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Terrain coefficients for predicting energy costs 
of walking over snow

A B S T R A C T

Background: Predicting the energy costs of human travel over snow can be of significant value to the military
and other agencies planning work efforts when snow is present. The ability to quantify, and predict, those costs
can help planners determine if snow will be a factor in the execution of dismounted tasks and operations. To
adjust predictive models for the effect of terrain, and more specifically for surface conditions, on energy costs,
terrain coefficients (ƞ) have been developed. The physiological demands of foot travel over snow have been
studied previously, and there are well established methods of predicting metabolic costs of locomotion. By
applying knowledge gained from prior studies of the effects of terrain and snow, and by leveraging those existing
dismounted locomotion models, this paper seeks to outline the steps in developing an improved terrain coef-
ficient (ƞ) for snow to be used in predictive modeling.
Methods: Using published data, methods, and a well-informed understanding of the physical elements of terrain,
e.g., characterization of snow sinkage (z), this study made adjustments to ƞ-values specific to snow.
Results: This review of published metabolic cost methods suggest that an improved ƞ-value could be developed
for use with the Pandolf equation, where z=depth (h)*(1 - (snow density (ρ0)/1.186)) and
ƞ=0.0005z3 + 0.0001z2 + 0.1072z + 1.2604.
Conclusion: While the complexity of variables related to characteristics of snow, speed of movement, and in-
dividuals confound efforts to develop a simple, predictive model, this paper provides data-driven improvements
to models that are used to predict the energy costs of dismounted movements over snow.

1. Introduction

Activities in snowy environments generally require more energy
than similar activities in more moderate or warm conditions. Day et al.
(2012) indicated that the increased demand could be up to 20%, further
stating: “increase in total caloric requirements is mainly caused by in-
creased physical exertion, because it is unlikely that cold exposure it-
self, in an adequately clothed individual, increases energy requirements
more than 10%”. Baker-Fulco (1995) suggested that due to the in-
creased energy requirements, military personnel may be unable to
maintain adequate caloric intake in the cold.

Physiological studies of dismounted movement in snow typically
characterize snow conditions descriptively. This may be due to the fact
that snow is difficult to quantify. Even at present, measurement of snow
properties, such as snow fall and depth, use relatively simple instru-
ments and methods. A dated (60 + yr) Snow, Ice and Permafrost
Research Establishment (SIPRE) Instruction manual (SIPRE, 1954)

describes a snow kit for measuring snow properties. With only a slight
change to the spring scales, the same kit and the same observations are
still in use today. The key properties of snow include depth (h), sinkage
(z), slipperiness, and strength or density (ρ); which is closely related to
moisture content and grain characteristics.

The terrain coefficient (ƞ) was developed to adjust human energy
cost predictions for different surface conditions. The concept of ƞ for
dismounted movements and load carriage was introduced by Givoni
and Goldman (1971) and defined more clearly by Soule and Goldman
(1972). Richmond et al. (2015) reviewed and refined ƞ for common
surface conditions (e.g., pavement, gravel, packed dirt, sand, and mud).
By exploiting existing knowledge of snow properties and surface phy-
sics derived from vehicle locomotion studies can be used to develop
improved ƞ-values for snowy terrain.

The essential research on ƞ for physiological modeling was con-
ducted 1972–1979 at the US Army Research Institute of Environmental
Research (USARIEM) and translated into usable models. This paper
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briefly reviews the existing USARIEM equations for prediction of energy
cost of walking, the origin of ƞ, and then refines ƞ-values specific to
snow using knowledge of snow and surface physics from vehicle loco-
motion studies, and existing data from multiple human studies of snow
walking.

2. Materials and methods

2.1. Load carriage models

From 1971 to 2003, several load carriage models were developed at
USARIEM. These models incorporate multiple parameters, including
terrain, to determine the energy cost of load carriage. A brief overview
of the most relevant models is presented and a more detailed descrip-
tion of these models and how are used to evaluate and refining terrain
coefficients is presented in Richmond et al. (2015).

