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THE IMPROVEMENT OF METEOROLOGICAL DATA
FOR AIR TRAFFIC MANAGEMENT PURPOSES

THE OPERATIONAL REQUIREMENT

Draft Report Version 2, October 1992

1. INTRODUCTION

The purpose of this report is to try to clarify the operational requirement
for meteorological information to meet the needs of air traffic control and the
flight deck in future air traffic management systems.

In -this study for PHARE/EASIE, the concern is with providing
meteorological data for accurate trajectory prediction and avoidance of
unsuitable flying conditions. This implies consideration of the effect of errors in
the meteorological forecasts of wind, temperature, icing, turbulence and
vertical air movements. The concern is not directly with accurate prediction of
lower airspace/runway capacity, and hence wake vortices, windshear, visibility
and cloud ceiling will not be considered in this study.

ideally, meteorological data should be sufficiently accurate that it is not
the limiting factor in the safety or capacity of ATC operations. (Dean, 1991.)
It should also be sufficiently accurate to allow the aircraft to be operated
efficiently by the EFMS while remaining within its negotiated 4-dimensional
envelope. (Bailey, 1991.)

- It is generally recognised that wind is of utmost importance for accurate
trajectory prediction, and much of the effort in this study will be dedicated to
consideration of the wind field.

Temperature is of secondary importance during cruise, but is important for
the climb and descent phases of flight, where significant temperature variations
can have a marked effect on engine performance. '

Other meteorological phenomena such as icing, turbulence (clear air or
convective)} and vertical air movement {including mountain waves) are relatively
uncommon, although their effect on aircraft can be traumatic when they are
encountered. Wake vortices, windshear, visibility and cloud ceiling constitute
subjects worthy of study in their own right, but will not be further mentioned
here.

2. WIND

Wind information will play a significant part in trajectory prediction.
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A study currently underway at Malvern ({Magill, 1991) will, when
completed, provide figures for the safe capacity .of the ATC system as a
function of uncertainty in aircraft trajectory prediction. These results can then
be combined with the results from a sensitivity analysis which relates the
uncertainty of trajectory prediction with the accuracy of met data (Dean and
Turner, 1991}). This should then predict the met accuracy required for a variety
of traffic densities.

In the meantime, it is useful to consider the accuracy targets which are
not worth exceeding since any further improvement would result in an
insignificant increase in airspace usage {Dean, 1991}, Dean and Turner (1891)
have set accuracy targets of 0.5 nm laterally or along track and 500 ft
vertically for a 20 minute prediction. To produce a prediction accuracy of 0.5
nm over a 20 minute trajectory, the wind error must not exceed 1.5 knots
vector SD. This is a stringent restriction, but it may be possible to relax it
when the resuits of the accuracy/capacity studies become available.

Another approach (Dean, 1992) is to specify that the wind errors must be
small compared with other sources of error. The most likely source of error is
from the airspeed indicator. For example, the maximum error in CAS could be
about 4 knots (if CAS=220 knots), corresponding to a TAS error of about 6
knots (at 25,000 feet). Assuming this maximum error correspends to 3
standard deviations, then the SD of the TAS is about 2 knots. Thus the SD of
the wind error should aim to be better than about 1 knot, with a worst case
wind error of about 3 knots. This is even more stringent than the previous
result, but only applies in the case of aircraft operating at low values of CAS.
During climb, the CAS error should have a SD of less than 1 knot.

Current wind forecasts have RMS vector wind errors of up to 20 knots for
a 24 hour forecast when verified against radiosondes in Europe (Cox and
Forrester, 1990). However, these are vector statistics based on values at a
series of discrete points. Errors for components {eg headwind or crosswind} at
a point will be smaller by a factor of 1.4. When averaged over a route, the
headwind component errors are likely to be still smaller, although this depends
on the length of the route. Forrester (1987) verified equivalent headwinds
computed from forecast wind fields against those computed from analysis wind
fields and found RMS errors of less than 10 knots for a 200 nm route, and less
than 6 knots for a 3,000 nm route.  Lunnon is currently undertaking a study to
verify forecasts of headwinds and temperatures over 20 minute route sectors
using ASDAR reports, and preliminary results indicate RMS errors of about 9
knots and 1.6°C.

So far as aircraft performance is concerned, the error in headwind is the
more important, since errors in crosswind c¢an be compensated for by a small
change in heading. An aircraft equipped with an EFMS will probably have an
operating margin of at least 20 knots CAS (calibrated airspeed) around its
ideal operating speed without significant loss of efficiency (Bailey, 1291}, This
is equivalent to +£20 knots TAS (true airspeed} at low altitudes, but increases
to about +30 knots TAS at 30,000 ft. Thus, a headwind error of +20 knots
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is acceptable at low altitudes, and this can be relaxed to +30 knots at high
altitudes. The EFMS could operate with errors of these magnitudes even if
they were systematic over the whole of the flight. Furthermore, short lived
transient errors greater than these limits could also be tolerated. However, in
order to keep these excess errors to a minimum, Bailey (1991) has specified
that the +20 knot error limit should not be exceeded along more than 5% of
the trajectory.

it is clear that the wind errors acceptable to the EFMS are much larger
than those which are acceptable to ATC. This is because the EFMS attempts
to correct for met forecast errors using the in-situ measurements of wind.

Dean {1991) has argued that, because the accuracy of wind prediction
determines the accuracy of trajectory prediction, which in turn affects capacity,
the accuracy (ie confidence) of the wind prediction should also be provided so
that ATC knows the capacity limits for the prevailing met conditions. Bailey
(1991) states that weather trend information and forecast confidence levels
would be useful to the EFMS as they could be taken into account when
planning a flight. The standard deviation of the expected error in the
wind/temperature forecast could be provided.

2.1 WAFTAGE (Winds Analysed and Forecast for Tactical Aircraft Guidance
over Europe) o

The WAFTAGE system is being designed to produce frequently updated
analyses and short period forecasts making optimum use of real time data.

Apart from the technical problems associated with the actual technique to
be used to assimilate the observations and to produce short period forecasts,
there are various questions concerning the model which need to be considered,
particularly with reference to the grid.

