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ESTIMATION OF TOTAL ERROR IN ALTIMETRY 

1. INTRODUCTION: 

1.1 In the field of altimetry, and more generally the field of air data, it has 
been customary to specify accuracies in the form of tolerances on specific 
functions. For example, the specification for an altimeter or air data 
computer might say that for a particular test condition, the instrument 
would have a tolerance o f  +lo ft for scale error, 50 ft for hysteresis, 
50 ft for friction, 20 ft for temperature, etc. Because scale error is the 
most obvious, and usually the largest of the errors, mistaken assumptions 
have often been made that sca e error alone is a sufficient measure o f  the 
accuracy of an instrument, or even of a whole system. 

1.2 Some o f  those in the field have advocated that tolerances should be lumped; 
that is that test procedures should be devised so that for a particular test 
point, the equipment should be tested so that it would be exposed to all of 
the pertinent sources of error, and a single numerical limit be set on the 
net of all of them. This concept has been mooted for many years, but has 
never found full acceptance. 

1 . 3  There remains a need for some means to know the width of the total band of 
error or uncertainty so that it can be stated that a particular aircraft 
will be within so many feet of being at its assigned altitude, and that 
there is good confidence (say, tr30 or 99.7%) in the statement. 

SAETechnical Board Rules provide that “This reporf is published by SAE to advance the state of technical and engineering sciences. 
The use of this report is entirely voluntary, and its applicability and suitability for any particular use, including any patent infringement 
W i n g  therefrom, is the sde responsibility of the user.” 

SAE reviews each technical report at least every five years at which time it may be reaffirmed, revised, or cancelled. SAE invites your 
mitten comments and suggestions. 
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1.4 The need f o r  t h i s  i n f o r m a t i o n  i s  t o  be ab le  t o  e s t a b l i s h  standards o f  
v e r t i c a l  separa t i on  between a i r c r a f t  and standards o f  equipment performance 
i n  o rde r  t o  opera te  s a f e l y  w i t h  those v e r t i c a l  separa t i on  standards.  

I n  the 1950s and 60s, a i r  c a r r i e r s  f l y i n g  the Nor th  A t l a n t i c  were anxious 
for  economic reasons t o  f l y  a t  1000 ft, r a t h e r  than 2000 ft separa t i ons .  
S tud ies  were made by the  A i r  T ranspor t  Assoc ia t i on  ( A T A ) ,  and f o u r  o f  t he  
r e s u l t i n g  r e p o r t s  were e v e n t u a l l y  used as t he  bases f o r  SAE documents 
(References 1 1 ,  13, 14, and 1 5 ) .  The I n t e r n a t i o n a l  C i v i l  A v i a t i o n  
Organ iza t i on  ( ICAO)  has sponsored on-going s tud ies  o f . t h e  problem by i t s  
Panel on V e r t i c a l  Separa t ion  o f  A i r c r a f t ,  l a t e r  renamed Review of the  
General Concept o f  Separa t ion  Panel (RGCSP). I n  1982, the  Federal A v i a t i o n  
A d m i n i s t r a t i o n  (FAA) asked the Radio Technical  Commission for  Aeronaut ics  
(RTCA) t o  fo rm a Specia l  Committee (SC-150) t o  develop a Minimum System 
Performance Standard (MSPS) t o  prepare f o r  r e d u c t i o n  o f  v e r t i c a l  separa t i on  
t o  1000 f t  above F l i g h t  Level ( F L )  290. 

1 .5  This  Report suggests methods o f  e s t i m a t i n g  t o t a l  e r r o r  for  f o u r  f l i g h t  
regimes, as o r i g i n a l l y  considered i n  Area Nav iga t i on  (RNAV) s t u d i e s .  More 
s p e c i f i c a l l y ,  i t  suggests s t a r t i n g  w i t h  the l i m i t s  o f  p robab le  e r r o r  ( i . e . ,  
t o le rances )  o f  c o n t r i b u t i n g  types o f  e r r o r  and a r r i v i n g  a t  o v e r a l l  l i m i t s  o f  
probable e r r o r  o r  u n c e r t a i n t y .  I t  a l s o  prov ides  f o r  s t a r t i n g  w i t h  known o r  
measured c o n t r i b u t i n g  errors and a r r i v i n g  a t  an o v e r a l l  e r r o r ,  and f o r  the 
s i t u a t i o n  where the  a v a i l a b l e  i n fo rma t ion  c o n s i s t s  o f  a m i x t u r e  o f  
to le rances  and known e r r o r s .  

