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arriving and deputing air tmffic is from north to
south. In [hat mnway configuration a north wind is a
tailwind. Since we didn’t know which configuration
was in use at my given time, wc compiled statistics for

noti wind events rather than for tailwind events,

Figure 2 shows the results.
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Figure 1. Schematic map of Orlmdo Intemationd AVfl
(MCO) showing mnway ad LLWAS wnwr lwations.

> —

Fi~re 2. Relative @uency (N-747) of dmtions of noti
winds @eater ha 7 hos showhg that Iongdwarion
tishold+rosskg evensr m mlnrively uncommon,

During the 111 days of the smdy Wrind 747

tieshold-crosstig noti-whd even~ mcuti: an
average of 6.7 per day. E]ghty percent had durations of
10 finutes or less (5.4 ~r &y) while 10 percent (0.7
per &y) had durations greatm than 20 tinutes. The
medimt duration WM tiee finutes. For crosswind,
which has a higher tieshold, tieshold+rosstig

events were less comon. 187 cvenls occumed during
the 11 I days of which 91 percent had du,atic>”s oi 10
tinutes or less. Five events (1 per 22 days) had

durations greater than 20 tinutes. Again, the n~edian
duration was thee minutes.

As most tireshold-crossing events uc asswiated
with convwtive stems, it is not su~rising that their
number PAS in the mid to late afternoon. During the
study Priti neuly half of the ninth-wind events with
durations of 10 minutes or less occumed btwcen noon
and 8 PM (Iwal time). The PW wcumd ktwee” 4
and 6 PM. Thai tiis time coincides witi [he afternoon

tiaffic surge futier emphasizes the need for reliable

shon-tem wind forecasts.

2.2 D& Sources

me Runway Wind Nowcat Rtiuct will rely

primtily on obsemations from a Imal network of

LLWAS m Automatd Sufiace Ohseming System
(ASOS) memometers. A simple scale mdysis shows

that a typical network radius of abut 5 km will
suppnfl a. 15 tiute foraast, assuming a disturbance
propagation sp of 5 tis. For higher propagation

s@s ~d 10nKer fOmCaStS (30 finutes is desired) w
must gather wind information from a luger wea
wound the ai~fl. Thus, we also plan to use Doppler
rad~ wind nbsemations, as prmessd by the ITWS
Tetinal Wind halysis ~uduct (Cole er .L., 1993)
md the Machtie Intelligent Gust Fronl Algoriti
@lmoy md Troxel, 1993), Fi~re 3 s.mwizes
thew relationships.
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Figure 3. Schematic dia~ showing the Runway Wind
Nowcat tinduct inpu= md oupub.

W prelifin~ concept for a user titefiace is to
present wo levels of fifomation. Nomdly, the user
display wiU show a color+tid stares ckcle which,
when activatd, will expmd to show a time series of



crosswind and tailwind for the selected mnway. The
color cde will k U follows:

. red — a tieshold crossing is forecast to KCUr

during tie next 10 minutes,

● yellow — a crOssing (the first) is formast 10 occur
from 10 to 30 minutes hence,

● 8reen — no crossings are forecast over the next
30 minutes. and

. black — the forecast system is not cumently
operational (e.g., insufficient data).

The time series display will show the actual wind

components over the past 30 minutes md fuwre
projmtions for up to 30 minutes. Estimates of forwut

reliability will ke made t~, but will not & displayd.
Rather, they will & usti to suppress forecasti which
ue dwmcd to k tisufficiently reliable (Fig. 4).

crosswin~ (kts)
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No confidence
beyond 20 min.

i

.T,b—.— — - — - r,*————-—
Histo~ 1. Forecsst

Fi&re 4. Tenmtive umr display of crosswhd series. h
this exmple estimatss of low fowmt pr=ision inhibit
forecml displays for Iesd ties ~eakr tbm 20 mhutis.

2.4 Forecasting Approwh

Lhea md non-linem time series (Gershedeld

and Weigend, 1993) md spsce-tie models me bchg
evaluated for u= in a Kalmm Filter (i.e., smte spree)
framework ~mey, 1989; Gslb, 1974) to genemte
headwind and cmsswtid forwsaw. Although we plan

to employ as much physics m fmible, data Iifimtions
mmdate use of a ststisticsf approach.

We mticipate and to custotiw fowmt mndel

pmmetem for each ~S a~m (m weff m for
diurnal snd amual cycles). This presents an
implementation dilema in hat an adquate

development database is not expected to b available
prior to the initial installation al some sites. To
meliorate tiis problem, we plan to integra[e a
learning algoritim and a Imal statistics database with
tie forecast mdel so that si:e pcfiommce will
improve over time. Moreover, we will use proxy data
during development where feasible.

3.

3.1

PROGRESS

Prelimin~ Daa Processing

LLWAS wind s-s and diections me sampled
eve~ 10 seconds. All resulm discussed &low ue basti
on simple NO mhute mailing averages of the u and v
componen~ of the obsemd winds, The mnning
mems have Mn resampled at one or five ntinute
internals.

