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Abstract
Vertical navigation is crucial for safe aircraft separation and has been traditionally 
based on the pressure altitude provided by barometric altimeters. New aviation 
operations require robust determination of geodetic altitude and are expected to 
primarily rely on a global navigation satellite system (GNSS). Because deviations 
between pressure and geodetic altitudes can reach hundreds of meters, an alti-
tude harmonization is needed to use barometers in combination with GNSS. In 
this paper, we first present a methodology to compute an accurate geodetic alti-
tude from barometer and external weather data. Secondly, we derive error and 
threat models of this geodetic altitude. Finally, we employ these models within 
a GNSS integrity monitoring algorithm augmented with the derived altitude. 
We assess our methodologies against flight test measurements and availability 
simulations of localizer performance with vertical guidance operations. These 
analyses illustrate the potential benefits of employing barometers as augmenta-
tion or stand-alone systems for geodetic altitude navigation.
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1  INTRODUCTION

Vertical navigation is crucial for safe air traffic management (ATM); in particular, 
it is fundamental for aircraft vertical separation. Vertical navigation is tradition-
ally ensured by the definition of flight levels (FLs), which are surfaces of constant 
QNE pressure altitude. Pressure (or barometric) altitude in aviation is computed 
from pressure measurements performed by barometers within airborne air data 
systems (ADSs). The derivation of this altitude information is based on the inter-
national standard atmosphere (ISA) model. The pressure altitude (typically mea-
sured in feet) between the aircraft pressure surface and the ISA standard mean sea 
level (MSL) pressure level is the QNE pressure altitude.

Altitude is a vertical distance between a point and a certain reference surface, 
along the normal line to this surface. The altitude increment with respect to dis-
tance is defined by the adopted altitude scale. An altitude that would be read on 
an hypothetical ruler is a geometric altitude, i.e., its scale is geometric. In contrast, 
pressure altitude has a geopotential scale. Geodetic altitude is the geometric altitude 
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above a reference ellipsoid of the Earth, e.g., the World Geodetic System (WGS) 
84 ellipsoid, which is used within global navigation satellite systems (GNSSs). The 
QNE pressure altitude can deviate by up to hundreds of meters from the true geo-
detic altitude because of differences in altitude references and scales as well as 
the deviation of the ISA model from reality. QNE pressure altitudes of points at 
the same geodetic altitude can differ from each other and over time depending 
on the atmospheric pressure values at those points. Therefore, this altitude can 
be regarded as a virtual altitude. Airplanes flying in the same region at the same 
time can rely on the QNE pressure altitude to ensure vertical separation between 
them because their altitude data are the same. Pressure altitude is also traditionally 
employed in aviation within third-order control loops to damp the inherent insta-
bility of the vertical channel of inertial navigation systems (INSs) (Groves, 2013; 
Radio Technical Commission for Aeronautics [RTCA], 2020; Siouris, 1993).

In aviation, reliable information about safe separation from the ground is also 
needed, as is the case below the so-called transition altitudes (e.g., 18000 ft in the 
United States). This information is traditionally obtained from barometers by 
setting a reference isobar as the isobar at the airport’s location (QFE approach) 
or an estimate of the actual MSL isobar (QNH approach) at the same horizontal 
location of the airport (International Civil Aviation Organization [ICAO], 2016; 
RTCA, 2020).

The pressure altitude overestimates the true geopotential altitude above a cer-
tain reference when the atmospheric temperature at that reference is lower than 
predicted by the ISA. This overestimate is safety-critical, as it leads the pilot to 
overestimate the altitude above that reference, which could be the ground surface 
in the QFE case (ICAO, 2018c; RTCA, 2020). Minimum safe altitudes (MSAs) are 
threshold altitudes below which it is not safe to fly because of the presence of ter-
rain or other obstacles (ICAO, 2018c). ICAO (2018d) provides different methods for 
adjusting the MSA for the case in which the surface ambient temperature largely 
differs from its ISA-expected value. Some of these methods are based on the pro-
cessing of temperature measurements broadcast by airports or ground stations. 
Therefore, their effectiveness is inversely proportional to the airplane’s distance 
to the airport. In a similar way, as the distance to the airport increases, QNH- or 
QFE-corrected pressure altitudes can also deviate from the actual geopotential 
altitude above MSL (AMSL) or above the airport, respectively. Furthermore, it is 
expected that both the QNH and QFE corrections degrade with time because they 
are based on half-hourly or hourly weather reports transmitted by airports 
(ICAO, 2016, 2018b). Moreover, the transmitted pressure values used for QNH or 
QFE corrections are rounded down to the nearest lower whole hectopascal 
(ICAO, 2018b). Thus, the maximum rounding error of their corresponding 
actual pressures may be 99 Pa. Under ISA MSL conditions, this translates to a 
pressure altitude offset of more than 8 m. Consequently, it can be expected that 
these corrected barometric altitudes will also deviate in general from the actual 
geodetic altitude, even after their references are shifted to the chosen Earth 
ellipsoid and their altitude scale is converted from geopotential to geometric. 
One approach to obtain the geometric altitude above MSL and to account for 
non-standard atmospheric temperature is based on the use of both pressure and 
temperature measurements within an iterative algorithm, known as the 
Blanchard algorithm (Blanchard, 1971, 1972; Li & Chueh, 2010; RTCA, 2020). 
However, in this case, the resulting geometric altitude still presents non-
negligible errors, which increase over time.

Highly accurate geodetic altitude information is fundamental for various appli-
cations. First, it is essential for critical aviation operations such as 
precision approaches and automatic landing (ICAO, 2013), which are expected 
to predominantly rely on GNSS. Furthermore, new urban air mobility (UAM) 
applications 
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operate close to the ground and are expected to require robust geodetic altitude 
information (Aviation Cooperation and Strategies Division [ACS], 2018; Concept 
of Operations for European UTM Systems consortium [CORUS], 2019; Single 
European Sky ATM Research Programme Joint Undertaking [SESAR], 2020) for 
guidance, navigation, and collision avoidance (Torens et al., 2021). The provision of 
geodetic altitude information in aviation and UAM can also ease the transition of 
air vehicles between different air spaces (see Figure 1). Finally, it has been shown 
that accurate geodetic altitude information is fundamental for the convergence of 
alternative positioning, navigation, and timing (APNT) algorithms based on terres-
trial ranging signals (Nossek et al., 2014; Zampieri et al., 2020).

GNSSs provide vertical navigation based on geodetic altitude. However, it is chal-
lenging to meet tight vertical requirements via satellite navigation alone, because of 
inherent GNSS geometrical limitations (Reid et al., 2016) and the potential risk of 
external interference (Osechas et al., 2022). Augmenting a GNSS with onboard sys-
tems can help increase accuracy and safety. Augmentation with onboard systems 
falls under the definition of aircraft-based augmentation systems (ABASs). The 
advantage of this type of augmentation is that these systems do not rely on exter-
nal infrastructures, in contrast to ground-based augmentation systems (GBASs) 
or satellite-based augmentation systems (SBASs). Indeed, GBASs and SBASs rely 
on GNSS corrections transmitted from ground stations or geostationary satellites, 
respectively. Therefore, ABASs can extend accurate navigation services to regions 
not covered by a GBAS or SBAS.

Current ABAS developments focus on proving that advanced receiver autono-
mous integrity monitoring (ARAIM) can safely support horizontal and vertical nav-
igation services, thanks to the use of multi-frequency multi-constellation GNSSs. 
Although ARAIM can ensure high levels of navigation integrity, the attainable pro-
tection levels (PLs) are limited by the overbounding of error distributions to account 
for worst-case expected performance. ARAIM can be considered an ABAS because 
it extends classic GNSS-based navigation algorithms with additional onboard pro-
cessing. Nevertheless, ARAIM does not include measurements from other naviga-
tion systems. For this reason, ARAIM may still partially suffer from typical GNSS 
limitations. The availability and continuity of the navigation service may be put 
at risk by the presence of cycle slips or by reception interruptions of satellite sig-
nals during aircraft banking within the maneuvers required for terminal vicinity 
operations (Garcia Crespillo, 2022). The use of additional onboard sensors such as 
barometric or radar altimeters can aid GNSS-based navigation to meet the vertical 

FIGURE 1 FLs, QNE pressure altitude, and various altitude references on a geometric scale



SIMONETTI and CRESPILLO

navigation requirements of current and future safety-critical operations. Radar 
sensors have been used for altitude determination, particularly during take-off 
and landing, where the terrain is typically flat and aircraft perform minor banking 
maneuvers (Shively & Hsiao, 2005; Videmsek et al., 2019). However, radar altime-
try presents several limitations. Accurate digital terrain elevation data (DTED) are 
required to obtain the geodetic altitude. Yet, sharp terrain elevation variations may 
not be observable with available DTED. Moreover, measurement errors increase 
with increasing altitude above ground.