1 . 6  The T r a f f i c  A l e r t  and C o l l i s i o n  Avoidance System (TCAS) program does n o t  yet  
c a l l  for  s p e c i f i c  e f fo r ts  t o  improve t h e  accuracy o f  a l t i m e t r y .  
Study o f  Mode C Al t imetry Accuracy i n  the  General A v i a t i o n  F l e e t "  (Reference 
22) shows t h a t  i t  i s  p r e s e n t l y  adequate up t o  3900 f t .  
however, non-servoed pressure  a l t i m e t e r s  are l e s s  accu ra te  than a t  low, and 
a t  h i g h  speeds a i r f r a m e  s t a t i c  pressure ( p o s i t i o n )  errors become more 
s i g n i f i c a n t .  I n  the i n v e s t i g a t i o n  o f  r e p o r t s  o f  apparent m a l f u n c t i o n  or 
f a l s e  warning o f  TCAS equipment a t  h i g h  a l t i t u d e s  and/or speeds, where the 
accuracy o f  a l t i m e t r y  i s  suspect, the procedures o f  t h i s  A I R  and o f  RTCA 
SC-150's "Minimum System Performance Standards f o r  V e r t i c a l  Separa t ion  above 
F l i g h t  Level 290" (Reference 23) should be u s e f u l .  

"A  F i e l d  

A t  h i g h  a l t i t u d e s  

1.7 A l t i t u d e s  i n  t h i s  r e p o r t  are i n  t e r m s  o f  f e e t .  A l t i t u d e s  may some day be 
s t a t e d  i n  m e t e r s  o r  o t h e r  u n i t s ,  b u t  t h a t  day i s  f u r t h e r  i n t o  t h e  f u t u r e  
than the  adopt ion  o f  o t h e r  SI u n i t s .  
background on t h i s  ques t i on .  

References 17 and 18 c o n t a i n  

2 .  GROUPING OF ERRORS: 

Cursory d iscuss ions  o f  accuracy of a l  timetry a re  u s u a l l y  concerned w i t h  the  
e r r o r s  p e c u l i a r  t o  one a i r c r a f t  and i t s  equipment, or i n  the  case o f  
c o l l i s i o n  p r o b a b i l i t y  s tud ies ,  two a i r c r a f t .  
n e i t h e r  i s  i t  complete. There are a d d i t i o n a l  sources o f  e r r o r  t h a t  are 
common t o  a l l  a i r c r a f t  i n  a l o c a l i t y ,  o the rs  t h a t  a re  common t o  a type o f  
a i r c r a f t ,  and s t i l l  o t h e r s  r e l a t e d  t o  t h e  manner o f  o p e r a t i o n  o f  t he  a i r c r a f t  

While t h i s  i s  n o t  i n v a l i d ,  
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2.1 

2.2 

I 

2.3 

1 

Errors Common to all Aircraft in a Given Locality: Aircraft below 18 O00 ft 
and receiving their QNH altimeter setting number from a single source are 
all equally dependent on the accuracy of that source. If there are errors 
in the QNH transmitted, all aircraft using it will be flying too low or too 
high by the same amount. 
landings or of hitting obstructions on the ground, but should not increase 
the risk of collision between two aircraft. 