Firstly, what horizontal grid should be used? The simplest grid is a regular
latitude-longitude grid. The grid spacing is a function of the required accuracy,
and would be determined by experimentation such as the simulation study
carried out by Purser (1989). The question of the grid spacing is closely
related to the question of the observation spacing, and this leads to the
question of how the polling of aircraft information should be organised. A
regular grid could be used on a different projection eg polar stereographic or
transverse mercator, but there seems little to be gained from this added
complication. An irregular grid tied, for example, to the route structure could
be used to advantage, but only if the routes were fixed. If a regular grid is
employed, then winds will be expressed in components eg westerly and
southerly. If a route structured grid were adopted then headwind and
crosswind components might be more appropriate,

Secondly, what vertical grid should be used? The simplest solution would
be to use flight level as the vertical coordinate, with a spacing .of 2,000 ft.
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Since wind (and temperature} can vary abruptly with altitude,it may be
necessary to use a higher resolution in which case 1,000 ft is the obvious
choice. A problem may occur when using flight level (ie pressure) at low levels
close to the ground particularly over mountainous regions. This bottom
boundary problem is often overcome in numerical weather prediction by
adopting a vertical coordinate which is a function of pressure chosen so as to
make the bottom level coincident with the earth's surface. However, this
requires knowledge of the surface pressure. Consideration should be given to
the possible use of other systems such as isentropic coordinates which may
better resolve certain features. However, the use of this type of coordinate
system would be transparent to the user, because the forecasts would still be
disseminated on agreed flight levels.

Another important question concerns the vertical extent of the model.
ldeally, the model should extend right down to the ground. However, the
requirements at very low levels are a little different from those at slightly higher

levels. Approach sequencing at low levels requires predictions only b minutes .

ahead, as compared with the 20 to 30 minute predictions requ:red for cruise
and initial approach at the higher levels.

Coincidentally, the meteorological problems associated with forecasting
close to the surface are rather different (and, probably, more difficult) than
aloft. As well as wind and temperature, one also encounters all the vagaries of
the weather! It may be fortunate that, much of the time, the wind close to the
surface is in fact relatively light, although it is highly variable. The temperature
is less variable on small time sca!es, although it is subject to large diurnal
variations.

Bearing in mind the smali size of the area for which low level predictions
are required (perhaps within a radius of 10 or 20 nm of the airfield), it seems
sensible to put a bottom on the main model at about 2,000 or 3,000 ft, and to
treat the lower levels using a local area model. For take-off, cruder modelling
at low levels may be adequate since this covers only 10% of the climb phase,
but a finer horizontal and vertical resolution could be employed if necessary.

The top level in the model will probably be set at 45,000 ft, which will
encompass the majority of traffic, but will exclude supersonic cruise levels.

The question arises as to how often (or when} an update of  the:

analysis/forecast will be performed in the light of newly arriving observations.
Dean has stated {personal communication} that an update will be required when
the meteorological change will significantly affect aircraft performance in a 30
minute prediction. {n more precise terms, a maximum change of 0.5 nm will be
tolerated when travelling 200 nm in a straight line. This is equivalent to a
change of 1 knot in the predicted mean headwind over 200 nm.
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3. TEMPERATURE

Accurate knowledge of the temperature profile is important during climb
and descent, because the efficiency of aircraft engines is highly dependent on
temperature.

During a 20 minute climb, a 1.5°C error in temperature throughout the
climb profile produces a vertical error of 500 feet or an along-track error of 0.5
nm. (Dean, 1991 and 1992.) The requirement, therefore, should be to aim for
a prediction accuracy such that the temperature error at every point during any
climb should not exceed 1.3°C. Under these circumstances, the resulting
trajectory prediction error will be acceptable.

Dharssi (1992) has shown, using data for the BAC One Eleven aircraft
supplied by Williams {1992}, how the aircraft climb time error depends on the
temperature and on the error in the temperature, and compares this with the
aircraft arrival time error due to the error in the wind. An error of 10 knots in
headwind component typically produces timing errors 2 to 3 times larger than
those produced by a 1°C error in temperature. '

During cruise, a 3°C error in temperature produces about a 3 knot or
0.65% error in true airspeed (TAS). (Cox and Forrester, 1980.}) Given that the
general level of RMS errors in forecast temperatures from large scale numerical
models are 1 to 2°C (Cox and Forrester, 1990), it is unlikely that temperature
will prove to be the limiting restriction during cruise.

4. ICING

The problem of icing, or rather anti-icing, has been raised by Dean and
Turner (1991). The use of anti-icing decreases the available thrust in the climb
by between 5 and 10% and may last for about 5,000 ft. It may also be a
problem for some types of aircraft during descent through thick, extensive layer
cloud. If no allowance is made for this, the effect on trajectory prediction
would be a vertical error of 500 to 1,000 ft. Knowing the start and finish of

anti-icing to within +1,500 ft would reduce the vertical error to less than 500
ft. _

Little information is available on either the accuracy of icing forecasts, or
the frequency with which anti-icing is used. A study is underway at the Met
Office to obtain verification statistics on the accuracy of the height of the
freezing level forecast by the regional model (on a 45 km grid) and the
mesoscale model {(on a 15 km grid). Preliminary results for the summer of
1992 indicate monthly RMS errors of 200 to 300 metres for the 12 hour

forecasts over Europe (UK only in the case of the mesoscale model} when -
verified against radiosondes.

Research is also underway to improve the forecasting of icing for aviation
users in two ways. Firstly, using the mesoscale model forecasts of liquid water
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content and temperature at levels up to 5,000 ft primarily for North Sea
helicopter operations. Secondly, using the global model to forecast icing in
layer cloud at medium levels (10,000 to 25,000 ft) for inclusion on the 18 and
24 hour forecast significant weather charts.’

5. TURBULENCE
(a) Ciear air turbulence

Clear air turbulence (CAT) is associated mainly with strong vertical wind
shear and hence has a high frequency of occurrence in the vicinity of jet
streams. CAT, therefore, tends to occur at cruise levels around 30, OOO ft,
although it is found at lower levels but less frequently.

On encountering CAT during cruise, pilots may change flight level in order
to reduce the discomfort to passengers. During climb, and more particularly,
descent below 20,000 ft, turbulence may require considerable speed reduction
to effect an improvement in comfort. Clearly, this has implications for accurate
trajectory prediction.