As noted ahve, the MCO LLWAS network
conttins 14 sensom. Measuremen& from these sensom
cm k in mwkd disagreement, as is illuswated in

FiWre 5. ~ese bconsistencies may b the result of
tme vtiations in the wind field, impmpcrly sited
WnSOB, obsnctiom, faulty instmments, Or a

combtiation of these factors. Traditiondly, ATC

pmomel consult the center field memometer when

msking dwisions abnut mnway usage. konically, the
reponsd center field LLWAS s@ at MCO may b

M=ed high, compsmd with sps from other network
sensom. Another consideration is frquentfy tissing
data, with some senso~ more prone to dm~um than
others. These ti~ts of the LLWAS data fiply hat a

red-time date quality module will & an essential
compnnent of m operational prtiuct generator.

Fi&re 5. Mc=uremen= of rhc v whd compnncnt fmm 6
of the t 4 MCO UWAS snsom for a l-how Frid on
9/21/92, illusmtig cenmr field =nwr bias. The veficd
solid fines new 1730 GMT bnund a dars doput in he
soutiemt wnwr.



After some experinlcnlation, we decided to fit a
Iinem [spatial) sufiace to the available LLWAS
obsewations of each wind component at each time.
The Ieast-squues fit was of the fore:

W(x,y) - Co+clx+c!y (1)

where w is either u or v, x and y ae reclangula

coordinates of the sensors (with the origin at center
field, sw Fig. l), and co, c,, and c> ae parameters of
the fit. Note that % is the fitted value at center field, c,
is m estfiate of ~w/ax, md C*is an estimate of ~w/ay.
We fit a plane rather than a higher order polynomial

sutiace to suppress higher spatial frequencies. The
fitting also tended to knefici~ly suppress higher
temporal frequencies md biases rig. 6).

6, I

Hgure 6. The obxwed center field v (dotted line) md its
estimate from a linear sutiace fit to dl available xnsors
(solid line) showing that tie estimate filters high tempd
frequencies md =moves most of tie center field
measurement bim (comp= with Fig. 5).

3.2 S~’stiof Forecwt Models

Initial effom have fmu~ m~y on develop~g
md applykg a conventional Iinem time series mtiel:

the autoregessive, htegrated, movtig average

(ARfMA) mtiel of Box md JeMs (1976). ~eae
results will wme ss a bmeltie for tie sub~uent
evaluation of nonlineu md space-ttie mtiels. me
generti fom of m ~(p,d,q) m~el is

(2)

B1wt =W,-i

Here, B is the backshift operatc]r, C is a constant, and
a; and h are aumregressive (AR) and moving average

(MA) cmfficiems, restively. {q} is a series of
random shaks (unobsewed inputs) which are
assumed to k btb zero mean and independently and
identically distiibutd (w, ) is he subject time series
(which may k a trasfomed version of an original

series). In the present case it is either {u, ) or {v,}.

Note that Eq 2 may k solved for w,. This gives a one-
step prediction fomula, An n-step prediction may b
obtained by i~erating tie I-step fomula. Thus, with
this mtiel, predictions of future winds ae bad

purely on past khavior, m obvious wetiness.

In practice, the ARfMA modeling prmess
consists of several iterations of the following steps:

. identify p, d, and q, the autoregressive,
difference, ad moving average orders, using

graphical or malytical tnnls (tiis is the most
difficult step),

. estimate the cwfficients using a maximum
Iikelihd or Ieut-squmes procedure to minin]ize
1-step head forecast emors, md

● FtiO~ diagnostic checks to dete~i”e tie
adquacy of tie mndcl.

Ifitidly, we developsd low order mdels using
seversf days of data. Mdel pwameters were identified

using an objwtive criterion which tinimized 1-step
prediction emors while penalizing mdels for lmge p’s
and q’s, me resulting mdels pefiom weu for I or 2
s~eps, but the prdictimt accurwy degrades rapidly at
longer leads. For example, Fig. 7 shows several 30-

*ute foraasm from an ARIMA(2,1 ,1) mtiel for u
on 8/2U92 using a 5-tinute time step. This cwe is
intemsttig kauae of a drmatic rise md fsfl in the
crosswtid component of roughly 10 know within” a 1.5
hour time periti, with the wind briefly crOss~g tie
usage tieshold. The nofi-wind compnent, although
not ahom, ia qusfly titeresting as it drops quickly to
just shoti of the ttilwind threshold and then slowly
rises.

In Fig. 7, shon-lead fomcasw m ssen to bs much
mo~ accumte than those at longer leads for the pin~
of most interest the turning points, It is appuent that
we should optifim this mdel for longer leads (i.e.,
mom than 1 step sbead). Moreover, in cmes such m
this, a linger hfomation set (e.g., supplements
gradient hfomation) should k kneficisf. FiWre 8
shows that, over the entire day, the ARfMA(2, 1,1)
mtiel slightly outpctioms persistence at dl leads.
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Rgure 7. 5 to 30 nlinule forecasts from an -A(2.I 1 )
mndel of u.wind for 8/28/92. Acmal winds (as!erisks) md
forecats (venical licks) have a smpling internal of 5
minutes.
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Fi@re 8. ~S emor (upyr cumes) ad MM (lower CWCS)
as a function of fo~c~t lead for 8/28/92 fmm the
~W(2,1 ,1) mndel of Fig. 7 (solid line) md ~rsisknce
(d&hed line).

