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Abstract Jump features in winter terrain parks frequently

pose a hazard to patrons and may represent a significant

liability risk to winter resorts. By performing a simple

dynamic analysis of terrain park jumps, the relative risk to

impact injuries for any proposed jump design can be

quantified thereby allowing terrain park designers to min-

imize the risk from this class of injury.

Keywords Winter terrain park design � Kinematics �
Impact injury � Risk assessment

1 Introduction

One of the most popular activities in the growing sport of

snowboarding and free-style skiing is ‘‘catching air’’. This

involves the rider launching himself from a jump feature,

natural or manmade, performing some air maneuver, and

landing, hopefully, safely. Professionals routinely jump in

excess of 25 m and perform dazzling acrobatics. The more

accomplished professionals are filmed and the resulting

products aggressively marketed by equipment manufac-

turers and print media. This has created a high glamour

factor with young initiates, many of whom attempt to

emulate the professionals. Winter resorts have attracted this

growing market demographic by creating winter terrain

parks that contain a sequence of features including jumps,

rails, boxes, and other creative elements that make terrain

parks attractive to their thrill-seeking patrons.

However, these features are often created with only

modest regard to the hazards they present to their less

accomplished patrons. The industry is understandably ret-

icent to provide injury details, but, despite ‘‘inherent risk’’

liability shield legislation [1], it is widely acknowledged

that terrain parks may represent the single greatest liability

risk facing winter resorts. For example, despite shield

legislation in Washington state, in April 2007 a jury

awarded a record $US 14M to Kenny Salvini for a para-

lyzing injury he sustained in 2004 at the Summit at

Snoqualmie resort operated by Ski Lifts, Inc., [2]. In a

more recent tragedy, while wearing a helmet, Kansas

physician James McLean was killed when he landed on his

head attempting a jump feature in the Park Lane Terrain

Park at the Breckenridge Ski Resort in Colorado [3]. There

were doubtless several contributing factors to these and

other tragedies, but the geometry of these features may

have contributed to the severity of the injuries incurred.

The purpose of this work is to show how a dynamical

analysis can assess impact injury risks and inform safer

terrain park jump designs. In this paper basic mechanics is

used to analyze jump feature dynamics and trajectories to

quantify the risk of impact injury, that is, an injury arising

from rapid deceleration after making contact with the

landing surface, and which can be lethal if the impact is

absorbed in the head/neck area.

Hubbard [4] studied the effect of landing geometry on

landing impacts in a manner similar to that considered

here. His work does not treat the approach component of

the jump feature and ignores friction, drag, and lift; nev-

ertheless it provides an approximate, but useful, analytic

treatment of the trajectory and offers suggested design

strategies for improving safety. Other related work includes
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the paper of O’Shea [5] who performed an analytic analysis

of impact from snowboard jumps under very simple and

idealized circumstances for the purposes of providing an

interesting sample problem for physics educators. His

model was not realistic in that he did not include the

approach, an angled launch, friction, air drag/lift, or cen-

tripetal forces from course curvature. Catalfamo [7] used a

dynamics analysis similar to that presented here in the

context of ski racing but, as the focus was racing, it neither

treats the trajectory nor provides the relationship between

the course geometry and the local curvature. Provided here

is a realistic dynamical analysis of the relationship between

the entire jump feature geometry and the landing impact,

expressed as an equivalent vertical fall. The analysis allows

for variability due to wax and snow conditions reflected in

the friction coefficient, as well as aerodynamic drag and

lift, and centripetal forces arising from course curvature.

The analysis is tested on a ‘‘standard’’ jump and the results

used to identify situations of large impact. Finally, the

method is applied to a novel, parabolic, jump design which

suggests a class of jump landing features that can reduce

impact.

2 Terrain park jump feature basics

A common terrain park jump feature, such as that involved

in the McLean accident, consists of five components: the

approach, the kicker, the deck, the landing, and the run-out

as schematically illustrated in Fig. 1. The transition

between the deck and the landing is called the ‘‘knuckle’’.

The greatest risk to impact injury arises from landing in the

flat areas, either on the deck from launching with too little

speed, or beyond the landing on a flat run-out, from

launching with too great a speed. Given the jump feature

geometry, the landing impact is a problem of dynamics

which can be analyzed using basic mechanics principles.

