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Abstract—The increasing availability of smartphones equipped
with barometric sensors enables their use as barometric altime-
ters. However, an accurate measurement requires updated infor-
mation about the temperature and the mean sea level pressure
at the location of the measurement. With this aim, this work
proposes, analyzes, and compares spatial interpolation methods
applied to atmospheric pressure and temperature reports from
nearby reference weather stations in order to derive reference
values to be used by altimeters. As a proof-of-concept, we
implemented an Android Altimeter application. Its validation
was performed by a set field experiments. Preliminary results
show the potential of the proposed methods for the accuracy of
smartphone-based barometric altimeters.

Index Terms—altimeter, barometric sensor, interpolation meth-
ods, smoothing techniques, weather stations

I. INTRODUCTION

Location based services for three-dimensional space posi-

tioning usually resort to GPS to determine the elevation but,

even if the horizontal accuracy is acceptable for the majority

of usage scenarios, the vertical accuracy is not sufficiently re-

liable for applications requiring accurate altitude information.

Altimeters are traditionally used in activities such as aircraft

flights, rescue operations, military operations, skydiving, and

climbing. Despite the existence of other types of altimeters

such as the sonic and radar altimeters, the pressure-based

altimeter still is largely used by aircrafts.

The increasing availability of smartphones equipped with

barometric sensors enables their use as barometric altimeters.

However, the solutions that we propose in this work are

generic, being applicable both to smartphones and to special

purpose hardware (if equipped with barometric sensor, com-

putation, and communication capabilities).

An accurate measurement requires updated information

about the temperature and the mean sea level pressure at the

location of the measurement. For this purpose, mechanical

barometric altimeters [1] require user intervention either by

adjusting the “barometer setting” with the mean sea level pres-

sure reported by a weather station, or by setting the altimeter to

a known altitude [2]. On other hand, smartphone applications

[3] usually retrieve the “barometer setting” from a web server

in order to automatically adjust the altimeter. However, the

poor accuracy of altitude measurements of these applications

led us to investigate the source of these inaccuracies, and how

to overcome them.

A prevalent problem is the barometer accuracy. Since these

sensors are less accurate than the ones certified for professional

use, the values measured pressure values tend to be noisy. This

problem can be easily mitigated by using a simple low-pass

filter [4].

Since, the density of weather stations is sparse, the accuracy

of the altitude calculation depends on the distance to the

stations and on the current sea surface level atmospheric

pressure gradient.

To our knowledge, existing applications neglect the fact that

atmospheric data is collected at scattered locations, thus resort-

ing to reports from the nearest station (polygonal method [5]),

which is often distant from the point of interest for the altitude

calculation. This introduces an error in the altitude estimation

that could be avoided interpolating the pressure values of the

nearby weather stations with appropriate methods [5], [6].

Weather stations typically broadcast weather reports on a

hourly or half-hourly basis. The atmospheric pressure values

are often rounded down before transmission, having a 1 hPa

resolution. The error introduced is usually lower than 9 meters

(at standard temperature). However, in the time span between

weather reports, the atmospheric conditions may change con-

siderably. One solution to this problem, still not used in this

work, is to request a couple of recent past weather reports

in order to perform temporal extrapolation (e.g., polynomial

or Kriging 1D [5]), to estimate the trend of the variation. An

alternative solution could be the use of forecast models of

atmospheric pressure variation.

Aiming at improving the accuracy of barometric based

altitude calculations, we propose, analyze, and compare spatial

interpolation methods applied to atmospheric pressure and

temperature reports from nearby reference weather stations.

The interpolated values are then used to adjust the altimeter

setting. As a proof-of-concept, we implemented an Altimeter

application for Android smartphones equipped with barometric

sensors.

We present the following main contributions:

1) We propose and analyze spatial interpolation methods

to estimate the reference atmospheric pressure and tem-

perature to be used by the barometric altimeter;

2) As a proof-of-concept, we implemented an Android

Altimeter application. However, the proposed solution is

suitable to be used in special purpose Altimeter devices;
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3) We evaluate and compare the proposed interpolation

methods for the altitude calculation using real experi-

ments.

The remainder of this paper is organized as follows: Sec-

tion II reviews existing smartphone applications for altitude

measurement. Section III discusses how the atmospheric pres-

sure can be used to derive the altitude of some measurement

point above mean sea level. Section IV discusses candidate

spatial interpolation techniques for the derivation of the at-

mospheric pressure and temperature references. Section V

presents the main features of the proof-of concept Altimeter

Android application implemented in this work. Section VI

evaluates and compares the proposed solutions via experimen-

tal field tests. Finally, Section VII presents the main conclu-

sions of this work, and discusses future research directions.

