 
these types of files is that they are really compact, being able to include a huge amount of 
information into very small files as well as producing faster computer-to-computer 
transmissions. 

The major body providing weather forecasts in GRIB format is the NOAA (National Oceanic 
and Atmospheric Administration of the USA), although other agencies like the Spanish Agencia 
Estatal de Meteorología (AEMET) also issues predictions in GRIB format, because they follows 
the standard by the World Meteorological Organization's Commission for Basic Systems, 
known under number GRIB FM 92-IX [91], described in WMO Manual on Codes No.306. 
 
NOAA uses a global numerical weather prediction model that generate GRIB files, the GFS 
(Global Forecast System) produced by the National Centers for Environmental Prediction 
(NCEP), which is used by the Ugrib software to provide weather data with a native resolution of 
0.5 degrees, surface winds (10 m above the ground) and barometric pressure. This way, one can 
get from their webpage a 7 day forecast with a 3-hour timestep, working in UTC (GMT), and 
with updates at around 04:45, 10:45, 16:45 and 22:45. 
 
Three different wind scenarios, each one with specific features, have been selected for 
validating the interpolation methods. The first one was what we called light wind, meaning a 
low average wind speed, the second one named strong wind with higher winds velocities, and 
the third one, wind with vorticity, which has a low pressure in the centre of the map. All of them 
will be described in the followings sub-sections. 
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8.2.1 Light wind 
 
This wind map contains a grid made up of a 11×9 points, covering a longitude from 41.8 to 46.7 
W; and a latitude from 24.5 to 28.4 N (Figure 8.8). All the values recorded (number of the point, 
longitude, latitude, wind module, wind direction and atmospheric pressure) are presented in 
Appendix B: Light wind scenario. Its average wind components values are: 
 

2.793u kt=  
1.842v kt=  

 
And its average modulus is 3.553 kt (6.580 km/h), which correspond with a light breeze in the 
Beaufort scale (Appendix E: The Beaufort scale). Figure 8.8 shows a wind barb map containing 
wind magnitude and direction. 
 

 
Figure 8.8. Wind barb plot of light wind map with an average modulus of 3.553 kt, where a 11×9 

points grid has been selected. 
 
 
8.2.2 Strong wind 
 
This wind map (Figure 8.9) contains a 11×9 points grid, covering an area of longitude from 11.7 
to 17.5 W; latitude from 24.5 to 28.4 N. All the values recorded (number of the point, longitude, 
latitude, wind module, wind direction and atmospheric pressure) for this scenario is presented in 
Appendix C: Strong wind scenario. Its average wind components values are: 
 

28.909u kt=  
11.349v kt= −  

 
Its average modulus is 31.635 kt (58.589 km/h), meaning a high wind in the Beaufort scale.  
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Figure 8.9. Wind barb plot of strong wind map with an average modulus of 29.69 kt, where a 11×9 

points grid has been selected. 
 
8.2.3 Wind with vorticity 
 
This wind map contains a 7×7 points grid, covering a longitude from 11.7 to 17.5 W; latitude 
from 53.2 to 58.9 N. All the values recorded (number of the point, longitude, latitude, wind 
module, wind direction and atmospheric pressure) for this scenario is presented in Appendix D: 
Wind with vorticity scenario. Its average wind components values are: 
 

3.685u kt=  

12.770v kt=  
 
Its average magnitude is 23.410 kt (43.356 km/h), a moderate breeze in the Beaufort scale. 
 

 
Figure 8.10. Wind with vorticity map with an average modulus of 23.410 kt, where a 7×7 points grid 

has been selected. 
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8.3 Mass equation application 
 
As we have already seen, we do not have enough data to make use of the governing equations of 
fluid mechanics, not even the simplified ones provided in the geostrophic approximation. 
Nevertheless, we may still use the mass conservation equation (21) in its steady state once both 
wind velocity components have been derived using the proposed interpolation methods: 
 

u v= 0 =
x y
∂ ∂

∇ +
∂ ∂

v  (24) 

 
We used that equation given the fact that none of the fluid mechanics equations could be applied 
due to the lack of the required parameters. The application of this formula assumes that the 
divergence of the velocity field is zero in the studied area. This can be an initial hypothesis on 
grounds of lack of other variables. 
 
In the case of using the two-dimensional formulation, each of the two horizontal components 
will be obtained separately from several known points or observations, n. Then, depending on 
the polynomial degree, the number of unknown constants to be determined will be different. In 
the particular case of a first degree polynomial, the total unknowns to be derived results in a 
figure of 6 (a1u, a2u, a3u, a1v, a2v and a3v) three for each component: 
 

1 2 3( , ) u u uu x y a a x a y= + +  

1 2 3( , ) v v vv x y a a x a y= + +  
 
Thus, applying the equation (24) we obtain a unique equation relating two out of the six 
aforementioned unknowns: 
 

20 0u
u a
x
∂

= + +
∂

 

30 0 v
v a
y
∂

= + +
∂

 
2 3 0u va a+ =  

 
As the analysis was performed for several numbers of observations, it was worth determining 
the degrees of freedom in each case. This variable depends on the value of the number of 
observations, n, minus the number of parameters to be estimated, 3 for each component, leaving 
a number of dof varying from 7 (for 10 observation points) to 17 (in the case of using 20 
points). 
 
In Table G.1, Appendix G, the features of wind components polynomials have been included, as 
well as the corresponding coefficients, degrees of freedom, and the coefficients equations for 
polynomials degree from linear to quartic. 
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8.4 Wind scenarios results for two-dimensional formulation 
 
As stated above, not only the number of known points is essential for obtaining a more accurate 
interpolation, but also their position in the grid. Accordingly, we have performed different tests 
for each scenario. Regarding the number of data points, we carried out 10- and 20-point tests 
and the position of those points has been randomly chosen. The interpolation accuracy has been 
measured as the Distance Root Mean Square (DRMS) according to the following equation: 

 
2 2 2
e u vDRMS σ σ σ= = +   

 
Where 2

uσ  and 2
vσ , the variance of both wind horizontal components, have been derived from 

the difference between the value of the wind component for each point of the grid ( u , v ) and its 
corresponding estimated value ( û , v̂ ), using the following equations: 
 

( )22 1 ˆu u u
n

σ = −∑   ( )22 1 ˆv v v
n

σ = −∑  

 
For two-dimensional formulation, DRMS values have been obtained for the aforementioned 
scenarios. Therefore, in the particular case of light wind scenario, a broader analysis has been 
conducted.  
 
 
8.4.1 Light wind scenario results 
 
This scenario has been studied taking into account the DRMS value obtained for different areas 
around the centre. In the case of having 10-point observation they have been randomly chosen 
among the 15 points contained in the zone 1 (Figure 8.11); 35 point in zones 1 plus 2; 63 points 
in zones 1, 2 and 3; or the whole set of points (99) in the scenario.  
 

 
Figure 8.11. Zone definition for light wind scenario 
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The aim was to determine whether the deviations (difference between estimated values and real 
light wind) increases as the points are located far away from the data points, as we expected. 
 
 
ZONE 1 
 
In this case, the 10 data points were located in zone 1. Besides, DRMS has been derived in this 
area (zone 1), as well as in zones 2, 3 and 4. A representation of the real wind and its 
interpolated values is presented in Figure 8.12. The number of points contained in each area and 
their corresponding deviation from the nominal wind have been listed in Table 8.3. 
 

 
Figure 8.12. A 10-point test with a linear polynomial degree was performed for light wind scenario. 

Points located in zone 1 
 
The number of points contained in each area and the variance of both wind horizontal 
components as well as the DRMS have been listed in Table 8. 3. 
 

Table 8.3. Results for each zone in a 10-point test with a linear polynomial degree for light wind 
scenario. 

Degree 1 
Nº of 

points 
2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 
Zone 1 15 0.0068 0.0112 0.0180 0.1342 
Zone 2 20 0.2479 0.1433 0.3912 0.6255 
Zone 3 28 1.6907 0.8480 2.5387 1.5933 
Zone 4 36 4.3806 2.1857 6.5664 2.5625 
Total 99 2.1223 1.0653 3.1876 1.7854 

 
Results shows that linear interpolation provides best results for the zone 1 (where data points 
were located), and DRMS increases, as expected, as we move away from the centre. We also 
need to bear in mind that only 5 point were unknowns in the zone 1, yielding a deviation that 
represents only 3.78% of the wind mean value, while these figures rise significantly for zone 2 
(20 unknowns and deviation about 17.60%), zone 3 (28 unknowns with a deviation of 44.84%) 
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and zone 4, where the maximum deviation was obtained for the 36 unknowns almost reaching 
the mean wind value (72.12%). Regarding Figure 8.12 it may be noticed that the major 
contribution to the error was located in the upper right and the bottom left side of the map, 
mainly due to wind direction. 
 
A similar test was performed for increasing polynomial degrees (2 and 3), whose results have 
been listed in Table H.1, in Appendix H: Wind scenarios results for two-dimensional 
formulation. The limits for increasing the polynomial degree can be seen in this table, the value 
obtained for the full area containing the 99 points slightly exceeded the wind mean value for a 
cubic polynomial, meaning a deviation of 100%.  
 