Equation (1) was developed by Givoni and Goldman (1971):

= + + − + + −ηM ( W L) [2.3 0.32 (V 2.5) G (0.2 0.07 (V 2.5))]1.65

(1)

where M is the metabolic rate (kcal·h−1), W is body mass (kg), L is the
external load (kg), V is the velocity or speed of walking (km·h−1) and η
is a non-dimensional terrain coefficient. For the purposes of this paper,
the most important aspect of Givoni and Goldman (1971) is the in-
troduction of the terrain coefficient (η). The concept of ƞ is based on a
relative scale, using a non-dimensional (ND) ƞ value of 1.0 for walking
on a treadmill; while a proposed initial ƞ value of 1.6 was suggested for
hard snow.

The first improved list of η values is Soule and Goldman (1972). The
ƞ-values developed by Soule and Goldman (1972) were for level terrain
in the context of Givoni and Goldman (1971). As described in
Richmond et al. (2015), a modified version of Eq. (1) was developed for
level ground, the basis for all of the Soule and Goldman (1972) ƞ-va-
lues, by setting G=0%, adjusting for different units for V (m∙s−1) and
M (W):

= + + −ηM ( W L) [2.673 3.078 (V 0.694) ]1.65 (2)

Using elements from Givoni and Goldman (1971), Pandolf et al.
(1977) presented a refined equation of metabolic cost:

= + + ⎛
⎝

⎞
⎠
+ + +M W W L L

W
η W L V VG1.5 2.0( ) ( )(1.5 0.35 )

2
2

(3)

where variables are the same as those from Givoni and Goldman (Eq.

(1)) except for different units in M (W), V (m·s−1), and the addition of
grade (G) for the uphill slope or gradient (%).

The equation from Pandolf et al. (1977) is currently the more widely
recognized model for predicting energy costs of load carriage. Later
models from Pimental and Pandolf (1979), addressed a primary lim-
itation of the Pandolf et al. equation (Eq. (3)), indicating it did not
address negative (downhill) grades. To address the downhill grade
limitation of the Pandolf et al. (1976) equation, Santee et al. (2003)
developed a correction factor (CF) for Eq. (3):

= + − + + + −ηCF [G ( W L) V / 3.5 (( W L) ( G 6) ) / W (25 V )]2 2

(4)

This CF is intended for use when the slope is≤ 0 in the following
form:

= −M Eq.3 CF (5)

2.2. Terrain coefficient for snow

2.2.1. Walking in shoes or boots
In addition to load carried and grade, there are other parameters

that can influence the work rate and walking velocity. In snow, these
parameters include snow depth (h), density (ρ), slipperiness (traction),
and type and weight of footwear and winter clothing.

Snow depth and the amount a person sinks into the snow are im-
portant relative to the effort required to walk in it. In Fig. 1, shallow
snow is presented as a combination of snow density and the depth
where the layer of snow that is deformed or compacted by stepping on
it reached the ground, essentially producing firm resistance against
further sinkage and provides a firmer surface to push of/against to
move forward. In deep snow, the deformed layer is not in contact with
the ground, and more or less floats above un-deformed snow, so there is
more potential to sink further overtime, or more pressure associated
with a heavier load.

Skis and snowshoes were developed specifically to make movement
over snow covered surfaces easier by reducing sinkage, as even mod-
erate reductions in sinkage can reduce energy costs. However, pre-
dicting sinkage is difficult, as it is dependent on both snow h and ρ.
Haehnel and Shoop (2004) outlined snow response to load and issues
associated with describing snow ρ. Describing snow ρ is not a well-de-
fined process, though there are several indices which can be used.

If it is assumed when walking in snow the front half of the foot
supports the entire walker's mass during each step, and represents the

Fig. 1. Deep and shallow snow, determined by interaction of deformed snow with the ground.
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highest pressure, an estimate of 52 kPa of “foot” pressure. This value
being calculated based on methods used on tracked vehicle ground
pressures from Richmond et al. (1995) in the following two equations
estimating vehicle sinkage:

= ⎛

⎝
⎜ − ⎞

⎠
⎟z h

ρ
ρ

1
f

0

(6)

where: h=snow depth (cm), ρ0= undisturbed (initial) snow density
(Mg·m3), and ρf= theoretical final snow density (Mg·m3), for pressures
under 210 kPa, a value of 0.5Mgm3 is specified (for tracked vehicles).