In this work the approach is modeled as a straight line

inclined at an angle a, and the kicker, or launch ramp, as a

circular segment followed by a straight line section which

ends at the launch point at angle, b, as shown in Fig. 1. It is

important to have a straight line segment to the kicker to

avoid rotations that can cause the rider to become inverted

unintentionally. Two types of landing geometries are

considered: straight line and parabolic (transitioning

smoothly to a straight line run-out). These were chosen for

simplicity, but they have the essential elements of more

realistic designs and the numerical methods developed to

analyze them generalize to any geometry. The model has

been roughly validated through digital video analysis of

one of the authors (JBM) jumping at a ski resort in

Colorado.

Our task is to evaluate the trajectory of a rider given the

course profile function, yc(x), and the necessary physical

parameters. The rider is treated as a point particle ignoring

rotations and motion perpendicular to the hill gradient. The

analysis includes the kinetic friction of the snow surface on

the snowboard as well as aerodynamic drag and, while the

rider is in the air, lift. Also considered are variations in the

kinetic friction, air drag and lift coefficients appropriate to

the circumstances considered here, but in each simulation

these are assumed to be constant. In real world situations

there is also variation in how the rider decides to approach

the launch point including ‘‘pops’’ (jumps at the take-off

point) and turns near the take off which induce rotations.

These are not treated in this work. However, the starting

point provides an upper bound to the rider’s approach

speed, and any adjustments a rider may make with ‘‘speed

Fig. 1 Schematic of a typical terrain park jump feature. In the

example developed in ‘‘Sect. 1’’ the following values were used:

a = 20�, b = 30�, and c = 30�. The radius of curvature of the kicker

was taken to be 10 m (constant), the straight section of the kicker

following the curved section and leading to the take off is 3 m, the

drop from the kicker to the deck is 2 m, the deck is 8.5 m long, and

the starting point (taken to be the origin) is 11.5 m vertically higher

than the launch point. The run-out is assumed to continue with the

same slope as the landing
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checks’’ can be simulated by variations in the starting

height or coefficient of kinetic friction, and ‘‘pop’’ can be

simulated by adjusting the starting height and take-off

angle.

Let the slope profile be represented in the x–y plane by

the course profile function, yc(x) with the positive y-axis

pointing upward. Let r(t) = {x(t),y(t)} be the rider’s cen-

ter-of-mass position vector, and take the origin to be at the

starting point (see Fig.1). The motion on the snow surface

and in the air are treated separately. Applying Newton’s

second law to the rider’s center-of-mass, one has [7]

m
d2r

dt2
¼ �mgŷþ ðn̂� lv̂ÞN � gv2v̂; on the surface

�mgŷ� gv2ðv̂� qldn̂Þ; in the air

�

ð1Þ

where m is the mass of the rider, g is the acceleration due to

gravity, ŷ is the unit vector in the y-direction (up), v ¼ dr
dt

is

the rider’s velocity with unit vector, v̂; n̂ ¼ ẑ� v̂ is the unit

vector normal to the velocity, N is the magnitude of the

normal force the surface exerts on the rider, l is the

coefficient of kinetic friction between the surface and the

rider, qld = L/D is the lift to drag ratio, and g is the

aerodynamic drag parameter. Following Lind and Sanders

[8], the range of coefficients of kinetic friction are between

0.03 \l\ 0.11. The aerodynamic drag parameter, g, is

given by

g ¼ 1

2
qACd ð2Þ

where q is the density of air, A is the effective cross sec-

tional area of the rider in the plane perpendicular to the

velocity, and Cd is the shape- and speed-dependent drag

coefficient. For the speeds and dimensions considered here,

the Reynolds number, Re, is in the quadratic drag region of

1–105 [6]. Following Catalfamo’s [7] study of speed skiing,

the rider’s cross section is modeled as a prolate spheroid

(body) and cylinder (legs) giving 0.30 \ Cd \ 0.11 [6]. A

greater range of drag coefficients than used by Catalfamo is

considered here because the rider is not assumed to be in a

tucked position. The lift to drag ratios are taken to be in the

range, 0 \ qld \ 1.5, with the upper limit taken from

alpine ski jump studies.