When the polynomial degree increases, MATLAB © provides a warning message because the 
matrix becomes closer to singular or badly scaled, and results may be inaccurate. This fact is 
due to the inversion of the observation matrix used for determining the unknown coefficients, a 
matrix whose terms make up a geometric progression in each row, a 2-D Vandermonde matrix. 
In those cases a “W” has been included between parentheses. 
 
 
ZONE 1-2 
 
The area where the observation points were located in this particular case was in zones 1 and 2, 
and, once again, 10 points were randomly located in this area. A representation of the real wind 
and its interpolated value for a linear polynomial degree is presented in Figure 8.13.  
 

 
Figure 8.13. A 10-point test with a linear polynomial degree was performed for light wind scenario. 

Points located in zone 1-2 
 
Additionally, the number of points contained in each area and the variance of both wind 
horizontal components as well as the DRMS have been listed in Table 8.4. 
 
Results in this linear polynomial approximation present the same trend that we saw in previous 
case. As expected, deviation increases as points are further away from the centre. The 35 points 
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estimated in zone 1-2 yielded a DRMS value of 9.63% of the wind mean value, and it increases 
until zone 4 where a maximum value of 58.50% of mean wind was attained. Nevertheless, the 
deviation computed for the full area reached a value of 1.4243 kt (40.08%) in this case, in 
comparison with the 1.7854 kt (50.25%) of the previous test. Additionally, in this occasion, 
points with a poor performance were also located in both the upper right and the lower left 
corners.  
 

Table 8.4. Results for each zone in a 10-point test with a linear polynomial degree for light wind 
scenario. Points located in zone 1-2 

Degree 1 
Nº of 

points 
2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 
Zone 1-2 35 0.0703 0.0467 0.1171 0.3421 
Zone 3 28 0.9918 0.4795 1.4714 1.2130 
Zone 4 36 2.8824 1.4377 4.3202 2.0785 
Total 99 1.3535 0.6750 2.0285 1.4243 

 
 
ZONE 1-2-3 
 
The area where the observation points were located in this test was in zones 1, 2 and 3, and, 
once again, 10 points were randomly located in this area. A representation of the real wind and 
its interpolated value for a linear polynomial degree is presented in Figure 8.14.  
 

 
Figure 8.14. A 10-point test with a linear polynomial degree was performed for light wind scenario. 

Points located in zone 1-2-3. 
 
In addition, the number of points contained in each area and the variance of both wind 
horizontal components as well as the DRMS have been listed in Table 8. 5. 
 
Deviation results for zone 1-2-3 are higher than the ones found in the previous zone 1 and zone 
1-2, representing in this case a 15.10% of mean wind. At the same time, DRMS for the full area 
is the lowest compared to the preceding ones, reaching a value of 0.7813 (21.99%). This 
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interpolation followed the same pattern as the previous ones, with points with higher deviations 
in upper right and lower left corners.  
 

Table 8.5. Results for each zone in a 10-point test with a linear polynomial degree for light wind 
scenario. Points located in zone 1-2-3. 

Degree 1 Nº of 
points 

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 

Zone 1-2-3 63 0.1686 0.1192 0.2879 0.5365 
Zone 4 36 0.8850 0.2901 11.7510 10.8400 
Total 99 0.4291 0.1814 0.6105 0.7813 

 
 
ZONE 1-2-3-4 
 
Finally, the 10 aircraft/observation points were located randomly in the whole area. A 
representation of the real wind and its interpolated value for a linear polynomial degree is 
presented in Figure 8.15.  
 

 
Figure 8.15. A 10-point test with a linear polynomial degree was performed for light wind scenario. 

Points located in the whole zone. 
 
As in previous cases, the number of points contained in each area and the variance of both wind 
horizontal components as well as the DRMS have been listed in Table 8.6. 
 

Table 8.6. Results for each zone in a 10-point test with a linear polynomial degree for light wind 
scenario. Points located in the whole area. 

Degree 1 Nº of 
points 

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 

Total 99 0.4786 0.3434 0.8220 0.9067 
 
Surprisingly, when all the area has been used for locating the 10 data points the result was 
higher than the previous one (which was the minimum), reaching a DRMS value of 0.9067 kt 
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(25.52%). This means that a particular points distribution in the central area yielded a better 
result than the distribution in previous case.  
 
Regarding what happened with quadratic polynomial (Table H.1, Table H.2, Table H.3 and 
Table H.4), results in that case are in accordance with the linear polynomial. It was found that 
the minimum deviation was obtained in the map with points located in zone 1-2-3, contrary to 
our expectations, reaching a deviation of 1.18 kt meaning a 33.31% of mean wind. As in linear 
interpolation, DRMS rose as the analysed area increases. Again, poor results were found lower 
and upper left as well as in upper right corners, away from data points. 
 
Concerning third degree polynomial, its results do not follow the same pattern. This time, 
minimum error was found in the test where all the 10 points were randomly located in the whole 
area, zone 1-2-3-4, reaching a value of 0.9866 kt (27.77%). As in previous cases, DRMS 
increases as the area to be analysed rose. Poorer performance was located in the upper corners, 
mainly because of different wind directions. 
 
Another result those calculations delivered was the coefficient equations obtained from the mass 
conservation equation. For light wind scenario and 10 data points, the value of the 
corresponding equations (that should be equal to zero) have been added for each polynomial 
degree at the last column of Table H.4. As those are relations between coefficients form the 
polynomial, each equation has different units, as can be determined from Table G.1. Linear 
degree provided the best result regarding their first coefficient equation. 
 
As summary of the light wind scenario for 10 data points, it may be noticed that, in general, best 
results were found when points were randomly located in the whole area. Nevertheless, best 
result for the whole zone was found for a linear polynomial with a value of 0.7813 kt (21.99%), 
with points placed in zone 1-2-3 (Figure 8.16). Regarding coefficients equations, best results 
were linked to DMRS for linear degree. 
 

 
Figure 8.16. Best result for a 10-point test with a linear polynomial degree for light wind scenario, 

with points located in the whole zone. 
 
Finally, light wind scenario has been studied for 20 data points that were set in the full area, and 
for different polynomial degrees. Main achievement is that minimum deviation was found in the 
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cubic polynomial interpolation with a 0.4654 kt (13.10%) deviation (Figure 8.17). Predictably, 
this result is lower than the best found for the whole area in the 10 data points map that was 
0.7813 kt (first degree): the higher the number of points the better the interpolation results. 
 
As regards coefficient equations, best result was attained in the fourth degree polynomial, where 
the value of its first equation was 0.0053 h-1. Nonetheless, this outcome may be inaccurate 
because the matrix to be inverted becomes closer to singular or badly scaled. 
 

 
Figure 8.17. Best result for a 20-point test with a cubic polynomial degree for light wind scenario, 

with points located in the whole zone. 
 
 
8.4.2 Strong wind scenario results 
 
Tests for this scenario were performed placing 10 or 20 points in the whole are. Results for the 
complete area both for 10- and 20-points have been included in Table H.6 and Table H.7, 
Appendix H: Wind scenarios results for two-dimensional formulation. It is worth highlighting 
that best DRMS for 10 points was obtained for the linear polynomial that provided a deviation 
of 3.3735 kt, representing a percentage of average wind of 10.66% (Figure 8.18), linked with 
the lower coefficients equation. A lower value was reached in the case of 20 data points, but this 
time using a cubic polynomial, 2.0571 kt (6.50%). This map, although, provided the best result 
in the first coefficients equation for the linear degree, whit a value of -0.0123 h-1. Figure 8.18 
and Figure 8.19 present best results graph for 10- and 20-point maps. 
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Figure 8.18. Best result for a 10-point test with a linear polynomial degree for strong wind scenario, 

with points located in the whole zone. 
 

 
Figure 8.19. Best result for a 20-point test with a cubic polynomial degree for strong wind scenario, 

with points located in the whole zone. 
 
 
8.4.3 Wind with vorticity results 
 
Results for the whole area, both for 10- and 20-points have been included in Table H.8 and 
Table H.9, Appendix H: Wind scenarios results for two-dimensional formulation. This wind 
map has results aligned with the strong wind scenario yielding the lower deviation for 10 data 
points with a linear polynomial (12.3275 kt meaning 55.66%) as well as the best value for the 
first coefficient equation, -0.00074 h-1, while 20-point test showed a better outcome of 7.6571kt 
(32.71%) with a cubic polynomial, but having a better result for the first equation in second 
degree equation (0.0145 h-1).  
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Figure 8.20. Best result for a 10-point test with a linear polynomial degree for strong wind scenario, 

with points located in the whole zone. 
 
Their corresponding maps have been included for depicting best results in both cases (Figure 
8.20 and Figure 8.21). The former shows the left central area with a low performance, with 
really different wind directions, while right central area presents winds deviations with errors 
both in wind magnitude and direction. The 20-point map yield best results but it may be noticed 
that there is a better performance but different wind directions in the central right side and in 
magnitude in the central left side of the map. 
 