Forecasting of CAT is carried out at Bracknell using a regression equation
derived by Dutton (1980) using pilot reports of turbulence and numerical model
forecast parameters and verified independently by Forrester (1986). The
parameters found to !be most highly correlated with pilot reports are vertical
wind shear and, to a lesser extent, horizontal wind shear. The regression
equation is used to provide a forecast of the probability of encountering
moderate or severe CAT per 100 km of flight path at any point and on any
level.

A proposal has been made (Forrester, 1991) to derive a new regression
equation using automated reports of turbulence received from aircraft via
ASDAR (Aircraft to Satellite DAta ‘Relay} or ACARS (Arinc Communications,
Addressing and Reporting System). This would take advantage of the
improved resolution and accuracy of the current numerical forecasting model.

Consideration should be given to the possibility of implementing a CAT
algorithm in the WAFTAGE model.
{(b) Convective turbulence

Convective cloud {(cumulus or, more significantly, cumulonimbus) presents
several threats to aircraft viz moderate or severe turbuience, moderate or
severe icing, hail, lightning, windshear, updraughts and downdraughts. Any of

these on its own would be good enough reason for avoiding convective cloud.

The questions that need to be answered concern, firstly, the significance
of the penalty incurred if an aircraft alters course to avoid an area of
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convective cloud, and secondly the accuracy (suitably defined) of being able to
forecast significant convective activity.

Severe convective activity is more common over southern Europe in
summer and particularly over mountainous areas such as the Alps or Pyrenees.
However, severe storms do occur occasionally over many parts of Europe and
could interrupt aircraft scheduling.

It would not be a simple task to incorporate a convection forecasting
system within the WAFTAGE model as it is currently envisaged, one reason
being the fact that aircraft do not report humidity. However, forecasts of
convective activity could be imported from the regional numerical forecast
model, or a dedicated convection model could be built and linked to the
regional model.

{c) Mountain wave turbulence

Turbulence associated with mountain waves can be severe, and can
involve rotor motion, although this is relatively rare.

Although rules exist for forecasting mountain waves and rotors, accurate
forecasting of these phenomena is still a difficult task.

6. VERTICAL AIR MOVEMENT

Current trajectory predictors implicitly assume that vertical air movement
does not significantly affect aircraft climb performance. However, this
assumption should be tested for various types of vertical air movement. If it is
found to be significant, then forecasts of vertical air movement rate should be
provided for ATM purposes. The accuracy required would be that which will
ensure that the vertical error integrated over an aircraft’'s 20 minute flight
profile will not exceed 500 ft.

There are several possible causes of vertical motion in the atmosphere. A
gentle upward motion is to be found wherever there is layer cloud. In
convective cloud the motion is more significant with updraughts in cumulus
cloud of a few metres per second and in cumutonimbus cloud of 15 ms-? or
more, with an accompanying but probably less intense downdraught. In severe
storms (rare in UK or Europe, more common in US) updraughts of 60 ms~1 and
downdraughts of 30 ms™' have been recorded. The horizontal extent of these
vertical air motions is unlikely to exceed 0.5 nm and will often be much less.
Note that on occasions layer cloud can contain convective elements {eg in
stratocumulus), or can hide embedded cumulus or cumulonimbus.

In the vicinity of fronts, where two air masses meet and slide over each
other, the rate of ascent of the air is typically 10 cms™1 but could reach 1 ms™!
locally.
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The lifting of the air when it encounters hills can, under favourable
circumstances, result in the formation of waves, often called mountain or lee
waves. |f the air is sufficiently moist, then the crests of the waves may be
indicated by lenticular clouds, but often the waves are invisible. The updraught
and downdraught velocities in well-developed waves can be surprisingly large.
The most famous examples occur over the Sierra Nevada in the Rockies, where
the vertical velocities can reach 50 ms'1 . In Europe, however, a more modest
10 or 20 ms™1 is realistic.

A feature of anticyclones is a gentle downward movement of the. air,
below which an inversion usually forms. This is known as subsidence, and the
velocities involved are of the order of 1_cms'1.

Of the above mentioned causes of vertical air movement, the most
significant are to be found in cumulonimbus and in mountain waves. Aircraft
normally avoid cumulonimbus clouds due to the various weather hazards
present in such clouds viz severe turbulence, severe icing, hail, lightning, and
low-level windshear as well as severe updraughts and downdraughts. Hence, it
may not be sensible to try to examine the effect of the vertical air movement
on the aircraft without taking account of all the other weather hazards. '

Mountain waves, on the other hand, do represent a potential hazard due
to the strength of updraught and downdraught which often occurs in
deceptively smooth air. (Severe turbulence and possibly rotor activity can
occur when a dynamical breakdown of the waves starts.) An aircraft flying
across the waves will encounter the greatest rate of climb/descent. However,
an aircraft flying almost parallel to the waves will experience a small but steady
rate of climb/descent, and this has been known to catch out the unwary pilot
on occasions. .

7. CONCLUSIONS

This report has discussed the meteorological requirements for future air
traffic management purposes. It has set stringent error bounds for winds and
temperatures, which it may be possible to relax on completion of work
currently underway at Malvern.  Further work is required to clarify the
requirements for icing, turbulence and vertical air movement,

This report will be updated as new information becomes available.

The assistance of staff at Malvern and Bedford is gratefully
acknowliedged.
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THE IMPROVEMENT OF METEOROLOGICAL DATA
FOR AIR TRAFFIC MANAGEMENT PURPOSES

PROVISIONAL METEOROLOGICAL REQUIREMENTS FOR ATC

G.C.Dean, 24/11/92, V1.1

1. Introduction

in response to a meeting on 15/5/91 at CAA, this document discusses the
meteorological requirements from the ground viewpoint, giving tentative figures
for the required data accuracy for several types of met. information. it has been
revised in the light of further discussions with the Met. Office {Bracknell}, brief
investigations into air¢raft instrument performance and better knowledge of the
effects of prediction accuracy upon interactions between aircraft.

2. Determining Factors for Meteorological Accuracy

Ideally, met. data should be sufficiently accurate that it is not the limiting factor

in the safety or capacity of ATC operations. This broad requirement can be

converted into figures for data accuracy as follows:

1. estimate the required capacity of the ATC system in the future.