While on the surface, assuming surface integrity, the

normal force cancels the normal component of the gravi-

tational force and also provides the necessary centripetal

force to track the curved sections of the course. In this

application prior to launch the course curvature is always

positive; so the normal force never vanishes which would

mean that the rider leaves the surface. The component of

the gravitational force normal to the surface is -mgcosh,

where h is the angle the normal to the course surface makes

with respect to the vertical. In terms of the course profile

function, yc(x),

hðxÞ ¼ � arctan y0cðxÞ
� �

ð3Þ

where the prime indicates a derivative with respect to x.

The sign convention gives h[ 0 for a course slope inclined

downward in the positive x-direction as shown. The

centripetal force term is proportional to the inverse radius

of the osculating circle or local curvature of the course,

j(x), given by [9]

jðxÞ ¼ y00c ðxÞ

1þ y0cðxÞ
2

� �3
2

: ð4Þ

In terms of j and h, the magnitude of the normal force of

the course surface on the rider is given by

N ¼ m g cos hþ jðxÞv2
� �

ð5Þ

where v2 = vx
2 ? vy

2. When the rider is in contact with the

surface of the course, there is also a tangential kinetic

friction force of magnitude, lN. Resolving the normal and

tangential vectors along the coordinate axes, gives the

following coupled equations for the time dependence of the

rider’s velocity,

dvxðtÞ
dt
¼ a? sin hþ ak cos h ð6Þ

dvyðtÞ
dt
¼ �gþ a? cos h� ak sin h ð7Þ

where

a? ¼
g cos hþ jðxÞ v2; on the surface

qld
g
m v2; in the air

�
ð8Þ

ak ¼
�l a? � g

m v2; on the surface

�g
m v2; in the air

�
ð9Þ

with j(x) given by Eq. 4.

The rider is assumed to start at rest at the origin (top of

the course). The equations are solved numerically in

Mathematica [10] using a fourth order Runge–Kutta

algorithm to step the velocity and position vectors forward

in time. Following Hubbard [4], upon landing, we evaluate

the impact impact by calculating the equivalent vertical

free-fall height, Heq = v\
2 /(2g), where v\ is component of

the landing velocity normal to the landing surface. The

numerical algorithm has been tested for stability and

accuracy to four digits in the take-off speed over the range

of parameters considered.

3 Results

The standard jump feature shown in Fig. 1 is treated first.

The caption includes the course parameters used in the

example calculation. The physical constants used are given

in Table 1. These are all within the range of parameters
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listed in Table I of Catalfamo [7] who treated the different,

but related, problem of speed skiing. The variability in

friction and drag/lift are treated in turn. The trajectories for

a range of friction coefficients for fixed drag (Cd = 0.45)

and lift (qld = 1.0) coefficients are shown in Fig. 2 with

the launch speed, landing speed, horizontal distance trav-

eled during the jump, time in the air, and the impact

measured in height-equivalent given in Table 2. The

greatest impacts arise from the largest jump distance with a

height-equivalent impact of 2.92 m and the shortest jump

distance with a height-equivalent impact of 2.68 m when

the rider lands on the deck.

The variation in trajectories due to aerodynamic drag

and lift for a range of realistic values is shown in Table 3.

For comparison purposes the no drag/lift results are also

given. For the range of drag/lift parameters considered here

(0.30 B Cd B 0.90 and 0 B qld B 1.5), the inclusion of

drag/lift affects the horizontal range by 15–39%. Thus, it is

important to include drag/lift in realistic trajectory calcu-

lations. Note that for the l = 0.09 case, when the drag

coefficient increases above a critical value (approximately

0.75), the rider lands on the deck resulting in a dramatic

increase in impact, from the range 0.541–0.567 m height-

equivalent for Cd = 0.60 to the range 2.82–2.76 m height-

equivalent for Cd = 0.75.

To illustrate the sensitivity of the results due to the drag

coefficient, set l = 0.09 and qld = 1.5, then doubling the

drag coefficient, Cd, from 0.45 to 0.90 reduces the hori-

zontal jump distance by 21% (10.25 m to 8.05 m).

