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Sistemidi Guidae Navigazione

PART  II

Navigation Systems
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Navigation

1. The Navigation Problem

2. Inertial Navigation Schemes

3. Reference Systems and Earth Models

4. Navigation Equations

5. Sensors: gyroscopes and accelerometers

6. Non-Inertial navigation systems

7. Navigation Error Dynamics 

8. Integrated Navigation System

what is my current position?
where am I travelling to?
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NavigationProblem

Å The Navigation Problem is the Solution of 
position and velocity at any given time.

Å Requirements:

Å Reference Systems

Å Measurements with respect to known 
locations and/or inertial directions

Å Correct computation of the variable Time.

Å DIfficulties

Å Computation of Error sources

Å Error reduction

Å Error Propagation reduction
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NavigationProblem

Å EarlyNavigation

Å Use of MagneticCompass

Å Mapsand Chartsfor Latitude

Å Problemwith Longitude(requiresprecise time computation)

Å Sextantinventedin 1731 for star location (C. Colombo 1492)

Å Chronometera little later
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Navigation Implementation

Å Two basic Implementations

Å Requiring external Aids

Å Self-contained

Å Dead-Reckoning

Å First, a definition is in order. Dead reckoning is the process of estimating the position of an 

airplane or ship based solely on speed and direction of travel and time elapsed since the last 

known position (or fix). So all you need to figure out approximately where you are is an 

airspeed indicator or log or other measure of speed, a clock or watch, and a compass. Dead 

reckoning stands in contrast to pilotage (navigation by visible landmarks) and celestial

navigation (navigation by reference to stars or other heavenly bodies). Navigating by external

reference points is more accurate, but dead reckoning is the fallback when all else fails.  The 

term dates from the seventeenth century, so we have to look to the sea for the origin of the 

term, not the air. The story you refer to has it that dead reckoning was first called "deduced

reckoning," which someone then abbreviated (in a ship's log) as "ded. reckoning." Later

someone reading it thought "ded" didn't make much sense, so he wrongly (according to this

theory) thought it must be a misspelling for "dead." The other theory is that it was "dead 

reckoning" from the beginning, but since this sort of navigation doesn't seem to have much to 

do with death, someone assumed the derivation from "deduced," which must have made 

more sense to him.

To Reckon : Fare i conti
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Dead-ReckoningNavigation

Å Dead-Reckoning relies on the continuous updating of the position data derived from 

inputs of velocity components or speed and heading generated from a known start 

position

Å A simple example of this technique is a system, which uses a compass heading in 

combination with a device, such as an odometer, to measure the distance travelled 

over the ground

Å The accuracy of dead reckoning is largely influenced by the accuracy with which the 

initial position, velocity and heading are known

Å The need to transform measured quantities from a reference frame to another  

is an additional source of errors

n n b s

b sC Cn = n

Radar Doppler

Example: velocity measurements transformations

=n n b

bv C v

Rotation Matrix 

Syntax
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Dead-ReckoningNavigation

[ ]

north

merid

east

normal

R h

R h cos

ë n
f=î

+î
ì

nîl=
î + fí

Latitude and

Longitude Computation

Possible Mechanization
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Inertial Navigation Schemes

Å Inertial sensors measure angular rate and acceleration information 
relative to an inertial frame of reference. 

Å An inertial coordinate frame does not rotate or accelerate with respect to 
any other system of reference

Å Accelerometers measure change of velocity (acceleration) with respect to 
an inertial frame. 

Å Gyroscopes measure change of rotation (angular velocity) with respect to 
inertial space. 

Å If one can relate measurements made in this inertial frame to some 
navigation frame, then inertial sensors can be used to realize both 3-
dimensional coordinates and 3-dimensional attitude in a world that makes 
sense to navigators.

Å Inertial systems (accelerometers, gyroscopes, and computer) constitute a 
self-contained unit, with no relation with the outside world, and this is 
one of their main advantages.



