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In track and field, gravity and air resistance act on the
hammer after it has been released see (see Figure 1).

Both of these forces depend on altitude and latitude.
In addition, air resistance also depends on wind, tem-
perature, humidity, and barometric pressure.

Often, air resistance and varying gravity throughout
the earth are not considered when throwing imple-
ments as massive as the hammer. Due to the relatively
high velocities and flight times, it is reasonable to assume
that significant venue-induced effects could result from
local variances of gravity and air densities. These implied
venue effects are worthy of investigation.

Nonvenue effects also dictate the distance a ham-
mer will travel. For example, the International Associa-
tion of Athletics Federations regulates the physical
specifications for the hammer. The masses are different
for women and men (4 kg and 7.26 kg, respectively) as
well as the length ( 116.0–119.5 cm and 117.5–121.5 cm,
respectively) and the hammer head diameters (95–110
mm and 110–130 mm, respectively). In a man’s hammer
throw of 70–80 m, the drag force resulting from varia-
tion in the hammer head size has been shown to retard
the throw as much as 0.5 m (Dapena & Teves, 1982). The
acceleration of the hammer due to this drag force will
be greater for women than men due to the large differ-
ence in the implement’s mass.

The National Collegiate Athletic Association makes
adjustments to time based on altitude when competi-
tors seek qualifying marks for certain races for 55 through
400 m and 1,500 through 10,000 m. USA Track and Field
(USATF) also makes adjustments for 1,500 through
10,000 m, when races are held above 914 m. However,
no conversions are presently made for any throwing
events. The results of this study may give insight as to
whether any conversions should be made in the ham-
mer throw.

The purpose of this study was to calculate the venue-
induced effects of gravity and air resistance on the flight
of a hammer. This investigation only considered these
effects on 95-mm diameter hammers for women and 110-
mm diameter hammers for men, as they are more com-
monly used, but the principles discussed will relate to
any legal hammer.

The Effect of Venue and Wind on the Distance
of a Hammer Throw

Iain Hunter

Submitted: February 3, 2003
Accepted: November 14, 2004

Iain Hunter is with the Department of Physical Education at
Brigham Young University.

Figure 1.Figure 1.Figure 1.Figure 1.Figure 1. Forces working on the hammer moving through the
air. W = weight; V = velocity; R = resultant force; FD = drag
force; FDV and FDH = vertical and horizontal components of the
drag force, respectively. Images modified from (Dapena &
Teves, 1982).

Research Note—Biomechanics

Hunter.pmd 11/17/2006, 7:20 PM347

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

ew
ca

st
le

 (
A

us
tr

al
ia

)]
 a

t 0
6:

10
 0

3 
O

ct
ob

er
 2

01
4 



348348348348348 RQES: September 2005RQES: September 2005RQES: September 2005RQES: September 2005RQES: September 2005

Hunter

MethodMethodMethodMethodMethod

A computer simulation combined with measure-
ments from the 2002 USATF championships predicted
a throw distance with an equal release velocity and angle
at various venues, including: Los Angeles, CA; Provo, UT;
Gunnison, CO; Oslo, Norway; and Mexico City, Mexico.
These cities were chosen, because they represent alti-
tude and latitude extremes of track and field venues.
They also represent a range of U.S. collegiate venues from
near sea level to 2,349 m (7,703 ft) altitude. Table 1 shows
these venues with estimated values for air density and
acceleration due to gravity. The acceleration due to grav-
ity and the drag force varied, depending on the altitude
and latitude of each venue. Values for the acceleration
due to gravity were estimated using the formula:

g(m/s2) = 9.780356 (1 + 0.0052885 sin2 f
– 0.0000059 sin2 (2f)) – 0.003086H

where f is the latitude, and H is the altitude in kilome-
ters (Jursa, 1985).

Atmospheric data were obtained from the following
sources: MesoWest  (n.d.), for Provo and Gunnison, World
Weather Records for Oslo and Mexico City (National Cli-
matic Center, 1979), and The Weather Almanac for Los
Angeles (Ruffner, 2001). Temperature, humidity, and
barometric pressure were all taken into account in esti-
mating air density with the formulas:

Es = 6.11 * 10.0 ^ (7.5 * Tc / (237.7 + Tc))
E = RH * Es / 100
Tv = (Tc + 273) / [1 - 0.378 * E/P]
ρ = 100 * P / (Tv * 287.0)

where Es is the saturation vapor pressure (mb), Tc is the
temperature (°C), E is the vapor pressure (mb), RH is
the relative humidity (%), Tv is the virtual temperature
(°K), P is the barometric pressure (mb), and ρ is the air
density (kg/m3).