Similarly, to illustrate the sensitivity to the lift to drag ratio,

set l = 0.09 and Cd = 0.45, then varying the lift to drag

ratio, qld, from 0.0 to 1.5 increases the horizontal jump

distance 2.5% (9.99–10.25 m). Thus, while it is important

to include drag, the variation in the results due to the

inclusion of lift is relatively modest.

In the Snoqualmie accident, the angled landing zone was

too short to accommodate the high launch speed of Mr.

Table 1 Model parameters

Parameter Symbol Units Value range

Acceleration of gravity g m/s2 9.81

Mass of rider m kg 75

Frontal area of rider A m2 0.6

Density of air q kg/m3 1.0

Coefficient of kinetic friction l Dimensionless 0.03–0.11

Drag coefficient Cd Dimensionless 0.3–0.9

Lift to drag ratio qld Dimensionless 0.0–1.5

Table 2 Effect of varying the friction coefficient. Launch speed (v0),

landing speed (vl), horizontal jump distance (D), time in the air (tair),

and height equivalent of landing impact (Heq) for the standard jump

feature given in the caption to Fig. 1 for several values of the coef-

ficient of kinetic friction (l) keeping the drag coefficient and lift to

drag ratio fixed at Cd = 0.45 and qld = 1.0, respectively

l v0 (m/s) vl (m/s) D (m) tair (s) Heq (m)

0.03 11.74 17.54 21.42 2.15 2.90

0.05 10.78 15.74 17.56 1.91 2.16

0.07 9.79 13.75 13.83 1.65 1.43

0.09 8.75 11.46 10.16 1.35 0.73

0.11 7.63 9.78 7.50 1.14 2.70

Table 3 Effect of varying the drag coefficient and lift to drag ratio

Cd v0

(m/s)

vl (m/s) D (m) tair (s) Heq (m)

0.30 9.02 12.07–12.16 10.96–11.16 1.41–1.44 0.907–0.916

0.45 8.75 11.38–11.50 9.99–10.25 1.33–1.37 0.721–0.737

0.60 8.48 10.67–10.82 9.03–9.34 1.24–1.29 0.541–0.567

0.75 8.22 10.16–10.15 8.31–8.46 1.18–1.21 2.82–2.76

0.90 7.96 9.93–9.92 7.89–8.05 1.16–1.19 2.76–2.69

No drag/

lift

9.57 13.52 13.09 1.58 1.33

Launch speed (v0) landing speed (vl) horizontal jump distance (D)

time in the air (tair), and height equivalent of landing impact (Heq) for

the standard jump feature given in the caption to Fig. 1 for several

values of the hydrodynamic drag coefficient (Cd) keeping the coef-

ficient of kinetic friction fixed at l = 0.09. For each value of the drag

coefficient results for the range of lift to drag ratios qld = 0.0–1.5 are

given
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Jump Trajectories for Standard FeatureFig. 2 Hypothetical rider

trajectories for the standard

jump profile for the various

values of the coefficient of

kinetic friction given in Table 2.

The longest (shortest) jump

corresponds to the smallest

(largest) coefficient of kinetic

friction. The parameters for the

course geometry used are the

same as those of Fig. 1
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Salvini who landed on an (approximately) horizontal run-

out. If the landing in the simulation for the longest distance

was horizontal, the landing impact would have been a

devastating 15.7 m height-equivalent, illustrating the dra-

matic effect the landing incline angle has on the impact. On

the other hand, if the launch speed is too small, then the

rider jumping from a standard jump feature can land on

the horizontal deck surface. The witness statement in the

McLean accident report is ambiguous as to where Mr.

McLean landed [11]. It is likely that he over-shot the

landing, but another possibility is that he landed on the

deck. This second possibility is simulated in the model by

the largest friction coefficient of Table 2 which results in

the lowest launch speed, 7.63 m/s, but still results in a

significant impact, 2.70 m height-equivalent.

