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Gravity of Earth

The gravity of Earth, which is denoted by g, refers to the

acceleration that is imparted to objects due to the distribution of mass
within Earth. In ST units this acceleration is measured in metres per
second squared (in symbols, m/s> or m-s2) or equivalently in
newtons per kilogram (N/kg or N-kg™!). Near Earth's surface,
gravitational acceleration is approximately 9.8 m/s?, which means
that, ignoring the effects of air resistance, the speed of an object

falling freely will increase by about 9.8 metres per second every
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second. This quantity is sometimes referred to informally as little g =
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normal equatorial value on Earth, 9.78033 m/s?), do, gee, or simply (Animated version)[t!

(in contrast, the gravitational constantG is referred to asbig G).

The precise strength of Earth's gravity varies depending on location.
The nominal "average" value at Earth's surface, known as

standard gravity is, by definition, 9.80665 m/s2.[2] This quantity is

g (which is also used for the variable local value). The weight of an
object on Earth's surface is the downwards force on that object, given
by Newton's second law of motion, or F' = ma (force = mass % acceleration). Gravitational acceleration contributes to the total

acceleration, but other factors, such as the rotation of Earth, also contribute, and, therefore, f&fct the weight of the object.
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A perfect sphere of uniform mass density, or whose density varies solely with distance from the centre (spherical symmetry), would
produce a gravitational field of uniform magnitude at all points on its surface, always pointing directly towards the sphere's centre.
The Earth is not spherically symmetric, but is slightly flatter at the poles while bulging at the Equator: an oblate spheroid There are
consequently slight deviations in both the magnitude and direction of gravity across its surface. The net force (or corresponding net
acceleration) as measured by a scale and plumb bob is called "effective gravity" or "apparent gravity". Effective gravity includes
other factors that affect the net force. These factors vary and include things such as centrifugal forcel®! at the surface from the Earth's

rotation and the gravitational pull of the Moon and Sun.

Effective gravity on the Earth's surface varies by around 0.7%, from 9.7639 m/s®> on the Nevado Huascaran mountain in Peru to
9.8337 m/s? at the surface of the Arctic Ocean.¥] In large cities, it ranges from 9.7760P! in Kuala Lumpur, Mexico City, and
Singapore to 9.825 in Oslo and Helsinki.

Legal definition

In 1901 the third General Conference on Weights and Measures defined a standard gravitational acceleration for the surface of the
Earth: g,, = 9.80665 m/s2. The larger variations described below were not yet known. Therefore this definition is not a value of any
particular place or carefully worked out average, but an agreement for a value to use if a better actual local value is not known or not

important.[6]

Latitude

The surface of the Earth is rotating, so it is not an inertial frame of
reference. At latitudes nearer the Equator, the outward centrifugal
force produced by Earth's rotation is larger than at polar latitudes.
This counteracts the Earth's gravity to a small degree — up to a
maximum of 0.3% at the Equator — and reduces the apparent

downward acceleration of falling objects.

The second major reason for the difference in gravity at different

latitudes is that the Earth's equatorial bulge (itself also caused by

centrifugal force from rotation) causes objects at the Equator to be

farther from the planet's centre than objects at the poles. Because the L o ST LS
The differences of Earth's gravity around the

force due to gravitational attraction between two bodies (the Earth _ i
Antarctic continent.

and the object being weighed) varies inversely with the square of the
distance between them, an object at the Equator experiences a

weaker gravitational pull than an object at the poles.

In combination, the equatorial bulge and the effects of the surface centrifugal force due to rotation mean that sea-level effective
gravity increases from about 9.780 m/s? at the Equator to about 9.832 m/s? at the poles, so an object will weigh about 0.5% more at
the poles than at the Equatm{3][7]

The same two factors influence the direction of the effective gravity (as determined by a plumb line or as the perpendicular to the
surface of water in a container). Anywhere on Earth away from the Equator or poles, effective gravity points not exactly toward the
centre of the Earth, but rather perpendicular to the surface of the geoid, which, due to the flattened shape of the Earth, is somewhat
toward the opposite pole. About half of the deflection is due to centrifugal force, and half because the extra mass around the Equator

causes a change in the direction of the true gravitational force relative to what it would be on a spherical Earth.