Drag coefficients were estimated using known drag
values for cylinders and spheres, through a range of 16–
28 m/s. Because the dimensions for men’s and women’s

implements are slightly different, the average drag co-
efficients varied (0.70 and 0.77, respectively; Mizera &
Horvath, 2002).

The women’s drag coefficient was slightly larger
than the men’s due to the smaller head size compared
to cable size for women. The value of the women’s drag
coefficient was estimated using the drag coefficient of a
smooth sphere and smooth cylinders representing the
cable and handle parts. Frontal surface area varied dur-
ing hammer flight and was input as an average area from
facing perpendicular to parallel to the direction of mo-
tion. Areas used in the model were 0.0093 m2 and 0.0117
m2 for women and men, respectively. The equation:

FD = 0.5 CD ρ v2 A

was used to estimate drag force, where CD is the drag
coefficient, ρ is the air density, v is the resultant velocity,
and A is the frontal surface area.

A three-dimensional analysis tracking the hammer
head at release provided average initial heights, speeds,
and angles of the furthest throws by the top 9 men and top
9 women at the 2002 USATF Championships (see Table
2). Three camera views were used, with the space being
calibrated using survey poles placed in a rectangle ap-
proximately 5 m in the direction of the throwing sector, 4
m wide, and 2.44 m high. A theodolyte was used to mea-
sure the placement of each pole. The Direct Linear Trans-
formation method was used to create a three-dimensional
model of the hammer head path and grip immediately
after release (Abdel-Aziz & Karara, 1971). These data were
used in the numerical integration technique described
by Dapena and Teves (1982) to predict hammer position
throughout its flight. This was done using equations of
motion for constant acceleration. While the hammer
motion through the air has nonconstant acceleration, re-
calculating the acceleration throughout the flight at suffi-
ciently small time intervals provides a good estimate of the
total distance of the throw (Dapena & Teves, 1982). The
equations used in the simulations were:

Sx = S0x + V0x u + ½ ax u
2 (1)

Vx = V0x + ax u (2)
Sy = S0y + V0y u + ½ ay u

2 (3)
Vy = V0y + ay u (4)

where u is the duration of the time interval (1/10,000
s), Sx and Sy represent the horizontal and vertical posi-
tions at the end of the time interval, S0x and S0y repre-
sent the horizontal and vertical positions at the
beginning of the time interval, Vx and Vy represent the
horizontal and vertical velocities at the end of the time
interval, and V0x and V0y represent the horizontal and
vertical velocities immediately before the time interval.
The horizontal and vertical accelerations, ax and ay, are
constant throughout the time interval. These were com-

TTTTTable 1.able 1.able 1.able 1.able 1. Acceleration due to gravity and air densities used in
computer simulations

Location Altitude (m) Acceleration due Air density
to gravity (m/s2) (kg/m3)

Gunnison, CO 2,349 9.793 0.888
Los Angeles, CA 82 9.796 1.154
Mexico City, Mexico 2,256 9.779 0.909
Oslo, Norway 19 9.819 1.188
Provo, UT 1411 9.795 0.981
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puted from the forces acting on the hammer at the be-
ginning of the time interval with the following equations:

ax = FDH/m (5)
ay = (FDV/m) - g (6)

where FDH is the horizontal component of the drag force,
FDV is the vertical component of the drag force, m is the
hammer mass, and g is the acceleration due to gravity,
adjusted for altitude and latitude. These forces are the
drag force and weight shown in Figure 1. The simula-
tion also took into account a range of wind speeds for
each venue. The winds were only considered in line with
the horizontal direction of the hammer from -8 to 8 m/
s in increments of 2 m/s.