The case of wind with vorticity is a particular case. On the one hand because the number of 
points in this map is only 49 (the other scenarios have 99 points), and on the other hand because 
the vorticity may not be easily interpolated.  
 

 
Figure 8.21. Best result for a 20-point test with a cubic polynomial degree for wind with vorticity 

scenario, with points located in the whole zone. 
 
 
8.5 Wind scenarios results for complex variable formulation 
 
In this test, when we analyse the outcome of the complex interpolation method, we have 
assessed the accuracy only through the DRMS because the coefficients are indeed complex, and 
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the system equation analysis performed in the previous section has no physical meaning in this 
case. Results have been included from Table I.1 to Table I.6. 
 
Tackling the two wind components as a complex variable, most interesting result is that almost 
in all the cases, the higher accuracy is verified in linear polynomials. Only for a set data of 10 
points in light wind scenario, the lower DRMS occurs in a polynomial of second degree, with a 
value of 0.8275 kt (23.29%). Besides, regarding the wind with vorticity scenario with 20 points, 
best result was performed with a fifth degree polynomial, reaching a minimum DRMS value of 
12.6898 kt, more than 50% of its mean wind speed.  
 
Nevertheless, this analysis shows small differences among first, second and third degree, 
particularly in 20-point strong wind and both maps in the case of wind with vorticity. In the 
particular case of wind with vorticity the results present DRMS values about 50% of their wind 
modulus.  
 
 
8.6 Wind scenarios result for non-dimensional variables 
 
In order to avoid as much as possible having a badly scaled matrix, we resort to work with non-
dimensional variables so that x and y coordinates were located within the interval [-1,1] for all 
the scenarios analysed. Wind coordinates were also non-dimensionalized using its 
corresponding mean wind speed component.  
 
The procedure followed implied a first step of transforming dimensional into non-dimensional 
variables, a second one where the interpolation method was performed and third a re-
dimensionalization in order to compute DRMS. 
 
Results regarding two-dimensional interpolation method have been summarised in Table 8.7, 
while the ones obtained through the complex method have been included in Table 8.8. In both 
tables, minimum value in each column has been highlighted in bold. For these new tests, a 
different set of data points has been randomly chosen for light wind and wind with vorticity 
scenarios while we kept the same data for the strong wind scenario. 
 

Table 8.7. DRMS values obtained for three different scenarios, for 10 and 20-point data set and 
two-dimensional formulation using non-dimensional variables. 

DRMS (kt) 
 Light wind (99p) Strong wind (99p) Wind with vorticity (49p) 
 10 points 20 points 10 points 20 points 10 points 20 points 
D1 0.7740 0.6863 3.3735 3.3836 15.2241 12.0983 

D2 0.8424 0.8542 3.4647 2.6647 17.9788 11.3267 
D3 8.6040 0.3973 3.4031 2.0571 33.2087 9.7176 
D4 warning 2.7121 warning 4.8799 warning 13.2449 

D5  warning  warning  warning 
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A first comparison was conducted to verify that results following dimensional and non-
dimensional methods gave the same results, except that a few differences were found regarding 
two aspects. First, when performing a non-dimensional test, warning message indicating that the 
matrix can be ill conditioned appears at higher degree polynomial; and second, slight deviations 
in DRMS were found at higher degree polynomial just because badly scaled matrix may provide 
non accurate results. 
 
In addition, regarding DRMS values, bold figures indicates a pattern, all scenarios showed 
better results in the case of linear polynomial for 10 points while using 20 points the lower 
deviation was attained for cubic polynomials, which is in line with the analysis carried out for 
dimensional variables. 
 
As far as complex formulation is concerned, results attained using dimensional and non-
dimensional variables through the interpolation methods yield results in disagreement. 
Regarding Table 8.8, all but one of the results achieved reveal that best results were found when 
linear degree was used. The exception was the case of 20 points in light wind scenario where the 
second best DRMS was achieved, with a very similar result, which seems to reveal that first 
degree is performing better when variables have been non-dimensionalized.  
 

Table 8.8. DRMS values for three different scenarios, for 10 and 20-point data set and complex 
variable formulation. 

DRMS (kt) 
 Light wind (99p) Strong wind (99p) Wind with vorticity (49p) 
 10 points 20 points 10 points 20 points 10 points 20 points 

D1 0.8325 0.6922 9.1630 10.2883 29.8174 26.0181 
D2 1.0896 0.6998 10.2408 10.4481 37.4100 27.6670 

D3 0.9024 0.7210 10.5928 10.9368 31.3217 26.2340 
D4 1.0790 0.6504 11.1479 12.7644   
D5 1.1959 0.7402 14.8787 12.1876   

D6 2.3135 0.9045 18.9009 22.0173   
D7 2.4552 0.9503 40.8326 16.5311   

 
Nonetheless, comparing those results with the ones already achieved with dimensional variables 
used through the interpolation procedure, the latter provide a better performance regarding 
DRMS, and particularly when comparing results from the strong wind scenario where we used 
the same data set. 
 
 
8.7 Discussion 
 
On the one hand, the analysis of FDR data revealed that many considerations need to be taken 
when estimating wind speed based on on-board instruments and systems. First, no information 
about wind vector was provided in our FDR data sample despite the fact that it is a parameter 
derived and indicated on board. In this work, it has been derived from VTAS (which was obtained 
from Mach number and atmospheric temperature), VGS, heading and track angle. For that reason, 
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no assessment could be performed on wind derivation compared with current aircraft wind data. 
Besides, wind vectors estimations suffer from high uncertainties regarding both magnitude and 
direction.  
 
In relation to our estimations, wind values obtained during yaw movements are not reliable, 
which is in line with the aircraft manufacturer information [6]. This is probably due to 
inaccuracies and hysteresis of instruments and equipment measuring heading and track angle, so 
that wind speed magnitude is very sensitive to these two parameters. Therefore, in order to have 
an accurate wind field estimation points were deleted when the aircraft was performing a turn. 
 
Besides, wind modulus uncertainty is in the range of 9-12 kt for VGS and VTAS between 150 and 
250 kt, representing a variable percentage of the average wind modulus (between 3.6 and 8.0%). 
For a wider speed range, more analysis would be required. 
 
Regarding wind direction, results show huge uncertainties for wind magnitude under 50 kt. We 
should keep in mind that according to Airbus information, wind uncertainty is ±12 knots and 
±10° for winds over 50 kt. The analyses performed for VGS of 200 kt indicate that wind direction 
uncertainty varies from 9º at VTAS within 150 and 250 kt (meaning significantly above or below 
VGS which implies high values of wind magnitude, 50 kt) while it reached values of near 47º 
when the VTAS is near VGS (i.e. wind module values about 10 kt). Those enormous values for 
wind direction uncertainties make it difficult to derive accurate wind fields for low force winds. 
 
As regards wind speed, it cannot be obtained using FDR data after touchdown due to low 
accuracy of Mach number indicator at low speeds. Its minimum recorded value is 0.1, which 
implies that VTAS get stuck at the corresponding speed when VGS is still approaching to zero.  
 
Additionally, small changes in track angle and heading near 180º, both positive and negative, 
produce greater fluctuations in wind correction angle (varying from almost 0 to 360º), wind and 
wind direction, yielding weird results that may be clearly appreciate in the case of an aircraft 
performing a 360º turn. On this occasion, we also deleted the data involved in order to present a 
more accurate wind field. 
 
Another issue we faced working with this FDR sample that we have to bear in mind is that our 
expectations had been significantly lowered due to the reduced number of aircraft available for 
determining wind speed, flying at the same time and at the same altitude, or even within some 
temporal and spatial window. 
 
To sum up all this statements, considering a maximum uncertainty allowed of 10% for the 
determination of wind speed, we will apply this procedure for VGS and VTAS over 120 kt, to be on 
the safe side. In addition, it seems justified to expressly exclude certain FDR data that present a 
bad performance due to factors associated to the stored parameters. 
 
On the other hand, regarding the results of the interpolation methods as a whole, they revealed 
that the DRMS decreases first, when the number of data points increases, and second when the 
set of points is more uniformly distributed over the area of study, as might be expected. 
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In the case of two-dimensional interpolation method, findings seem to indicate that there is a 
pattern: all the scenarios present a higher accuracy for a first order polynomial in the case of 
having 10-point data set, while for 20 points, the best accuracy is attained by using a third 
degree polynomial. Furthermore, in this latter case, all those tests have been performed without 
the best accuracy because the matrix to be inverted may be close to singular or badly scaled. 
Some further analyses have been performed in order to avoid this drawback by using non-
dimensional values for the matrix calculation. All this means that if we are willing to admit 
errors of 10% of the average wind modulus we will need to have 20 or more aircraft data 
available for winds without vorticity. 
 
Moreover, raw data obtained from the system of equations do not provide useful information 
about the most accurate polynomial degree, among other things, because there is no relation 
among equations results and DRMS. We only can perform a qualitative assessment regarding 
the equation which has the greater value different form zero. This way, we may conclude that 
only in the case of 10 data points, meaning first degree polynomial, both minimum DRMS and 
lower coefficients equations match.  
 