Barometric altimeters can be used during all flight phases. However, the combi-
nation of barometers with (ARAIM) GNSS for vertical navigation with enhanced 
accuracy and integrity presents different challenges and requires a consideration 
of the following aspects:

1. the use of external, reliable, and densely available weather data for the
definition of accurate reference isobars,

2. a thorough conversion of corrected pressure altitude to geodetic altitude,
3. error models of the resulting geodetic altitude, and
4. dedicated failure analyses, needed for integrity monitoring.

Previous work concerning the conversion of barometric pressure to altitude and/
or the augmentation of GNSS-based systems with barometers can be found in the 
literature. The conversion from QNE pressure to geodetic altitude described by 
Gaglione et al. (2015) did not feature the altitude scale conversion from geopo-
tential to geometric. A project funded by the European Union has proposed a ser-
vice for converting QNE or QNH pressure altitudes to geometric altitudes (SESAR, 
2022). However, the approach adopted for correcting pressure altitudes makes 
limited use of weather measurements, and the conversion to geometric altitudes 
does not include the altitude scale conversion (SESAR, 2021). Similarly, S. Jan et al. 
(2008) and Lee et al. (2016) corrected the pressure altitude by using (limited) exter-
nal weather data and neglected the scale conversion when translating the corrected 
pressure altitude to geodetic altitude. Xu et al. (2021) did not mention any correc-
tion or conversion from barometric pressure to geodetic altitude. Ultimately, in 
none of the aforementioned previous works has the pressure altitude been both 
corrected with external weather data and rigorously converted to geodetic alti-
tude. Moreover, the analyses of the aforementioned studies were based on flight 
simulations or on measurements performed at constant locations or on ground 
vehicles. Thus, these analyses did not allow a proper assessment of the effects on 
actual pressure measurements concurrently caused by flight dynamics, altitude 
transitions, and weather phenomena such as wind. In the aforementioned previ-
ous works, with the exception of SESAR (2022), barometric altitude measurements 
were integrated in positioning algorithms based on GNSS. However, the GNSS 
considered in these previous works was limited to the Global Positioning System 
(GPS). The integrations were based on weighted least-square (WLS) algorithms, 
whereby Gaglione et al. (2015) additionally proposed a second architecture based 
on an integration with GPS (non-advanced) RAIM within an extended Kalman 
filter (KF). Finally, RTCA (2020) suggested error modeling methodologies for 
the KF-based integration of barometric altimeters with GNSS/INS.

In this work, we first derive an accurate geodetic altitude from real aircraft 
barometric pressure measurements coupled with global weather data. Secondly, 
we augment GNSS WLS ARAIM with this geodetic altitude, which we call the 
barometric geodetic altitude. This paper is structured as follows. Section 2 describes 
various concepts related to altitude that are relevant for the conversion of pressure 
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to geodetic altitude. This conversion methodology is then covered in Section  3, 
which also describes the proposed approach of correcting pressure altitude with 
external weather data. Section 4 describes the evaluation, with real flight data, of 
the pressure altitude correction and conversion and then focuses on the derivation 
of error and threat models of the barometric geodetic altitude. Section 5 extends 
the baseline ARAIM algorithm to include barometric geodetic altitude measure-
ments and presents the results of applying this navigation integrity architecture to 
worldwide simulations as well as a real flight. Section 6 provides closing remarks 
and plans for future work.

2  ALTITUDE DEFINITIONS

2.1  Altitude Scales and References

Table 1 shows different altitude definitions according to several possible refer-
ence surfaces and altitude scales. In this work, we consider the WGS84 ellipsoid 
as the reference for the target geodetic altitude h, as it is currently the most widely 
used reference in navigation. A second possible reference surface is the Geoid, 
which is a model of the Earth’s surface defined as the equipotential surface of the 
Earth’s gravitational field, which best fits, in a least-squares sense, the global MSL 
(Amin et al., 2019). This is the level of the oceans averaged over the tide cycle. 
Because water tends to maintain a constant potential energy, it is expected that 
the Geoid coincides with the MSL, with a difference that is generally less than 1 m 
worldwide (Groves, 2013).

The geometric altitude of a point above the Geoid is typically called the 
orthometric altitude, herein denoted by H. This term is related to the geodetic alti-
tude as follows:

H h N L� � ( , )� (1)

where the Geoid undulation N is the distance of the Geoid from the ellipsoidal sur-
face for a given longitude λ and latitude L (see Figure 2(a)). The Geoid undulation 
is positive when the Geoid surface is outside the ellipsoid, and it ranges world-
wide between approximately −105 and 85 m, as shown in Figure 2(c), according 
to the Earth gravitational model (EGM) 96 (Lemoine et al., 1998). In this work, 
we employ EGM96 instead of the more recent and accurate EGM2008, because the 
former is employed by the weather data provider considered in this work.

TABLE 1
Altitude Definition Grid

SCALE

REFERENCE Geometric Geopotential

WGS84 Ellipsoid Geodetic Altitude, h Zg
wgs84�

MSL Orthometric Altitude, H Geopotential Altitude AMSL Zg
msl�

ISA MSL QNE Pressure Altitude, Zp
qne�

Airport Isobar QFE Pressure Altitude, Zp
qfe

Airport Isobar Projected to MSL QNH Pressure Altitude, Zp
qnh�
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The geodetic and orthometric altitudes are both geometric altitudes, because of 
their geometric scale. In contrast, the pressure altitude is a geopotential altitude 
above a certain isobar surface. The next paragraphs define different types of geopo-
tential altitudes that are relevant within this work. The geopotential altitude AMSL 
is defined as follows (ICAO, 1993):

	 Z L H
g

g L z z
H

g
msl d( ), , : ( , , )� �� �

1

0 0

� (2)

where g0 = 9.80665 ms−2 is the standard acceleration due to gravity at the surface 
of the Earth.

To solve Equation (2), a geopotential altitude with respect to the WGS84 ellipsoid 
can be defined as follows (Scherllin-Pirscher et al., 2017):

	 Z L h
g

L z z
h

hg
wgs84 d( ) ( ), , : , ,� � �� �

1

0 0

� (3)

where γh denotes the gravity for a given latitude, longitude, and geodetic altitude. 
An approximated closed-form, longitude-independent solution of Equation (3) 
can be given as follows (Scherllin-Pirscher et al., 2017):

	 Z L h L
g

h h
R

f m f L h
Re e

g
wgs sin84

0

2
2

2
1 1 2( ), ( ) ( )� � � � � �
�

�
�

�

�
�

� � (4)

FIGURE 2 Qualitative (top row) and quantitative (bottom row) differences within diverse 
altitude references (left column) and altitude scales (right column) (a) Relationship between 
geodetic and orthometric altitudes (b) Altitude scale deviations at the equator, as an example 
(c) EGM96 Geoid undulations (d) Deviations in meters between geometric and geopotential scales
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where Re denotes the WGS84 equatorial radius, whose value is reported in Table 2 
together with other WGS84 constants mentioned in this paper (World Geodetic 
System and Geomatics Focus Group, 2014). Further terms in Equation (4) are 
defined as follows (Scherllin-Pirscher et al., 2017):

	 f
R R

R
m

R Re p

e

e p�
�

���and��
�2 2

�
� (5)

where Rp is the WGS84 polar radius and Ω and μ are the Earth’s nominal mean 
angular velocity and geocentric gravitational constant, respectively. The gravity 
at the ellipsoid γ (L) according to the so-called Somigliana model is as follows 
(Scherllin-Pirscher et al., 2017):

	 �
� �

( )L
R L R L

R L R L
e e p p

e p

�
�

�

cos sin

cos sin

2 2

2 2 2 2
� (6)

where γp and γe are the polar and equatorial gravitational accelerations at the 
ellipsoid, respectively. Figure 2(d) shows the difference between h and Zg

wgs84  as 
a function of latitude and geodetic altitude. This difference represents the differ-
ence between the geometric and geopotential scales, because both altitudes are 
referenced to the WGS84 surface. This difference also approximates the differences 
between H and Zg

msl, because they are both referenced to the MSL surface. The 
difference between the two scales increases with increasing altitude for a large por-
tion of latitudes centered at the equator, as qualitatively shown in Figure 2(b).

With the following relation (Scherllin-Pirscher et al., 2017), Zg
wgs84  can be 

converted to Zg
msl:

	 Z L H Z L h N Lg
msl

g
wgs

g( ) ( ) ( ), , , ,� �� �84 � (7)

where Ng(L, λ) is the geopotential altitude of the Geoid above the ellipsoid, i.e., the 
Geoid undulation on a geopotential scale. This term is computed as follows:

	 N L Z L N Lg g
wgs( ), , ( , )� �� � �84 � (8)

This computation of the geopotential altitude AMSL from the geodetic coordi-
nates is helpful when using weather data, as weather services generally provide 
altitude information in terms of the geopotential altitude AMSL.