The hammer is subjected to Magnus forces due to its
rotation when in flight. However, given the slow speed of
the rotation (usually less than five in a throw), this force
was considered negligible and, thus, ignored in the simu-
lation (Dapena & Teves, 1982). Due to the earth’s rotation,

Coriolis acceleration can affect throwing distance, depend-
ing on the direction the hammer is thrown (Mizera &
Horvath, 2002). However, the effects are small: up to 1.5
cm at the equator and progressively smaller at venues
farther from the equator. Therefore, the Coriolis accel-
eration was ignored in the current simulation. (Mizera
& Horvath, 2002).

The official distance of the best throws of the top 7
men and women at the 2002 USATF Nationals in Palo
Alto, CA, was compared with the distance predicted by
the model, using two paired t tests with alpha set at .05
(one for men and one for women). Initial velocities of
the hammer’s center of mass were taken from digitized
coordinates for the simulation.

ResultsResultsResultsResultsResults

Differences between average simulated and average
measured distances for the best throws of the top 7 men
and women at the 2002 USA Track and Field Champi-
onships were 0.5 m and 0.4 m (p = .01 and .30) for women
and men, respectively. Measured throws ranged from
61.56 to 70.34 m for women and 67.55 to 73.04 m for
men. The simulated throws were for a wind speed of zero.
For the women’s throws, measured distances were larger
than simulated distances for every throw.

The differences in the simulated throwing dis-
tances were as large as 0.66 m for women and 0.59 m for
men between Mexico City and Oslo, when no wind was
present (see Tables 3 and 4). Both air density and grav-

TTTTTable 2.able 2.able 2.able 2.able 2. Initial release speed and angles used in the simulation;
values used are the average release speeds and angles
measured from throws by finalists at the 2002 USA Track and
Field Championships

Gender Release Release Release
height (m) speed (m/s) angle (°)

Men 1.3 26.3 43
Women 1.3 25.8 40

TTTTTable 3.able 3.able 3.able 3.able 3. Women’s distances thrown at various venues with the initial release velocities shown in Table 2 and the indicated wind speeds

Wind speed (m/s)
-8 -6 -4 -2 0 2 4 6 8

Oslo, Norway 65.00 65.43 65.83 66.20 66.54 66.85 67.13 67.37 67.58
Los Angeles, CA 65.23 65.65 66.05 66.42 66.75 67.05 67.32 67.54 67.75
Provo, UT 65.70 66.05 66.39 66.70 66.98 67.24 67.47 67.68 67.86
Gunnison, CO 65.99 66.31 66.61 66.89 67.15 67.38 67.59 67.78 67.93
Mexico City, Mexico 66.00 66.34 66.65 66.94 67.20 67.45 67.66 67.85 68.02

TTTTTable 4.able 4.able 4.able 4.able 4. Men’s distances thrown at various venues with the initial release velocities shown in Table 2 and the indicated wind speeds

Wind speed (m/s)
-8 -6 -4 -2 0 2 4 6 8

Oslo, Norway 69.12 69.45 69.76 70.04 70.30 70.53 70.75 70.93 71.08
Los Angeles, CA 69.35 69.67 69.97 70.25 70.50 70.73 70.93 71.11 71.26
Provo, UT 69.62 69.91 70.18 70.42 70.65 70.86 71.03 71.20 71.34
Gunnison, CO 69.95 70.20 70.42 70.64 70.83 71.01 71.16 71.31 71.42
Mexico City, Mexico 69.96 70.23 70.47 70.69 70.89 71.07 71.24 71.38 71.50
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ity had meaningful effects; however, the simulations
showed varying air densities between venues to be the
main factor. For the extreme values of gravity and air
density, differences in gravity were responsible for 30%
of the variation in the simulated throw distance, while
differences in air density made up the other 70%.

Wind speeds from -8 to 8 m/s had different effects
on the distances of the throws depending on air density
at the various venues (see Tables 3 and 4 and Figures 2
and 3). Differences in throwing distances in Oslo, which
exhibited the greatest effects of wind speed, were 2.58
m for women and 1.96 m for men through the wind
speed range from -8 m/s to 8 m/s. The range of change
in throwing distance due to wind speed became smaller
as air density decreased.