This may increase the risk of long or short 

Errors Pertainina to Aircraft of a Tvpe: One of the steps in certification 
of an aircraft type is flight calibration of the static system of one or 
more of the first few aircraft. It has been recommended that at least three 
aircraft be calibrated (Reference 12). It is usual that the flight test 
results are a series of data points with some scatter, and that a fair 
curve, or family of fair curves is drawn through the scatter field. The 
fair curve then is published in the government-approved Flight Manual as 
applicable to all aircraft of that type. 
will thus be subject to whatever errors or uncertainties there were in the 
original calibration. 

Subsequent aircraft of the type 

Where the airframe builder has not been able to find a static source of 
negligible error, he should provide the aircraft with an automatic 
correction system, such as might be included in a central air data 
computer. There are no rules defining how large an error is negligible. 
One airframe builder might consider up to 75 ft of altitude error 
negligible, while another might choose to neglect 200 ft. 

Until automatic altitude reporting for traffic control became a requirement, 
it was feasible to post near the altimeter a correction card. 
reporting regulations, however, require that the alti tude reported digitally 
via the Air Traffic Control Transponder agree (on a 1013.2 mbí29.92 in Hg 
basis) with the altitude shown by the altimeter within 125 ft. In effect, 
this precludes the use of correction cards and requires either that there be 
an automatic correction system or that the error be asserted t o  be 
negligible. 

Errors Pertaininq to an Individual Airframe: In an aircraft with small 
flush static pressure port fittings set in the skin, there may be minor 
variations o f  skin contour near the ports as compared with the aircraft used 
in the original flight calibration and type certification, These may be due 
to manufacturing variations and/or to subsequent damage and could affect 
cal i brat i on. 

Altitude 

Where Pitot-static probes or hard flush static port plates (Reference 12) 
are used instead of small flush ports in the skin, surface condition is more 
readily controllable, although probes are exposed to surface deterioration, 
damage, and misalignment which could affect calibration. 
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2.4 

2.5 

Errors Pertaininu to an Individual Aircraft Set of Equipment: 
equipment, whether a pressure-operated al timeter or an air data computer 
driving an electric altitude indicator, will be subject to scale, 
temperature, friction and other errors. In computers which apply a static 
pressure correction, errors of Mach will affect accuracy of altitude output, 
particularly at high speed. Where the atmospheric pressure is measured in a 
computer and the al ti tude i s transmitted electrical ly to an i ndi cator, there 
may be error in the servo loop; in the absence of gross malfunction, this 
should not exceed 5 ft and is disregarded in this report. 

Any set of 

Aircraft equipment will also be subject to the errors of the shop equipment 
used to calibrate it. In this report only the accuracy of the barometer or 
other absolute pressure standard is considered. 

-- Fliuht Technical Error: Errors of pilot interpretation o f  vertical guidance 
instrumentation, pilot operation of aircraft vertical controls and 
deviations caused by aircraft response characteristics are often lumped 
together as flight technical error. 
reading error and al ti tude hold error are considered separately. 

For the purposes of this report, 

2.5.1 The least increment of most altimeter readouts is 20 ft. In level flight, 
reading errors should not exceed this. (Some altimeter displays are said 
to be susceptible to misreading by 1000 or 10 O00 ft, but that problem is 
considered to be outside the scope of this report.) In ascent and descent 
the errors are likely to be larger than 20 ft, and lagging. Thus, reading 
errors would be treated as rectangularly distributed in level flight, but 
as plus offset in descent. 
The plus offset could be aggravated in the situation where approach and 
landing are done on a QNH basis. Here the pilot must repeatedly read the 
altitude above sealevel and mentally subtract from it the field elevation 
in order to get the height of the airplane above the field. The errors 
and lags of the subtraction process can be eliminated by operating the 
altimeter on a QFE basis. Definitions and derivations of QNH and QFE are 
given in Reference 1. 
the altimeter, the instrument will display height above the field rather 
than altitude above sealevel. At touchdown it will read zero. Reference 
21 gives a method whereby the QNH reading from the airport can be 
converted to QFE by the pilot. 

2.5.2 Most discussions of  altitude hold performance, whether of the pilot or 
autopilot, deal with the calm air condition, 
errors could be up to, say, four times larger than in calm air. 