There are more accurate methods for solving Equation (2) than the approach 
described in the paragraphs above (Scherllin-Pirscher et al., 2017; World Geodetic 
System and Geomatics Focus Group, 2014). Equation (4) originates from a trun-
cation of a Taylor-series expansion along altitude (World Geodetic System and 
Geomatics Focus Group, 2014). For this reason, as the altitude increases, the 

TABLE 2
Subset of WGS84 Constants

Constant Value Constant Value
Ω 7.292115 × 10−5 rad s−1 μ 3.986004418 × 1014 m3s−2

γe 9.7803253359 m s−2 γp 9.8321849379 m s−2

Re 6378137 m Rp 6356752.3142 m
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geopotential altitude AMSL computed from the methodology described in this sec-
tion will increasingly deviate from the corresponding altitude obtained by more 
accurate methods. For example, the deviations between the described method and 
a more accurate approach described by Scherllin-Pirscher et al. (2017) can reach 
0.6 m (depending on latitude and longitude) at typical civil aviation cruise altitudes. 
However, such methods have a significantly greater computational complexity.

2.2  Pressure Altitude

Pressure (or barometric) altitude can be obtained from measurements performed 
by a barometer. ICAO (1993) defines this parameter as air pressure, expressed as 
the altitude that corresponds to that pressure according to the ICAO Standard 
Atmosphere. This atmosphere model coincides with the International Organization 
for Standardization (ISO) Standard Atmosphere (International Organization for 
Standardization [ISO], 1975), that is the ISA, for geopotential altitude AMSL below 
32 km (American Institute of Aeronautics and Astronautics [AIAA], 2010). These 
models divide the atmosphere into several vertical sections with respect to Zg

msl 
and provide mathematical descriptions of how temperature and pressure vary 
within these sections. The next paragraphs briefly present the derivation of two 
expressions of the pressure altitude (or hypsometric) equation for two of these sec-
tions between 0 and 20 km.

Considering the atmosphere as a perfect gas and under the assumption of aero-
static equilibrium, the relation between static air pressure and altitude can be 
expressed by the following differential equation (ICAO, 1993):

	 d �dg
msl dryZ g

R T

p
p0 �

�
� (9)

where d g
mslZ  is an infinitesimal change in geopotential altitude AMSL, dp  is the 

corresponding vertical change in static air pressure, and Rdry� denotes the gas con-
stant of dry air, whose value is reported in Table 3. This table contains the ISA 
constants and derived quantities mentioned in this section. By making use of the 
standard ISA model, one can solve Equation (9) analytically. For Zg

msl  ranging 
between 0 and 20 km, the ISA model assumes that the static air temperature varies 
with respect to Zg

msl  as follows:

	
T T Z Z
T T Z
� � � �

� � �
0

1

0 11
11 20

� g
msl

g
msl

g
msl

�for �km
�for �km

,
,

� (10)

where T0 and T1 are the ISA (assumed) constant air temperature at MSL and at 
11 km, respectively. The term α is the ISA temperature lapse rate, i.e., the assumed 
constant gradient of temperature over geopotential altitude (ICAO, 1993). 
Applying Equation (10) in Equation (9) yields the following:

	
d �d �for �km

�d

g
msl dry g
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g
msl

g
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Z g
R T Z

p
p Z

Z g

0
0

0

0 11�
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� �

�
�

�
,

RR T

p
p Zdry

g
msl�d �for �km1 11 20, � �

� (11)
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Integrating Equation (11) along Zg
msl  from a certain reference geopotential 

altitude AMSL Zg ref
msl
, , or from 11 km, leads to the following:

	
Z

T p
p

Z

R

g
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msl ref�

ref�
ref�
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dry

�� �
�
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��
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��
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msl dry

0 11

11 11
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� �

� �
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�
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�
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Z

Z
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g
p
p

, 11 20� �Zgmsl �km

� (12)

In Equation (12), we modify the notation of the altitude output from Zg
msl  to 

Zp
msl to highlight that this geopotential altitude is not the true geopotential altitude 

AMSL. It is instead the geopotential altitude AMSL that can be estimated with a 
pressure measurement and the ISA model, i.e., the pressure altitude. The variables 
Tref and pref denote the temperature and pressure at Zg ref�

msl ,,  respectively. With p1, 
we denote the assumed constant value of air pressure at Zg

msl �km.= 11  This value 
was derived by ICAO (1993) by projecting the (assumed) constant MSL air pressure 
p0 to Zg

msl �km.= 11  The values of p0 and p1 are both given in Table 3.
Equation (12) can be adapted to also consider the effect of air humidity within 

the hypothesized aerostatic equilibrium. This adaptation consists of substituting 
the ambient temperature values with their corresponding ambient virtual tempera-
tures (Giez et al., 2017). The virtual temperature Tv corresponding to an actual 
temperature T is defined as follows:

	 T T
R

R
qV

vap

dry
� � �

�

�
�
�

�

�
�
�

�

�
�
�

�

�
�
�

1 1 � (13)

where q denotes the specific humidity, i.e., the mass of water vapor per kilogram of 
moist air, and Rvap� �J�kg �K� � �461 51 1 1.  is the specific gas constant of water vapor 
(Giez et al., 2017).

The QNE pressure altitude is obtained from Equation (12) by setting the ISA MSL 
isobar as the reference isobar surface (ICAO, 1993; RTCA, 2020), which consists of 
setting Z T Tg ref�

msl
ref� ,, ,= =0 0  and p pref� = 0  in the first expression of Equation (12):

	 Z
T p

p

R

g

p
qne

dry

� �
�

�
��

�

�
��

�

�

�
�
�

�

�

�
�
�
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0
1 0

�

�

� (14)

Therefore, the QNE pressure altitude is an estimate of the actual geopotential 
altitude above the p0 isobar surface, i.e., the ISA MSL isobar. The true pressure and 
temperature at MSL generally deviate from the constant values assumed by the ISA 

TABLE 3
Subset of ISA Constants and Derived Quantities

Constant Value Constant Value

Rdry 287.05287 J kg−1 K−1 α 6.5 K km−1

T0 288.15 K T1 216.65 K

P0 101.325 × 103 Pa P1 22.632 × 103 Pa
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model, and the QNE pressure altitude will thus deviate in proportion from the true 
geopotential altitude AMSL. Moreover, the pressure altitude can still differ remark-
ably from the true geopotential altitude AMSL, even if the actual MSL values for 
temperature and pressure are used. This deviation arises from the inherent ISA 
model approximation of the actual atmosphere dynamics.

3  BAROMETRIC GEODETIC ALTITUDE COMPUTATION 
METHODOLOGY

Figure 3 summarizes our methodology for deriving an accurate geodetic altitude 
from airborne barometric pressure measurements and external weather data. The 
steps of this methodology are described in the current section.

3.1  Weather-Corrected Pressure Altitude and 
Weather Data

We define the weather-corrected pressure altitude, Zp w
msl ,,  as the pressure altitude 

AMSL obtained from weather data. We obtain this parameter from the first of the 
two expressions of the pressure altitude equation (i.e., Equation (12)) when the 
actual, non-ISA air pressure pw user�,  and temperature Tw user�,  at the estimated user’s 
horizontal location and geopotential altitude AMSL are employed as pref� and Tref�. 
Accordingly, the estimated user’s Zg

msl  is used as Zg ref�
msl .,  For the sake of clarity, we 

provide an explicit expression of the weather-corrected pressure altitude equation:

	 Z
T p

p
Z

R

g

p w
msl w user

w user
g
msl

dry

,
,

,
� �

�

�
��

�

�
��

�

�

�
�
�

�

�

�
�
�
�

�

�

1
0

� (15)

Weather data can be used within the second of the two expressions of 
Equation (12) when the user is above a geopotential altitude AMSL of 11 km. In 
that case, the actual air pressure at Z pg

msl
�km�km ,= 11 11,  is used instead of p1. 

Analogously, the actual air temperature at 11 11�km ,�km, T  is used instead of T1. 
To consider the effects due to air humidity, the temperature parameters Tref�  and 
T11�km  are substituted in Equation (12) with their corresponding virtual tempera-
tures TV ref�,  and TV �km, .11  These terms can be computed from Equation (13). In 
this case, the actual specific humidity at the user’s horizontal and geopotential alti-
tude location AMSL qw user, ,  or q11�km  for Zg

msl �km,= 11  is used in Equation (13). 
We found that the consideration of specific humidity through Equation (13) had a 
negligible impact in the weather-corrected pressure altitude equation when eval-
uated with the flight data described in Section 4.1. Moreover, utilizing the second 

FIGURE 3 Barometric geodetic altitude computation scheme
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of the two expressions of Equation (12) at a geopotential altitude AMSL above 
11 km produced only negligible differences with respect to using the first of the 
two expressions in those instances. For this reason, we base the weather-corrected 
pressure altitude computation (i.e., Equation (15)) on the first of the two expres-
sions of Equation (12) only.