For wheeled vehicles:

= +ρ p0.19 0.0023f max (7)

where pmax is the maximum contact pressure (kPa) (Richmond, 1995).
Rearranging Eq. (6) such that ρf represents the slope in a linear equation
yields:

= −ρ h h z ρ( ) f0 (8)

The modified equation, Eq. (8), allows the determination of ρf by
regression analysis. Fig. 2, presents z data from Richmond (1984) and
Smolander et al. (1989), for boots, snowshoes and skis, with ρf estimates
for each footwear condition. As snow h and ρ are available from terrain
state models, Eq. (6) combined with the values of ρf in Fig. 2 can pro-
vide estimates of z.

On further consideration of Fig. 2 and our observations, the value of
ρf for snowshoes is only applicable to “shallow” snow. However,
snowshoes are only needed in “deep” snow conditions (Fig. 1). In most
cases, once a trail is broken, when properly sized, snowshoes only sink
∼1–6 cm, regardless of snow conditions. Fig. 2 indicates that when the
potential for the depression of snow ( −h z) is small, the values for
boots, snowshoes, and skis converge; thus making their use less bene-
ficial. Fig. 1 describes that in shallow snow, especially if it is already
compacted by trail breaking, the close proximity of the ground surface
limits the potential for further compaction. In deep snow, sinkage is not
limited by proximity to the ground surface, so there is more potential
for additional sinkage and therefore the distribution of downward force
(pressure) over a greater surface area, the “float” provided by snow-
shoes or skis becomes more beneficial. Unless the snow is deeper than
“boot tops” (≈25 cm) snowshoes should probably not be used. A si-
milar effect will be observed for travel on skis.

Pandolf et al. (1976) conducted walking in snow experiments,
measuring depression (sinkage), and also “snow-water” content mea-
surements, but that data was not reported. They presented the fol-
lowing η for snow, for use with Eq. (1):

= +η z1.30 0.082 (9)

where z is equal to the sinkage (z) into the snow (cm).
Examination of this equation, which relies heavily on empirical

data, raises some questions as to its applicability:

• As z approaches 0, η will approach 1.3, Pandolf et al. (1976) de-
scribed a “packed” snow condition, and stated that their data in-
dicate this, with little sinkage, but they did not provide a rationale.
The added energy cost may be associated with slipperiness, though
that is not stated in the paper. Looking at this plotted data (of η and
z), two data points are shown which have z less than 5 cm, and these
have values of η close to 1.

• Pandolf et al. (1976) stated a correlation coefficient of 0.9, but do
not discuss what happens if the intercept (0 sinkage) is forced to 1.0.

• Eq. (9) results from comparing work rates on a treadmill to those
obtained walking in actual snow. Nothing is reported regarding foot
wear or clothing, with the exception of total weight carried, and
whether or not the same clothing or boots were worn during each
treadmill test.

Using data from Pandolf et al. (1976) and applying it to Eq. (3) to
find η resulted in two equations:

= + = ⋅ −η z V m s2.6563 0.5767 (for 0.67 )1 (10)

= + = ⋅ −η z V m s3.5763 0.1993 (for 1.11 )1 (11)

At V=0.67m s−1 and z=5 cm, η is 5.54; while at V=1.11m s−1

and z=5 cm, η is 4.57.
Using data from Pandolf et al. (1976) and applying it to Eq. (5) to

find η resulted in two additional equations:

= + = ⋅ −η z V m s1.866 0.4051 (for 0.67 )1 (12)

= + = ⋅ −η z V m s3.0827 0.1718 (for 1.11 )1 (13)

At V=0.67m s−1 and z=5 cm, η is 3.89; while at V=1.11m s−1

and z=5 cm, η is 3.94. In this case, η is higher for the higher velocity,
but this only occurs at z values less than∼5.2 cm (where the two curves
cross).

Pandolf et al. (1976) also provided the following equation:

= +M z1.18 0.089 (14)

where M is the energy expenditure, in W/(kg·km· h−1). Alternatively:

⎜= + + ⎡

⎣
⎢

⎛
⎝

⎛
⎝

⎞
⎠
⎤

⎦
⎥M z W L V G[1.18 0.089 ]( ) 3.6 cos atan

100 (15)

where M is whole body energy costs in watts; V is in m·s−1 and G is the
grade as a percentage, although they did not report any testing on
slopes. Additionally, this equation does not isolate/the static part of the
metabolic rate associated with just standing with a load. The inclusion
of a static term in the Pandolf et al. (1977) equation has been ques-
tioned recently (Ludlow & Weyand, 2017), but data for those static
costs was included in the 1977 paper, and a subsequent paper (Pimental
and Pandolf, 1979).