Lorenzo Pollini ςSistemi di Guida e Navigazione ς[a LƴƎŜƎƴŜǊƛŀ wƻōƻǘƛŎŀ Ŝ ŘŜƭƭΩ!ǳǘƻƳŀȊƛƻƴŜ ςUniv. di Pisa 11

Inertial Navigation Schemes

ÅSeveral reference frames must be defined in order to 
implement Inertial Navigation

ÅAt least:
Å Inertial Frame (i)

ÅNavigation Frame (n)

ÅBody frame (b) 
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InertialNavigationSchemes

Basic concept:

Å Measure accelerations

Å Integrate acceleration to get 

velocity 

Å Integrate velocity to get 

position

Issues:

Å Accelerations are measured in 

the sensor reference frame

Å Velocity and position might be 

meaningful ONLY in a different 

frame (the Navigation Frame) 

Å Must convert measures from 

sensor frame to Navigation 

frame if sensor frame 

rotates 
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InertialNavigationSchemes

Two implementations of the basic same principle: 

Å Stabilized platform

Å Sensors are always KEPT ALIGNED with the  Navigation 
Frame

Å Measurements can be readily integrated

Å Strapdown platform

Å Sensorsrotate with the vehicle

ÅMust ESTIMATE vehicleto navigationframesrotation

ÅΧ then transform(rotate) numericallymeasured
accelerationfrom sensor/body frame to navigationframe

ÅΧ then measurementscan be integrated
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InertialNavigationSchemes: StabilizedPlatform

Å This mechanization isolates the accelerometers from rotational motions of the vehicle and 

maintains the proper orientation of accelerometer axes. This solution finds its main application in 

space travel.

Å The major advantages are: simpler gyros (platform rotates at small rates, lower dynamic range), 

high accuracy (North and East accelerometers do not see a component of gravity), self alignment 

by gyro compassing and sensor calibration by platform rotations.  

Å The main disadvantages are: complexity and cost, gimbal magnetics (torquers must not leak 

magnetic flux) and reliability (bearings and slip rings tend to wear).
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InertialNavigationSchemes: StabilizedPlatform
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StabilizedInertialNavigationExamples

Gyro -compass 
Mark XIV, 

About 1944
the most widely 

built ship gyro of 
WW II
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StabilizedInertialNavigationExamples
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ST-124

Inertial Navigation system of 

Saturn V (Apollo program)

Stabilized Inertial Navigation Examples
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ST-124

Inertial Navigation system of 

Saturn V (Apollo program)

StabilizedInertialNavigationExamples
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ST-124

Inertial Navigation system of 

Saturn V (Apollo program)

StabilizedInertialNavigationExamples
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StabilizedInertialNavigationExamples
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Inertial Navigation Schemes: StrapDown Platform

Å Are characterized by components rigidly attached to the vehicle with benefits due to reduced 

size, cost and performance.

Å Among the advantages of Strapdown systems we have: simple structure, low cost; more rugged 

and lighter assembly; reliability (no gimbal magnetics, no slip rings, no bearings, electronics more 

reliable then machinery).

Å There are disadvantages such as: more difficult to align; more difficult to calibrate; motion induced 

errors which can only be partly compensated for; accelerometer errors (each accelerometer may 

feel 1 g from gravity) and requires a computer that can perform quick coordinate rotations.
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Inertial Navigation Schemes: StrapDown Platform
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Strapdown Inertial Navigation platform examples
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Inertial Navigation Schemes: StrapDown Platform

b
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Example of 2D Strapdown INS

Å The system contains:

 2 accelerometers 

 1 rate gyroscope

Å The sensitive axes of the 

accelerometers, indicated 

by the arrows directions 

are normal to each other 

and in the directions of 

motion (Xb, Zb) axes

Å The gyroscope is 

mounted with the 

sensitive axis orthogonal 

to both accelerometers, 

allowing it to detect 

rotations about an axis 

perpendicular to the plane 

of motion (Yb)
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Example of 2D Strapdown INS: 
Navigation w.r.t. the Inertial Frame