Estimates of the actual values of (p, T, q)w,user (or (p, T, q)weath,11km) may be 
obtained from weather forecast services for real-time navigation or from climate 
reanalyses for offline applications. A climate reanalysis depicts past weather 
in the currently most complete way possible. The reanalysis is a combination 
of measurements with past short-range weather forecasts, recomputed with 
the latest weather forecasting models (European Center for Medium-Range 
Weather Forecasts [ECMWF], 2020). In this work, we used weather data from 
the ECMWF Reanalysis v5 (ERA5) (Hersbach et al., 2023) provided by the 
European Center for Medium-range Weather Forecast (ECMWF). ERA5 was 
started in 2016 and, since 2017, has always lagged 2–3 months behind the pres-
ent. A backward reanalyis to 1940 was also performed by ECMWF. Since 2019, 
ECMWF has also made available an ERA5 subset known as ERA5T. This subset 
provides preliminary data for ERA on a daily basis, with only a 5-day delay with 
respect to the present. This relationship is summarized in Figure 4(a). ERA5 
data can be publicly retrieved for 37 pressure levels ranging from 1000 to 1 hPa. 
Data are provided for each UTC full hour on a global regular longitude–latitude 
grid with a resolution of 0.25°. Thus, the weather data set can be visualized 
as a four-dimensional (4D) array of points, with dimensions of longitude, lat-
itude, pressure level, and time, as shown in Figure 4(b). For each point in this 
4D array, the temperature, geopotential altitude AMSL, and specific humidity 
are provided, along with other weather parameters. Consequently, multidimen-
sional interpolation of the ERA5 data is necessary to obtain the temperature, 
pressure, and specific humidity at the location of the user. In this work, we 
applied linear interpolation in both the time domain and the horizontal plane. 
For the vertical domain, we applied linear interpolation for temperature and 
specific humidity and logarithmic interpolation for pressure, as suggested by 
Giez et al. (2017).

Our analyses consider a nominal situation in which the assumed developments 
of temperature and pressure, which are consistent with the ISA, provide a good 
representation of the true atmosphere. Because we interpolate weather data that 
are expected to be a good estimate of the real weather, we minimize the impact of 
potential non-compliance of the model with the real atmosphere. In the future, 
systematic analyses on available weather data may allow us to gain information 
about the recurrence and potential impact of unexpected weather behaviors.

Equation (12), and thus Equation (15), is based on the ISA model. As explained 
in Section  3.1, this model assumes that the air temperature decreases linearly 

FIGURE 4 ECMWF weather reanalysis data sets and their structure (a) Overview of the 
considered ECMWF weather data sets (b) 4D structure of retrieved ECMWF weather data
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with increasing geopotential altitude AMSL, with a constant gradient termed the 
lapse rate, denoted by α. By using weather data for different pressure levels, one 
may obtain local values for α considering the temperatures and altitudes of two 
vertically adjacent pressure levels. These local values of α may then be used in 
Equation (15). However, we observed that this approach produces negligible differ-
ences with respect to the method utilized in this work. These two approaches give 
similar results because the approach of deriving and using a local α is implicitly the 
same operation as performing the above-described multidimensional interpolation 
of weather data temperature.

3.2  Conversion from Weather-Corrected Pressure Altitude 
to Geodetic Altitude

The weather-corrected pressure altitude Zp w
msl
,  is an estimate of the true geopo-

tential altitude AMSL, Zg
msl. Table 1 classifies altitude definitions according to their 

references and scales. The geopotential altitude AMSL and geodetic altitude differ 
by reference and scale. If a geopotential altitude AMSL is known, then the corre-
sponding geodetic altitude h may be obtained by applying a two-step conversion. 
First, the reference must be adjusted from the MSL to the Earth ellipsoid; secondly, 
the scale must be converted from geopotential to geometric. To transform the ref-
erence from MSL to the ellipsoid, we solve Equation (7) for the user’s barometric 
geopotential altitude above the WGS84 ellipsoid, Zp w

wgs ,,
84  by which we denote the 

Zg
wgs84 obtained from the weather-corrected pressure altitude. In this first step, Zp w

msl
,  

corresponds to Zg
msl .  In the second step, Equation (4) is used to convert Zp w

wgs
,

84 to 
the geodetic altitude. Because this step cannot be performed analytically, we solve 
Equation (4) for h numerically instead:

	 h Z Z h
h

Baro� p w
wgs

g
wgsarg min� �� �, ( )84 84 � (16)

where Z hg
wgs84 ( )  is the right-hand side of Equation (4) evaluated at the given lat-

itude. This iterative nonlinear minimization problem is initialized by assuming 
Zp w
wgs
,

84 as the first approximation for h. The output of this step is the barometric 
geodetic altitude, which we denote as hBaro.

Algorithm 1 presents a summary of the methodology for deriving the barometric 
geodetic altitude from barometric pressure measurements and external weather 
data. Lines 1–3 pertain to the computation of weather-corrected pressure altitude. 
The conversion to geodetic altitude is covered in lines 4–5.

ALGORITHM 1
Computation of barometric geodetic altitude

Require: User’s barometric pressure measurement p and estimated coordinates L, λ, ℎ at time t
Require: 4D weather data arrays of temperature and geopotential altitude AMSL
1: �Zg

msl ← User’s estimated geopotential altitude AMSL computation	  Equations (4) and (7)
2: �(p, T)w,user ← Weather data interpolation to user’s estimated location	  Section 3.1
3: �Zp,w

msl ← User’s weather-corrected pressure altitude computation	  Equation (15)
4: �Zp,w

wgs84  ← Altitude reference transformation to WGS84		   �Equation (7), 
solved for Zg

wgs84

5: �ℎBaro ← Scale conversion to geometric				    Equation (16)
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4  ERROR AND THREAT MODELING OF BAROMETRIC 
GEODETIC ALTITUDE

4.1  Experimental Flight Data

The analyses of this work are based on measurements made during nine 
flights performed between the 9th and 13th of July 2018 (Osechas et al., 2019). The 
flights were performed with the Dassault Falcon 20–E5 jet aircraft of the German 
Aerospace Center (DLR), as shown in Figure 5. The vertical and horizontal devel-
opments of the flight trajectories are shown in Figure 6(a) and Figure 6(b), respec-
tively. The color shading from grey to black in Figure 6(b) is proportional to the 
elapsed time since take-off. For all flights, the departure and destination airport 
was the Oberpfaffenhofen Airport (ICAO Code: EDMO) adjacent to the DLR site 
in Oberpfaffenhofen.

The analyses of this paper only focus on the flight sections for which barometric 
pressure measurements were available. Each of these sections covers most of each 
flight, with the exception of short intervals at the initial and final portions of the 
flights. A total of approximately 20 h of barometric pressure measurements was 
recorded at 10 Hz. GNSS data were recorded in parallel and were used after precise 
post-processing as ground truth. We also apply weather data interpolation along 
this trajectory.

4.2  Geodetic Altitude Computation Accuracy

The deviations of the QNE pressure altitude from the true geodetic altitude along 
the nine investigated test flights are shown in Figure 7 in blue. The errors of the 
computed (barometric) geodetic altitude are shown in black in the same figure, 
adopting the same color code as Figure 1 for different altitudes. Figure 7 shows that 
the barometric geodetic altitude is remarkably closer to the true geodetic altitude 
than the QNE pressure altitude, if the latter is interpreted as the geodetic altitude. 
Furthermore, comparing Figure 7 with Figure 6(a) shows a certain level of modu-
lation between the QNE pressure altitude deviations and the true geodetic altitude 
profiles. Indeed, it can be noted that the deviations generally increase with increas-
ing altitude. Nonetheless, the development of deviations along the third flight dif-
fers from this general observed tendency. A possible reason for this difference may 
lie in the way flight guidance itself is enabled. As mentioned in Section 1, vertical 
aircraft guidance is based on FLs, which means that aircraft at cruise altitudes fly 

FIGURE 5 DLR’s Dassault Falcon 20–E5, with an enlarged view of a static pressure port and 
Pitot tube on each of the two fuselage sides
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along isobar surfaces. These surfaces can be more or less detached from surfaces of 
constant geodetic altitude, depending on the location and time. This detachment 
may produce the aforementioned development in altitude deviations, especially 
along flights spanning larger horizontal distances, such as Flight 3.

The errors in barometric geodetic altitude increase during instances of steep alti-
tude transitions, which hints at a dependency on flight dynamics.