Altitude
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Gravity decreases with altitude as one rises above the Earth's surface because greater —
altitude means greater distance from the Earth's centre. All other things being equal, ‘\‘__‘
an increase in altitude from sea level to 9,000 metres (30,000 ft) causes a weight 1 \‘\-\_

decrease of about 0.29%. (An additional factor affecting apparent weight is the e —

decrease in air density at altitude, which lessens an object's buoyancy.[s] This would =

increase a person's apparent weight at an altitude of 9,000 metres by about 0.08%)

It is a common misconception that astronauts in orbit are weightless because they

have flown high enough to escape the Earth's gravity. In fact, at an altitude of 400 High (km]
kilometres (250 mi), equivalent to a typical orbit of the Space Shuttle gravity is still The graph shows the variation in
nearly 90% as strong as at the Earth's surface. Weightlessness actually occurs gravity relative to the height of an

because orbiting objects are infree-fall.%] object above the surface

The effect of ground elevation depends on the density of the ground (see Slab
correction section). A person flying at 30 000 ft above sea level over mountains will feel more gravity than someone at the same

elevation but over the sea. Howeveya person standing on the earth's surface feels less gravity whe the elevation is higher

The following formula approximates the Earth's gravity variation with altitude:

gn = 9o re th

Where

= gy, is the gravitational acceleration at heighth above sea level.
= T, isthe Earth's mean radius

= (o is the standard gravitational acceleration

The formula treats the Earth as a perfect sphere with a radially symmetric distribution of mass; a more accurate mathematical

treatment is discussed below

Depth

An approximate value for gravity at a distance 1 from the center of the Earth can be obtained by assuming that the Earth's density is
spherically symmetric. The gravity depends only on the mass inside the sphere of radius . All the contributions from outside cancel
out as a consequence of the inverse-square law of gravitation. Another consequence is that the gravity is the same as if all the mass

were concentrated at the center Thus, the gravitaional acceleration at this radius i§10]

g(r) = —Gﬂf—z(r)-

where G is the gravitational constantand M(r) is the total mass enclosed within radius r. If the Earth had a constant density p, the

mass would be M(r) = (4/3)71;)1”3 and the dependence of gravity on depth would be

4
g(r) = ?G’pr.

g at depth d is given by g'=g(1-d/R) where g is acceleration due to gravity on surface of the earth, d is depth and R is radius of
Earth. If the density decreased linearly with increasing radius from a density pg at the center to p; at the surface, then

p(r) =po — (pg — p1) '/ I'e, and the dependence would be

2

4
g(r) = 5 Gpor — G (po — p1) .


https://en.wikipedia.org/wiki/Space_Shuttle
https://en.wikipedia.org/wiki/Free-fall
https://en.wikipedia.org/wiki/Earth_radius
https://en.wikipedia.org/wiki/Standard_gravitational_acceleration
https://en.wikipedia.org/wiki/Inverse-square_law
https://en.wikipedia.org/wiki/Gravitational_constant
https://en.wikipedia.org/wiki/Earth
https://en.wikipedia.org/wiki/File:Erdgvarp.png

The actual depth dependence of density and gravity, inferred from seismic travel times (see Adams—Williamson equation), is shown

in the graphs below

Free-fall acceleration of Earth
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Local topography and geology

Local differences in topography (such as the presence of mountains), geology (such as the density of rocks in the vicinity), and
deeper tectonic structure cause local and regional differences in the Earth's gravitational field, known as gravitational anomalies.[*?]
Some of these anomalies can be very extensive, resulting in bulges in sea level, and throwing pendulum clocks out of

synchronisation.

The study of these anomalies forms the basis of gravitational geophysics. The fluctuations are measured with highly sensitive
gravimeters, the effect of topography and other known factors is subtracted, and from the resulting data conclusions are drawn. Such
techniques are now used by prospectors to find oil and mineral deposits. Denser rocks (often containing mineral ores) cause higher

than normal local gravitational fields on the Earth's surface. Less denssedimentary rockscause the opposite.