2. find the safe capacity of the ATC system as a function of the uncertainty
in aircraft trajectory prediction.

3. determine the relationship between uncertainty of trajectory prediction and
the accuracy of met. data.

Assuming that on certain routes desired capacity will in future be greater than
the available capacity, the aim becomes the maximisation of safe available
capacity '.

{1 If this assumption fails and if the met. office can provide figures for met.
accuracy as a function of the density of aircraft that report weather conditions,
combination of this information with prediction uncertainty/capacity figures will
determine at what traffic density, if any, met. data will be a limiting factor in
sector capacities. This may lead to less stringent requirements, in the shorter
term at least, than those presented in this paper. Unfortunately, estimates of
uncertainty vs capacity for future ATC systems are currently unavailable.}

A better understanding of the relationship between capacity and prediction
uncertainty is given by some provisional results from the CAD4 ATSTRATS
programme. This shows that the benefits of reduced aircraft interactions (which
are likely to include increased capacity) continue to increase as the accuracy of
trajectory prediction improves, even to the impractical extreme of having no
trajectory prediction errars [1].
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With this result the requirement becomes that met. data should be sufficiently
accurate that it is not the limiting factor in trajectory prediction. For errors from
other sources to dominate the uncertainties in trajectory prediction, then the
errors from met. modelling should be small compared with those from these
other sources (say half the standard deviation of the combined effect of all the
other errors).

3. Types of Meteorological Information Required and their Desired Accuracy I
3.1 Wind
The first approach for determining met. accuracy for wind is as follows:

For straight and level flight in the cruise phase, in an environment where
nominal aircraft airspeeds are known {possibly by datalink) the most likely
source of error other than wind is from airspeed indicator errors. For
airspeed indicators conforming to BS 2G 117 the error should not exceed
1% of airspeed. However, an additional error of up to 2 kts should be
allowed for friction in a mechanical reading.

For an aircraft cruising in upper airspace (i.e. above FL245} with a low CAS
of 220 kts this gives a CAS error of up to 4.2 kts. This is equivalent to a !
TAS error of about 6.0 kts at 25000 ft. Assuming that this maximum error f
corresponds to 3 standard deviations, the ‘standard deviation of the

airspeed indication of a typical flight with BS 2G 117 equipment will be 2.0 ]
kts. This implies that ideally the standard deviation of the along track wind A
error for such a flight should aim to be better than about 1.0 kts, with a

worst case -along track wind error being better than 3.0 kts. Aircraft with !
higher operating CAS would have less stringent wind accuracy |
requirements.

Below FL245 turbo prop aircraft cruising CAS might be 180 kts at FL180.
This gives TAS error of about 4.9 kts. Worst case along track wind error of
3 standard deviations should aim to be less than 2.4 kts. (This corresponds
to a standard deviation of 0.8 kts).

Given that the accuracy of wind prediction determines trajectory prediction
accuracy, which in turn affects capacity, the accuracy of wind prediction
should also be provided so that ATC knows the capacity limits for the
prevailing met. conditions. : | |

3.2 Anti-icing |

Anti-icing decreases the available thrust in the climb between 5 and 10%
and may last for about 5,000 ft. This would cause a vertical error of about
500-1000 ft if no allowance were made for anti-icing. Knowing the start
and finish of anti-icing to within + 1500 ft would reduce the error 10 below
500 ft. Allowing for 3 standard deviations, the RMS error should be 500 ft
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3.3

3.4

3.5

for start and end of icing conditions. (Note that this corresponds to a
maximum of 30 seconds pilot/aircraft system response time for turning
on/off anti-icing in a 3000 ft/minute climb.)

Temperature

During climb, CAS error should have approximately 0.8 kts standard
deviation, corresponding to about 0.3 NM prediction error? in 20 minutes.
This would correspond to a maximum pred:ctxon error of up to 0.8 NM ({for
3 standard deviations).

{2 although the error will be slighly less below FL180, it may be
considerably greater at higher altitudes.}

Vertical errors from BADA/SIM aircraft modelling are currently of the order
of 3000 ft in a 20 minute climb. This corresponds to an average prediction
error of 1500 ft during climb, causing about 1.1 NM along track error.
Allowing for a 2 fold improvement in aircraft modelling performance in
future ATC systems this will give 0.5 NM error in 20 minutes.

Assuming the errors are from normal distributions, their combined effect is
likely to be less than about 0.9 NM in 20 minutes (taking 3 SDs}.

During a 20 minute climb a 1.5°C error in temperature causes 0.5 NM
along track error [2]). Therefore, if the average temperature error is below
about 1.3°C during a climb (i.e. a standard deviation of 0.4°C), the
inaccuracy of about 0.4 NM caused by it is acceptable in relation to the
other errors.

Vertical air movements

If air is maving vertically by a substantial amount (because of thermal
activity, thunderclouds or other reasons) then an estimate of the vertical air
movement rate should by given to ATC. Current trajectory predictors
implicitly use the hypothesm that vertical air movemenis do not

- significantly affect climb performance. It would be useful to test this

hypothesis. Should the hypothesus fail, then the required accuracy of met.
data is that which will ensure that the vertical error integrated over an
aircraft's (20 minute) flight profile will not exceed 500 ft.

"Significant" Weather Regions
Met. information is not only needed for trajectory prediction but also for

determining regions that are awkward or unsafe to fly within. These might
include thunderstorms and heavy turbulence.
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3.6 \Visibility and Cloud Cover

Forecasting of visibility and cloudbase are only required to determine
whether runway operations will be affected by fog. For the purposes of i
this report, fog is categorised into the conditions that prevent aircraft of

different landing capabilities from landing. l.e. Category I, Il and Il fog. \
(Category | fog is conditions that would prevent category | equipped '
aircraft from landing).