The previous examples illustrate the dramatic effect the

landing incline has on the level of impact. As noted in

Hubbard [4], by appropriately varying the landing incline

angle, one could reduce the impact. Consider an alternative

design that moderates the landing impact over a wide range

of launch speeds by increasing the landing incline angle

with distance. To illustrate the idea with a specific exam-

ple, consider a landing incline angle that increases with the

horizontal distance of the parabolic jump trajectory. Spe-

cifically, consider a course profile with the same approach

and kicker as before, but replace the deck/landing

arrangement with a parabolic landing zone as shown in

Fig. 3 where the landing is an inverted parabola smoothly

transitioning to a straight line run-out. The specific analytic

form of the parabolic part of the course profile in this

example is given in the caption of Fig. 3. The numerical

results for rider trajectories for this geometry are given in

Table 4. For the same range of launch speeds as in the

standard feature example, the landing impact is reduced,

often dramatically, despite the fact that the landing speeds

and the air times are greater. For example, for the

{l = 0.7, Cd = 0.45, qld = 1.0} case, the parabolic jump

feature yields a height-equivalent impact of only 0.18 m

with a horizontal jump distance of 15.30 m compared with

height equivalent of 1.43 m with a horizontal jump dis-

tance of 13.83 m for the standard geometry.

Of course, due to aerodynamic drag and lift, the tra-

jectory will not be exactly parabolic; however, since the

analysis is numerical, it easily generalizes to any proposed

course geometry, snow conditions, and rider parameters.

The examples presented here are intended to illustrate the

method and to emphasize the importance of dynamic

analysis in the design to mitigating the risks of terrain park

jump features as well as to suggest alternative designs that

reduce impact injury risks. Using this analysis, it would be

a relatively straight-forward matter to optimize the design

to match the terrain geometry to the resort’s available

terrain, topography, and budget. Other measures could be

taken to insure that the range of possible trajectories falls

within those for which the feature is designed. For exam-

ple, where the landing distance is limited, as in the

Snoqualmie incident, one could ‘‘gate’’ the starting point at

a height that would limit the speeds possible and the

dynamical analysis could be used to insure that all riders

will land in the designed landing zone. However, such

0.03
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Jump Trajectories for Parabolic Landing

Fig. 3 Hypothetical rider trajectories for the parabolic landing jump

profile for the various values of the coefficient of kinetic friction

given in Table 3. The landing area is parabolic before transitioning

smoothly to a straight line at a distance of 15 m beyond the launch

point. The equation for the parabolic region in the example

calculation is yc(x) = a-n(x-xl-b)2, where xl = 44.64 m is the x-

coordinate of the launch point, a = -1.0 m, b = 5 m, and

n = 0.0580 m-1

Table 4 Parabolic landing: launch speed (v0), landing speed (vl),

horizontal jump distance (D), time in the air (tair), and height equiv-

alent of landing impact (Heq) for the parabolic jump feature given in

Fig. 3 for several values of the coefficient of kinetic friction (l)

keeping the drag coefficient and lift to drag ratio fixed at Cd = 0.45

and qld = 1.0, respectively

l v0 (m/s) vl (m/s) D (m) tair (s) Heq (m)

0.03 11.74 23.50 29.13 2.92 1.92

0.05 10.78 20.02 22.62 2.46 1.07

0.07 9.79 15.09 15.30 1.83 0.18

0.09 8.75 10.74 9.40 1.25 0.62

0.11 7.63 8.92 6.69 1.02 1.13
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actions do not address the problems with lower than opti-

mal speeds since riders can always check their speeds at

any point in the approach. In that case this analysis sug-

gests that the deck feature should be eliminated in favor of

a design that mitigates the impact hazard to riders

launching with speeds below the minimum needed to clear

the knuckle.

4 Conclusion

In this work a dynamical analysis of winter terrain park

jumps was presented. The goal of this work is to assist in

the creation of safer terrain park jump designs that reduce

the risk of impact injuries. The analysis was applied to a

standard terrain park jump feature and to a hypothetical,

parabolic, landing design. Similar to the finding of Hub-

bard [4], this analysis showed that the impact, as measured

in vertical height-equivalent, can be significantly reduced

by adopting a variable slope landing. Specifically, by using

a parabolic landing area smoothly transitioning to a linear

slope, a significant reduction in the landing impact is found

while maintaining, even improving, the ‘‘fun factors’’ of

jump distance and air time. Generalization to any proposed

geometry or snow conditions is relatively straight forward.
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