Å body attitude q is computed 

by integrating the measured 

angular rate wyb with 

respect to time

Å This information is then used 

to resolve the measurements 

of specific force (fxb, fzb) into 

the reference frame

Å A gravity model, stored in the 

computer, is assumed to 

provide estimates of the 

gravity components in the 

reference frame

Å These are subsequently 

integrated twice to obtain 

estimates of vehicle velocity 

and position

xi zi( , )n n

ib

xi xb zb

zi xb zb

xi xi xi

zi zi zi

i xi

i zi

f f f

f f f

f g

f g

x

z

cos sin

sin cos

ëq=w
î
= q+ qî

î =- q+ q
î
n = +ì
în = +
î
î =n
î
=ní

Dead Reckoning :
Must know Initial attitude 

velocity and position
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Example of 2D Strapdown INS: 
Navigation w.r.t. a Local Geographic Frame

Consider now the navigation solution in a rotating frame: 

A Vehicle moving in a Meridian Plane (along a Longitude line)

The previous mechanization entails a further transformation of the velocity and position, to a 

geographic frame.  An alternative often used is to navigate directly with respect to the latter reference 

frame, defined in this case simply by the direction of the local vertical at the current location of the vehicle.
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Example of 2D Strapdown INS

In order to compute attitude with respect to the local geographic frame 

it is necessary to keep track of the navigation information 

with respect to the local geographic frame that rotates with 

vehicle motion to follow the earth curvature. This information

can be extracted by taking the difference between 

gyroscopic measurements of body turn rate with respect to 

inertial space, and current estimate of the turn rate of the 

geographic frame with respect to the inertial space.

Transport Rate 
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Example of 2D Strapdown INS

In order to compute attitude with respect to the local geographic frame 

it is necessary to keep track of the navigation information 

with respect to the local geographic frame that rotates with 

vehicle motion to follow the earth curvature. This information

can be extracted by taking the difference between 

gyroscopic measurements of body turn rate with respect to 

inertial space, and current estimate of the turn rate of the 

geographic frame with respect to the inertial space.

The Transport Rate for a vehicle moving with velocity nx and

With a spherical Earth of Radius Ro, is:

The transport rate is used to compensate gyroscopic measures

and also generates coriolis effects (the navigation frame is now

not inertial). 

x

R h0

n

+

x
yb

x xb zb

z xb zb

x z
x x

x
z z

x

z

R h

f f f

f f f

f
R h

f g
R h

x

z

0

0

2

0

cos sin

sin cos

në
q=w -î +
î
î = q+ q
î
=- q+ qî

î n nîn = +ì
+

î
î n
n = + -î

+î
î =n
î
=nîí

The navigation

Solution is :
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Example of 2D Strapdown INS : Comparison

x
yb

x xb zb

z xb zb

x z
x x

x
z z

x

z

R h

f f f

f f f

f
R h

f g
R h

x

z

0

0

2

0

cos sin

sin cos

në
q=w -î +
î
î = q+ q
î
=- q+ qî

î n nîn = +ì
+

î
î n
n = + -î

+î
î =n
î
=nîí

Comparison:

ib

xi xb zb

zi xb zb

xi xi xi

zi zi zi

i xi

i zi

f f f

f f f

f g

f g

x

z

cos sin

sin cos

ëq=w
î
= q+ qî

î =- q+ q
î
n = +ì
în = +
î
î =n
î
=ní

Inertial Reference Rotating Reference

The attitude computation is modified to take into account of the turn rate of the local vertical.

The terms that appear in the velocity equations are included to take into consideration the additional forces 

acting as the system moves around the Earth (Coriolis terms).

The gravity term appears only in the z-direction because of the assumption of spherical, uniform Earth.
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Comparison with stabilized platform

What changes with a stabilized platform ?

ib

xi xb zb

zi xb zb

xi xi xi

zi zi zi

i xi

i zi

f f f

f f f

f g

f g

x

z

cos sin

sin cos

ëq=w
î
= q+ qî

î =- q+ q
î
n = +ì
în = +
î
î =n
î
=ní

Inertial Reference The platform attitude is 

CONSTANT ! (=0)

The vehicle attitude is 

measured  from the 

gimbal angle and 
NO MORE computed !