4.3  Mitigation of Dynamics-Induced Error Components

We detected a roughly linear relationship between the barometric geodetic alti-
tude errors and the aircraft’s pitch attitude angle, as illustrated in Figure 8(a). This 
finding complies with our previous observation that the errors increase during 

FIGURE 6 Test flight trajectories (a) True geodetic altitude profiles (b) Trajectories in a local 
planar frame centered at the EDMO airport (red cross), with the y and x axes directed north and 
east, respectively, in kilometers
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instances of non-negligible altitude variations. Indeed, altitude variations are 
generally associated with variations in aircraft pitch attitude. The inflow direc-
tion of air into the pressure ports may vary depending on the pitch angle and may 
affect air pressure measurements. This would consequently affect the barometric 
geodetic altitude measurements as well. We obtained a linear model relating the 
errors and pitch attitude angle through a robust linear regression using a bisquare 
fitting weighting function. Thus, the outliers, e.g., those at approximately −4° 
and −1°, have a negligible influence on the derivation of the model. The model 
is described by �h m n( )� �� �  whereby the model parameters were found to be 
m � � �2 44 1. �m deg  and n = 14 47. �m.  Figure 8(b) shows the linear model for differ-
ent pitch angles.

We note that this type of linear model may vary depending on the employed 
aircraft and/or the installed sensor and its specific calibration. However, an 
approach similar to the method presented herein could potentially still be fol-
lowed. Furthermore, any effect that might alter the local pressure around mea-
suring ports could have an impact on the measured static pressure and, therefore, 
on the barometric geodetic altitude. In the available experimental data, we did not 
find any clear relationship between altitude errors and other parameters, such as 

FIGURE 7 Deviation in QNE pressure altitude and barometric geodetic altitude from the 
true geodetic altitude

FIGURE 8 Relationship between barometric geodetic altitude errors and pitch attitude 
angle (a) Altitude errors versus pitch angle for each of the nine flights (b) Linear model relating 
the altitude errors and pitch angle
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the cross wind. However, we cannot exclude the possibility that other relationships 
may be found in measurements performed by other types of sensors/airplanes and/
or under different weather conditions.

Figures 9(a) and 9(b) show a comparison of the altitude errors before and 
after the application of mitigation based on the pitch angle in the probability 
density function (PDF) and time domain, respectively. In Figure 9(b), it is appar-
ent that this mitigation can reduce the magnitude of large errors, particularly 
during altitude variation phases. Accordingly, the values of the mean and stan-
dard deviation improved from approximately 4.6 m and 6.4 m to approximately 
−0.1 m and 4.1 m, respectively. This decrease in these parameters is reflected in
Figure 9(a).

4.4  Nominal Error Models

It is required that a nominal error model for integrity be an upper bound for all pos-
sible errors, with the exception of 10−7 of cases at most. Gaussian error models can 
be easily considered in linear estimators (e.g., least-squares) because they preserve 
their distribution through convolution. Thus, a Gaussian distribution can be used 
to bound the residual error distribution. We derived a Gaussian overbound in the 
cumulative density function (CDF) sense by applying the approach of Blanch et al. 
(2019). We applied this method to the sample distribution consisting of residual 
errors in the barometric geodetic altitude along the aforementioned nine flights 
and after the pitch-angle-based mitigation. We then identified the standard devia-
tion, σ int,Baro,  and the nominal bias, bnom,Baro,  used for integrity with the standard 
deviation and bias of the derived Gaussian overbound, respectively. The values of 
the parameters found with this approach are � int,Baro� �m� 15  and bnom,Baro� �m.= 1 2.

We also used the aforementioned sample distribution to determine the nominal 
error model parameter for accuracy and continuity, σacc,Baro�.  We derived this by 
fitting to the sample distribution a zero-mean Gaussian distribution that bounds 
95% of the residual error distribution, which yielded �acc,Baro� �m.� 4 465.  Figure 10 
shows the folded CDFs of the residual error distribution and of the distributions 
corresponding to the empirical nominal error models.

FIGURE 9 Mitigation of dynamics-induced effects by means of the pitch-angle-based model 
(a) Effect of mitigation on the error distribution (b) Altitude errors, before and after mitigation 
with a linear model based on pitch angle
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4.5  Threat Model

The threat model is based on the probability of fault in the computation of the 
barometric geodetic altitude, PBaro.  This probability can be identified from the 
fault rate, in terms of cases per hour. The fault propagation to the barometric geo-
detic altitude can be investigated through a fault tree analysis with two top-level 
branches, as depicted in Figure 11. The right branch is related to the airborne baro-
metric pressure measurement. The left branch is related to the external weather 
data employed for the pressure altitude correction.

The airborne side, based on work by Lerro & Battipede (2021), may be broken 
down to the hardware (HW) ADS parts, which are involved in the execution and 
analog-to-digital conversion of the barometric pressure measurements. Lerro & 
Battipede (2021) focused on an ADS designed for use cases in the small aircraft 
transportation (SAT) sector. The ADS is decomposed down to the probe, piping, 
and heater of the Pitot tube and down to the pressure transducer and the two HW 
boards (one being redundant) that are part of the ADC. The fault rates of the single 

FIGURE 10 Nominal error models for integrity (Gaussian overbound) and for accuracy and 
continuity (95% bound)

FIGURE 11 Fault tree (based on work by Lerro & Battipede (2021)) of the barometric 
geodetic altitude
The fault rates of all involved systems and parts are given in the white boxes, with the unit of 
measure being h−1.
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parts and subsystems were obtained from Quanterion Solutions Incorporated 
(2016), which provides statistical data for a multitude of electronic, mechanical, 
and electromechanical components. The fault rate in the airborne branch can 
then be computed, starting from the lowest levels, based on a bottom–up system 
safety assessment approach. This yields a fault rate of 6 91 10 5 1. � � ��h .  The fault 
rates of all involved systems and parts are given in Figure 11, in which the unit 
of measure, i.e., h ,−1  is omitted. Adopting this airborne fault rate for airplanes 
in the transport category, which is classified in accordance with European Union 
Aviation Safety Agency (EASA) CS-25 or Federal Aviation Administration 14 CFR 
Part 25, can be considered a conservative approach. In fact, it is expected that EASA 
CS-25-classified airplanes are provided with ADSs of a higher grade with respect to 
EASA CS-23-classified airplanes, such as SAT aircraft (Di Vito et al., 2021; Lerro & 
Battipede, 2021; Piwek & Wiśniowski, 2016).

The Baro augmentation is meant to be adopted in an operational scenario. In 
such a scenario, the external weather data used for pressure altitude correction 
must be weather forecast data. We have made use of climate reanalysis data instead, 
specifically data from the ECMWF ERA5 climate reanalysis (Hersbach et al., 2023). 
ECMWF provides a list of documented, known, solved or unresolved issues in the 
ERA5 reanalysis and in its ERA5T subset (Hersbach et al., 2023). We consider the 
list of issues in the ERA5T subset for deriving an estimate of the weather data fault 
rate, because ERA5T is much closer to real time than ERA5. Based on this list, it 
is possible to count the issues that can be considered as weather data faults within 
the context of the weather-corrected pressure altitude computation. We compute 
the fault rate in the weather data from the number of weather data faults and the 
time span covered by the weather data. This approach is based on the methodol-
ogy described by Walter et al. (2019) for the determination of GNSS fault rates for 
ARAIM. In the case of ERA5T, we considered that none of the reported issues could 
potentially cause a fault in the pressure altitude correction. Nonetheless, we con-
servatively increased the number of ERA5T faults by 2, as suggested by Walter et al. 
(2019). A time span must be defined for deriving the fault rate with this approach. 
We considered the time span from the ERA5T release date to the 23rd of March 
2023, i.e., when we carried out this analysis. This methodology returns a value of 
8 63 10 5 1. � � ��h  for the weather data fault rate.

Considering the airborne and weather data sides of the fault tree, the value of the 
estimated fault rate in the barometric geodetic altitude is ultimately 1 55 10 4 1. � � ��h .  
This value is reported in the top level of Figure 11.

Within this section, we have implicitly assumed that the derived linear mitigation 
model presented in Section 4.3 pertains to the nominal model and behavior. For 
now, we consider the non-compliance with the nominal error model to be a result 
of calibration/processing fault and, as such, to be included in the threat model. 
These faults could arise, for example, during instances of turbulent vertices around 
the pressure ports. In this work, we have not isolated calibration faults from faults 
related to other ADS pressure-measuring functions. Thus, we consider these faults 
within the same block in the integrity tree (top-level right branch in Figure 11). 
We assume that the integrity monitoring function of our proposed ARAIM-based 
integration of barometric altitude with GNSS (see Section 5) is able to capture such 
faults. Analyses of the processing of Section 5 have indeed shown that one of the 
monitored fault modes is represented by faults in the part of the architecture pro-
viding barometric geodetic altitude measurements. As this paper provides a first 
description of a barometer- and weather-data-augmented GNSS-based navigation 
system, future developments of this work will investigate details such as potential 
solutions for isolating different types of pressure measurement faults.
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5  BARO-AUGMENTED ARAIM

This section describes the integration of barometric geodetic altitude with 
GNSS within the ARAIM algorithm. This concept is summarized in Figure 12(a), 
where a single block includes all processing steps of the flow diagram shown in 
Figure 3.