DiscussionDiscussionDiscussionDiscussionDiscussion

The model accurately predicts distance of the ham-
mer throw, assuming the initial conditions of the imple-
ment and venue are correct. Although a statistically
significant difference was found for the women’s com-
parison, the difference was relatively small when com-
pared with the overall throw distance. The difference
may be due to errors in the velocity measurements from
digitizing or calibration or from different winds during
the women’s event. Wind speed was not measured dur-
ing the throws to know whether this was the case, although
winds of up to 3.6 m/s were recorded on the track at the
time of the hammer throw contest. However, even if the
difference was due to imperfections in the simulation,
there are likely minor errors in the relative distances

between venues and wind conditions. The effects of air
resistance are greater for women, mainly because the ham-
mer is so much less massive for women. It also has a greater
drag coefficient due to its different dimensions.

Simulations were performed only for the release
conditions shown in Table 2. Although differences in
throwing distance would be expected at different alti-
tudes, the magnitude of effects due to altitude will be
different depending on the release velocity and flight
time (greater differences for greater release velocities
and flight times). As release angle and speed vary, flight
time will change, leading to different altitude effects.
For example, a throw with a release angle of 44° that trav-
els the throwing distance of the current men’s world
record at sea level would travel 0.55 m further at an alti-
tude of 1,000 m (Mizera & Horvath, 2002). Our simula-
tions led to slightly smaller differences than Mizera
found partly because the angles were less, leading to
smaller flight times, but mainly due to the smaller re-
lease velocities in the present study, leading to smaller
effects of air resistance. In comparison with Dapena et
al. (2003), similar results were found using our model.
Dapena found differences in distance between his
model and measured distances of 0.46 m and 1.16 m for
men and women, respectively, under the “no wind” con-
dition. Because our methods were similar, our results
were close, although we do not know what the wind read-
ings were during the throws in our work or Dapena’s.

Wind speed showed different effects on the distance
of the throw depending on the air density. At higher
altitudes, wind speed did not affect the throws as much
as at lower altitudes. However, at all venues a strong wind
is noticeable in its effect on throwing distance. A range of
winds between -8 and 8 m/s would produce a range of

Figure 2.Figure 2.Figure 2.Figure 2.Figure 2. Throwing distances versus wind speed for women
using the initial conditions found in Table 2. Gunnison and Oslo
represent the extremes of the venues investigated in effects of
wind speed.

Figure 3.Figure 3.Figure 3.Figure 3.Figure 3. Throwing distances versus wind speed for men using
the initial conditions found in Table 2. Gunnison and Oslo
represent the extremes of the venues investigated in effects of
wind speed.
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1.47–1.94 m in the results at high altitude (Gunnison),
and 2.58–1.96 m at sea level (Oslo) for men and women,
respectively. Eight m/s winds are rare during competi-
tions but do occur. A more common range of winds be-
tween -2 and 2 m/s would produce ranges of 0.37–0.49
m in the results at high altitude and 0.49–0.65 m at sea
level for men and women, respectively.

All variables involved should be considered in ad-
justing marks for various venues. Depending on the time
of year and day-to-day variations in air density, a differ-
ent conversion would be necessary depending on not
just location but also current weather conditions. For
example, in Los Angeles the predicted hammer throw
distance for women was 66.75 m. However, if the throw
took place at a temperature of 70°F instead of the 84°F
used in the simulation, the throw would drop to 66.70
m. While this difference is fairly small, 0.05 m can make
the difference between qualifying for certain meets or
not. It should also be noted that altitude cannot be the
only consideration in estimating the differences to ex-
pect in distance. Greater distances are found in Mexico
City compared with Gunnison. Although Gunnison has
a greater altitude and smaller air density, Mexico City
has a lower gravitational acceleration.

Angles of release ranged from 33 to 45°. The simu-
lation showed that throwers who use angles close to 45°
would have a slightly greater benefit at altitude than
others, due to longer flight times, although less steep
throws typically go faster, creating a complex situation
for determining appropriate conversions. However, this
effect was so small (about 3–4 cm for women’s throws
between Mexico City and Oslo, at 33–45°) that it may be
appropriate to ignore it.

This study found that temperature has only a small
effect on the distances of hammer throws. Altitude and
latitude have a larger effect but not large, in fact, smaller
than the effect of moderate winds. Because wind speeds
are not measured for hammer throws, it would make
little sense to adjust for altitude and latitude in the ham-

mer throw distances, when it is not possible to adjust for
wind. Thus, altitude and latitude adjustments are not
recommended for the men’s or women’s hammer throw.
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