The gravity components 

change with motion

=> compensation 

requires knowledge of 

position w.r.t. earth! 
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Comparison with stabilized platform

x
yb

x xb zb

z xb zb

x z
x x

x
z z

x

z

R h

f f f

f f f

f
R h

f g
R h

x

z

0

0

2

0

cos sin

sin cos

në
q=w -î +
î
î = q+ q
î
=- q+ qî

î n nîn = +ì
+

î
î n
n = + -î

+î
î =n
î
=nîí

What changes with a stabilized platform ?

Rotating Reference

The Transport Rate is 

used as reference for 

platform null loops 

(= desired platform 

angular velocity)

Platform Attitude is 

NOT CONSTANT

w.r.t. the inertial frame 

BUT is always parallel

To the navigation frame

The vehicle attitude

(w.r.t. the nav. frame) is 

measured  from the 
gimbal angle! 

Navigation w.r.t a 

NON INERTIAL frame

still requires Coriolis 

compensation

Gravity is constant  

only along Z axis in

the navigation frame
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Navigationmathematics

Å Frames of References and Coordinate Transformations

Å Earth Models 

Å Earth shape and elliptical coordinates 

Å Gravity Model 

ÅMagnetic Field Model

Å Inertial Navigation Equations (Mechanization)

Å Gimbaled and strap-down

Å Attitude and Position dynamics

Å Aiding sources

Å GPS, etc.

Å Sources of Navigation Errors

Å Derivation of error Dynamics

Å Integrated Inertial Navigation

Å Sensor fusion and Indirect (Error-state) Kalman Filtering 
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Referencesand Models

Å The motion of a vehicle is based on its relationship to an inertial system

Å Other references may be more useful from the point of navigation

Å Coordinate Transformations are used to express the navigation vector variables in 

one reference system or another according to necessity.

Å The most common transformation is the DCM (direction cosines matrix) based on 

Euler angles

Å Here we use the standard aerospace (and SNAME) standard for Roll Pitch and Yaw

angles

=n n b

bv C v

Vector & Rotation Matrix 

Syntax
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DCM and Roll, Pitch, and Yawangles

Å Sequence of three basic rotations that bring frame A (navigation/inertial) into frame B 

(body):

Å Rotate A around Z axis of Yaw angle 

Å then around NEW Y axis of Pitch angle 

Å then around NEW X axis of Roll angle 

a aè ø
é ù

a = - a a
é ù
é ùê ú

ZC

cos sin 0

( ) sin cos 0

0 0 1

a - aè ø
é ù

a =
é ù
é ùa aê ú

YC

cos 0 sin

( ) 0 1 0

sin 0 cos

è ø
é ù

a = a a
é ù
é ù- a aê ú

XC

1 0 0

( ) 0 cos sin

0 sin cos

= j J yb

n X Y ZC C C C( ) ( ) ( )

J y - j y+ y j J j y+ y j Jè ø
é ù

= = J y j y+ y j J - j y+ y j J
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Use of DCMs

Å Transform vectors expressed in a frame into an other

Å Compose successive frames rotations 

=n n b

bv C v

= =d d c b a d a

c b a av C C C v C v

http://www.chrobotics.com/wp-content/uploads/2012/11/Inertial-Frame.png

http://www.google.it/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.chrobotics.com/library/understanding-euler-angles&ei=8I8QVca5Bs7HPYHagPgF&bvm=bv.89184060,d.ZWU&psig=AFQjCNGLh4_XX6RbWVOtWJuXB6U8c-1MtA&ust=1427235155475906
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DCM rates

If a frame rotates with angular velocity:

(angular velocity of frame Y that rotates around X frame, expressed in the Y frame)

╣

( )= W =- W

-w wè ø
é ù

W = w -w
é ù
é ù-w wê ú

=-W

W = W

T
x x y x y

y y x y y x y
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x y

y y y

x x y x

y y x x

x y x x y y

C t C t C t

C t C t

C C

/ /

3 2

/ 3 1

2 1

/

/ /

( ) ( ) ( )

0

0

0
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[ ]w = w w w
Ty
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Coordinate Systems