In this paper, this integration is referred to as Baro augmentation. Analogously, 
the resulting algorithm is herein named Baro-augmented ARAIM. For the sake 
of brevity, we refer to this algorithm as Baro ARAIM in some instances. At this 
stage of research, the pitch-angle-based mitigation (see Section 4.3) cannot yet 
be generalized within an architecture that is meant to be common to differ-
ent types of aircraft. Therefore, this mitigation is not included in the flow dia-
gram of Figure 12(a). Nevertheless, in our assessment with real flight data (see 
Section  5.2), we provided the ARAIM-based integration block with the baro-
metric geodetic altitude after the aforementioned mitigation. As a final remark, 
this work only considers GPS and Galileo GNSS constellations, as shown in 
Figure 12(a).

The next paragraphs describe the modifications introduced by the Baro aug-
mentation in the main equations of the baseline ARAIM. The latter is briefly 
summarized in Appendix  A. Figure 12(b) presents a visual summary of the 
parameters required for the Baro augmentation and where they play a role in the 
Baro-augmented ARAIM algorithm.

The inclusion of barometric measurements in the typical WLS GNSS positioning 
algorithm and ARAIM is achieved by augmenting the vector ∆z  in Equation (A1) 
by one element. This element is the difference between the barometric geodetic 
altitude measurement and the latest user geodetic altitude estimate:

	 Baro–ARAIM 
Baro 

ˆh h

 ∆
∆ =  

−  
z

ρ
� (17)

with the subscript Baro ARAIM featuring all ARAIM parameters that are modified 
by the Baro augmentation. As a result, the geometry matrix in the east–north–up 
(ENU) frame is also augmented by one additional row:

	 Baro–ARAIM  Baro 
Baro 

  with   0 0 1 0 0
 

 = =     

H
H H

H
� (18)

FIGURE 12 Baro-augmented ARAIM: integration of barometric geodetic altitude within 
the baseline ARAIM algorithm (a) Flow diagram of the integration of barometric measurements 
and weather data with GNSS ARAIM (b) Key parameters in the Baro-augmented ARAIM. The 
parameters in bold font and with Baro in their subscript are required in addition to those needed 
in the baseline ARAIM.
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The integration of the barometric geodetic altitude into ARAIM requires the 
definition of corresponding nominal error models and a threat model. The mea-
surement covariance matrix used for integrity is augmented with the nominal error 
model for integrity:

2
Baro–ARAIM  Baro  int,Baro 

Baro 
 with   σ

 
= = 
  

0
0
Σ

Σ Σ
Σ

(19)

The threat model of the barometric geodetic altitude measurement is based on 
the probability of fault of the system that produces the barometric geodetic alti-
tude measurements, i.e., PBaro�.  With this, the subset determination described in 
Appendix A is modified by simply extending Equation (A4) with the following:

P PN Nevent� Baro�meas� const�, � � �1 � (20)

The nominal error and threat models derived in Section  4 are employed in 
the current section for the purpose of augmenting GNSS with the barometric 
geodetic altitude.

5.1  Availability Simulations

We first assessed the performance of the Baro augmentation by means of avail-
ability simulations of the localizer performance with vertical guidance (LPV) ser-
vice. In particular, we focused on LPV operations with guidance down to a height 
of 200 ft (above the runway threshold), which is denoted by LPV-200. These are 
the target operations of Working Group C (2016). For this purpose, we made use 
of the GNSS constellation simulations and multiple-hypothesis solution separa-
tion (MHSS) computations of the MATLAB  algorithm availability simulation tool 
(Walter & Blanch, 2019). This toolset simulates Galileo and GPS constellations 
along a certain time span T  and runs the ARAIM algorithm at every epoch, with a 
given time step ∆t.  In particular, the algorithm is run on all grid points of a global 
longitude–latitude grid with given longitude ��  and latitude ∆L  steps, respec-
tively. The default values used for the simulation are T T� �86400 300�s �s,, �  and 
� �� � �L 10°. The satellite elevation mask angle is 5°. For the simulations pre-
sented in this section, we refined the grid by setting � �� � �L 5°.  The criteria for the 
availability determination, compatible with LPV-200 requirements, are the follow-
ing: HPL ,HAL �m� � 40  VPL ,VAL� � 35 m  EMT ,�m≤ 15  and � v,acc� �m,� 1 87.  
where HPL and VPL denote the horizontal and vertical PLs, respectively, and HAL 
and VAL denote the horizontal and vertical alert limits, respectively. EMT denotes 
the effective monitoring threshold, and σ v,acc� denotes the standard deviation of 
the vertical position solution. All of these quantities are defined in the work by 
Blanch et al. (2015).

The values used for the GNSS parameters needed within ARAIM are reported 
in Table 4, based on the work by Working Group C (2016). For the simulations 
presented in Section 5.1.2, we employed the empirical error and threat models of 
Section 4. In Section 5.1.1, we first perform a sensitivity analysis of the availabil-
ity with respect to other possible values of the error and threat model parameters 
instead. As mentioned in Appendix  A, ARAIM requires the definition of some 
further constants and design parameters that are related to integrity, accuracy, 
and continuity. In these simulations, we utilized the default values assigned by 
Walter & Blanch (2019) to these additional parameters for vertical ARAIM.
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5.1.1  Availability Sensitivity to Barometric Error and 
Threat Models

We ran 90 simulations with the derived threat model and with different values of 
the error model parameters of the barometric geodetic altitude measurement, with 
the goal of assessing the impact of these parameters on the worldwide LPV-200 
availability achieved by the Baro-augmented ARAIM. The values of these varying 
parameters can be read from the axes of each of the two subfigures of Figure 13. We 
set the accuracy model within these simulations as � �acc,Baro� int,Baro�.� 2

3  This mim-
ics the relationship between the GNSS σacc� and σ int�  (Working Group C, 2016). We 
note that the pairs bnom,Baro int,Baro�,�� �  for which bnom,Baro�  is larger than σ int,Baro�  
are unlikely in the real world.

Figure 13(a) allows us to compare the coverage results of the aforementioned 90 
simulations with the results for the baseline ARAIM. This figure shows the world 
coverage for the 99.5 percentile of the LPV-200 service availability over a day, as 
a function of σ int,Baro�  and bnom,Baro�.  The baseline ARAIM achieves a coverage of 
98.64%, which is represented by the red transparent horizontal plane. Notably, the 
availability achieved with the Baro-augmented ARAIM is higher than that attained 
with the baseline ARAIM for all of the tested combinations. The coverage achieved 
with the Baro augmentation is found to be 100% for each of the tested values 
of bnom,Baro�  if � int,Baro� �m.� 15

Figure 13(b) is analogous to Figure 13(a), where VAL was decreased from 
35 to 20  m. The latter value is the VAL adopted for the approach with vertical 

TABLE 4
GNSS Parameters Required for ARAIM

σURA [m] σURE [m] bnom [m] Psat [h−1] Pconst [h−1]

Galileo 1 2/3 0.75 10−5 10−4

GPS 1 2/3 0.75 10−5 10−8

FIGURE 13 World surface coverage for the 99.5 percentile of the LPV-200 availability (with 
VAL = 35 m on the left and VAL = 20 m on the right) achieved by the Baro ARAIM during one 
day, as a function of σ int,Baro and bnom,Baro (a) World coverage with VAL = 35 m (b) World coverage 
with VAL = 20 m
The red transparent horizontal planes represent the corresponding coverage levels achieved by 
the baseline ARAIM.
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guidance (APV) operations of class APV-II (ICAO, 2018a). This analysis allows us 
to better portray the coverage improvement provided by the Baro augmentation. 
With these requirements, the baseline ARAIM achieves a coverage of 0.84%. The 
Baro-augmented ARAIM outperforms the baseline ARAIM for all � int,Baro� �m� 50  
if bnom,Baro� �m.≤ 10  The Baro augmentation even attains full coverage for 
� int,Baro� �m� 7 5.  if bnom,Baro� �m.≤ 1  However, all combinations with bnom,Baro� ≥ 15 m  
have slightly poorer performance in comparison with the baseline. It can also be 
noted that increases in bnom,Baro� or σ int,Baro� have similar impacts on availability.

We ran 35 additional simulations to study the variation in LPV-200 availability cov-
erage (with VAL = 35 or 20 m) with respect to single parameters of the error and threat 
models derived in Section 4. Figure 14 depicts the results of these simulations. For the 
results shown in the top row, we varied σ int,Baro,  with σacc,Baro� held at 23σ int,Baro.  The 
center and bottom rows show the effect of variations in bnom,Baro� and PBaro,  respectively. 
For each of the three sensitivity studies corresponding to these three parameters, the 
two other parameters were held constant at the empirical values defined in Section 4.