By the same token, contrary to our expectations, the complex variable not only has not 
improved the two-dimensional interpolation method as it happens in [93 ], but the results show 
higher DRMS in all studied cases, and for all wind scenarios compared with those achieved 
using a two-dimensional formulation. 
 
Finally, the process of using non-dimensionalized variables through the interpolation method 
may have slightly increased the accuracy of results in the case of two-dimensional formulation, 
but it has no provided better DRMS in most of the cases tested. 
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Chapter 9: Conclusions and Future Work 
 
 
 
Some of the conclusions that may be derived from the analysis performed on FDR data have 
already been mentioned in previous chapters. Although this particular sample was given 
excellent results regarding other researches and projects, for the purposes that we established at 
the very beginning of this ambitious project of determining real-time wind fields based on FDR 
data, maybe the most important outcome that should be underlined regarding this work is that, 
unfortunately, the sample provided by the airliner that could be initially considered as a 
sufficiently representative sample on account of covering an extended period of time (from 
March 1st to June 15th, 2009), it finally has proven to be a sample of insufficient volume, 
regarding the short number of aircraft, let say, hourly recorded. 
 
Throughout this study it has been determined that one of the most important features of the 
sample to be used in order to reasonably achieve our target is to have an airspace as dense as 
possible which would enable us to gather interesting results. Although it is true that the greater 
the number of aircraft, the more complex is to handle such a different features regarding FDR 
data (variables, units, sampling rates, formats, etc.) this phase may be achieved, as we did, 
beforehand. In this way, a suitable new sample, ranging a shorted period of time but providing a 
higher rate of aircraft per hour would permit us to reach successful wind maps. 
 
Another question to bear in mind is that the number of aircraft overflying a specific area must 
respect the separation among aircraft needed to avoid potential conflicts, and that the 
approaching phase when the aircraft are landing is performed following a similar path. 
Therefore, aircraft are located in a strip aligned with the runway, at least from medium altitudes. 
 
Apart from this important and determining fact, we have encountered some others drawbacks 
when determining wind fields. Notwithstanding that wind magnitude and direction is nowadays 
measured on board, it has been not recorded in the sample provided, which did not allowed us to 
perform a comparison between data recorded by the FRD and data we derived using the 
Standard Atmosphere and other airspeed formulae.  
 
Additionally, when performing this research we found that even the manufacturer of the aircraft 
contained in the sample provided a range of uncertainties for the variables involved in wind 
calculation that at least could be well described as wide. This means that wind magnitude and 
direction was only provided for wind speed over 50 kt, and that the value reached was 
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respectively ±12 knots and ±10º, which implies, to begin with, an error on wind calculation for 
that high speeds about 25% in its magnitude. In spite of this findings, we conducted an analysis 
regarding wind modulus uncertainty based on the manufacturer information that showed a value 
of ±(9-12) kt when deriving wind velocity modulus from ground speed and true airspeed, which 
is in line with the one obtained by Airbus. 
 
Not only the wind magnitude uncertainty was studied but also the one related to the wind 
direction. Regarding this latter analysis, results were even more discouraging, indicating that 
figures about ±45º for uncertainty may be attained in case of very low wind speeds (about 10 
kt), compared with true airspeed or ground speed near 200 kt. Although is true that only severe 
winds may affect the aircraft flight during cruise phase, there are other factors like the aircraft 
path, the flight estimated time or the fuel costs that will be affected even by moderate winds 
particularly when the aircraft speed is reduced, that is to say, in the airport areas. 
 
As data provided by the air carrier have proved to be insufficient, and taking into account that 
the subsample we finally analysed provided wind speeds about 10 kt (a value that has the same 
order of magnitude of the uncertainty), this not allowed us to go further to derive any wind field 
with this sample, which leaded us to test the chosen interpolation method using different wind 
scenarios. 
 
Therefore, two methods were analysed to assess their performance in calculating winds in areas 
where there were no data. The two-dimensional interpolation method has been proven to have a 
higher accuracy and a lower time consumption than the complex variable interpolation method, 
for all three scenarios tested and also for both 10 and 20-point set of data. However, there is no 
single polynomial degree which best matches all the scenarios and data sets, reflecting a 
noticeable variation as a function of the number of points in the sample. 
 
Despite the fact that the complex variable least-square approximation method has an explicit 
physical meaning and greater time consumption it appears to be less efficient and less accurate 
than two-dimensional formulation. 
 
Moreover, comparing the results from the three scenarios, we can infer that the higher the wind 
magnitude, the better the precision. Besides, the complexity of the wind map, including air flow 
of great magnitude, moving in circular paths around a low pressure centre (wind with vorticity) 
provided the worst results for both 10 and 20-point set, which evidence the difficulty of having 
a good performance by using polynomial approximation.  
 
More research needs to be undertaking to make these preliminary findings into more solid 
results; one of them could be to increase the number of FDR data available, retrieving a sample 
with a higher hourly density. The number of aircraft operations handled by Madrid Airport in 
March 2009 was 37,296 according to AENA statistics, giving an average size of 50 operations 
per hour, far away from the averaged 6 operations per day contained in our sample. If I had to 
choose, I would select specific days where prevailing winds recorded were over moderate 
according to the Beaufort scale, which means wind speed over 11-16 knots.  
 
 
Another issue to be addressed is the assessment of wind fields obtained based on FDR data 
through the corresponding interpolation method. We have already contacted the person in 
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charge of providing recorded atmospheric data from the AEMET and meteorological data 
including both radiosondes and forecasted information have recently been furnish to us so that 
an assessment will be performed although the sample to be tested was that sparse. 
 
There was also another obstacle we had to cope with, we are referring to the implementation of 
the Navier-Stokes equations, or at least a simplified atmospheric model, which was our original 
intention. Initially, we intended to determine wind speed in void areas using a simplified 
meteorological model instead of using a more mathematical procedure, and less physical 
method, as we were forced to implement. In order to make this possible, we would require 
having available not only pressure altitude or the one provide by the radio altimeter, but also 
real vertical coordinate provided by GPS to be introduced in the fluid mechanics equations. 
 
A further point to go through would be to assay specific functions for the interpolating methods 
so as to accurately fitting air vorticity conditions. In relation to this last wind case analysed, 
wind with vorticity, it is another subject that deserves greater attention. It has been demonstrate 
that it needs a deeper study in order to characterize it because the method we used exhibits 
unacceptable high errors. Maybe the use of different functions instead of simple polynomials, as 
those used in fluid mechanics for characterizing sources, sinks and vortex, where the velocity of 
flow is proportional to the inverse of the position might yield best results.  
 
From our point of view deriving real-time wind fields is of crucial importance for enhancing air 
traffic management as well as providing a deeper knowledge of conditions surrounding the 
aircraft for pilots and airlines, looking ahead to the “four-dimensional trajectory management” 
in order to produce more efficient and de-conflicted trajectories for all the aircraft involved in 
this process.  
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Appendix A: FDR data included in the sample 
 
 
Variables included in FDR samples belonging to aircraft of A340-642, A340, A319-111 and A321-211series have been listed in Table A.1. 

Table A.1. FDR data for different aircraft: variable, units, format and range 

Pos Variable Format/ 
Range 

A340-642 
1624421 

A340 
1628269 

A319-111 
1627436 

A321-211 
1630792 Variable Pos 

1 Longitude (deg) W124.3993 0.0000 0.0000 0.0000 0.0000 Longitude (deg) 1 
2 Latitude (deg) N45.2234 0.0000 0.0000 ------------ 0.0000 Latitude (deg) 2 

3 Flight phase   

PREFLIGHT PREFLIGHT PREFLIGHT PREFLIGHT 

Flight phase 3 

ENG. START ENG. START ENG. START ENG. START 
TAXI OUT TAXI OUT TAXI OUT TAXI OUT 
TAKE OFF TAKE OFF TAKE OFF TAKE OFF 
INI. CLIMB INI. CLIMB INI. CLIMB INI. CLIMB 
CLIMB CLIMB CLIMB CLIMB 
CRUISE CRUISE CRUISE CRUISE 
DESCENT DESCENT DESCENT DESCENT 
APPROACH APPROACH APPROACH APPROACH 
FIN APPRCH FIN APPRCH FIN APPRCH FIN APPRCH 
LANDING; LANDING; LANDING; LANDING; 
TAXI IN TAXI IN TAXI IN TAXI IN 
  ENG. STOP     

4 Standard altitude (ft)   1756/40020 778/36028 164/36064 40/34068 Standard altitude (ft) 4 
5 Radio altitude (ft)   -0,0002442 -0,001199185 -0,000127356 -0,000244141 Radio altitude (ft) 5 
6 GS (knots)   0.00/563.00 0.00/526.00 0/474 0.00/528.00 GS (knots) 6 
7 CAS (knots)   0.00/321.38 0.00/326.50 0/307.38 0.00/318.88 IAS (knots) 7 
8 Heading (deg)   -1 0/360 0/360 0/360 Heading (deg) 8 