Other factors
In air, objects experience a supporting buoyancy force which reduces the apparent strength of gravity (as measured by an object's

weight). The magnitude of the efect depends on dr density (and hence air pressure); seeApparent weight for details.

The gravitational effects of the Moon and the Sun (also the cause of the tides) have a very small effect on the apparent strength of

Earth's gravity, depending on their relative positions; typical variations are 2 pm#s(0.2 mGal) over the course of a day

Comparative gravities in various cities around the world

Tools exist for calculating the strength of gravity at various cities around the world.13] The effect of latitude can be clearly seen with
gravity in high-latitude cities: Anchorage (9.826 m/s?), Helsinki (9.825 m/s?), being about 0.5% greater than that in cities near the
equator: Kuala Lumpur (9.776 m/s®), Manila (9.780 m/s?). The effect of altitude can be seen in Mexico City (9.776 m/s?; altitude
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2,240 metres (7,350 ft)), and by comparing Denver (9.798 m/s?; 1,616 metres (5,302 ft)) with Washington, D.C. (9.801 m/s?; 30

metres (98 ft)), both of which are near 39° N. Measured values can be obtained from Physical and Mathematical Tables by T.M.

Yarwood and E Castle, Macmillan, revised editim 1970141

Mathematical models

Latitude model

If the terrain is at sea level, we can estimateg{¢}, the acceleration at latitude¢:

9{¢} =9.780327 m - 572 (1+ 0.0053024 sin® ¢ — 0.0000058 sin’ 2¢) ,
=9.780327 m-s~% (1+ 0.0052792 sin’ ¢ + 0.0000232 sin* ¢) ,
= 9.780327 m - s> (1.0053024 — 0.0053256 cos® ¢ -+ 0.0000232 cos® ¢) ,
=9.780327 m - s> (1.0026454 — 0.0026512 cos 2¢ + 0.0000058 cos” 2¢)

This is the International Gravity Formula 1967, the 1967 Geodetic Reference System Formula, Helmert's equation or Clairaut's
formula [1°]

An alternative formula forg as a function of latitude is the WGS World Geodetic Systen) 84 Ellipsoidal Gravity Formula!16]

oo} =G, | LERse |

1 — e2sin? ¢

where,

= a, b are the equatorial and polar semi-axes, respectively;

= e2 =1— (b/a)? is the spheroid'seccentricity, squared;

» Ge, G, is the defined gravity at the equator and poles, respectively,
bGp —aG,

= TG,E

then, where G, = 9.8321849378 m - s~2 [16]

(formula constant);

1 + 0.00193185265241 sin? ¢

g{¢} = 9.7803253359 m - s>

\/ 1 — 0.00669437999013 sin? ¢

The difference between the WGS-84 formula andHelmert's equation is less than 0.68 pm-s2.

Free air correction

The first correction to be applied to the model is the free air correction (FAC) that accounts for heights above sea level. Near the
surface of the Earth (sea level), gravity decreases with height such that linear extrapolation would give zero gravity at a height of one
half of the earth's radius - (9.8 m-52 per 3,200 krnjl?]

Using the mass and radius of theEarth:

TEarth = 6.371-10% m
MEartn = 5.9722 - 10% kg
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The FAC correction factor (Ag) can be derived from the definition of the acceleration due to gravity in terms of G, the Gravitational

Constant (see Estimatingg from the law of universal gravitation, below):
m
— 2 — -
90 = G MEgarth /T,y = 9-8196 2
where:
m3
G=6.67384-107" ——.
kg - s2

At a height h above the nominal surface of the earthgy, is given by:

gh = G MEgartn /(TEarts + h)°

So the FAC for a heighth above the nominal earth radius can be expressed:

Agp = [G MEarth / (TEarth + h)z] - [G MBarth / r%arth]

This expression can be readily used for programming or inclusion in a spreadsheet. Collecting terms, simplifying and neglecting

small terms (h<<rg,), however yields the good approximation:

Gmgatn  2h

2

Agp = —

Using the numerical values above and for a height in metres:
Agr ~ —3.086-1075h

Grouping the latitude and FAC altitude factors theexpression most commonly found in the literature is:

g{é,h} = g{¢} — 3.086 - 10 °h

where g{¢, h} = acceleration in m's 2 at latitude ¢ and altitude h in metres. Alternatively (with the same units for h) the expression

can be grouped as follows:

o{#,h} = g{4} ~3.155-107"h =

Slab correction

Note: The section uses the galileo (symbol: "Gal"), which is a cgs unit for acceleration of
1 centimetre/second 2.