II. RELATED WORK

The Android Market has several applications, either dedi-

cated, or including functionality to calculate the altitude above

mean sea level. The most popular ones are the DS Altimeter,

the Precise Altimeter Free, the Sensitive Altimeter and the

Runtastic Altimeter & Compass. The DS Altimeter and the

Precise Altimeter Free can determine the altitude either by

using the GPS or the barometric sensor. Moreover, they offer

the ground level elevation at the current position. The Sensitive

Altimeter relies exclusively on the barometric sensor while the

Runtastic Altimeter & Compass uses only the GPS to calculate

the altitude. Obviously, applications providing ground level

elevation can only do it accurately if the user is at ground

level.

The barometric-based Altimeter applications referred above,

resort to a simple polygonal method [5] to derive the reference

pressure: They retrieve the mean sea level pressure value from

the nearest reference weather station. The use of this value as

reference may introduce a reference error, which is due to the

horizontal variability of the atmospheric pressure. This error

typically increases with the distance to the reference station.

Each weather station has an influence zone encompassing

all the points for which it is the nearest one. All points in

that zone will use the reference values of that station. When a

user moves from one influence zone to another the estimated

altitude may suffer a jump due to the sudden change of

reference weather station.

III. BAROMETRIC BASED ALTIMETRY

A. Barometric Formula

The barometric formula [1] is used to determine the atmo-

spheric pressure P at some point with vertical distance h to

some vertically aligned reference point with pressure Po and

temperature To. It can be reformulated to allow the calculation

of the altitude h of a point, given the pressure P at that point,

and the values of Po and T0 at some reference point in its

vertical line (often at mean sea level altitude). Hence, the

altitude is given by the expression:

h =
To
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)(RL
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)

, (1)

with parameters:

h − altitude;

P − pressure at altitude h, in hPa;

P0 − pressure at mean sea level, in hPa;

T0 − temperature at mean sea level, in K;

L − standard temperature lapse rate, equal to

0.0065 °K/m;

g − earth gravity constant, equal to 9.80665 m/s2;

M − molar mass of the dry air, equal to

0.0289644 kg/mol;

R − universal gas constant for air, equal to

8.31432 N.m/(mol.K).

Previous research work performed sensitivity analyses of

the barometric formula parameters to determine their influence

in the altitude calculation [3]. The three input parameters

presenting the highest influence are the local pressure P ,

the reference pressure Po, and reference temperature T0. A

reduction in the uncertainty of these input parameters improves

significantly the altitude accuracy. In this work we seek to

reduce the reference pressure and temperature uncertainties

by applying spatial interpolation techniques to the reference

values obtained from weather reports.

The pressure readings of the smartphone barometric sensor

present noisy fluctuations around the trend value. One of

the most common processes used to smooth noisy data is

the application of a low-pass filter [4]. This process greatly

reduces the amount of noise, thus improving the precision of

the pressure readings.

B. Weather Reports

METAR is a standard format for reporting weather in-

formation, typically provided by airports and military bases.

It uses multiple groups of text codes, each describing a

weather variable with a specific standard format, regulated by

the World Meteorological Organization in consort with the

International Civil Aviation Organization.

In general, a report is generated on an hourly or half-

hourly basis, but when there is a significant weather change,

an unscheduled special report can be disseminated.

There are several sources that provide weather reports,

such as the National Oceanic and Atmospheric Administra-

tion (NOAA), the Weather Underground (WU), and Aviation

Weather Center (AWC). The NOAA provides weather reports

from the past 24 hours while the WU does not present any

date range limit. These two sources provide a single file for

each station, implying that one needs to perform a request for

each individual station. On the other hand, the AWC offers

a service called Aviation Digital Data Service (ADDS) that

provides XML based reports from the last 141 hours.



We selected the ADDS service to be the source of the

weather reports because it provides simple and flexible access

to reports from the closest weather stations.

IV. SPATIAL INTERPOLATION

Spatial interpolation are methods to estimate parameter

values at unobserved points, resorting to available observations

of nearby locations [5]–[7]. We apply spatial interpolation

methods to estimate the mean sea level pressure and temper-

ature at locations of interest.

In the following subsections, we present the interpolation

methods considered in our work.

A. Polygonal

Polygonal interpolation [5] is the most common method

used by altimeters. This method simply uses the values re-

ported by the closest weather station as the interpolation result.