ÅThere are several reference 

systems used in Navigation 

(Earth, and near-Earth)

ÅECEF-Earth-Centered, Earth-

Fixed Frame

ÅECI-Earth-Centered, Inertial

ÅLocal Geodetic (Geographic) 

Frame

ÅWander Azimuth Frame

ÅGeographic Local Horizon

ÅBody Frame
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Coordinate Systems

ÅECEF-Earth-Centered, Earth-Fixed Frame

ÅNon Inertial, Origin at Earth center

f= Latitude

l=Longitude

h= altitude / distance

from surface

Earth Spin Axis defined differently depending on the problem

Z-Axis = spin axis left figure

Y-Axis = spin axis center figure

X-Axis = spin axis right figure
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Coordinate Systems

Local Geodetic (Geographic) Reference

ÅSeveral possibilities exists and all of them are equally valid 

NED (North-East-Down)    ENU (East-North-UP)       NWU (North-West-Up)
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Coordinate Systems

The Wander Azimuth (WA) frame is currently used in navigation, and has several definitions.

It plays an important role for navigating at high latitudes without incurring in transformation 

singularities associated with North-based implementations.

Wander Azimuth Frame

n

sin

si

a=

ë

-l f
ì
í

a=l f

1)

Time rate of change of Wander angle 

NED                      ENU                           NWU
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Coordinate Systems

ECI (i)

ECEF (e)

ENU (l)

ENU + Wander Azimuth

Example:

a
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Coordinate Systems

-è ø
é ù
= -
é ù
é ùê ú

LOS

G

cElcAz cElsAz sEl

C z sAz cAz

sElcAz sElsAz cEl

( ) 0

ÅGeographical Local Horizon LOS

A line of sight can be defined on the local horizon plane, if there are sensors used for navigation or 

targeting such as cameras pointing a specific direction.  Figure shows the orientation of a LOS in 

terms of Azimuth (Az) and Elevation (El) angles relative to a NED geodetic frame.

Rotation 1: Azimuth about D - Axis

Rotation 2: Elevation about Eô- Axis

The above expression can also be used to derive the 

relative (linearized) position Dr of an object at range r, 

being tracked by a station with respect to the stationôs 

position

sElcAz sElsAz cEl x

sAz cAz y

cElcAz cElsAz sEl z

0 0

0

r - - Dè ø è ø è ø
é ù é ù é ù
= - Ö D

é ù é ù é ù
é ù é ù é ù- - - Dê ú ê ú ê ú
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SpecificCoordinate Transformations

1. Transformation matrix from ECEF to the local geodetic frame NWU 

f - fè ø è ø
é ù é ù

= l Ö f = l l Ö
é ù é ù
é ù é ù- l l f fê ú ê ú

G

E

c s

C R R c s

s c s c

1 2

1 0 0 0

( ) ( ) 0 0 1 0

0 0

a aè ø
é ù

= Ö = - a a Ö
é ù

a

é ùê ú

N GN

G

G

E E E

c s

C C s cC C

0

0

1

)

0

(

0

2. Using the WA frame, as Navigation Reference
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SpecificCoordinate Transformations

ÅTransformation matrix between the ECEF and NED

Rotation 1: l about Ze

Rotation 2: -f about Yôe

Rotation 3: alignment of axes from Up-East-North 

  to North-East-Down  (-90 deg around Yôôe)

f f l lè ø è ø è ø
é ù é ù é ù

= Ö -f Ö l = Ö Ö - l l
é ù é ù é ù
é ù é ù é ù- - f fê ú ê ú ê ú
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0
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é ù
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G G E

I E I

s c s s c

C C C s c

c c c s s

( ) ( )

( ) ( ) 0

( ) ( )

The transformation between earth centered inertial 

and local geodetic is obtained introducing earthôs 

angular displacement
I Et/q=w



Lorenzo Pollini ςSistemi di Guida e Navigazione ς[a LƴƎŜƎƴŜǊƛŀ wƻōƻǘƛŎŀ Ŝ ŘŜƭƭΩ!ǳǘƻƳŀȊƛƻƴŜ ςUniv. di Pisa 49