For flat terrain above sea level a second term is added for the gravity due to the extra mass; for this purpose the extra mass can be
approximated by an infinite horizontal slab, and we get 2nG times the mass per unit area, i.e. 4.2x107 10 m3.s2kg!
(0.042 pGalkg -m?) (the Bouguer correction). For a mean rock density of 2.67 g-cm™> this gives 1.1 x 107 572 (0.11 mGal'm™1).
Combined with the free-air correction this means a reduction of gravity at the surface of ca. 2 pm-s™2 (0.20 mGal) for every metre of
elevation of the terrain. (The two effects would cancel at a surface rock density of 4/3 times the average density of the whole earth.
The density of the whole earth is 5.515 g-cm°, so standing on a slab of something like iron whose density is over 7.35 g-cm > would

increase one's weight.)


https://en.wikipedia.org/wiki/Gravitational_Constant
https://en.wikipedia.org/wiki/Galileo_(unit)

For the gravity below the surface we have to apply the free-air correction as well as a double Bouguer correction. With the infinite
slab model this is because moving the point of observation below the slab changes the gravity due to it to its opposite. Alternatively;
we can consider a spherically symmetrical Earth and subtract from the mass of the Earth that of the shell outside the point of

observation, because that does not cause gravity inside. This gives the same result.

Estimating g from the law of universal gravitation

From the law of universal gravitation the force on a body acted upon by Earth's gravity is given by

pog™ (g™,

72 T2

where r is the distance between the centre of the Earth and the body (see below), and here we take m; to be the mass of the Earth and

my to be the mass of the body
Additionally; Newton's second law; F = ma, where m is mass and a is acceleration, here tells us that
F=myg

Comparing the two formulas it is seen that:

So, to find the acceleration due to gravity at sea level, substitute the values of the gravitational constant, G, the Earth's mass (in

kilograms), my, and the Earth'sradius (in metres), r, to obtain the value ofg:

o, 5.9722.10** kg
(6.371 - 10% m)?2

g=G"L =667384-10 " m? kg ! 5" — 0.8196 m - 52
r

Note that this formula only works because of the mathematical fact that the gravity of a uniform spherical body, as measured on or
above its surface, is the same as if all its mass were concentrated at a point at its centre. This is what allows us to use the Earth's

radius forr.

The value obtained agrees approximately with the measured value of g. The difference may be attributed to several factors,

mentioned above under "\ariations":

= The Earth is nothomogeneous
= The Earth is not a perfect sphere, and an average value must be used for its radius

= This calculated value ofg only includes true gravity It does not includethe reduction of constraint force that we
perceive as a reduction of gravity due to the rotation of Earth, and some of gravity being counteracted by centrifugal
force.

There are significant uncertainties in the values of r and my as used in this calculation, and the value of G is also rather difficult to

measure precisely

If G, g and r are known then a reverse calculation will give an estimate of the mass of the Earth. This method was used by Henry
Cavendish.

See also

= Earth's magnetic field

Gravity (Gravitation)

= Gravity anomaly, Bouguer anomaly
= Gravitation of the Moon
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Gravitational acceleration

Gravity Field and Steady-State Ocean Circulation Explorer
Gravity Recovery and Climate Experiment

Newton's law of universal gravitation

References

1.

10.

11

12.

13.

14.

15.

16.

17.

NASA/JPL/University of Exas Center for Space Research."PIA12146: GRACE Global Gravity Animation'(http://ph
otojournal.jpl.nasa.gov/catalog/PIA12146) Photojournal NASA Jet Propulsion Laboratory Retrieved 30 December
2013.

