ACCURACY OF AIRCRAFT BAROMETRIC ALTIMETERS
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Abstract:
The article deals with methodical and instrumental errors of the aircraft barometric
measurement of the flight altitude by means of mechanical altimeters and air data
computers. The calculation of the methodical errors has been carried out both for selected
values of the declension from the standard values, and for three real meteorological
situations on the base of which the methodical accuracy of the barometrical altimeter and
the air data computer has been compared.

I. Introduction
The altitude is one of the most important parameters characterizing the three dimensional
movement of the aircraft.
To measure the altitude on the contemporary aircraft, there are used both the barometric
method, i.e. barometrical altimeters and air data computers, and the radio-methods using the
radio-altimeters (to measure the real altitude above the terrain) and the satellite navigation
receivers (to measure the ellipsoid altitude above the reference ellipsoid).
The barometric altimeter, invented by American inventor Paul Kollsman in 1928, measures
the altitude on the basis of the static pressure of the Earth atmosphere.
The aerometric measurement of the flight altitude is not as accurate as the above mentioned
measurement by means of the radio, nevertheless the barometric altimeters and air data
computers are relatively simple and reliable instruments able to measure – apart from other
things – the altitude above sea level and the standard altitude (i.e. the altitude correspondent
with the standard state of atmosphere), therefore they are a obligatory part of the avionic
system of the contemporary aircraft.
The aerometric instruments are calibrated according to the International Standard Atmosphere
(ISA) [4]
This internationally received document standardizes the changeable physical parameters of
the real Earth atmosphere into the values of arithmetical means of long-term meteorological
observations.
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It divides the Earth atmosphere into levels (see picture No. 1) from which especially the two
lowest levels – troposphere and stratosphere – are utilizable in avionics.

Picture No. 1:The levels of the Earth atmosphere

The ISA defines the following, from the point of view of the presented analyses most
important parameters:

- pressure in the zero altitude above sea level

p0 = 101325 Pa,

- the gravity, independent of the altitude

g = 9,80665 m ⋅ s −2 ,

- the gas constant of the air

r = 287,05307 J ⋅ kg −1 ⋅ K −1 ,

- the temperature of the absolute zero

t 0 K = -273,15 °C,

- the temperature of the air on the sea level

T0 = 288,15 K, t0 = 15 °C.

The ISA defines the altitude temperature profile of the atmosphere as a pattern of linear
sequences the statutes of which, the so called vertical temperature gradients, are cited it the
Chart 1.

Altitude interval

[m]

Absolute
temperature
of the basis
[K]

Celsius’s
temperature
of the basis
[oC]

Vertical
temperature
gradient

[K·m-1]
0,0 to 11000,0
288,15
+15,00
-0,0065
11000,0 to 20000,0
216,65
-56,50
0,0000
20000,0 to 32000,0
216,65
-56,50
0,0010
32000,0 to 47000,0
228,65
-44,50
0,0028
47000,0 to 52000,0
270,65
- 2,50
0,0000
52000,0 to 61000,0
270,65
- 2,50
-0,0020
61000,0 to 79000,0
252,65
-20,50
-0,0040
79000,0 to 88743,0
180,65
-92,50
0,0000
Chart No. 1: The vertical division of the Earth atmosphere

For the common avionic operations, the troposphere and the stratosphere are the most
significant levels.
The standard temperature of the troposphere is characterized by a linear temperature
declension, described by the equation:
TH = T0 + α ⋅ H , or TH = 288,15 − 0,0065 ⋅ H [K],

(1. 1)

where the altitude is H ∈ 0, 11000 m .
The standard temperature of the lower section of the stratosphere is constant, independent of
the altitude, and its value is Tstr = 216,65 K or t str = −56,5 o C . The altitude extension of this
low isothermal section is 11-20 km.

II. Methodical errors of the barometric altimeters
Barometric (or more generally aerometric) altimeters are mechanical or electromechanical
instruments calibrated on the basis of the standard atmosphere for the troposphere and the
stratosphere according to the equations:
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where p H is the static pressure in the altitude H anh Tstr is the temperature of the
stratosphere.

Nevertheless, especially the troposphere is a dynamic level. Particularly in its lower half,
dynamic actions proceed which as a whole are denoted by the term “the weather”. With the
time, both the pressure and the temperature, as well as their vertical profile are changing.
It means that the standard values of the parameters appearing in the calibrating equation (2. 1)

T0 , α , p H , p0 can differ from the real values and it causes the so called methodical errors of
the measurement.
To quantify these errors, it is possible to derive relations by means of the Taylor’s series of
the calibrating equation (2. 1) in which the terms with higher derivations are omitted as
inessential:
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To have the temperature absolute methodical errors ∆H T0 and ∆H α , caused by the deviation
of the temperature ∆T0 and the vertical temperature gradient ∆α of the Earth atmosphere
from the standard values, hereby we get following expressions:
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To have the pressure absolute methodical errors caused by the deviations of the pressures ∆p0
and ∆p H of the Earth atmosphere from the standard values, hereby we get the expressions:
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where ρ 0 is the air density in the zero altitude above sea level.