9 Pitch (deg)   0.0/11.6 0.0/14.9 0/016.9 0.0/015.5 Pitch (deg) 9 -0.4/-2.8 -0.1/-5.0 N0.7/N4.2 N0.4/N3.2 
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Pos Variable Format/ 
Range 

A340-642 
1624421 

A340 
1628269 

A319-111 
1627436 

A321-211 
1630792 Variable Pos 

10 Roll (deg)   0.0/21.8 0.0/27.2 0.0/027.8 0.0/019.7 Roll (deg) 10 -0.4/-28.8 -0.2/-27.6 N0.7/N28.8 N0.4/N28.8 
11 IVV (ft/min)   -3279/2803 -6828/2340 -3167/3636 -2942/3075 IVV (ft/min) 11 

12 Flaps configuration   

0 0 0 0 

Flaps configuration 12 

1 1 1 1 
2 2 2 2 
3 3 3 3 
1* 1* 1+F 1+F 
1+F 1+F FULL FULL 
FULL FULL     

13 Landing nose   ON GROUND ON GROUND ON ON Landing nose 13 IN FLIGHT IN FLIGHT OFF OFF 
14 GW_TON   0.00/313.07 0.00/313.07 0.00/67.42 0.00/86.55 GW (t) 14 

15 FMA_ATHR   

EMPTY EMPTY ENGAGED ENGAGED 

ATS_ENGAGED 15 

FLX+XX FLX+XX NO ENGGD NO_ENGGD 
MAN THR MAN THR     
SPEED SPEED     
THR CLB THR CLB     
THR DCLB2       
THR DES THR DES     
THR IDLE THR IDLE     

16 FMA_LAT   

HDG HDG 0 0 

FMA_LAT 16 

LOC LOC HEADING HEADING 
LOC* LOC* LAND TRACK LAND TRACK 
NAV NAV LOC CAPT LOC CAPT 
NONE NONE NAV NAV 
  RUNWAY TRK RUNWAY RUNWAY 
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Pos Variable Format/ 
Range 

A340-642 
1624421 

A340 
1628269 

A319-111 
1627436 

A321-211 
1630792 Variable Pos 

17 FMA_LONG   

ALT. ALT. NO MODE NO MODE 

FMA_LONG_MODE 17 

ALT.* ALT.* ALT CAPT ALT CAPT 
ALT.CRZ ALT.CRZ ALT TRACK ALT TRACK 
ALT.CRZ* ALT.CRZ* EXP DESC EXP DESC 
CLB CLB EXPED CLB EXPED CLB 
DES DES FLARE FLARE 
G/S G/S G/S CAPT G/S CAPT 
G/S* G/S* G/S TRACK G/S TRACK 
NONE NONE   PITCH TO 
OP CLB OP CLB   VERT SPD 
SRS OP DES     
V/S XXX.X SRS     
  V/S XXX.X     

18 N1_1C (%)   11.0/84.8 0.0/100.9 0.0/90.4 0.0/96.1 N1_1C (%) 18 
19 N1_2C (%)   0.0/85.2 0.0/100.9 0.0/90.4 0.0/96.0 N1_2C (%) 19 
20 N1_3C (%)   0.0/85.3 0.0/100.9        21 N1_4C (%)   0.0/85.7 0.0/100.9        22 N2_1C (%)   33.7/95.5 0.0/100.0 0.0/98.8 0.0/101.3 N2_1C (%) 20 
23 N2_2C (%)   38.9/93.1 0.0/100.0 0.0/98.8 0.0/100.9 N2_2C (%) 21 
24 N2_3C (%)   0.0/93.2 0.0/100.5        
25 N2_4C (%)   0.0/93.3 0.0/100.3        26 EGT_1C (ºC)   381/813 110/863 0/748 114/849 EGT_1C (ºC) 22 
27 EGT_2C (ºC)   422/837 40/886 123/748 113/854 EGT_2C (ºC) 23 
28 EGT_3C (ºC)   77/837 34/882        29 EGT_4C (ºC)   80/838 36/863        30 FF_1C (kg/h)   0/6406 0/4808 0/3542 0/4955 FF_1C (kg/h) 24 
31 FF_2C (kg/h)   0/6572 0/4876 0/3574 0/5249 FF_2C (kg/h) 25 
32 FF_3C (kg/h)   0/6746 0/4918        33 FF_4C (kg/h)   0/6734 0/4900         
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Pos Variable Format/ 
Range 

A340-642 
1624421 

A340 
1628269 

A319-111 
1627436 

A321-211 
1630792 Variable Pos 

34 TAT (ºC)   0.01/035.7 0.0/027.3 0.0/033.3 0.0/031.5 TAT (ºC) 26 N0.0/N31.6 N0.3/N31.8 N1.0/N9.8 N0.3/N27.3 

35 SAT (ºC)   0.0/35.3 0.0/24.5 0.0/33.3 0.0/25.2 SAT (ºC) 27 -0.3/-58.8 -0.3/-58.0 -0.0/-60.8 -0.0/-52.3 
36 Mach   0.000/0.832 0.000/0.839 0.000/0.802 0.000/0.788 Mach 28 
37 FQ (kg)   11104/92279 0 (lbs) 0/40480 -------------- WFQ_2_LBS (lbs) 29 
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Appendix B: Light wind scenario 
 
 

Table B.1. Light wind scenario values: number of the point, longitude, latitude, wind magnitude 
and direction and atmospheric pressure 

# Point Longitude (º) Latitude (º) Wind magnitude  
(kt) 

Wind direction 
(º) 

Pressure 
(mb) 

1 -46.7 28.4 4.94 212 1015.7 
2 -46.3 28.4 4.78 219 1015.9 
3 -45.8 28.4 4.73 216 1016.0 
4 -45.3 28.4 4.78 231 1016.1 
5 -44.8 28.4 4.89 236 1016.3 
6 -44.3 28.4 4.94 240 1016.3 
7 -43.8 28.4 4.94 244 1016.4 
8 -43.3 28.4 4.94 250 1016.4 
9 -42.9 28.4 4.99 256 1016.4 
10 -42.3 28.4 5.14 263 1016.4 
11 -41.9 28.4 5.40 269 1016.3 
12 -46.7 27.8 4.42 212 1016.0 
13 -46.3 27.9 4.22 218 1016.1 
14 -45.8 27.9 4.06 225 1016.3 
15 -45.3 27.9 4.11 230 1016.4 
16 -44.8 27.9 4.27 233 1016.6 
17 -44.3 27.9 4.42 237 1016.7 
18 -43.8 27.9 4.53 241 1016.8 
19 -43.3 27.9 4.58 247 1016.8 
20 -42.8 27.9 4.63 254 1016.9 
21 -42.3 27.9 4.83 262 1016.8 
22 -41.9 28.0 5.14 269 1016.7 
23 -46.7 27.4 4.17 214 1016.1 
24 -46.3 27.4 3.91 220 1016.3 
25 -45.8 27.4 3.81 225 1016.4 
26 -45.3 27.4 3.81 229 1016.6 
27 -44.8 27.4 3.86 230 1016.8 
28 -44.3 27.4 3.96 232 1017.0 
29 -43.8 27.4 4.06 235 1017.0 
30 -43.3 27.4 4.06 241 1017.1 
31 -42.8 27.4 4.06 249 1017.1 
32 -42.3 27.5 4.22 259 1017.1 
33 -41.9 27.5 4.53 268 1017.0 
34 -46.7 26.9 3.91 218 1016.3 
35 -46.3 26.9 3.70 224 1016.4 
36 -45.8 26.9 3.65 230 1016.7 
37 -45.3 26.9 3.65 232 1016.8 
38 -44.8 26.9 3.70 232 1017.0 
39 -44.3 26.9 3.70 232 1017.2 
40 -43.8 26.9 3.70 233 1017.3 
41 -43.3 26.9 3.60 236 1017.3 
42 -42.8 26.9 3.50 243 1017.3 
43 -42.3 26.9 3.55 254 1017.3 
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# Point Longitude (º) Latitude (º) Wind magnitude  
(kt) 

Wind direction  
(º) 

Pressure 
(mb) 