- 
When QFE in mb or in Hg is set on the baro scale of 

In turbulence, altitude hold 

3 .  FLIGHT REGIMES: 

Aircraft are capable of operation in a large variety of combinations of 
speeds and altitudes, constant or changing. 
four typical situations are considered. 

For the purposes o f  this report, 
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3.1 

3.2 

3.3 

3.4 

3.5 

4. 

Descent and Landing: 
situation for altimetry because there may be ground obstructions to be 
cleared. Where no glideslope, radar altimeter, or other radio-type landing 
aid is available, altimetry may determine when the pilot begins flareout. 

Descent, from say 8000 ft, and landing is a critical 

Descent and Holding: 
period of holding at a medium altitude while awaiting clearance to approach 
and land. Numbers of aircraft are often stacked with nominal 1000 ft 

Descent from cruise altitude is often interrupted by a 

vertical separations. 

Cruise o r Holding: The range o f  altitudes from say, 
typical cruise altitudes for pressurized propeller a 
jet aircraft. Rarely, holding patterns extend up in 

Cruise: Altitudes 31 O00 and above are typical for 
aircraft. 

19 O00 to 30 O00 ft are 
rcraft and occas onally 
o this range. 

ong-range cruise of jet 

Climbout: The ciimbout after takeoff is not considered in this report 
because clearance from the ground and its obstructions i s  increasing, and 
aircraft are diverging horizontally. 

TYPICAL ERRORS: 

Table 1 lists errors which might be typical for five groups o f  errors and in 
four flight regimes. They are assumptions, and the basis for most of the 
assumptions are stated. 

CAUTION 

The numerical values used only illustrate 
a proposed method of estimating total 
error of altimetry. It must not be inferred 
that they apply to any specific aircraft 
or equipment. 
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TABLE 1 - Typ ica l  Errors 

F1 i q h t  Regime 
SL - 9000 - 19 O00 - 30 O00 - 

Error 8 O00 18 O00 30 O00 40 O00 
Group Error 

Descent & Descent & Cru i se  or Cru i  s e  
---I- ------ ------ ------ 

Landi nq Hol d i  nq Hol d i  nq 

Common t o  
Local i t y  Q" - +25 12 5 O (a )  O (a )  

Common t o  
A i r c r a f t  S t a t i c  
TYP@ Cal i b r a t i o n  (b )  - +45 (b) - +50 - +50 - + 50 

D e v i a t i o n  
I n d i v i d u a l  from S t a t i c  
A i  rf rame Cal i b r a t i o n  o ( c >  - +20 - +30 - +50 

Barometry (d )  

Scale (e )  

Temperature ( f)  

S t a t i c  C o r r e c t i o n  
I n d i v i d u a l  
Set  o f  Dynamic 
A i  r c r a f  t , F r i c t i o n  ( 3 ) .  
€qu i  pment 

S t a t i c  F r i c t i o n  ( 3 )  
Drift 

Hys te res i s  or 
A f t e r  E f f e c t  

Bar0 

Bal ance 

- +10 

- +70 

- +14 

- 730 ( g , i )  

t.25 

+25 

O (h )  

t 4 8  

- t 2 5  ( 7 )  

- +27 ( 1 )  

- +20 

- +120 

- +24 

- +30 ( g , i )  

- +25 

- +36 

+40 

o (Il) 

o ( r n )  

O (m) 

- +30 

- +150 

- +30 

- +30 ( g , i )  

- +50 

- + 50 

+40 

O (h)  

o ( r n )  

O (m) 

A l  t i  tude Hold O i n )  O i n )  - +50 (O) - +75 ( o )  
F1 i gh t  
Techni c a l  

Reading (p> +40 (p )  +40 (p )  - +20 ( q )  - +20 (q)  

To ta l  c t 2 9 5  +409 +445 +575 
(Worst Case) -1 75 -27 1 -405 -535 

- -. _------ 
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TABLE 1 (Continued) 

NOTE : 

The assumptions and some comments upon them follow. 

a. 

b. Residual error o f  type calibration. For the approach and landing condition, 

Some values are interpolated. 