~
The symbol H means a change of the sign (plus – minus) of the expressions to calculate the
errors. This change indicates that the calculations are made by the derivation of the calibrating

equation of the altimeter which in fact is unchangeable, calibrated in accordance with the
standard values during the fabrication. Anyway, the parameters of the real Earth atmosphere
change.

Picture No. 2: The temperature methodical errors of the barometric altimeter
a) absolute methodical error caused by the deviation ∆T0 from the standard value
b) relative methodical error caused by the deviation ∆T0 from the standard value

c) absolute methodical error caused by the deviation ∆α from the standard value
d) relative methodical error caused by the deviation ∆α from the standard value

Picture No. 3: The pressure methodical errors of the barometric altimeter
a) absolute methodical error caused by the deviation ∆p H from the standard value
b) relative methodical error caused by the deviation ∆p H from the standard value
c) absolute methodical error caused by the deviation ∆p0 from the standard value
d) relative methodical error caused by the deviation ∆p0 from the standard value

The temperature and pressure methodical errors can be then described by the expressions:
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The altitude dependencies of these errors for selected parameters of the deviations

∆T0 , ∆α , ∆pH a ∆p0 are figured in the enclosed diagrams (see the pictures No. 2 and 3).
From the diagrams of the temperature absolute methodical errors of the altitude measurement
by a mechanical barometric altimeter, depicted in the pictures No. 2 and 3, is obvious that the
errors are of zero value on the sea level and with the altitude, their absolute values rise. The
error ∆H T0 rises linearly and ∆H α exponentially.
The relative expressions of the errors ∆H T0 are independent of the altitude whereas the
relative errors ∆H α rise with the altitude nearly linearly.
The pressure absolute methodical errors ∆H p H and ∆H p0 are of non-zero value in zero
altitude. The absolute values of the errors ∆H p H rise exponentially with the altitude whereas
the absolute values of the errors ∆H p0 drop.
The values of the relative pressure methodical errors ∆H p H a ∆H p0 drop nonlinearly with the
altitude.
To remove the methodical errors ∆H p0 , the flight barometric altimeters are equipped with a
mechanism designed to put the actual values of the pressure p0 into the mechanical gear of
the instrument according to the meteorological information.

III. The temperature methodical errors of the air data computers
The air data computers are electronic measurement devices which calculate the air flight
parameters as air speed, Mach’s number, static temperature as well as the altitude on the basis
of receiving the total and static pressure, total temperature, possibly also the angle of attack.
The altitude in the air data computer, in the range of troposphere and stratosphere, is
calculated by following formulas:
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where Tm is the medium temperature of the airspace below the aircraft for which this formula
can be derived from the formulas No. 2 and 13:
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The measurement of the medium temperature of the air level below the aircraft is based on a
two-point measurement of the temperature – measurement T0 by the earth meteorological
station and measurement TH by the air data computer. For practical grounds, the value of the
air temperature on sea level T0 is assigned in accordance to the value given by the ISA, it
means T0 = 288,15 K, t0 = 15 o C .
If the real temperature in the zero altitude above sea level differs from the value given by the
ISA, the methodical error of the measurement arises. This methodical error is similar to the
methodical error ∆H T0 of the barometric mechanical altimeter (see picture No. 2 a, b). Similar
as the errors of the barometric mechanical altimeter are also the pressure methodical errors, it
means ∆H p H and ∆H p0 (see picture No. 3). The formula is valid accurately only under
condition of linear distribution of air temperature between the points of measurement, it
means the temperature values T0 and TH .

Picture No. 4: The temperature methodical errors of the barometrical measurement of the altitude