44 -41.8 27.0 3.80 266 1017.1 
45 -46.7 26.4 3.60 220 1016.5 
46 -46.2 26.4 3.45 229 1016.7 
47 -45.8 26.4 3.50 236 1016.8 
48 -45.3 26.4 3.60 240 1017.1 
49 -44.8 26.4 3.65 240 1017.2 
50 -44.3 26.4 3.70 238 1017.4 
51 -43.8 26.4 3.60 236 1017.5 
52 -43.3 26.4 3.45 237 1017.5 
53 -42.8 26.4 3.29 242 1017.5 
54 -42.3 26.4 3.24 251 1017.5 
55 -41.8 26.4 3.34 261 1017.4 
56 -46.7 25.9 3.24 217 1016.8 
57 -46.3 25.9 3.09 229 1016.9 
58 -45.8 25.9 3.14 240 1017.1 
59 -45.3 25.9 3.39 246 1017.2 
60 -44.8 25.9 3.6 246 1017.4 
61 -44.3 25.9 3.65 244 1017.5 
62 -43.8 25.9 3.65 241 1017.6 
63 -43.3 25.9 3.50 241 1017.6 
64 -42.8 25.9 3.29 244 1017.6 
65 -42.3 25.9 3.19 250 1017.6 
66 -41.8 25.9 3.19 258 1017.5 
67 -46.7 25.4 3.03 202 1017.4 
68 -46.2 25.4 2.67 217 1017.2 
69 -45.8 25.4 2.62 233 1017.3 
70 -45.3 25.4 2.88 243 1017.4 
71 -44.8 25.4 3.14 246 1017.6 
72 -44.3 25.4 3.34 244 1017.7 
73 -43.8 25.4 3.45 243 1017.7 
74 -43.3 25.4 3.39 243 1017.7 
75 -42.8 25.4 3.24 247 1017.7 
76 -42.3 25.4 3.09 253 1017.7 
77 -41.8 25.4 3.03 259 1017.6 
78 -46.7 24.9 3.03 176 1017.3 
79 -46.2 24.9 2.42 188 1017.5 
80 -45.7 24.9 2.11 205 1017.6 
81 -45.2 24.9 2.11 220 1017.7 
82 -44.7 24.9 2.42 231 1017.7 
83 -44.3 24.9 2.67 235 1017.8 
84 -43.8 24.9 2.88 238 1017.8 
85 -43.3 24.9 2.98 242 1017.8 
86 -42.8 24.9 2.93 247 1017.8 
87 -42.3 24.9 2.78 254 1017.8 
88 -41.8 24.9 2.67 261 1017.7 
89 -46.7 24.5 3.19 157 1017.5 
90 -46.2 24.5 2.52 162 1017.6 
91 -45.7 24.5 2.06 172 1017.7 
92 -45.2 24.5 1.85 189 1017.8 
93 -44.7 24.5 1.85 207 1017.8 
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# Point Longitude (º) Latitude (º) Wind magnitude  
(kt) 

Wind direction  
(º) 

Pressure 
(mb) 

94 -44.2 24.5 2.11 221 1017.9 
95 -43.7 24.5 2.31 230 1017.9 
96 -43.2 24.5 2.42 237 1017.9 
97 -42.7 24.5 2.37 244 1017.8 
98 -42.2 24.5 2.21 252 1017.8 
99 -41.8 24.5 2.06 261 1017.8 

 
 

 

Figure B.1. Light wind map with an average modulus of 3.553 kt, where a 11×9 points grid has been 
selected. 
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Appendix C: Strong wind scenario 
 
 

Table C.1. Strong wind scenario values: number of the point, longitude, latitude, wind magnitude 
and direction and atmospheric pressure 

# Point Longitude (º) Latitude (º) Wind magnitude 
(kt) 

Wind direction 
(º) 

Pressure 
(mb) 

1 -18.5 54.0 36.3 316 1001.70 
2 -18.0 54.0 37.9 314 1000.00 
3 -17.5 54.0 38.8 312 998.38 
4 -17.0 54.0 39.7 310 996.79 
5 -16.5 54.0 40.5 309 995.05 
6 -16.0 54.0 40.7 306 993.65 
7 -15.5 54.0 38.6 304 992.22 
8 -15.0 54.0 34.2 300 991.05 
9 -14.5 54.0 27.8 296 990.04 
10 -18.5 53.5 34.6 312 1003.10 
11 -18.0 53.5 36.2 309 1001.50 
12 -17.5 53.5 37.4 308 999.97 
13 -17.0 53.5 38.2 305 998.41 
14 -16.5 53.5 38.7 303 996.99 
15 -16.0 53.5 39.3 300 995.41 
16 -15.5 53.5 39.7 297 994.29 
17 -15.0 53.5 39.5 294 993.05 
18 -14.5 53.5 38.0 289 992.06 
19 -18.5 53.0 32.7 308 1004.50 
20 -18.0 53.0 34.0 306 1003.20 
21 -17.5 53.0 35.3 302 1001.80 
22 -17.0 53.0 36.4 300 1000.50 
23 -16.5 53.0 37.1 296 999.04 
24 -16.0 53.0 37.3 293 997.87 
25 -15.5 53.0 37.5 291 996.64 
26 -15.0 53.0 37.8 289 995.57 
27 -14.5 53.0 38.1 286 994.67 
28 -18.5 52.5 30.9 307 1005.90 
29 -18.0 52.5 31.7 303 1004.80 
30 -17.5 52.5 32.8 300 1003.60 
31 -17.0 52.5 34.1 296 1002.40 
32 -16.5 52.5 35.2 292 1001.30 
33 -16.0 52.5 36.2 289 1000.20 
34 -15.5 52.5 36.9 286 999.20 
35 -15.0 52.5 37.4 283 998.25 
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# Point Longitude (º) Latitude (º) Wind magnitude 
(kt) 

Wind direction 
(º) 

Pressure 
(mb) 

36 -14.5 52.5 38.0 281 997.41 
37 -18.5 52.0 29.4 304 1007.30 
38 -18.0 52.0 30.0 301 1006.30 
39 -17.5 52.0 30.8 298 1005.40 
40 -17.0 52.0 31.7 295 1004.40 
41 -16.5 52.0 32.7 291 1003.50 
42 -16.0 52.0 33.9 288 1002.60 
43 -15.5 52.0 35.1 285 1001.70 
44 -15.0 52.0 36.2 282 1001.00 
45 -14.5 52.0 37.4 278 1000.20 
46 -18.5 51.5 26.8 305 1008.50 
47 -18.0 51.5 27.6 301 1007.80 
48 -17.5 51.5 28.6 297 1007.00 
49 -17.0 51.5 29.6 293 1006.20 
50 -16.5 51.5 30.5 290 1005.50 
51 -16.0 51.5 31.6 287 1004.80 
52 -15.5 51.5 32.6 285 1004.10 
53 -15.0 51.5 33.8 283 1003.50 
54 -14.5 51.5 34.8 281 1002.30 
55 -18.5 51.0 23.6 305 1009.70 
56 -18.0 51.0 24.3 300 1009.10 
57 -17.5 51.0 25.6 295 1008.40 
58 -17.0 51.0 27.0 290 1007.90 
59 -16.5 51.0 28.5 287 1007.30 
60 -16.0 51.0 29.8 285 1006.70 
61 -15.5 51.0 31.1 283 1006.20 
62 -15.0 51.0 32.2 282 1005.70 
63 -14.5 51.0 33.3 281 1005.10 
64 -18.5 50.5 24.2 298 1010.90 
65 -18.0 50.5 24.0 294 1010.30 
66 -17.5 50.5 24.3 289 1009.90 
67 -17.0 50.5 25.3 285 1009.40 
68 -16.5 50.5 26.7 283 1008.90 
69 -16.0 50.5 28.3 281 1008.50 
70 -15.5 50.5 29.8 280 1008.10 
71 -15.0 50.5 31.2 280 1007.70 
72 -14.5 50.5 32.3 279 1007.30 
73 -18.5 50.0 27.6 291 1012.10 
74 -18.0 50.0 27.0 288 1011.70 
75 -17.5 50.0 26.3 284 1001.30 
76 -17.0 50.0 26.2 280 1010.90 
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# Point Longitude (º) Latitude (º) Wind magnitude 
(kt) 

Wind direction 
(º) 

Pressure 
(mb) 

77 -16.5 50.0 26.8 278 1010.50 
78 -16.0 50.0 27.8 277 1010.20 
79 -15.5 50.0 28.8 277 1009.80 
80 -15.0 50.0 29.8 278 1009.50 
81 -14.5 50.0 30.8 279 1009.10 
82 -18.5 49.5 28.4 288 1013.50 
83 -18.0 49.5 28.0 284 1013.10 
84 -17.5 49.5 27.4 281 1012.70 
85 -17.0 49.5 27.1 277 1012.40 
86 -16.5 49.5 27.4 276 1012.00 
87 -16.0 49.5 27.8 276 1011.70 
88 -15.5 49.5 28.2 277 1011.40 
89 -15.0 49.5 28.7 279 1011.10 
90 -14.5 49.5 29.2 281 1010.80 
91 -18.5 49.0 26.6 286 1014.90 
92 -18.0 49.0 26.5 283 1014.50 
93 -17.5 49.0 26.3 280 1014.10 
94 -17.0 49.0 26.1 278 1013.80 
95 -16.5 49.0 26.2 277 1013.50 
96 -16.0 49.0 26.4 277 1013.20 
97 -15.5 49.0 26.6 279 1012.90 
98 -15.0 49.0 26.8 280 1012.60 
99 -14.5 49.0 27.0 282 1012.30 

 
 

 
Figure C.1. Strong wind map with an average modulus of 29.69 kt, where a 11×9 points grid has 

been selected. 
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Appendix D: Wind with vorticity scenario 
 
 