Earth Models

Precise Modeling of the Earth is fundamental problem in inertial navigation 

Main sources of errors are: 

Åthe shape of the Earth

Åthe variation of gravity due to the non uniform density of Earth itself  

The most widely used model today is the World Geodetic System (WGS-84)
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Ellipsoid Geometry

f

f

C

p

e

r

r

Ellipsoid Geometry

Geocentric Latitude

Geodetic Latitude

Polar Radius

Equatorial Radius



Lorenzo Pollini ςSistemi di Guida e Navigazione ς[a LƴƎŜƎƴŜǊƛŀ wƻōƻǘƛŎŀ Ŝ ŘŜƭƭΩ!ǳǘƻƳŀȊƛƻƴŜ ςUniv. di Pisa 51

Ellipsoid Geometry
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From Ellipse Equations and Geometry

Equatorial Plane Variables
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Eccentricity

Ellipticity

Flattening
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Ellipsoid Geometry

The radii of curvature (along the lines of constant 

Longitude (M) and Latitude (N) respectively) are:

è øå õ
+é ùæ ö
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-e f
°
b
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dz
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Ellipsoid Geometry

Compute the position coordinates in the 

ECEF frame for a point on the surface

ë å õ
î æ ö= + f l

æ öî -e fç ÷
î

å õîî
æ ö= + f lì
æ ö-e fî ç ÷

î
å õî -e
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x h

r
y h

r
z h

2 2

2 2

2

2 2

cos cos
(1 sin )

cos sin
(1 sin )

(1 )
sin
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The radii of curvature (along the lines of constant 

Longitude and Latitude respectively)
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meridian normal
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b
= =
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During the motion on the surface, the values of Latitude and Longitude vary with time with respect to 

the inertial frame, and with respect to the arc-length along meridians and parallels

( )

north

meridian

east

normal

R h

R h cos

në
f=î +î
ì

nîl=
î + fí

Left equation is always valid except for poles operation, where 

a singularity exists.  Position evolution in this instance must 

use other methods (DCM or Quaternions).
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EllipsoidGravitationalAcceleration

The mutual mass attraction due to Earth, or Gravitation, can be found as an 

approximated series of terms that include a first term representing spherical 

Earth, and successive terms approximating the oblateness.  

For a small mass m on the surface of 

earth (with radius re)
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EllipsoidGravitationalAcceleration

The mutual mass attraction due to Earth, or Gravitation, can be found as an 

approximated series of terms that include a first term representing spherical 

Earth, and successive terms approximating the oblateness.  

If we stop after the first two terms we have (for point (x,y,z) in ECEF)

WGS-84 constants
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EllipsoidGravitationalAcceleration

The mutual mass attraction due to Earth, or Gravitation, can be found as an 

approximated series of terms that include a first term representing spherical 

Earth, and successive terms approximating the oblateness.  

If we stop after the first two terms we have (for point (x,y,z) in ECEF)

WGS-84 constants
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Ellipsoid Gravity

Gravity is the acceleration on a rotating Earth; therefore we must adjust to account for 

the centripetal acceleration due to Earthôs rotation if a non-inertial reference is needed

I E I Eg G r/ /= -W W

+ f
=

-e f

WGS
WGSo

g
g g

2

1

2 2

(1 sin )

(1 sin )

Gravity vector may defined as perpendicular to the reference ellipsoid; thus only its 

magnitude needs to be defined. 

WGS-84 formula
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Ellipsoid Gravity ς Change with Latitude
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Ellipsoid Gravity ς Change with altitude

The main contribution to Gravity is given by the Gravitational acceleration part:

I E I Eg G r/ /= -W W

+ f
= - Ö

-e f

WGS
WGSo WGSo

g h
g g g

R

2

1

2 2

(1 sin )
2

(1 sin )

Altitude correction.

and variation in the two terms due to altitude above the ellipsoid is larger due to 

gravitational potential. => approximate change due to altitude as a quadratic 

function of distance (as in the  gravitational acceleration part):

~ 99.5 % ~ .5 %

( ) =

µ
= Ö @ + Ö = - Ö

µ+ h

R g h h
g h g g h g g

h RR h

2

2

0

( )
( ) (0) (0) 2 (0)

This equations represent only an approximation, various versions exists, and the 

value of R can be, with different levels of approximations, the equatorial radius or an 

equivalent corrected equatorial radius given by: 

= + + - Ö feR R f m f 2/ (1 1/ 2 / sin ) WGS-84 formula
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The Geoid

The geoid is the shape that the surface of the oceans would take under the influence of 

Earth's gravitation and rotation alone, in the absence of other influences such as winds and tides.