Local predictions of fog near airports would assist with flow planning that i
allowed for diversions (for predictions that are 2 hours or more ahead).
Shorter prediction times {of about 20 minutes) would improve stack B
handling and re-routing. However, given the high cost of diverting aircraft,
predictions would have to be accurate to be cost effective. The proportion
of erroneous re-routings that occur should be less than:
normal landing cost{from current position)/
re-routing cost(from current position) _
A crude estimate of this proportion is 2%, b

This proportion could be given by forecasts that 99% of the time would
correctly 'predict the start and finish time of each category of fog with a
standard deviation of 2 minutes for a 20 minute prediction or 10 minutes
for a 2 hour prediction. The requirement on the met. office is to say
whether or not this degree of forecast accuracy is possible. If such
accuracy is possible, then the available accuracy should be stated with the
overheads for providing the service. '

3.7 Wake Vortices

A possible topic for investigation, but which is not currently an operational
requirement is to forecast wake vortex parameters including their decay
times. Although the aim of these studies is-primarily to reduce delays
rather than to increase capacity, there is still a need to predict the nature
of the vortex about 20 minutes ahead, so that aircraft can be taken off
stacks at the correct time. The met. data required would be local wind
velocity and turbulence in the volume from ground level to 1200 feet and
within 4 NM. of the runway threshold. Since there is no operational
requirement there needs to be conmderat;on of whether work should be
carried out to give preliminary estimates of prediction accuracy.

At present, it is envisaged that met. data will be unable to meet the accuracy
targets described above unless extensive resources are provided. If this is
indeed the case, then the costs of providing different met. data accuracies
needs to be compared with the benefits they will give. The met. office should
therefore endeavour to indicate the likely costs of providing a range of met.
accuracies for each of the types of met. information.
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Finally, the met. investigation should give some indication of how polling of
aircraft information should be organised. ldeally, this would describe an
algorithm for which aircraft should be polled and how often.

4, References
{11 A.Smart. "A study of the Effect of Trajectory Prediction Errors on Air
Traffic System Capacity in a Direct Routes Environment."

Draft. October 1992.

[2] G.C.Dean and S.C.Turner. "Strategy and Options for Trajectory Prediction.”
CAER document 8. DRA File Reference RAD/902/15/4.0. April 1991.
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THE IMPROVEMENT OF METEOROLOGICAL DATA
FOR AIR TRAFFIC MANAGEMENT PURPOSES

NETWORK STUDIES

INTRODUCTION

By using the technique of optimum interpolation (Ol) it is possible to
compute the theoretical errors in the optimal analysis from the background and
observation error covariance functions. {See Annex 4 and Purser (1989).) This
calculation, which can be done independently of a source of real data, forms the
basis of the network studies.

The first study was carried out using a simple route structure over
Southern England, and was designed to estimate the likely improvements in the
accuracy of aircraft flight times that could be obtained by the use of Ol to
analyse aircraft wind observations. A brief description of this study and its
results follows in section 1. Further details are given in Purser (1989).

The second study was carried out using a more complicated route
structure covering the whole of the UK and takes into account the expected
increase in traffic by the year 2000. The results are expressed in terms of SD
errors in wind components and temperatures at specific locations.

1. SOUTHERN ENGLAND STUDY

This study was carried out under a variety of conditions using a simple
network of observations assumed to originate from aircraft inbound to the
London terminal area.

Four routes were set up to simulate the approach to London, each route
being about 100 nm long and descending uniformly from 30,000 ft to 15,000 ft.
An airspeed of 300 knots was assumed. Each flight started at a different time,
and there were up to 8 observation reporting positions along each route. (See
Figure 2.1.)

Timing errors were evaluated for subsequent flights along these 4 routes
and along 4 other routes, 2 of which were descents, the other 2 being
overflights along a longer route at a higher airspeed of 450 knots. (See Figure
2.2.) The timing errors were evaluated at the end of the first hour (by which
time all the observations had been made) and then again at the end of the
second hour.

A feature of the 4-D formulation of Q] is that advection can be

incorporated directly into the covariance functions. Strictly, this can only be
done exactly when the wind field is uniform, which is rather unrealistic.
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However, in this network study there was the option of switching on or off a
constant westerly or southerly wind of 40 knots.

The results show that the timing errors vary from 8 to 30 seconds
depending on the route and the method of analysis. Using only the background
field and neglecting the observations altogether produced timing errors of 17 to
30 seconds. Using the observations with O! dramatically improves the timing
errors to 9 to 12 seconds after the first hour, and 10 to 18 seconds after the
second hour. Incorporating the effects of advection improves these figures still
further to 8 to 11 seconds after one hour and 9 to 13 seconds after two hours.

This demonstrates that there is a significant advantage to be gained from
exploiting the aircraft observations using OIl. It also suggests that there is a
small advantage to be gained by including the effects of advection. Note that
this study was based on a constant wind advection. Further studies will need to
be carried out to ascertain the usefulness of incorporating a differential wind
advection into Ol. However, even without advection the advantages of Ol are
apparent. '

This study also showed that there is not a lot to lose by degrading the
resolution of the observations eg by combining successive pairs of observations _
along the routes. Likewise, a degradation of the resolution of analysis points by
a factor of two produced only a small effect on the timing errors. This seems to
indicate that, as one might expect, the errors on small scales of motion tend to
cancel out when the timing error is integrated along a substantial section of
flight path.

2. UK STUDY

In order to repeat the network study using a more sophisticated traffic
scenario, CAA provided the Met Office with details of all flights in UK airspace
on 3 sample days in 1992, chosen to reflect a quiet day (22 January), an
average day (20 May), and a busy day (21 August). The information supplied
included the departure airport, beacons defining the route within UK airspace,
the arrival airport, the assigned cruise fiight level and the time of entering UK
airspace (in the case of incoming international flights or overflying flights) or the
time of departure {in the case of departures from a UK airport). Also provided
was the flight number, the aircraft type, and the cruising airspeed.

This information describes quite well the horizontal locations of cruising
aircraft throughout the day, and their assigned flight levels, However, it does
not give much information on the climb and descent phases of the flights. The
following simplifying assumptions were made to try to represent the climb and
descent in a modestly realistic fashion:

{a) For the climb profile, assume a constant rate of climb of- 2,500 ft/min from
the ground up to 20,000 ft, and then a constant rate of 1,500 ft/min to the
assigned cruise level,
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{b) For the descent profile, assume a constant rate of descent of 1,600 ft/min
from assigned cruise level so as to reach the last beacon before the airport at
10,000 ft, and then a constant rate of descent so as to reach the ground at the
airport.