Table D.1. Wind with vorticity scenario values: number of the point, longitude, latitude, wind 
magnitude and direction and atmospheric pressure 

# Point Longitude (º) Latitude (º) Wind magnitude 
(kt) 

Wind direction 
(º) 

Pressure 
(mb) 

1 -17.5 58.9 11.9 192 992.19 
2 -16.5 58.9 27.2 151 993.13 
3 -15.5 58.9 31.0 139 994.35 
4 -14.5 58.9 27.5 137 995.46 
5 -13.5 58.9 26.2 138 997.06 
6 -12.5 58.9 24.3 137 998.80 
7 -11.7 58.9 22.1 139 999.98 
8 -17.5 57.9 11.5 274 992.07 
9 -16.5 57.9 13.5 186 992.26 
10 -15.5 57.9 27.7 143 992.67 
11 -14.5 57.9 28.7 134 993.38 
12 -13.5 57.9 28.0 132 994.40 
13 -12.5 57.9 30.0 131 995.61 
14 -11.7 57.9 29.0 130 996.96 
15 -17.5 56.9 13.1 308 992.14 
16 -16.5 56.9 13.6 285 991.70 
17 -15.5 56.9 16.4 171 991.42 
18 -14.5 56.9 27.0 137 991.44 
19 -13.5 56.9 27.3 128 992.00 
20 -12.5 56.9 30.9 129 992.95 
21 -11.7 56.9 34.2 130 994.10 
22 -17.5 55.9 8.5 323 992.39 
23 -16.5 55.9 17.7 318 991.82 
24 -15.5 55.9 15.4 274 991.31 
25 -14.5 55.9 17.8 195 990.99 
26 -13.5 55.9 21.5 173 991.11 
27 -12.5 55.9 24.7 161 991.82 
28 -11.7 55.9 29.2 161 992.92 
29 -17.5 54.9 4.8 236 993.06 
30 -16.5 54.9 11.5 303 992.76 
31 -15.5 54.9 19.1 284 992.46 
32 -14.5 54.9 24.1 250 992.25 
33 -13.5 54.9 27.7 231 992.34 
34 -12.5 54.9 29.1 216 992.91 
35 -11.7 54.9 32.0 201 993.92 
36 -17.5 53.9 16.0 230 994.43 
37 -16.5 53.9 16.1 251 994.57 
38 -15.5 53.9 21.7 260 994.64 
39 -14.5 53.9 27.8 254 994.68 
40 -13.5 53.9 29.7 247 994.88 
41 -12.5 53.9 29.3 239 995.55 
42 -11.7 53.9 31.0 218 996.29 
43 -17.5 53.2 26.9 241 995.88 
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# Point Longitude (º) Latitude (º) Wind magnitude 
(kt) 

Wind direction 
(º) 

Pressure 
(mb) 

44 -16.5 53.2 27.0 243 996.26 
45 -15.5 53.2 27.4 251 996.62 
46 -14.5 53.2 28.1 254 996.81 
47 -13.5 53.2 27.5 254 997.01 
48 -12.5 53.2 26.2 247 997.53 
49 -11.7 53.2 28.2 221 998.52 

 
 

 

Figure D.1. Wind with vorticity map with an average modulus of 23.410 kt, where a 7×7 points grid 
has been selected. 
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Appendix E: The Beaufort scale 
 
 

Table E.1. The Beaufort scale 

Wind 
Force Description 

Speed  
Specifications  

km/h  mph knots 

0 Calm <1 <1 <1 Smoke rises vertically 

1 Light Air 1-5 1-3 1-3 Direction shown by smoke drift but 
not by wind vanes 

2 Light Breeze 6-11 4-7 4-6 Wind felt on face; leaves rustle; 
wind vane moved by wind 

3 Gentle Breeze 12-19 8-12 7-10 Leaves and small twigs in constant 
motion; light flags extended 

4 Moderate Breeze 20-28 13-18 11-16 Raises dust and loose paper; small 
branches moved 

5 Fresh Breeze 29-38 19-24 17-21 
Small trees in leaf begin to sway; 
crested wavelets form on inland 
waters 

6 Strong Breeze 38-49 25-31 22-27 
Large branches in motion; 
whistling heard in telegraph wires; 
umbrellas used with difficulty 

7 Near Gale 50-61 32-38 28-33 
Whole trees in motion; 
inconvenience felt when walking 
against the wind 

8 Gale 62-74 39-46 34-40 Twigs break off trees; generally 
impedes progress 

9 Strong Gale 75-88 47-54 41-47 Slight structural damage (chimney 
pots and slates removed) 

10 Storm 89-102 55-63 48-55 
Seldom experienced inland; trees 
uprooted; considerable structural 
damage 

11 Violent Storm 103-117 64-72 56-63 
Very rarely experienced; 
accompanied by widespread 
damage 

12 Hurricane 118 plus 73 plus 64 plus Devastation 
 

 

  

115 



APPENDIX E: THE BEAUFO RT SCALE  
 
  

116 
 



APPENDIX F: WIND BARBS CODE 
 
 
 
Appendix F: Wind barbs code 
 
 
Wind speeds are usually visualized using a glyph called wind barb. It is a symbol designed with 
a line indicating wind direction and a set of bars and/or pennants to encode the wind magnitude 
in 5 kt intervals. The half bar indicates 5 kt while the full bar, 10 kt. When the wind velocity 
increases triangular pennant are used encoding a speed of 50kt. The direction of the wind is 
from the tail, where the bars and pennants are located to the tip, this latter making the position 
of the place or location where the wind has been measured [70]. 

 

Table F.1. Wind bars codes 

Symbol Knots Mph 

 Calm Calm 

 1-2 1-2 

 3-7 3-8 

 
8-12 9-14 

 
13-17 15-20 

 
18-22 21-25 

 
23-27 26-31 

 
28-32 32-37 

 
33-37 38-43 

 
38-42 44-49 

 
43-47 50-54 

 
48-52 55-60 

 
53-57 61-66 

 
58-62 67-71 

 
63-67 72-77 

 
68-72 78-83 

 
73-77 84-89 

 
103-107 119-123 

In this legend, all wind barbs are for wind from the West. 
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Appendix G: Features of wind components polynomials 
 

Table G.1. Wind components equations, number of unknown coefficients, equations and degrees of freedom (dof) for 10, 15 and 20 observations 

Polynomial 
degree u and v equations # 

coefficients 
Coefficients 

equations # n dof 

1 1 2 3( , ) u u uu x y a a x a y= + +  

1 2 3( , ) v v vv x y a a x a y= + +  
3 
3 2 3 0u va a+ =  1 

10 7 
15 12 

20 17 

2 
2 2

1 2 3 4 5 6( , ) u u u u u uu x y a a x a y a x a xy a y= + + + + +  
2 2

1 2 3 4 5 6( , ) v v v v v vv x y a a x a y a x a xy a y= + + + + +  
6 
6 

2 3 0u va a+ =

4 52 0u va a+ =

5 62 0u va a+ =  
3 

10 4 

15 9 

20 14 

3 
3 2 2 3

7 8 9 10( , ) ... u u u uu x y a x a x y a xy a y= + + + +  
3 2 2 3

7 8 9 10( , ) ... v v v vv x y a x a x y a xy a y= + + + +  
10 
10 

2 3 0u va a+ =

4 52 0u va a+ =

5 62 0u va a+ =

7 83 0u va a+ =

8 9 0u va a+ =

9 103 0u va a+ =  

6 

10 0 

15 5 

20 10 

4 

4 3 2 2 3 4
11 12 13 14 15( , ) ... u u u u uu x y a x a x y a x y a xy a y= + + + + +

4 3 2 2 3 4
11 12 13 14 15( , ) ... v v v v vv x y a x a x y a x y a xy a y= + + + + +

 

15 
15 

… 
11 124 0u va a+ =

12 133 2 0u va a+ =

13 142 3 0u va a+ =

14 154 0u va a+ =  

10 

10 - 

15 0 

20 5 
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Appendix H: Wind scenarios results for two-dimensional formulation 
 
 

Table H.1. Results of 10-point light wind scenario two-dimensional formulation: zone 1 

Polynomial 
degree Zone 

Nº of 
points  

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 

1 

Zone 1 15 0.0068 0.0112 0.0180 0.1342 
Zone 2 20 0.2479 0.1433 0.3912 0.6255 
Zone 3 28 1.6907 0.8480 2.5387 1.5933 
Zone 4 36 4.3806 2.1857 6.5664 2.5625 
Total 99 2.1223 1.0653 3.1876 1.7854 

2 

Zone 1 15 0.0075 0.0029 0.0105 0.1024 
Zone 2 20 0.2527 0.1339 0.3866 0.6218 
Zone 3 28 1.9278 1.0582 2.9860 1.7280 
Zone 4 36 5.0941 3.0638 8.1579 2.8562 
Total 99 2.4498 1.4409 3.8907 1.9725 

3 (W) 