If the temperature between the points of measurement is stratified non-linearly, a methodical
error of measurement arises which is proportionate to the extension and character of the nonlinearity and considerably influences the accuracy of the altitude measurement.
In the Earth atmosphere, the non-linearity of the vertical temperature profile (variety of the
vertical temperature gradient) of the atmosphere is a common phenomenon. For example, a
rise of temperature occurs as a consequence of air strata dimmed by the sun shine or –
especially in the winter season – ground inversion situations develop.
To quantify the methodical errors of the altitude measurement which are caused by the
changes of the vertical temperature gradient, a static model of the altitude measurement by the
air data computer and the barometric altimeter has been used.
The results of the simulation for concrete meteorological situations on January 7, 17 and
February 28, 2005, are presented on the pictures No. 4.1, 4.2, and 4.3 (aerologic experiments
carried out by the Czech Hydrometeorological Institute in Praha – Libuš and published on the
Internet [3]).
From a limited sample of the published data, some aerologic outputs with great non-linearities
of the vertical temperature gradient have been selected.
The vertical temperature profile of the January 17, 2005 (see the picture No. 4.2a), contains
the inversion in the area of low altitudes. The vertical temperature gradient is positive and
nearly constant as far as approx. 1 000 m. From this altitude as far as the standard tropopause,
the vertical temperature gradient is negative and nearly constant and the air temperature in
11 000 m is almost equal to the standard value.
On January 7, 2005 (see the picture No. 4.1a), the vertical temperature profile contained two
inversion areas in approx. 1 700 m and 5 800 m. Nevertheless generally, the vertical
temperature profile does not differ from the standard one very much.
The vertical temperature profile on February 28, 2005 (see the picture 4.3a), contained three
inversion parts in approx. 3 200 m, 8 700-10 000 m, and 10 800 m, whereas the vertical
temperature gradient differs significantly from the standard course.
It can be seen from the diagrams that the temperature methodical error of the altitude
measurement by the air data computer as well as the barometric altimeter is always of zero
value at sea level. In the breaking areas of the altitude temperature profile, the measurement
error of the altitude gained by the air data computer increases significantly more then the error
of the barometric altimeter. If the altitude temperature profile contains more breaks, the
measurement of the altitude by the air data computer can be – especially in the upper half of

the troposphere – ballasted by much greater temperature methodical errors then the
measurement by a simple mechanical barometric altimeter.

IV. Instrumental errors of barometric altimeters and air data computers
Further errors lowering the accuracy of the altitude measurement by barometric mechanic
altimeters are instrumental errors caused by qualities of barometric boxes, it means hysteresis
and elastic after-effect, and also errors caused by the friction in the gear mechanism.
These errors can be lowered to a certain extent by vibrators, today usually fabricated directly
into the cases of the instruments.
The temperature instrumental errors, the last group of the instrumental errors, are caused by a
deviation of the temperature of the instrument from the value for which the instrument had
been calibrated. This temperature deviation influences above all the value of the modulus of
elasticity of the material of the barometric boxes, the residual pressure inside the vacuum
barometric boxes, and the size of the parts of the gear mechanism. The temperature errors in
the mechanisms of the high-class altimeters are compensated by means of bimetallic
mechanical parts inserted into the mechanisms of the instruments.
As another possibility how to lower the instrumental errors of the barometric altitude
measurement, there can be used servo-altimeters or air data computers.
In the servo-altimeters, the barometric part puts into motion only the movable component of
the electric sensor and the indicating part is driven by a servomechanism.
In digital air data computers at present, steel cylinder vibratory sensors are used most often.
The cylindrical surface of the sensor is driven into vibrations by means of an electronic circuit
and two electromagnets. The tension of the surface, and therefore also the frequency of the
vibrations, are influenced by the measured pressure. The information on the value of the
measured pressure is carried by the frequency of the output voltage of the electronic circuit
which insures also the temperature compensation of the sensor.
By the vibrations of the barometric cylinder, the errors caused by its elastic after-effect and
hysteresis are suppressed to a certain extent. The instrumental accuracy of such air data
computers is usually approx. +/- 15 m in the zero altitude above sea level, whereas in
mechanical altimeters, the value approx. +/-6 m is usually mentioned.
The great accuracy of the modern air data computers has enabled to established a new system
of the flight levels, the so called Reduced Vertical Separation Minimum (RVSM).

The Flight Traffic Control of the Czech Republic began to use this system on January 1, 2002,
at 01:01 MET; it is aimed at a significant advancement of the permeability of the upper part
of the Czech air space.
The establishment of the RVSM has enabled to lower the vertical distances among flight
levels FL290 and FL410, e.g. 29 000 ft (8 800 m) – 41 000 ft (12 500 m) by creating of six
new flight levels.
Hereby a considerable increasing of the permeability of the Czech air space has been
established which – next to the fact that the delay of individual flights has been minimalized –
also enables to significantly lower the operating expenses and amortization of the aviation
technique, extensive savings of the fuel, therefore also to lower the negative influence of the
air traffic on the environment.

V. Conclusion
The instrumental errors of the contemporary air data computers are so minimal that they have
enabled – together with other up-to-date and very accurate systems of the air traffic control –
the establishment of the Reduced Vertical Separation Minimum (RVSM) which allows to
basically improve the density of the air traffic in the altitude 8 800 m – 12 500 m.
In common air traffic, the temperature methodical errors of the altitude measurement are not
significant as the flight levels are – for security reasons – assigned according to the standard
values of pressure and temperature with a sufficient reserve of the altitude considering the
character of the terrain.
The character of the temperature methodical errors is necessary to be respected in the traffic
area of military aircraft, emergency planes etc., especially in mountain or tropical areas.
In meteorological situations when the vertical temperature gradient contains two or more
breaks, the temperature methodical errors of the air data computer can be significantly greater
than the errors of the mechanical barometric altimeter.
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