No attempt was made to model the complicated departure and approach
patterns flown in the vicinity of the airports. [t was assumed that each aircraft
flies a straight line between the airport and the first beacon (in the case of a
departure} or between the last beacon and the airport (in the case of an arrival).
Naively, one might argue that this idealised simplification is more realistic of a
future scenario than of the present!

An average airspeed was computed for each cruising flight level (see Table
2.1}, To take account of the variation in airspeed during climb and descent, a
linear function was assumed such that the value at the ground was half the
value at cruise level.

To try to forecast a future traffic scenario over the UK, CAA also provided
a set of passenger air transport movement {PATM)} forecasts for UK domestic
traffic, UK international traffic and UK overflying traffic. An analysis of the data
provided suggests that the growth rates from 1992 to 2000 are likely to be as
follows: :

UK Domestic 15%
UK International 42%
UK Overflying 41%

There are some large regional variations eg domestic traffic to/from
Heathrow is expected to grow by only 4%, international traffic to/from Stansted
by 280%, overflying traffic to/from Ireland by only 24% as compared with 43%
for overflying North Atlantic traffic etc. However, for simplicity, the average
figures listed above have been assumed in this study.

From the 1992 data, the number of flights on each route was computed as
a function of time of day and assigned cruise flight level. These numbers were
then augmented using the PATM forecasts to give an estimate of the number of
flights on each route for each hour of a day in the year 2000. It was assumed
that the same route structure would apply in the future. This assumption is
probably not valid since reorganisation of the London Terminal Area is planned,
and ultimately some flying on random routes is envisaged. The results of the
network study are probably not very dependent on the actual route structure,
but the introduction of random routes has not been specifically considered in
this network study. It was also assumed that the utilisation of flight levels
would be relatively unchanged. If this is not so, for example if future
generations of aircraft were to cruise in the stratosphere, then this could have
an effect on the outcome of the network study. The proposed reduction in
vertical separation over the North Atlantic (and eventually over Europe) to allow
the use of the even flight levels above FL 290 would result in a redistribution of
traffic, but would not significantly affect the outcome of this study. It would,

-A2.5 -



however, necessitate the provision of forecasts on more levels, thus :ncreasmg
the volume of data to be communicated on the ground. -

Account must also be taken of the fact that the implementation of the full
Mode S datalink is unlikely before the year 2000, and that consequently not all
aircraft will be capable of reportlng met data by that time.  Various scenarios
can be tested eg
{iy all aircraft reporting
(i) all aircraft with cruise level at or above FL 240 reporting
(iii) BO% of aircraft with cruise level at or above FL 240 reporting, and 10% of
other aircraft reporting.

To specify the start time of each flight a random number generator was
used. For example, if there will be only one flight during a given hour at a given
level on a given route, then it was assumed that the start time of that flight was
random during the hour, and that the flight progressed using the. average
airspeed for that cruise level. If there will be two flights during the given hour,
then one was assumed to be random during the first half hour, and the other
random during the second half hour.

The results are presented in terms of the ratios of the SD of the expected
analysis/forecast errors to the SD of the background field error, the latter being
set to 2.0°C for temperature and 5.0 m/s for a wind component (14 knots
vector SD). The SD of the aircraft observation error is set to 1.0 °C for
temperature and 2.0 m/s for a wind component (6.6 knots vector SD), these
being the best estimates available from our knowledge of aircraft measurements.
For the wind profiler the SD was taken as 1.5 m/s for a wind component (4.2
knots vector SD) {Brewster and Schiatter, 1988). For the radiometer the SD of
temperature was assumed to be 1.0°C, the same as for the aircraft. = Altering
the values of the SDs does, of course, aiter the results of the experiments to
some extent. |t does not, however, significantly alter the conclusions of a series
of experiments carried out using identical SDs.

Results were obtained both on a regular lat-long grid :{either 30 or 15 nm)
and at a series of beacons and waypoints chosen to lie along busy and quiet
routes, and close to airports. :

Various expenments were carried out to try to assess different scenarios.
Most of the work was carried out using the aircraft data for the quiet day, on
which there were a total of 3,288 flights during the 24 hour period spread over
925 different routes.

2.1 Experiment 1: Aircraft reporting at beacons/waypoints
In the first experiment it was specified that each aircraft would report at
each beacon or waypoint it passes during cruise. Figure 2.3 shows the spatial

distribution of the data. The total number of observations in this experiment
was about 15,000.
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The results of using all the available data over the area 49°N-55°N, 5°W-
2.5°E, which covers most of England and Wales, during a 3 hour period (8-12
GMT) (1,711 observations) indicate that over a large part of the area where the
data is densest (ie south and central England), the expected error in the analysis
at T+0 (12 GMT) is about 10% of the background field error., The results for
temperature, and U and V wind components at 300 hPa are given in Figures 2.4
(a),(b),(c) respectively. In the case of wind components, the expected SD of the
analysis error is 0.5 m/s (1 knot) giving & vector SD of about 1.4 knots.
Although this is a good result to obtain bearing in mind the observation error, it
is not good enough to meet the operational requirement as currently stated viz
that the wvector error must not exceed 1.5 knots at any point along the
trajectory. If the operational requirement can be relaxed to a vector SD of 1.5
knots at all points along any trajectory, then aircraft reports at
beacons/waypoints may allow the requirement to be met at least at T+0 and in
the beacon dense area of central and south England. [It must be noted,
however, that a recommendation for aircraft to report at beacons/waypoints can
only be made if the aircraft are flying straight and level in the vicinity of the
reporting point. Any manoeuvre may upset the accuracy of the wind report.]

Considering temperature, the results for the SD of analysis and forecast
errors are very similar to those obtained for wind components. The SD of the
background error is 2°C so the expected SD of the analysis error is 0.2°C,
which is well within the operational requirement.

2.2 Experiment 2: Aircraft reporting at intervals during cruise -

In the second experiment it was specified that each aircraft would report at
some prescribed interval along its route. During cruise, this interval was defined
in terms of time and values of 1, 3, and 5 minutes were investigated.
Specification in terms of distance would make little difference to the .results
except that there would now be fewer reports from the slower traffic. Figures
2.5(a) and 2.5(b) show the spatial distribution of the data at 5-minute and 1-
minute intervals respectively. The total number of observations over the 24
hour period was about 17,000 at the 5-minute interval, and 93,000 at the 1-
minute interval. Note how the reporting points along some routes tend to bunch
in the b-minute case. In practice this should be avoided, possibly by introducing
a random element into the reporting procedure so as to produce a smoother,
more representative distribution of reports.