Figure 14 (top row) shows that the Baro-augmented ARAIM outperforms the 
baseline ARAIM, even for large values of σ int,Baro�  (and therefore of σacc,Baro�). In 
particular, the Baro augmentation achieves higher coverage with VAL = 35 m, even 
for � int,Baro� �m.� 150  In contrast, in the case of VAL = 20 m, the improvement 
introduced by the Baro augmentation becomes negligible starting from � int,Baro �  
100 m. We note that, even for VAL = 20 m, 100% coverage can be reached with the 
empirical values of bnom,Baro�  and PBaro.  However, this would only be possible if the 
value of σ int,Baro�  could be reduced to 7.5 m.

The central row of Figure 14 shows that bnom,Baro�  must be kept below 25 or 15 m 
in order for the Baro augmentation to extend the coverage for VAL = 35 or 20 m, 
respectively. For VAL = 35 m, the baseline ARAIM actually outperforms the Baro 
ARAIM for bnom,Baro� �m.> 25  Intuitively, higher bnom,Baro�  values indicate that the 
barometric geodetic altitude measurements are expected to be less accurate. Above 
a certain threshold, the algorithm perceives barometric geodetic altitude measure-
ments as inaccurate to the extent at which they no longer produce any benefit for 

FIGURE 14 Global coverage of the 99.5 percentile of the LPV-200 availability for VAL = 35 m 
(left column) or VAL = 20 m (right column), as a function of σ int,Baro (top row), bnom,Baro (central row), 
or PBaro (bottom row)
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the navigation integrity. The combination of these measurements with GNSS mea-
surements may actually worsen integrity, as shown in Figure 14. Mathematically, 
higher bnom,Baro�  values imply higher values of bqk( )  (see Appendix A). Conversely, 
higher bqk( )  values translate to higher HPL values (if q is 1 or 2) and higher VPL 
values (if q is 3). In turn, higher PLs may reduce the coverage of certain services, as 
in this case for the LPV-200 with VAL = 35 m. The reader is referred to the work by 
Blanch et al. (2015) for details of these mathematical relations.

The bottom row of Figure 14 shows that it is sufficient that PBaro� �h� �0 9 1.  for the 
Baro-augmented ARAIM to outperform the baseline. Finally, it can be noted that, 
in the Baro-augmented ARAIM case, lowering PBaro�  below 10 2−  or 10 5−  does not 
further increase the coverage with VAL = 35 or 20 m, respectively.

5.1.2  Availability Simulations with Empirical Error and 
Threat Models

We ran an availability simulation of the Baro-augmented ARAIM with the empir-
ical nominal and threat error models of Section 4. Figure 15 shows the results of 

FIGURE 15 Availability with VAL = 35 m (top) or VAL = 20 m (bottom) achieved by baseline 
ARAIM (left) or Baro ARAIM (right) (a) Availability (VAL = 35 m) with baseline ARAIM 
(b)  Availability (VAL = 35 m) with Baro ARAIM (c) Availability (VAL = 20 m) with baseline 
ARAIM (d) Availability (VAL = 20 m) with Baro ARAIM
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FIGURE 16 99.5 percentile of HPL (row 1), VPL (row 2), EMT (row 3), and σv,acc (row 4) 
achieved by baseline ARAIM (left column) and Baro ARAIM (right column) (a) HPL achieved 
with baseline ARAIM (b) HPL achieved with Baro ARAIM (c) VPL achieved with baseline ARAIM 
(d) VPL achieved with Baro ARAIM (e) EMT achieved with baseline ARAIM (f) EMT achieved 
with Baro ARAIM (g) σv,acc achieved with baseline ARAIM (h) σv,acc achieved with Baro ARAIM
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this simulation and of the corresponding baseline ARAIM simulation in terms of 
the achieved 99.5 percentile of the LPV-200 availability. Figure 16 shows the results 
in terms of PLs, EMT, and σ v acc.,

The second row in Figure 16 shows that the Baro augmentation can signifi-
cantly reduce the VPLs worldwide. Some improvements in HPL can be observed 
because of a better conditioning of the geometric matrices H( )k  and therefore of 
the estimator matrices S( )k ,  which are affected by the pseudo-inverse of H( )k  
(Zampieri et al., 2020). Moreover, additional vertical information may also improve 
the performance in the horizontal domain by reducing the need to project pseudor-
ange measurement information in the vertical domain. The lower half of Figure 16 
shows that the Baro augmentation reduces the EMT and the standard deviation of 
the vertical position solution. Finally, comparing Figure 15 with Figure 16 shows 
that the availability of LPV-200 and of LPV-200 with VAL = 20 m is especially lim-
ited by the vertical navigation performance.

5.2  Evaluation Along a Flight Trajectory

We evaluated the Baro-augmented ARAIM along the seventh of the nine flights 
shown in Figure 6. The three-dimensional (3D) trajectory of the aforementioned 
flight is shown in Figure 17, where the color shading from grey to black is pro-
portional to the elapsed time since take-off. Figure 18 shows the evolution of the 
integrity-related performance indicators along the flight.

For the GNSS part of the system, we employed the same nominal biases and 
fault probabilities given in Table 4, whereas we set �URA� �m� 2 4.  (representa-
tive of future GPS III civil navigation (CNAV) message ephemerides, according 
to Working Group C (2016)) and �URE �m� 1 6.  (i.e., �URA )�2 3/  for both GPS 
and Galileo. We considered these standard deviation values to be more realistic 
for the specific available GNSS measurements and for the time when the flight 
was carried out (July 2018). The values assigned to the additional constants and 

FIGURE 17 3D trajectory of the test flight used for evaluation of the Baro-augmented 
ARAIM
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parameters mentioned in Appendix  A correspond to those recommended by 
Working Group C (2016) for LPV-200.

As opposed to the availability simulations, the flight data evaluation captures 
the effect of aircraft maneuvers on the count of visible satellites, as shown in 
Figure 18(c). We note that the Galileo constellation was not complete at the time 
of the flights (July 2018), and few GPS satellites were transmitting at the L5 fre-
quency. For this reason, in order to show a closer future performance of the pro-
posed system, we have used L1/L2 GPS measurements for the real data evaluation 
for both the baseline ARAIM and Baro ARAIM implementations. In addition, we 
considered a cycle-slip detector, which reduced the availability of satellites in some 
cases, as smoothing filters require time to re-initialize.

The first row of Figure 18(a) shows the horizontal position error (HPE) and HPL 
achieved with the Baro-augmented and baseline ARAIM along the flight. From 

FIGURE 18 Results of applying the Baro-augmented ARAIM to a test flight (a) Positioning 
errors (PEs) and PLs (b) EMT and vertical standard deviation of the all-in-view solution, σv,acc 
(c) Number of employed satellites
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this figure, it can be seen that the changes in HPE introduced by the Baro aug-
mentation are almost negligible. The HPLs are approximately the same outside 
of those flight phases when sharper maneuvers were flown. During some of these 
phases, particularly during the last three phrases, the Baro augmentation is able to 
reduce the HPL by up to approximately 30 m. This reduction is possible because of 
the changes in the geometry matrix introduced by the inclusion of the barometric 
geodetic altitude measurements (see Section 5.1.2).

The second row in Figure 18(a) shows the vertical position error (VPE) and VPL 
achieved with the Baro-augmented and baseline ARAIM along the trajectory. As 
for the horizontal domain, the changes in the position error due to the Baro aug-
mentation are found to be almost negligible. In contrast to the VPE results, the 
Baro-augmented ARAIM outperforms the baseline ARAIM in terms of the VPL 
along the whole flight. In particular, outside of the sharper maneuvers, the VPL is 
reduced by up to approximately 3 m. During the maneuvers, the reduction in VPL 
reaches almost 35 m.

In summary, the Baro-augmented ARAIM is able to reduce the PLs, particularly 
in cases of reduced reception of satellite measurements. The PLs do not decrease 
by the same amount during every aircraft banking maneuver. The reason for this is 
that the impact of barometric geodetic altitude measurements on the PLs depends 
on the specific geometry of the satellite–aircraft system, which changes from one 
epoch to another. Figure 18(b) shows that the developments of the EMT and the 
standard deviation of the vertical position solution are similar to those of the PLs.

6  CONCLUSION

This paper presented a methodology for computing an accurate geodetic alti-
tude, which we call the barometric geodetic altitude, from airborne barometric 
pressure measurements and external weather data. This paper then described the 
derivations of error and threat models of the barometric geodetic altitude com-
puted with measurements collected during a DLR flight test campaign. Finally, this 
work adopted the derived empirical models for the augmentation of ARAIM with 
the barometric geodetic altitude (herein called Baro augmentation) and applied 
the resulting integrity architecture to worldwide availability simulations and to a 
real flight.