Interpolating in a given geographical area yields a Voronoi

diagram where each reference station is the center of a Voronoi

cell composed by all points for which the station is the closest.

This method is the simplest one to implement. Its accuracy

increases with the proximity to the reference station. If the

point of interest is very close to the reference station, the inter-

polated values are very close to the “real values”. However, the

interpolation error increases with the distance to the reference

station. If the interpolated point is very far from it, and/or

if the pressure or temperature gradient is relatively large, the

interpolation error may be considerable.

B. Inverse Distance Weighting

With the Inverse Distance Weighting (IDW) method [5], [6],

the unknown values in locations of interest are determined by

a weighted average of the values available at known locations.

This method assigns a weight inversely proportional to a power

of the distance between the sample location and the point being

estimated. In other words, it assigns higher weights to the

nearby samples and lower weights to distant ones.

IDW has the disadvantage of never estimating values lower

than the minimum, or higher than the maximum of the

observations. It only considers distances from the samples (not

the directions), and moreover, it does not try to reduce the

global error [8]. Besides that, the IDW method is affected by

the clustering effect [6]: if two or more points are clustered

together, the point being estimated is over-weighted by the

number of points in the cluster.

The expression for IDW method is:

ẑo =

∑n

i=1
wi ∗ zi

∑n

i=1
wi

, (2)

where:

ẑo − estimated value at point o;

n − number of observations;

wi − weight of the observation i, with wi = (dpio)
−1,

where dio is the distance between points i

and o;

zi − value of observation i.

Note that the exponent p influences the decay of wi with the

distance. In particular, if we set p = 0 the weights wi will be 1,

and ẑ0 becomes the mean of the observed values. If p goes

to ∞, the estimated value converges to the value of the closest

sample (i.e., the polygonal estimate), since the weights of the

other samples become negligible when compared to it [5].

C. Triangulation

The triangulation method is a linear interpolation method

that derives a plane from any three known reference points,

approximating unknown values by the ones of the plane.

The equation of a plane is expressed by

ax+ by + cz = d, (3)

where three known reference points are used to determine the

constants a, b, c and d. This equation is then used to interpolate

an unknown value at the current location, given its geographic

coordinates.

This method of estimation clearly depends on which three

reference samples are used to calculate the plane. There

are several ways to triangulate the sample data set. One

simple triangulation method is use the three closest samples

as interpolation points. This interpolation method gives good

estimation values if the point being estimated lies inside the

triangle [5]. Nonetheless, this approach has a drawback that

shows up if the sample points used for deriving the plane have

low precision, and if the point being estimated lies outside the

triangle formed by these sample points. Since the estimated

value is function of the slope of the plane, the interpolation

error will be “amplified” with the distance to the points of the

reference triangle.

Another possible triangulation method, that avoids the draw-

backs identified above, is the Delaunay triangulation, described

next.

D. Delaunay Triangulation

Delaunay Triangulation [9], [10] is a triangulation of a set of

points (construction set) in a plane such that the circumcircle

associated with each triangle is empty (i.e., it contains no other

points of the construction set). This property tends to avoid

skinny triangles, since it favors the formation of triangles with

large internal angles. Even so, Delaunay may produce some

skinny triangles, depending on the spatial distribution of the

construction set. The Delaunay triangulation is the dual of the

Voronoi diagram for the same construction set.

The application of this method for interpolation purposes

consists in choosing the Delaunay triangle that contains the

point to be interpolated.

Fig. 1 presents, as an example, the application of the

Delaunay triangulation to the METAR weather stations of the

Iberian Peninsula.

V. ALTIMETER

Altimeter is an Android application for altitude measure-

ment, developed in the context of this project to serve as

proof-of-concept of the proposed techniques. It allows a user



Fig. 1. Illustration of Delaunay triangulation of the METAR stations of the
Iberian Peninsula, performed by Altimeter application.

to determine the altitude relative to the mean sea level, relative

to a fixed point, or else, to use it as a simple altitude calculator.

A drawer menu supports the application navigation: a panel

that displays the main navigation features on the left edge of

the screen. This drawer menu is hidden most of the time, being

revealed when the user swipes a finger from the left edge to

the center of the screen, or when he taps the toolbar menu

button.

Fig. 2. Altimeter application screen-
shot: Online Mode.

Fig. 3. Altimeter application screen-
shot: Point-to-Point Mode.

The Altimeter comprises three main operation modes: (1)

the Online mode, (2) the Point-to-Point mode, and (3) the

Calculator mode.