. Taylor, Barry N.; Thompson, Ambley eds. (March 2008). The international system of units (SI)http://nvipubs.nist.go

v/nistpubs/Legacy/SP/nistspecialpublication330e2008.pdfjpdf) (Report). National Institute of Standards and
Technology. p. 52. NIST special publication 330, 2008 edition.

. Boynton, Richard (2001)."Precise Measurement of Mas$ (http://wwwspace-electronics.com/LiteraturéPrecise_Me

asurement_of Mass.PDF)(PDF). Sawe Paper No. 3147 Arlington, Texas: S.AW.E., Inc. Retrieved 2007-01-21.

. Hirt, Christian; Claessens, Sten; FecherThomas; Kuhn, Michael; Pail, Roland; RexerMoritz (August 28, 2013).

"New ultrahigh-resolution picture of Earth's gravity field(http://onlinelibrarywiley.com/doi/10.1002/grl.50838/abstrac
t). Geophysical Research Letters 40 (16): 4279-4283.Bibcode:2013GeoRL..40.4279H (http://adsabs.harvard.edu/a
bs/2013GeoRL..40.4279H) doi:10.1002/grl.50838 (https://doi.org/10.1002%2Fgrl.50838)

. "Wolfram|Alpha Gravity in Kuala Lumpur”, Vélfram Alpha, accessed May 2017(https://wwwwolframalpha.com/inpu

t/?i=gravity+in+kuala+lampur)

. Resolution of the 3rd CGPM (1901), page 70 (in cm/%). BIPM — Resolution of the 3rd CGPM(http://wwwbipm.org/e

n/CGPM/db/3/2/)

. "Curious About Astronomy?"(http://curious.astro.cornell.edu/question.php?number=310)Cornell University

retrieved June 2007

. "l feel 'lighter' when up a mountain but am 1?'(http://wwwnpl.co.uk/reference/faqs/i-feel-'lignter'-when-up-a-mountain

-but-am-i-(fag-mass-and-density)) National Physical Laboratory AQ

. "The G's in the Machine"(https://science.nasa.gov/science-news/science-at-nasa/2003/24jan_micro-g/NASA, see

"Editor's note #2"

Tipler, Paul A. (1999). Physics for scientists and engineers(4th ed.). New York: W.H. Freeman/Worth Publishers.
pp. 336—-337.1SBN 9781572594913

A. M. Dziewonski, D. L. Anderson (1981)"Preliminary reference Earth model"(http://www.openseismo.org/contribut
ors/Lee/MoWorking Backups/M02012_041dbackup/MoWbrking/Paper Pending/Dziewonski-Anderson_PEPI1981 p
297.pdf) (PDF). Physics of the Earth and Planetary Interiors25 (4): 297—-356.Bibcode:1981PEPI...25..297D (http://a
dsabs.harvard.edu/abs/1981PEPI...25..297D)d0i:10.1016/0031-9201(81)90046-7(https://doi.org/10.1016%2F0031
-9201%2881%2990046-7) ISSN 0031-9201 (https://wwwworldcat.org/issn/0031-9201)

Watts, A. B.; Daly S. E (May 1981)."Long wavelength gravity and topography anomalies(http://articles.adsabs.har
vard.edu/cgi-bin/nph-iarticle_query?1981AREPS...9..415W&defaultprint=YES&filetype=.pdfirDF). Annual Review
of Earth and Planetary Sciences 9: 415-418. Bibcode:1981AREPS...9..415W (http://adsabs.harvard.edu/abs/1981A
REPS...9..415W) doi:10.1146/annurevea.09.050181.002215(https://doi.org/10.1146%2Fannurevea.09.050181.00
2215).

Gravitational Fields Widget as of Oct 25th, 201Zhttp://wwwwolframalpha.com/widgets/viewjsp?id=d34e8683df527
€3555153d979bcda9cf)—- WolframAlpha

T.M. Yarwood and F Castle, Physical and Mahematical Tables, revised edition, Macmillan and Co D, London and
Basingstoke, Printed in Great Britain by The University Press, Glasgowi970, pp 22 & 23.