Not applicable. 
(29.92 in Hg). 

limited by Federal Aviation Regulations to 30 ft/100 kt. 

At and above 18 O00 ft.altimeters are set to 1013.2 mb 

c. Deviation of static port surface conditions from standard has less influence 

d .  

e. 

f. 

g. 

at low speed. 

Errors o f  absolute pressure standard used to calibrate aircraft instrument. 

Greatest error in altitude range. 

Instrument 20°C above calibrating temperature. 

If the airframe builder and/or the operator consider a known error to be too 
small to require automatic correction, it should nevertheless be entered and 
treated as an offset error. 

h. Negligible in this range. 

i. Error of subsystem applying correction for 200 ft static pressure error; 15% 
of 200. 

3 . Non-servoed type instrument with other than counter-pointer or 
counter-drum-pointer display. 
maximum at the same time; only the greater of the two i s  included. 

Dynamic and static friction cannot be at 

k. Bar0 mechanism rotated to 846.2 mb (24.99 in Hg) for QFE landing at 4900 ft, 

1. Bar0 correction mechanism between 954.9 and 1049.1 mb (28.20 and 30.98 in Hg). 

m. At and above 18 O00 ft the bar0 mechanism is at 1013.2 mb (29.92 in Hg), the 
primary calibrating position. 

n. Not applicable. 

o. Autopilot altitude-hold engaged; calm air. Manual control or turbulent air 
would increase error. 

p. Reading error in descent is likely to be of plus sign and of greater 
magnitude than in level flight. 

q. Least increment of altitude dial. 
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5.3 Worksheets : 

5.3.1 Fig. 1 is a blank worksheet for estimating total error. One sheet is 
needed for each flight regime. It will be noted that there is space for 
some of the same component errors in more than one location. For example, 
a friction error not known but estimated from tolerances would be shown 
among the normally distributed errors for the level flight condition, or 
as a plus offset error for the descent condition. 
were known, it would instead be shown among the known errors. In any 
case, any one type of error is shown in only one place. 

If the actual value 

Residual errors of static pressure correction estimated from tolerances 
would be shown aç normally distributed, plus and minus. Known static 
pressure errors left uncorrected would be of one sign only. 

5.3.2 Fig. 2 is a worksheet filled in with values from the second column of 
Table 1. The resulting error/uncertainty is an estimate from tolerances. 

5.4 If the calculation is carried out for each of the four flight regimes, a 
table of error limits can be prepared which is not of worst-case totals, but 
of limits of probable error t o  a 3 u confidence level. 
results for the four flight regimes using the assumptions of Fig. 1. 

Table 2 shows the 

Note that these numbers are illustrative only, and do not apply to any 
specific aircraft or equipment. 

TABLE 2 - Limits of Probable Error Estimated from Tolerances 

F1 ight Regime 

SL - 9000 - 19 O00 - 31 O00 - 
8000 18 O00 30 O00 40 O00 

Descent & Descent & Cruise or Cruise 
---- ------ ------ --I--- 

Landing Holding Hol ding 

Limits of +122 +l61 -1-1 77 +218 
Probubl e 
Error -28 -49 -1 37 -1 78 

Width of 
Probable 150 21 o 31 4 396 
Error Band 

 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r16

08

https://saenorm.com/api/?name=11ff4f6998a5b7b5d91981831475632b


I 

I A I R 1  608 Page 10 
I i 

NORM DIST ERROR TOL I Feet 1 + 3  I Square 
13" 
% a t i c  Calib 
Dev S t a t i c  Calib I 

I I I 

I I 
Ba rome t r y  

~~ 

Scale * 
Temperature 
S t a t i c  Corr 

I I l 

Subtotal ,  Norm Dist 

1 RECT DIST ERROR TOL I Feet I ia -  I Square 

Scale ** I I 
Subtotal Rect 
Subtotal Norm & Rect 
r = n -  

1 ia, Nor(& Rect 

OFFSET ERROR TOL Feet Mean 
Dyn Fr ic t ion  

~ S t a t  F r i c t ion  
D r i f t  I 
HystlAf t Ef f I 
Reading 

I I 
Subtotal ,  Offset 

I Subtotal ,  Est from To1 

1 Subtotal ,  Known 
I I 

TOTAL, LIMITS 
TOTAL, BAND 

*ADC or servoed al timeter. 
**Unservoed al timeter. 