Results were obtained to show the impact of cruise data over the London
area (50.5°N-52.65°N, 2°W-2°E). A total of 3,931 1-minute reports, 1,310
3-minute reports, and 786 5-minute reports were used during a 3 hour period {9-
12 GMT). The results are shown in Figure 2.6. The shape of the profile reflects
the density of aircraft on different cruise flight levels with peaks at FL 010-013,
FLO18, FL250-280, and FL350. Apart from these fluctuations, the expected
errors generally decrease slowly with increasing flight level, but increase rapidly
above FL400 and below FLO50 where there are few, if any, aircraft in cruise.
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There is a consistent difference between using 1-minute, 3-minute and 5-
minute reports. For example, at FL250 the expected errors are 0.05, 0.075 and
0.09 respectively, whereas at FL100 the figures are 0.065, 0.095 and 0.11.
Thus, it is generally easier to meet the operational requirement at the higher
flight levels (where there are more reports} than at the lower flight levels. The
10% requirement could be met above FL240 using 5-minute reports, or above
FL180 using 3-minute reports, or above FLO50 using 2-minute reports.

Omitting flights which cruise below FL240 has the obvious consequence
on the expected error at low levels. [t also has a small impact on levels just
above FL.240, '

Also plotted in Figure 2.6 are the results for the Manchester area {(52.5°N-
54.5°N, 0°W-4°W). The results, based on 1-minute data (2,403 observations),
are intermediate between the London 1-minute and 3-minute results, which is
consistent with the guantities of data involved in the three cases. However, the
Manchester and London 1-minute curves become almost identical around FL350
indicating similar (and ample) data densities in both areas. The results for
Manchester using 3-minute and 5-minute data (801 and 480 observations
respectively) are poorer at fow levels, but good around FL350.

2.3 Experiment 3: Aircraft reporting at intervals during climb

The third experiment investigated the climb profiles, and it was specified
that each aircraft would report at some prescribed interval during climb, the
interval being defined in terms of flight level. Reports at 1,000 feet, 3,000 feet
and 5,000 feet intervals were investigated. Figure 2.7 shows the spatial
distribution of the climb data at 1,000 feet intervals. At this interval, the total
number of observations during the 24 hour period was about 47,000 for climb
alone, descent not being included at this stage. The variation of the expected
error in the vertical is plotted in Figure 2.8. The increase of the error with
height is to be expected because the density of ‘observations decreases for
several reasons: the airspeed is increasing during climb so the horizontal
separation of the 1,000 feet reports is increasing; the aircraft tracks are
diverging from the airport; some aircraft cruise at relatively low level,

The curves in Figure 2.8 represent the cases where the observations during
climb are reported every 1,000 feet, every 3,000 feet or every 5,000 feet.
Clearly the amount of data is vastly different in the 3 cases and this explains the
difference in the leve! of expected errors. In the London area, the results for the
2,000 feet data are included (based on 2,838 observations). The results for the
1,000 feet data had to be estimated, because of the very large quantity of data
involved {more than 4,000 observations). The results for 3,000 feet data and
5,000 feet data were based on 1,892 and 1,135 observations respectively. Itis
clear that the 10% requirement could easily be met up to FL240 using 5,000
feet data, up to FL280 using 3,000 feet data, and up to about FL330 using
1,000 feet data. Indeed a 5% requirement could be met up to about FL200
using 1,000 feet data.
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Omitting the climbs of flights which cruise at levels below FL 240 had a
small impact and the results for the 5,000 feet data case are shown in Figure
2.8.

Looking at other airports in the UK, there is insufficient traffic to produce
expected errors as small as the values obtained for the London area. For
example, in the Manchester area the expected errors are much larger than in the
London area, even for 1,000 feet data (based on 1,231 observations), but
particularly for 3,000 and 5,000 feet data (based on only 410 and 246
observations). Values for Birmingham are slightly smaller than the values for
Manchester. Inclusion of descent profiles would help to reduce the expected
errors at these airports. Note that some aircraft climbing out from London pass
over or near Birmingham or Manchester and that data from these flights has an
impact on the results for these airports at the higher levels.

24 Ex’beriment 4: Aircraft reporting at intervals during climb and cruise

Combining climb and cruise data removes some of the problems found
above because it increases the quantity of data and hence reduces the expected
error. The results are shown in Figure 2.9 for data reporting intervals of 1,000
feet in climb combined with 1 minute in cruise etc. The profiles are generally
much smoother and more constant over the range of flight levels.

The 10% requirement can e'asi[y be met up to FL 370 using 5,000 feet/5-
minute data in the London area, but requires a much higher data rate, possibly
2,000 feet/2-minute, in the Manchester area.

2.5 Experiment 5: A network of profilers

In this experiment a network of wind and temperature profilers was
specified over the UK to see whether this could produce as accurate results as
aircraft data alone. 9 profilers were specified covering much of the southern UK
in three arrays at 60, 90 and 120 nm separations. Reports were assumed to be
made every 6 minutes on all standard pressure levels. The results indicate that
the 60 nm array would produce analyses {(and forecasts) as accurate as could be
obtained using aircraft reporting at beacons. SDs of 0.08 to 0.12 for wind
components and 0.09 to 0.13 for temperature are found everywhere within the
array, but the errors grow quite rapidly outside the array, doubling within 30 nm.
The results for temperature, and U and V wind components at 300 hPa are
given in Figures 2.10 (a),(b),(c) respectively and can be compared directly with
Figures 2.4 (a),(b),(c}. The results with the 120 nm array were considerably
inferior, with SDs as high as 0.5 between profiler sites. As a compromise, the
90 nm array produced SDs of 0.15 to 0.25 between sites.