The geoid is by definition a surface to which the force of gravity is everywhere perpendicular. 

This means that when travelling by ship, one does not notice the undulations of the geoid; 

the local vertical (plumb line) is always perpendicular to the geoid and the local horizon 

tangential to it.

1. Ocean
2. Ellipsoid

3. Local plumb
4. Continent

5. Geoid
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The Geoid



Lorenzo Pollini ςSistemi di Guida e Navigazione ς[a LƴƎŜƎƴŜǊƛŀ wƻōƻǘƛŎŀ Ŝ ŘŜƭƭΩ!ǳǘƻƳŀȊƛƻƴŜ ςUniv. di Pisa 62

The Geoid(EGM-96)
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GeoidGravity

+ f +
= - Ö
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WGSo WGSo
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Gravity deviations from the nominal value given are usually represented in vector 

form with respect to the local level geographic frame

g

g g

g

xè ø
é ù
= -h
é ù
é ùê ú

Meridian Deflection of Vertical

Normal Deflection of Vertical

Altitude h and Geoid 

undulation N correction.
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GeoidGravity

Gravity deviations from the nominal value given are usually represented in vector 

form with respect to the local level geographic frame.

Example: North America NORTH-SOUTH deflection from the vertical in arcsec

g

g g

g

xè ø
é ù
= -h
é ù
é ùê ú
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MagneticCompass

ÅThe MagneticCompassindicatesthe directionof North
Å in absenceof disturbances

Å in absenceof distortionsof the magneticfield

Å only if the 9ŀǊǘƘΩǎmagneticfield is«ideal» (and it is not!)
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MagneticCompass& Declination

Å The MagneticCompassdoesNOT point to the geographicnorth

Magenta:  
magnetic declination
(deviation from geo -

Graphic North) in 

degrees

Cyan: 
annual change
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MagneticCompass& Declination

Å The MagneticCompassdoesNOT point to the geographicnorth
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MagneticCompass& Declination

Å The MagneticCompassdoesNOT point to the geographicnorth
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MagneticCompass& Declination

Å The MagneticCompassdoesNOT point to the geographicnorth
Estimated declination contours by year, 1590 to 1990

http://en.wikipedia.org/wiki/File:Earth_Magnetic_Field_Declination_from_1590_to_1990.gif
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MagneticCompass& Declination

Å The MagneticCompassdoesNOT point to the geographicnorth
Estimated declination contours by year, 1590 to 1990

http://en.wikipedia.org/wiki/File:Earth_Magnetic_Field_Declination_from_1590_to_1990.gif
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MagneticCompass& Declination

Å The MagneticCompassdoesNOT point to the geographicnorth
Estimated declination contours by year, 1590 to 1990

é and magnetic field is NOT 
parallel to the local horizontal

plane

http://en.wikipedia.org/wiki/File:Earth_Magnetic_Field_Declination_from_1590_to_1990.gif
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Earth MagneticField

At any location, the Earth's magnetic field can be represented by 
a three -dimensional vector. Its angle relative to true North is the 
declination  (D) or variation. Facing magnetic North, the angle 

the field makes with the horizontal is the inclination  (I) or dip. 
The intensity  (F) of the field is proportional to the force it 
exerts on a magnet. A common representation is in X (North), Y 
(East) and Z (Down) coordinates.
The intensity of the field is often measured in Gauss (G) or in 
nanoteslas ( nT), with 1 G = 100,000 nT.  The field ranges 
approximately 0.25 ï0.65 G. 
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Earth MagneticField