Airc ra f t  

F1 i g h t  Regime 

Air Data Comp 

Al timeter 

Estima t o r  

Date 

f 

f 
f 
2 -+ 

_ 

t 1 -  

t - 

+ I -  

t I -  

FIGURE l - Blank Worksheet 
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Aircraft X-21 

Flight Regime Descent 

Air Data Comp Y-22 

Al timeter 2-23 

Estimator J. Doe 

Date 3 Mar 80 

Ho Id  ing 

I I I I ] Subtotal, Nom Dist I f 1,218 
- 

RECT DIST ERROR TOL 1 Feet I +cl- I Square 

;t 
f 1,218 
t 35 

3s, Norm & Rect 2 105 

1___.L I I I  * 

~ - . - -  Subtotal Rect 
Subtotal Norm & Rect -- 
d - = d  - .  

I + & I I  I + % 
I I I t Subtotal , Offset I+ 56 I -  

I Subtotal, Est from To1 i +  1 6 1  I -  49 
I 

KNOWN ERROR teet 
QNH 

Deu Static Calib 
Barometry 
Scale 
Temperature 

. Static Cal i b 

Temperature I I 

_-- + - 
---- -_- 

TOTAL. LIMITS + 161 I- -49 
TOTAL, BAND 210 

*ADC o r  servoed al timeter. 
**Unservoed al timeter. 

FIGURE 2 - Estimate from Tolerances 
 

Distributed under license from the IHS Archive
 
 

                                                                                          

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ai
r16

08

https://saenorm.com/api/?name=11ff4f6998a5b7b5d91981831475632b


--. 
I 

_I -- __ - --- -- 
SAE AIR*:LbOô 89 m ô357340 0005394 I -  

A I R 1  608 Page 12 

6. INCIDENT INVESTIGATION: 

In the course of investigating a near-miss of collision between aircraft, or 
an apparently erroneous fly up or fly down signal from a TCAS, it may become 
important to know the actual altitude as well as the indicated altitude and 
that being transponded by the Mode C reporting system. Where the altimeters 
and/or air data computers can be removed from the aircraft in operable 
condition for calibration in the shop, actual readings can be obtained. 
L i  kewi se actual errors of shop standards, etc. can be obtained. 

Such an investigation would consist largely of adding and subtracting 
measured errors. Numerical values for some components of overall altimetry 
error, such as deviation from static calibration (airframe static pressure 
correction) and flight technical error are not likely to be readily 
available. In this case the probable error limits of unmeasured error 
components, as estimated in Section 5 of this report, could be used in 
conjunction with the net measured error to arrive at a probable altitude. 

Fig. 3 is an example of a worksheet for an incident in which the airplane 
equipment scale, temperature, friction and drift errors were measured, 
calibrating .barometer error was found by comparison with a primary standard 
and airplane static calibration error was known from the Flight Manual but 
not corrected by the equipment. The other errors were estimated from 
tolerances. 

For investigation of incidents at high speeds and altitudes, the somewhat 
more comprehensive procedures of "Estimation of Al timetry System Error" 
should be referred to. It is an Appendix of l'Minimum System Performance 
Standards for Vertical Separation Above Flight Level 290" (Reference 23). 

7. THOUSAND FOOT SEPARATION: 

For the specific case of estimating errors and uncertainties in the high 
altitude cruise regime as they relate to 1000 ft vertical separation above FL 
290, "Estimation of Altimetry System Error" (an Appendix o f  Reference 23)  
should be referred to. Its procedures are based on those in this report, as 
specifically adapted for use in the reduced vertical separation program. 
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