Heinonen et al. (1959) correlated their walking in snow data with z,
without presenting actual depth. Their tests were done at a natural
walking pace (a curve fit to their averaged velocity data is in Fig. 3),
and actual velocity and body weight was embedded in their energy cost
(cal·kg−1·m−1). Pandolf et al. (1976) showed good agreement with that
data at low z values. However, Heinonen et al. (1959) showed a sig-
nificant change in the slope of their data at z values above 15 cm. To
accommodate that change related to z, they fitted two different straight
lines to their data. Again, no density or snow strength (ρ) data is pro-
vided. It is possible that the change in slope was caused by a heavier
(more dense) snow, than what was available to Pandolf et al. (1976).
The metabolic rate (W) equation of Heinonen et al. (1959):

ρf   = 0.428 

ρf   = 0.319 

ρf   = 1.186 
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= − +M WV(10 )4.1868z0.1149 0.027 (16)

where W is mass (kg) and V is m·s−1 and z is sinkage.
Ramaswamy et al. (1966) presented interesting work on energy

consumption while walking in deep snow at natural walking speeds,
including the effect of z on walking velocity. They also reported that
detailed data was available from the U.S. Library of Congress. Un-
fortunately, when this data was accessed, it is no longer legible (dete-
riorated fiche). Fig. 3 shows equations from Ramaswamy et al. (1966)
based on digitization of their data plot, along with a curve fit of
Heinonen et al. (1959) walking velocity data. It is important to note
that as z increases, natural walking velocity decreases due to a sig-
nificant increase in metabolic rate. However, these decreases in moving
velocity cannot fully compensate for the large increase in the/large
energy requirements of moving through deep snow. The average sub-
ject mass reported was 58.9 kg, carrying an additional ∼3 kg load over
level ground. Individual clothing is probably not included in the value
for body mass.

Smolander et al. (1989) examined the effect of work rate while
walking in snow wearing three different boots (0.9, 1.9 and 2.5 kg) at
self-determined/self-paced speeds (0.47–1.07m s−1). They found no
significant effect of wearing the heavy boots when walking in deep
snow, but did note the strenuous work level required to walk in deep
snow. Their snow z data was shown in Fig. 2, which had an initial ρ of
0.44, an h of 38.2 cm, and an average z of 26 cm. Fig. 4 shows data from
Smolander et al. (1989) (boot types 1, 2, and 3 correspond to the
weights above). Energy consumed (W) was determined using V̇O2 and
V̇CO2 data, and the error bars shown are based on the standard de-
viation of the V̇O2 and V̇CO2 measurements. For walking in snow, the
measured values are ∼12% higher than predicted by Eq. (2) with Eq.
(6) for η and Eq. (10). Equation (3), using Eqs. (10) and (11), with
interpolation for V significantly over predicts. Equation (5), with Eqs.
(12) and (13), produces slightly closer values, but still over predicts.
Comparing these data with Fig. 3 show that values from Smolander
et al. (1989) are greater than values from Ramaswamy et al. (1966).
Subjects from Smolander et al. (1989) wore their own loose-fitting
clothing and long underwear (even during the treadmill tests), and this
may explain why measured values were higher than the predicted
treadmill values, i.e., the ∼12% differences mentioned above. Addi-
tional clothing layers has been shown to impose an increased metabolic
rate during exercise that does not completely align with existing me-
tabolic rate prediction methods (Dorman and Havenith, 2005;
Teitlebaum and Goldman, 1972).

Based on a comparison to assess the influence of added mass alone
and multi-layer ensembles, Teitlebaum and Goldman (1972) observed

that the metabolic costs for wearing arctic ensembles to be greater than
carrying the equivalent mass rather than worn. They concluded that the
additional energy cost was related to the friction between layers or a
“hobbling” effect of the additional clothing, something that was later
also observed in following studies (Dorman and Havenith, 2005, 2009;
Bach et al., 2017).

Rogers et al. (1965) had seven subjects walk in 13 cm deep snow (z
∼9 cm) in boots, snowshoes, and skis, on a packed snow trail. They
reported an average metabolic cost of 821W in the undisturbed snow,
and 342W on the packed trail. Subjects averaged 70 kg mass, and had a
walking velocity of ∼1m s−1. They did not describe or report the
masses of clothing or boots, but, it is worth noting that the value of
821W is in close agreement with the data from Smolander et al. (1989)
(Fig. 4).