This work shows that the barometric geodetic altitude is remarkably closer to 
the true geodetic altitude than the QNE pressure altitude, if the latter is interpreted 
as the geodetic altitude. Moreover, it is found that the barometric geodetic altitude 
does not present altitude-dependent deviations from the true geodetic altitude, as 
opposed to the QNE pressure altitude. Residual altitude errors are found to exhibit 
a linear dependency on the aircraft pitch attitude angle, which allows for the der-
ivation of a linear model to mitigate this impact. This approach leads to a further 
decrease in the absolute values of the mean and standard deviation of the error 
distribution down to 0.1 m and 4.1 m, respectively.

The simulations of the augmented GNSS ARAIM presented in this paper indi-
cate that the Baro augmentation is capable of extending the full availability of the 
LPV-200 service worldwide when employing empirical error models. Even when the 
VAL is decreased from 35 to 20 m, the simulations show that the Baro-augmented 
ARAIM achieves a 79.75% world coverage of the 99.5 availability percentile, as 
opposed to the negligible coverage attained with the baseline ARAIM. Additionally, 
the simulations show that the tested architecture has the potential of achieving 
100% coverage with this stricter requirement if tighter, hypothetical, nominal error 
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models are used. This finding motivates future efforts to derive tighter error models 
by analyzing data collected during many additional flights performed with differ-
ent types of airplanes.

Implementing the Baro-augmented ARAIM along a real flight shows that this 
approach may have a marginal impact on the positioning accuracy in normal flight 
situations. Nonetheless, the Baro augmentation is found to have a non-negligible 
impact on the PLs, EMT, and σ v acc.,  A comparison of the PLs achieved with and 
without the Baro augmentation shows that the HPL and VPL are decreased by up 
to approximately 30 and 35 m, respectively, during aircraft banking maneuvers.

Ultimately, the proposed methodologies have the potential of supporting ATM or 
UAM applications requiring robust vertical navigation and of significantly improv-
ing ABAS performance, particularly during the final approach. Furthermore, this 
barometric geodetic altitude computation scheme and the empirical error models 
may be employed within stand-alone vertical navigation architectures or within 
integrated architectures featuring additional systems, such as APNT systems 
and/or INS.

To provide a general (and perhaps certifiable) error model and design, further 
investigations with additional flight or weather data will be performed in the 
future. The flights investigated in the current analysis covered a broad spectrum of 
altitudes, where measurements from certain altitudes were much less numerous 
than others. Furthermore, the flights portray only a small proportion of all possible 
scenarios, as they were performed in a short range of time, with low diversity in 
terms of regions covered and with a constant airplane–sensor combination. These 
are additional motivations for analyzing larger sets of flight and weather data to 
gain confidence in the derived models, to extend their applicability to different 
aircraft, and to account for yearly weather variability. The weather data employed 
is this work were obtained from the ECMWF ERA5 climate reanalysis on pressure 
levels. In the future, we intend to analyze the impact of different types of weather 
data on the weather-corrected pressure altitude computation. Furthermore, we 
aim to explore the use of weather forecasts rather than climate reanalysis to assess 
the described methodologies in a hypothetical real-time scenario.
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APPENDIX

A  MAIN ASPECTS OF THE GNSS WLS AND BASELINE 
ARAIM ALGORITHMS

This appendix summarizes the main aspects of the baseline ARAIM algorithm 
that are relevant for this paper. For further details, the reader is referred to the 
works by Working Group C (2016) and Blanch et al. (2015).

At each epoch, all of the considered Galileo and GPS satellite measurements 
are employed to produce a navigation solution x, which consists of the receiver 
position and receiver clock biases. The position and clock unknowns are typically 
computed via linearization of the pseudorange observation equation and with iter-
ations based on the following WLS estimator:

[ ]( ) 1
ˆ T T

−
∆ = ∆ = ∆x S z H WH H W z � (A1)

where ∆z  is .ˆ∆ = −ρ ρ ρ  The vector ρ  contains pseudorange measurements after 
dual-frequency and tropospheric corrections and smoothing. The vector ρ̂  con-
sists of expected ranging values based on estimated satellites and user positions 
and is corrected for the estimated receiver clock biases. The geometry matrix H  is 
as follows:
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where nGal�  and nGPS�  are the number of available Galileo and GPS pseudorange 
measurements, respectively. The vector ui  denotes the line of sight vector in the 
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ENU frame from the user to the i-th satellite. The weight matrix W  of the estima-
tor is the inverse of the measurement covariance matrix Σ  used for integrity:

( )Gal GPS

2 2 2 2
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2 2 2 2 2 2
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where σURA,i  denotes the i-th satellite’s standard deviation of the clock and 
ephemeris error used for integrity. The second parameter σ i  is an additional term 
for residual tropospheric and user-side errors (typically noise and multipath).

ARAIM is based on an MHSS algorithm. The GNSS faults that must be moni-
tored are determined from the probabilities of the single-satellite faults, Psat,Gal�  or 
Psat,GPS,  and of the constellation-wide faults, Pconst,Gal�  or Pconst,GPS.

First, the algorithm computes the maximum number of concurrent faults that 
must be monitored, denoted as N fault,max�  and defined as follows:

N r N P r P Pfault,�max� meas� multiple� event� emax� � �� � � �1 1 1, , , , ,, vvent� thres�meas� const�,N N P�� � �� �
� (A3)

where N n nmeas� Gal� GPS�� �  and Nconst�  denotes the number of available GNSS con-
stellations, which can be 0, 1, or 2, as only GPS and Galileo are considered. The 
term Pthres�  is the chosen threshold for the integrity risk coming from unmonitored 
faults. The function P r P P NNmultiple� event� event� cons�meas�

, , ,, ,1 � �� �  denotes the probabil-
ity of all of the fault modes consisting of at least r independent events, with the 
following:

P P P Pi i N j jevent� sat� event� const���and�� ��with��
meas�, , , ,� �� ii N j N� �� � � �� �1 1, , , ,meas� const���and��

� (A4)

Secondly, all of the Nsubsets�  possible combinations of N fault,max�  or fewer events 
are determined. All of the satellite subsets that correspond to these combinations 
are then generated. The algorithm forms Nsubsets�  satellite subsets, where the 
k-th subset contains all of the satellites that are fault-free in the k-th combina-
tion, with k N� �� �1, , subsets� . Subsequently, the ARAIM algorithm computes from 
each k-th subset its corresponding k-th navigation solution, which is obtained 
from the measurements of all satellites in the k-th subset. The navigation solutions 
computed with these satellite subsets are known as fault-free solutions and are 
denoted with x ( )k .

Based on a comparison of the all-in-view and fault-free solutions within a 
solution separation test, it is possible to determine whether a certain fault mode 
is present. In the case of no fault detection, it is possible to compute the HPL and 
VPL. The error and threat models are necessary to build the solution separation 
tests and to compute the PLs. The parameters defining these models are expected 
to be obtained from a broadcast integrity support message, as listed below:

•	 the nominal bias used for integrity, bnom,Gal�  or bnom,GPS,
•	 the standard deviation of the clock and ephemeris errors used for integrity, 
σURA Gal,  or σURA GPS,,
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• the standard deviation of the clock and ephemeris error used for accuracy and
continuity, σURE Gal,  or σURE GPS,,  and

• the probability of satellite and constellation-wide faults, Psat,Gal�  and Pconst,Gal�
or Psat,GPS�  and Pconst,GPS.

The standard deviations σURA�  and nominal biases bnom� are elements of the 
GNSS nominal error models for integrity, whereas the standard deviations for accu-
racy and continuity σURE�  are part of the GNSS nominal error models for accuracy 
and continuity. The PLs are computed based on the following implicit equation:
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where P kfault�,  is the prior probability of the k-th fault mode. The quantities T bk q q
k

,
( ), ,  

and σq
k( )  are the solution separation threshold in the dimension q, the nominal 

bias projected into the dimension q, and the variance of the navigation solution in 
the dimension q, respectively, of the k-th subset. The superscript 0 refers to subset 
number 0, which corresponds to the all-in-view set of satellites. The dimensions 
1, 2, and 3 correspond to the east, north, and up spatial components, respectively. 
Depending on the dimension q, the term PLq  represents the HPL along the east or 
north axis or the VPL, which are denoted by HPL HPL ,E N,  and VPL, respectively. 
The overall HPL is the square root of the sum of the squares of HPLE  and HPL .N  
The term PHMI mon q, ,  corresponds to the probability of a fault that may result in 
hazardously misleading information in the dimension q and that needs to be mon-
itored. Finally, Q( )⋅  is the tail probability function of a normal distribution with 
zero mean and unit variance.

The ARAIM algorithm requires the definition of further constants and design 
parameters that are related to integrity, such as Pthres,  as well as others related to 
accuracy and continuity. Their description is beyond the scope of this paper, as the 
Baro augmentation has no influence on these parameters. The values defined for 
the LPV-200 service are used by Walter & Blanch (2019) or prescribed or recom-
mended by Working Group C (2016).
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