Zone 1 15 0.0800 0.0292 0.1091 0.3303 
Zone 2 20 0.3502 0.0497 0.3999 0.6324 
Zone 3 28 4.4723 0.4054 4.8777 2.2086 
Zone 4 36 30.0925 2.5249 32.6175 5.7112 
Total 99 12.2905 1.0473 13.3378 3.6521 

 
 

Table H.2. Results of 10-point light wind scenario two-dimensional formulation: zone 1-2 

Polynomial 
degree Zone 

Nº of 
points  

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 

1 

Zone 1-2 35 0.0703 0.0467 0.1171 0.3421 
Zone 3 28 0.9918 0.4795 1.4714 1.2130 
Zone 4 36 2.8824 1.4377 4.3202 2.0785 
Total 99 1.3535 0.6750 2.0285 1.4243 

2 

Zone 1-2 35 0.1046 0.0253 0.1299 0.3605 
Zone 3 28 1.3004 0.4419 1.7423 1.3200 
Zone 4 36 3.5904 1.4474 5.0378 2.2445 
Total 99 1.7104 0.6602 2.3706 1.5397 

3 (W) 

Zone 1-2 35 0.1421 0.0945 0.2366 0.4865 

Zone 3 28 2.4282 2.2436 4.6718 2.1614 

Zone 4 36 9.3583 10.2257 19.5841 4.4254 

Total 99 4.1400 4.3864 8.5265 2.9200 
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Table H.3. Results of 10-point light wind scenario for two-dimensional formulation: zone 1-2-3 

Polynomial 
degree Zone 

Nº of 
points  

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 

1 
Zone 1-2-3 63 0.1686 0.1192 0.2879 0.5365 

Zone 4 36 0.8850 0.2901 1.1751 1.0840 
Total 99 0.4291 0.1814 0.6105 0.7813 

2 
Zone 1-2-3 63 0.3346 0.1199 0.4546 0.6742 

Zone 4 36 2.2859 0.7834 3.0692 1.7519 
Total 99 1.0442 0.3612 1.4054 1.1855 

3 (W) 

Zone 1-2-3 63 0.9476 0.2720 1.2196 1.1043 

Zone 4 36 6.5077 1.6111 8.1188 2.8493 

Total 99 2.9695 0.7589 3.7284 1.9309 

 
 

Table H.4. Results of 10-point light wind scenario for two-dimensional formulation: full zone (99 
points) 

Polynomial 
degree 

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 
Coefficients 

equations 

1 0.4786 0.3434 0.8220 0.9067 0.0068 

2 0.9763 0.6579 1.6342 1.2784 
0.0177 
-0.0001 
-0.0001 

3 (W) 0.7097 0.2629 0.9725 0.9862 

0.0448 
-0.0003 
-0.0001 
-0.0000 
0.0000 
-0.0000 
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Table H.5. Results of 20-point light wind scenario for two-dimensional formulation: 
full zone (99 points) 

 

 
 

Table H.6. Results of 10-point strong wind scenario for two-dimensional formulation: 
full zone (99 points) 

Polynomial 
degree 

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 
Coefficients 

equations 

1 6.6137 4.7670 11.3807 3.3735 0.0002 

2 8.5158 3.4885 12.0042 3.4647 
0.0595 
-0.0003 
-0.0002 

3(W) 9.8863 1.6951 11.5814 3.4031 

0.2250 
-0.0061 
-0.0001 
0.0000 
0.0000 
-0.0000 

 
  

Polynomial 
degree 

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 
Coefficients 
equations 

1 0.3553 0.1626 0.5180 0.7197 0.0100 

2 0.6510 0.2671 0.9181 0.9582 
0.0181 
-0.0001 
0.0000 

3 (W) 0.1828 0.0337 0.2166 0.4654 

0.0421 
-0.0004 
-0.0000 
0.0000 
0.0000 
0.0000 

4 (W) 1.1373 0.7574 1.8947 1.3765 

0.0053 
0.0002 
0.0000 
-0.0000 
-0.0000 
0.0000 
0.0000 
0.0000 
-0.0000 
-0.0000 
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Table H.7. Results of 20-point strong wind scenario for two-dimensional formulation: 

full zone (99 points) 

Polynomial 
degree 

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 
Coefficients 
equations 

1 6.0639 5.3847 11.4486 3.3836 -0.0123 

2 5.2173 1.8831 7.1004 2.6647 
0.0145 
0.0001 
-0.0002 

3 (W) 3.3363 0.8953 4.2316 2.0571 

-0.1903 
0.0005 
0.0024 
0.0000 
-0.0000 
-0.0000 

4 (W) 6.2651 17.5483 23.8134 4.8799 

-0.1119 
-0.0011 
0.0012 
0.0000 
0.0000 
-0.0000 
0.0000 
-0.0000 
0.0000 
-0.0000 

 
 

Table H.8. Results of 10-point wind with vorticity scenario for two-dimensional formulation: 
full zone (49 points) 

Polynomial 
degree 

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 
Coefficients 
equations 

1 83.1552 68.8130 151.9682 12.3275 -0.0074 

2 98.5483 124.0709 222.6193 14.9204 
0.3299 
-0.0020 
-0.0005 

3 (W) 83.4184 7518.5597 7601.9781 87.1893 

0.1768 
0.0293 
-0.0214 
-0.0001 
-0.0000 
0.0001 
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Table H.9. Results of 20-point wind with vorticity scenario for two-dimensional formulation: 
full zone (49 points) 

Polynomial 
degree 

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 
Coefficients 
equations 

1 82.9152 54.6803 137.5955 11.7301 -0.0421 

2 65.6318 51.8571 117.4889 10.8392 
0.0029 
-0.0001 
-0.0002 

3 (W) 37.8929 20.7386 58.6315 7.6571 

-0.0610 
0.0028 
-0.0002 
-0.0000 
0.0000 
-0.0000 

4 (W) 26.0603 35.2830 61.3433 7.8322 

-0.4812 
0.0100 
0.0067 
-0.0000 
-0.0001 
-0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
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Appendix I: Wind scenarios results for complex variable formulation 
 
 

Table I.1. Results of 10-point light wind scenario for complex formulation: full zone (99 points) 

Polynomial 
degree 

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 
1 0.5296 0.1827 0.7124 0.8440 
2 0.5525 0.1322 0.6847 0.8275 
3 0.7382 0.1692 0.9073 0.9525 
4 1.8614 1.2259 3.0872 1.7571 
5 3.0544 2.8238 5.8782 2.4245 
6 8.7684 9.1414 17.9098 4.2320 
7 33.2208 23.0708 56.2916 7.5028 

 
 

Table I.2. Results of 20-point light wind scenario for complex formulation: full zone (99points) 

Polynomial 
degree 

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 
1 0.3533 0.1783 0.5316 0.7291 
2 0.5244 0.1337 0.6580 0.8112 
3 0.5510 0.1345 0.6855 0.8279 
4 0.8276 0.1608 0.9884 0.9942 
5 0.7615 0.1513 0.9129 0.9555 
6 0.7104 0.1095 0.8199 0.9055 
7 1.2036 0.3423 1.5459 1.2433 
8 1.8934 0.6411 2.5345 1.5920 

 
 

Table I.3. Results of 10-point strong wind scenario for complex formulation: full zone (99points) 

Polynomial 
degree 

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 
1 22.6088 29.1626 51.7714 7.1952 
2 27.7602 31.5536 59.3139 7.7015 
3 36.7740 40.1517 76.9257 8.7707 
4 39.1704 34.7468 73.9172 8.5975 
5 63.8971 68.5910 132.4880 11.5103 
6 238.9489 320.3818 559.3306 23.6502 
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Table I.4. Results of 20-point strong wind scenario for complex formulation: full zone (99 points) 

Polynomial 
degree 

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 
1 26.8979 19.4198 46.3177 6.8057 
2 27.7735 20.3993 48.1728 6.9407 
3 28.7522 18.4379 47.1901 6.8695 
4 30.5066 28.5924 59.0990 7.6876 
5 29.9780 29.2229 59.2009 7.6942 
6 80.4676 95.9468 176.4144 13.2821 

 
 

Table I.5. Results of 10-point wind with vorticity scenario for complex formulation: 
full zone (49 points) 

Polynomial 
degree 

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 
1 106.8422 56.8990 163.7412 12.7961 
2 106.9120 66.7244 173.6364 13.1771 
3 131.8618 47.6333 179.4951 13.3976 
4 119.7854 64.1601 183.9455 13.5627 

 
 

Table I.6. Results of 20-point wind with vorticity scenario for complex formulation: 
full zone (49 points) 

Polynomial 
degree 

2
uσ  

(kt2) 

2
vσ  

(kt2) 

2
eσ  

(kt2) 
DRMS 

(kt) 
1 110.4201 57.9544 168.3745 12.9759 
2 95.1739 71.9945 167.1684 12.9294 
3 99.2984 70.1011 169.3995 13.0154 
4 91.7386 74.0889 165.8276 12.8774 
5 89.7824 71.2498 161.0321 12.6898 
6 89.6461 88.9407 178.5868 13.3636 
7 95.6661 91.1415 186.8076 13.6678 
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