Fig. 5 summarizes the data for walking in snow, with calculations
for η, based upon Eq. (5). The dashed lines use values of velocity based
on the natural walking speed equation from the corresponding source.
Based on this comparison, it appears that the equations of Heinonen
et al. (1959) (Eq. (16)), with their velocity equation from Fig. 3, is
probably the most representative.

y = 0.3541x2 + 3.2232x + 290.64 

Ramaswamy et al., (1966) 
y = 0.0002x2 - 0.0325x + 1.4699 

Heinonen et al. (1959) 
y = 0.0004x2 - 0.0515x + 1.7101 
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2.3. Walking in snowshoes

Knapik et al. (1996) present energy costs associated with walking on
snow with four different types of snowshoes. They describe the snow as
“about 8 cm of powder snow on a base of about 60 cm of crust … the
base had repeatedly frozen and thawed.” Medial (mid-point of snow
shoe) sinkage ranged from 4.1 to 6.1 cm, with no significant difference
between snowshoes. There were no non-snowshoe tests reported under
the same conditions. They compared their results with Eq. (3), and (9),
and assumed a 10% increase in energy per kg of snowshoe weight.
Converting Eq. (3) to oxygen consumption rate, they reported Eq. (3) as
under estimating oxygen consumption (and thus metabolic rate), by
3–16% depending on the snow shoe type.

Worsley et al. (1974) conducted trials of cold weather equipment
and clothing that included energy expenditure experiments. They ob-
tained the following equation for movement using snowshoes:

= − +M V1.3 0.33 (17)

where: M is total energy cost (ml O2·kg·min−1) and V is velocity
(m·min−1); or

= − +M V0.04355 6.633 (18)

where: M is total energy cost (W·kg−1) and V is velocity (m·s−1).
Note that the energy cost is based on the individual's mass and

entire fully kitted load/total load of equipment and clothing. Packs
were carried, but the clothing and load values were not reported. The
maximum snowshoe sinkage observed was 5 cm.

Buskirk et al. (1956) presented an average value of 5.82W kg−1 for
snowshoeing, 6.29 for walking in snow, and 4.51 for walking on a road,
at 1m s−1. The average weight of the test subjects was 75.9 kg, and
their clothing weighed 9.76 kg. However, they did not provide details
on the snowshoes, or mention details regarding extra load, if any, was
carried during the marches. No information was given on the snow
cover or slope.

Allen and O'Hara (1973) obtained an average energy expenditure of
337 ± 105W based on nine subjects carrying 50–60 lbs (23–27 kg) on
snowshoes. This was part of an overall study of energy expended during
infantry patrols in the arctic. Average subjects' weight was not pro-
vided.

Table 1 presents a summary of the snowshoe data, and estimates of η
(using Eq. (5)), which are fairly consistent, except for one negative
slope value.

3. Summary – a new snow coefficient

The general equation recommended for walking in the snow
(Table 2) is based on Fig. 5, and the equation of Heinonen et al. (1959).

The value for z (cm) is for sinkage into the snow. Energy requirements
for walking in snow are very dependent on velocity and sinkage values.
The equation from Fig. 3 should be used to estimate the natural walking
speed in snow (V), and the equation for z (cm) to estimate sinkage
based on the snow depth and density. The snowshoe η-value assumes
relatively consistent, and limited, sinkage for all snow conditions.

4. Discussion

Terrain coefficients: It is intuitively understood 1) a thin layer of
hard packed snow can be slippery, 2) it's harder to walk or drive
through deeper snow, and 3) differences in moisture content and vo-
lumes can cause snow to seem heavy or light, and easier or harder to
compact. Terrain coefficients (ƞ) are important because they take those
observed effects of snow, and other surface related effects, to the next
step, quantifying the impact of those surfaces in terms of energy costs.

The original values for ƞ were derived empirically from a limited set
of data, and there was no apparent effort to relate the values to the
physical properties of the surface/substrates. One exception is the
Pandolf et al. (1976) snow equation (Eq. (9)) for ƞ, which accounted for
sinkage. This paper further illustrates how incorporating the physical
properties of the different surfaces requires separate equations and
surface specific inputs. Tables 1 and 2 summarize the results for
snowshoes and Table 2 for more general snow applications. Note that to
incorporate better terrain coefficient values requires more information
of the surface properties of snow. An important issue is thus the
availability of that information, by observation, ground measurements
or the analysis of remote imagery, whether an Unmanned Aerial Ve-
hicle (UAV) or satellite.