The Online mode (see Fig. 2) is the main operation mode

of this application. It allows an user to select the method

of interpolation, and, depending on the chosen method, the

weather stations to be used in the interpolation of the reference

pressure and temperature.

If the user chooses the Delaunay Triangulation method, three

reference stations are automatically selected, ensuring that the

point being estimated is inside the triangle formed by these sta-

tions. However, if the point is outside the convex hull boundary

of all reference points, there will be no triangle containing

it. In this case, the application switches automatically to the

Polygonal (or Voronoi Diagram) method, only considering

the closest station. In other words, for points outside the

convex hull boundary of the reference station, the application

switches from the Delaunay Triangulation method to its dual:

the Voronoi diagram method, thus, only considering the closest

station.

When a user selects the IDW method, the application selects

only the closest station. After that, the user has a list of

stations, sorted by increasing distance, from which he may

add/remove stations to be used by this method.

In the online mode, the application starts by requesting the

current location of the device from the Android localization

service (derived from GPS, WiFi networks, or from mobile

networks information). When the location is available, Altime-

ter requests to the ADDS service server, a report with METAR

information from weather stations within a predefined distance

range. It then parses the received XML document, calculating,

for each reported weather station, the distance to its current

position. It then displays the list of stations and associated

pressure reports sorted by the distance. The mean sea level

pressure and the temperature are then interpolated, according

to the method selected in the Settings, using the selected

stations. Finally, those interpolated values, and the atmospheric

pressure retrieved from the smartphone barometer (after being

smoothed by the low-pass filter), are fed into the barometric

altitude formula (eq. 1), deriving, this way, the current altitude

above the mean sea level.

The periodic location request is done once a minute to

avoid battery draining. The weather reports are requested

with a periodicity (synchronization frequency) specified in the

Settings menu. Every time the application requests a report,

the current geographic location is saved. If the current location

changes by a distance greater than a predefined value, the order

of the stations in the weather station list is updated, according

to the new distances, and the selected interpolation method

updates the reference pressure and temperature to be used in

the barometric altitude formula.

The Point-to-Point mode (see Fig. 3) is meant to provide

the vertical distance from a user specified point. This mode

uses a low-pass filter to smooth the barometric sensor readings.

When the user sets the starting point, the current pressure is

saved and displayed at the bottom of the display. Then, the

application automatically updates the current pressure and the

relative altitude, using the barometric altitude formula (Eq. 1).

Since the temperature sensor of smartphones (when existent)

does not usually provide accurate values, we decided to use,

only in this mode, the standard temperature for the barometric

altitude formula.



TABLE I
STATISTICS OF THE AT BRAGA EXPERIMENT

Method Average Standard Deviation MAE RMSE

P 226.6 3.9 3.9 4.6

IDW 228.5 3.3 2.7 3.3

DT 228.1 3.3 2.8 3.4

T 226 12.7 8.2 13

GPS 229

TABLE II
STATISTICS OF THE AT PORTO EXPERIMENT

Method Average Standard Deviation MAE RMSE

P 78.2 3.4 2.9 3.4

IDW 78.2 3.3 2.8 3.3

DT 78.2 3.4 2.9 3.4

T 77.8 4.1 3.4 4.1

GPS 78

The Calculator mode is the most simple operation mode of

this application. It only needs to apply the barometric altitude

formula (Eq. 1) to the pressure and temperature values entered

by the user.

The application also comprises a Settings menu, in which

the user can customize the app by changing the interpolation

method, the synchronization frequency, or the measurement

units. The user can calibrate the smartphone barometer by

setting an offset to be applied to barometer readings.

The atmospheric pressure and temperature values provided in

the METAR reports are rounded down before transmission,

having 1 hPa and 1◦C resolution, respectively. In order to

minimize altitude error caused by this rounding, the user has

the option of setting an offset to be added to reported pressure

and temperature. The default/recommended offset is 0.5.

VI. CASE STUDY

In order to validate the application, we performed a series of

experiments using two Motorola Nexus 6 smartphones, located

at two Portuguese cities: Porto and Braga. These cities are,

respectively, at distances of 8 Km and 46 Km from the closest

METAR weather station (Porto airport).

To determine the “real” altitude of the two measurement

points, we used a high precision GPS with a vertical resolution

of -/+ 2m. We performed several measurements in the same

position in distinct days, and, for each location, we calculated

the average of the GPS altitude measurements. Using this

method, we determined as “real” altitudes for the Porto and

Braga measurement points, the values of 78 and 229 meters,

respectively.