International Gravity formula(http://geophysics.ou.edu/solid_earth/notes/potential/igf.htmirchived (https://web.archi
ve.org/web/20080820093812/http://geophysics.ou.edu/solid_earth/notes/potential/igf.htn?)008-08-20 at the
Wayback Machine

Department of Defense World Geodetic System 1984 — Its Definition and Relationships with Local Geodetic
Systems,NIMA TR8350.2, 3rd ed., Thl. 3.4, Eq. 4-1(http://earth-info.nga.mil/GandG/publications/tr8350.2/wgs84fin.
pdf)

The rate of decrease is calculated by dierentiating g(r) with respect tor and evaluating atr=rgg-


https://en.wikipedia.org/wiki/Gravitational_acceleration
https://en.wikipedia.org/wiki/Gravity_Field_and_Steady-State_Ocean_Circulation_Explorer
https://en.wikipedia.org/wiki/Gravity_Recovery_and_Climate_Experiment
https://en.wikipedia.org/wiki/Newton%27s_law_of_universal_gravitation
http://photojournal.jpl.nasa.gov/catalog/PIA12146
http://nvlpubs.nist.gov/nistpubs/Legacy/SP/nistspecialpublication330e2008.pdf
https://en.wikipedia.org/wiki/National_Institute_of_Standards_and_Technology
http://www.space-electronics.com/Literature/Precise_Measurement_of_Mass.PDF
http://onlinelibrary.wiley.com/doi/10.1002/grl.50838/abstract
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/2013GeoRL..40.4279H
https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1002%2Fgrl.50838
https://www.wolframalpha.com/input/?i=gravity+in+kuala+lampur
http://www.bipm.org/en/CGPM/db/3/2/
http://curious.astro.cornell.edu/question.php?number=310
http://www.npl.co.uk/reference/faqs/i-feel-'lighter'-when-up-a-mountain-but-am-i-(faq-mass-and-density)
https://science.nasa.gov/science-news/science-at-nasa/2003/24jan_micro-g/
https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/9781572594913
http://www.openseismo.org/contributors/Lee/MoWorking_Backups/Mo2012_0414backup/MoWorking/Paper_Pending/Dziewonski-Anderson_PEPI1981_p297.pdf
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1981PEPI...25..297D
https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1016%2F0031-9201%2881%2990046-7
https://en.wikipedia.org/wiki/International_Standard_Serial_Number
https://www.worldcat.org/issn/0031-9201
http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1981AREPS...9..415W&defaultprint=YES&filetype=.pdf
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1981AREPS...9..415W
https://en.wikipedia.org/wiki/Digital_object_identifier
https://doi.org/10.1146%2Fannurev.ea.09.050181.002215
http://www.wolframalpha.com/widgets/view.jsp?id=d34e8683df527e3555153d979bcda9cf
https://en.wikipedia.org/wiki/WolframAlpha
http://geophysics.ou.edu/solid_earth/notes/potential/igf.htm
https://web.archive.org/web/20080820093812/http://geophysics.ou.edu/solid_earth/notes/potential/igf.htm
https://en.wikipedia.org/wiki/Wayback_Machine
http://earth-info.nga.mil/GandG/publications/tr8350.2/wgs84fin.pdf

External links

Altitude gravity calculator

GRACE - Gravity Recovery and Climate Experiment
GGMplus high resolution data (2013)

Geoid 2011 modelPotsdam Gravity Potato

Retrieved from 'https://en.wikipedia.org/w/index.php?title=Gravity of Earth&oldid=832314096


http://hyperphysics.phy-astr.gsu.edu/hbase/orbv.html
http://www.csr.utexas.edu/grace/
http://geodesy.curtin.edu.au/research/models/GGMplus/
http://www.universetoday.com/116801/the-potsdam-gravity-potato-shows-earths-gravity-variations/
https://en.wikipedia.org/w/index.php?title=Gravity_of_Earth&oldid=832314096
https://en.wikipedia.org/wiki/Wikipedia:Text_of_Creative_Commons_Attribution-ShareAlike_3.0_Unported_License
https://wikimediafoundation.org/wiki/Terms_of_Use
https://wikimediafoundation.org/wiki/Privacy_policy
https://www.wikimediafoundation.org/