These results are based on a regular array of profilers. In practice, it would
probably be impossible to set up such an array. Further experiments would
need to be carried out to ‘ascertain the optimum sites for locating profilers with
reference to the air route structure.
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The profiler network would have the advantage of providing winds (and
temperatures?) 24 hours of the day, unlike commercial aircraft. This would
improve the accuracy of the early morning forecasts. It would also assist in
forecasting for quiet air routes. However, it could be argued that a lower
accuracy of forecast would be acceptable on these routes. Although a network
of profilers would be relatively expensive to implement, these instruments are
robust and need little maintenance so their running costs are relatively low,

2.6 Experiment 6: Aircraft data augmented with profiler data

This experiment was designed to ascertain whether the use of a limited"
number of profilers would prove beneficial under certain circumstances in
augmenting the data from aircraft. .

Firstly, could a single profiler be useful if sited in a strategic gap between
two or more air routes? Tests show that the answer is probably no, unless the
routes are rather quiet, in which case it would be better to site a profiler close to
each route. There might be some advantage at night-time when aircraft data is
scarce, but it seems doubtful if this would be cost effective. |

Secondly, could a single profiler be useful if installed at or near an airfield?
The answer could be yes, in the case of a relatively quiet airfield. It couid also
be yes in the case of a busy airfield, if sufficiently detailed reporting from aircraft
in climb and descent is not possible due for example to saturation of the Mode 3
datalink.

2.7 Diurnal variation

Considering the diurnal variation of aircraft fiights, the following table
shows, for the London area, the expected number of observations using the
3,000 feet/3-minute selection criterion, and the expected error for each 3 hour
period during the day. Errors at night-time can be two or three times as large as
in the day-time. |

GMT "Number of Expected error o
observations 300 hPa 500hPa 700 hPa

00-03 212 0.20 0.11 0.13
03-06 311 0.29 0.16 0.16
06-02 2851 0.08 0.05 . 0.05
09-12 3202 0.07 0.06 0.05
12-15 2710 0.08 0.05 0.06
15-18 2727 0.06 0.05 0.05
18-21 3054 0.07 0.05 0.06
21-24 860 . 0.16 0.10 - 0.11
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2.8 Error growth with forecast time

Looking at the error growth with forecast time, it is found that values of
SD grow typically as follows:

Forecast time (hours) 0.0 0.25 0.b 1.0 2.0 3.0
SD of error (%) 0.10 0.11 0.12 0.16 0.24 0.34

Figure 2.11 shows how, in the first 3 hours, the error growth is larger for
wind than for temperature. In fact the errors in U and V can differ slightly from
each other due to their dependence on stream function and velocity potential.

Exampies of the growth of the expected error over a longer forecast period
are shown in Figure 2.12. The minimum error is to be found at the mid-time of
the data sample, in this case 1.5 hours before analysis time, the data spanning a
3 hour period. However, this minimum error is unattainable in practice since it
depends on future observations. The smallest meaningful error is at O hours.
The error increases almost linearly for the first hour, but then increases more
rapidly over the next 2 or 3 hours, before eventually becoming asymptotic to the
background error at large forecast times.

The limitations of the 4-dimensional data assimilation scheme can be seen
quite clearly from this type of diagram. Forecasts out to about 1 hour maintain
a relatively small error, whereas beyond about 3 hours the error grows to
unacceptable proportions. Just how rapidly the errors grow depends critically
on the time scale of the covariance function. Two examples are shown in Figure
2.12, both Gaussian, one with a width of 6 hours, the other 3 hours. There is
some evidence (Seaman, 1975} that the true value in the atmosphere may be
close to 7 hours.

2.9 Correlation of observation errors

The above experiments were all based on the assumption that the
observation errors are all independent., In practice, this is unlikely to be the
case, because the errors in successive abservations from the same aircraft will
probably be quite highly correlated, and errors in observations from different
aircraft may even be correlated.

To ascertain the effect that a correlation of observation errors might have
on the results, some tests were carried out for a variety of correlation
coefficients, firstly assuming that only reports from the same flight are
correlated, and secondly assuming that reports from all flights are correlated. It
is assumed that the correlation between any pair of reports is a constant. In
practice, the correlation probably depends to some extent on the separation in
space and/or time between the reports, but there is little evidence on which to
base such a supposition at the present time.
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The following values of correlations were used in the tests:

Correlation Temperature (°C) Wind Component {m/s)

SD COR SD COR

0 % 1.0 0.0 2.0 0.0

10 % 1.0 0.316 2.0 0.632

25 % 1.0 0.5 2.0 1.0

50 % 1.0 0.707 2.0 1.414

75 % 1.0 0.866 2.0 1.732

95 % 1.0 0.975 2.0 1.95

' The results are shown in Figure 2.13, and indicate that the general effect
of correlatlon is to increase the expected errors. However, in the case where
only the errors in the observations from the same flights are correlated, the
effect is much smaller than in the case where all observation errors are
correlated. The graphs are drawn only for 0%, 10% and 25% correlation. . For
larger correlations, the errors appear not increase significantly further.

2.10 Conclusions

The network study has shown that the SD of wind and temperature
analyses and short period forecasts can be reduced to between 5% and 10% of .
the background error value given a sufficient quantity of independent aircraft
observations. However, these errors could be increased by up to 50% if the
observations are not independent.

The optimum selection rate at which aircraft reports will be necessary
depends to some extent on the scenario. For example, in the London area
reports every 3,000 feet in climb and descent and every 3 minutes in cruise may
be adequate, whereas in a quieter area reports at 1,000 feet and 1 minute may
be necessary.

It is recommended that some randomness be introduced mto the selectlon
procedure so as to prevent successive aircraft from reporting at almost the same
position and/or flight level.

A network of suitably sited profiler_s could produce results with a similar
error structure to that which would be produced using aircraft data.

The errors are likely to grow by only about 20% during the first half hour
of the forecast.
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1i56

398

o
et
~ o

OO OO0 OoOOCnO

Average
Cruise
Alrspeed
(knots)

186
227
310
200
193
204
197
isg
205
194
234
258
273
260
271
263
275
304
337
284
278
347
338
328
358
376
389
414
418

433
433
455
463
452

490

500

Time

TCC

4m

10m40s

14m

15m20s

16m40s

18m

15m20s

20m40s

22m

27m20s

Distance

9.7 m

29.5 nm

45.3 rm

75.6 ™m
85.7 rm
94.6 rm
105.7 mm
115.5 mm
124.9 ™

139.8 mm

176.3 nm

Average cruise airspeeds, and times and distances to top of cruise
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