The experiments that we performed to determine the accu-

racy of Barometric based Altimeter application consisted in

letting the smartphone laid on the same location for several

days, running all interpolation methods in parallel, and calcu-

lating the elevation for each method in intervals of 10 seconds.

Fig. 4. Estimated Altitude values using the Polygonal, the Inverse Distance
Weighting, and the Delaunay Triangulation interpolation methods. Experiment
took place at the city of Braga, at a fixed altitude of 229 meters, for
approximately 6 days.

After collecting the elevation data, we calculated the Av-

erage, Standard deviation, Mean Absolute Error (MAE), and

the Root Mean Square Error (RMSE) for each interpolation

method. The MAE and the RMSE are calculated relative to

the “real altitude”.

The polygonal (P) method uses as reference the data from

the closest weather station, while the triangulation (T) method

resorts to the three closest stations, without verifying if the

measurement point lies inside the triangle formed by the three

stations. For the Delaunay triangulation (DT) method we used

as reference stations, the vertices of the triangle that contains

the point for which we wish to determine the altitude. For the

Inverse Distance Weighting (IDW) method, we first performed

a couple of tests to determine (1) the best exponent to be

used in the distance weighting, and (2) the choice of stations

yielding best results. These tests have shown that an exponent

of 1, and the use of the three stations of the triangle derived

by the Delaunay algorithm, are the most appropriate choices.

In the Braga experiment (see Table I, and Fig. 4), the

interpolation methods that produced best results were the IDW

(that uses the same stations as the Delaunay) and the Delaunay

triangulation. The triangulation method presents the largest

error because the point being estimated was not inside the

triangle formed by the three closest stations. Since the pressure

resolution of the METAR weather stations is 1 hPa, the plane

formed by these three points presents an uncertainty in its

slope that may cause large errors when we use that plane to

interpolate points outside the triangle.

In the Porto experiment, the results of all interpolation meth-

ods (see Table II) are very similar. This is due to the proximity

of the closest reference weather station (distance of 8 km) that

causes the interpolated values of all methods to be very close

the values reported by the reference station. Nevertheless, the

methods that produced the best results were the IDW, followed

by the Delaunay triangulation and Polygonal method. The

triangulation method, using the three closest stations, also

produced good results. This is due to the proximity to the



Fig. 5. Altitude versus barometer pressure and interpolated pressure using
the Delaunay Triangulation method (city of Braga experiment).

closest station, conjugated with the fact that the point being

interpolated lies inside the triangle of reference stations.

Analyzing the relation between the estimated altitude, the

measured pressure, and the interpolated pressure (see Fig. 5),

we observe that the precision of the results could be better,

if the weather stations report interval was shorter, and if the

resolution of the reported pressure values was higher.

In order to test the Point-to-Point mode, we performed an

experiment to measure the altitude of a building. We set start

point at the ground floor, and then, we walked up to the second

floor, multiple times. The average altitude calculated by the

application was 6.2 meters, while the real altitude determined

with a measuring tape was 6 meters. That corresponds to an

error of 0.2 meters.

VII. CONCLUSION

Location based services to determine the position in the

three-dimensional space normally use GPS to estimate the

vertical position. However, their vertical accuracy is not suffi-

ciently reliable and altimeters are used in activities that require

a fast and accurate elevation value.

Altimeter is a weather station-assisted barometric altimeter

application for Android. It uses spatial interpolation methods

to estimate the reference atmospheric pressure and temperature

to be used in the barometric formula for estimating the altitude

in an accurate and timely manner.

The validation of the methods developed in this work

consisted of two experiments in two different locations. From

these experiments, we concluded that the IDW (using same

stations as the Delaunay method) and the Delaunay triangu-

lation method produce more accurate altitude measurements

than the Polygonal interpolation method.

As future work, we plan to implement an automatic feature

to select the best interpolation method, to ensure better altitude

estimations. The main idea is to remove the closest weather

station from the list and select the method that estimates, at

the position of the removed station, the pressure value closest

the one reported by the removed station.

The atmospheric pressure variation between weather reports

conjugated with the 1 hPa resolution of the reported pressure

introduces an error in the altitude estimation. To overcome

this problem we plan to complement the spatial atmospheric

interpolation with temporal extrapolations. Moreover, we plan

to explore sensor fusion methods, like the Kalman filters [11],

to combine information from the barometer, the accelerometer,

and possibly, the GPS [12], [13]. The accelerometer makes it

possible to determine if the device is moving.

Another improvement, dedicated to flight applications, is

the implementation of a ground approximation awareness

system [14] using data from NASA’s ASTER ground elevation

library [15].
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