What is tie ~ order &yond which no

apprwiable gati in for=mt accmwy will & achieved?
To investigate this question we fit ~ models of

vWtig order md obsemd the order at wtich, for
selwti forum! Ietis md kde~ndent dati, the WS
forwmt emor is titiznimd. We ud t3rree days of 1-
mtiute u data (8/27- 8/29) md appliti the resulting
mtiels to this sntrre Pried (de~ndent dam) ~d ~$o

to an independent tiee day Pried (7/30-8/1). The
results for 1-s&p for~asts me shown in Fig. 9. As

ex~td, the model wtiom bttir with de~ndent
data. The ~S fomcmt emor widr independent data is
mtiimized at order 15 (though essentially at order 7).
We obtied longer lead forecasts by iterating the 1-

step mtiel md found that for leads of 5 or mom steps,
the ~S emor is finifized with a third or foti
order mtiel. Thus it s-m that little or no fo~cmting
advmmge at longer leads is gainti from the use of

higher order, iterated l-step n~tiels. This con firn]s the
need to develop forecast nlodels op[imized for longer
lead (n.step) forecasts.
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Figure 9. I-step ~ mdel ~S fomcmt emor for 3&y
dependent (lower line) md inde~ndent (up~r line) dam
SCK.~c MS emor with independent dam is minhized at.
order 15 but shows little improvement past order 7.

We mentioned ewlier that spatial tifomation
should k helpful. ~eliminq investigations in his

direction were basal on the spatial vmiations present
within the MCO LLWAS network. Consider the

Navier-Stokes equation for u (dtidt):

au au au au 1ap
—=-u —–v —-+ fifi– –—+Fx
af ax dY az Pax

(3)

Hem, x, y, and z Me Cmesian c~rdinates, v is dy/dt,
w is dtidt, f is the Coriolis puameter, p is pressure, p

is density, and F, is the x component of the ftictiond
force. Of the right hand side tcms, ody the fust two
(horizontal advation) md the foufi (Cotiolis) can&
cdculatd from the wind data at hind. However, for
the spatial scsfes under consideration, the Cotiolis
force is small and will k ignored for the sske of this
discussion.

We cdculatti the horizonti advection terns

each finute using all LLWAS sensor data and ~. 1.
Figure 10 shows that the u-advection for the smple
Pried of Fig. 7 has an advection maximum which

pra~es the mmimum in u by about 5 finutes.

Although not sbo~. the v-adv~tion sifil~lY
mticipates chmges in v. Thus advection may b a
usefil additionrd predictor.
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We have kgun to investigate another class of
prediction models: fed- fowwd neural networks, me
architecture of o“e model uc have usti is shown in
Fig. 11. Obsewc that by connecting the input nties
(lowest laye~) directly to tie ou[put, we could consnct
a comesponding (Iinea) AR n]del, me neural
network’s essential nonlinczity is due its activation
function (a logistic iunc[ion here), Al~ough tiese
nct\vorks ha~e shown great pronlise by outpetionlling
conesponding linez mtiels, we have decidti to
postpone heir futicr dcvelopmcn[ until we settle on a
Iineu model mchitecture as tie comespondi”g lines
mdcls ~e much more economical m develop.

m
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Egure 10. Horizonti . tivection (solid line) md fitted
center-field u (dotted line) on 8/28/92. Chm8es in tiv~tion
ze seen to precede chm8es in u.
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Figure 11. h exmple of a feed- fowtid neural network
prediction achitectim we have used. Lines btwccn nodes
(circles) represent weighs. Ody a small subwt of wei8bk
in tic fully comecud uchitecw is ilsplayed.

4. SUMklARY AND FLTURE PLANS

~e Runway Wind Nowcst hoduct, now under

development at Lincoln, will provide shon.tem (up to
30-nlinutes) forecasts of the crosswind and tailwind on

each mnway at I~S ai~ons. me forecast nltiel will
have kti deterministic and stochastic components,
Ultimately, the prediction algorilhnls will &
emhddd in a Kalman filler frmework to pemit
dynmic u@ating of system parameters and to provide
estimates of forecast precision, Initial work has
fmused on [he use of univ~iate ARfbfA nlodels,
which will provide a baseline against which to
evaluate fururc mtiels,

Our effofis will next & directed towads the
development of longer lead mtiels (i.e., optitized
kyond 1 step) and space-time mtiels utilizing
horizontal advmtion. Ultimakly, we will detemine ti

comespondtig nonlinear mdels we justifid. We dso
plm to use Memphis data md mmt with end users.
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