This paper is an extension of Richmond et al. (2015) which updated
terrain factors for surfaces provided by Soule and Goldman (1972) for
paved and gravel roads, sand, swamp, and brush (vegetation). That
paper differentiated between gravel and “dirt” roads, and added in-
formation for slippery terrain (i.e. packed wet clay and ice). The paper
introduces the use of cone values, a measurement for assessing surfaces
for vehicle mobility (FM 5-430-00-1 (1994)), for calculating silt, clay
and swamp ƞ values, but presents simple equations for all of the ƞ
values. The energy requirements for walking in snow are dependent on
velocity and sinkage. Thus, the terrain factor for snow presented in this
paper differs in the use of a different equation for velocity (V) and the
use of a z value to represent sinkage into snow. To a degree, the terrain
factor for snow can be approximated if the nature of the forecast
snowfall, in terms of depth and moisture content, is known, but the
extension of the snow terrain factor to the use of forecast data un-
fortunately beyond the scope of this paper.

Next generation terrain coefficients: As indicated earlier, this
paper demonstrates the importance of multi-disciplinary science by
incorporating information and knowledge from the disciplines of phy-
siology, biomechanics, geology or soil science, and civil engineering.
Unfortunately there apparently has not been any direct attempt made to
link biomechanics to the terrain coefficient – although the work of
Voloshina et al. (2012) and Looney et al. (2018a) indicates clear po-
tential for future changes. In addition, it would be expected that the
physical properties footwear soles would impact the interface of the
foot with the ground, and the interaction of different soles and surfaces
would alter the terrain effects. Military footwear evaluations conducted
at Natick Research Development and Engineering Center incorporate a
measurement of the friction between boot soles and simulated surfaces,
and one future project may be to link footwear sole properties and
terrain properties.

A terrain coefficient for snow is just one factor or variable in the
overall effort to model and predict the thermal state and performance
limits of individuals and population. It should be possible to improve
the snow coefficient by taking into consideration the interaction on
snow properties of moisture content, air and ground temperatures, and
wind effects such as blow, drifting, and packing. Freeze-thaw cycles and
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Fig. 5. Summary of snow data. Eqs. (12) and (13) are derived from a combi-
nation of Santee (Eq. (5)), Pandolf et al. (1976).
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solar radiation may also effect the formation of a crust. With an ade-
quate understanding of these interactions, and good local forecast data,
it may be possible to more accurately project how snow properties ef-
fects humans. However, to build a comprehensive model, a simulation
of the complete effect of weather, terrain and activity on individuals or
groups in the cold, requires far more than just a terrain coefficient for
snow.

The terrain factor is a relatively simple construct to represent the
important characteristics of snow relative to human activities for ap-
plication in a more complex model. There is an importance to devel-
oping more comprehensive biophysical and physiological models based
on energy costs of activities and the rate of energy exchanges with the
body and with the external environment (Potter et al., 2017; Xu and
Tikuisis, 2014). All of the factors that contribute to the physical prop-
erties of snow, plus clothing, the nature and cycle of activities, nutri-
tion, injuries and other individual physical and physiological char-
acteristic influence the health and well-being of an individual in the
cold (Potter et al., 2018a).

Human factors may also require more refinements of terrain coef-
ficients. There is a tendency to favor simple, universal equations and
indexes, and linear or simple power functions, but living organisms
have critical limits determined by both the biomechanics of anatomy
and physiology. A faster, more rugged or innovative vehicle can be
built, and fitted with a more powerful engine, to overcome terrain, but
humans and other organism are limited by anatomy and physiology.
The human factor with snow may also be modified by taking into ac-
count the interaction of anatomy with snow depth (z). An alternative
analysis of the Pandolf et al. (1976) data suggests a more complex
function with inflection points that may correspond to anatomical
landmarks.

An appreciation of the complexity of a comprehensive model or
simulation of exposure to cold conditions should serve to temper any
tendency to place complete reliance on any model to fully replace the
human judgement in planning and operations. There will always be a
place for experience and judgment on the part of the individual and
leadership to live and function in the cold. Each model, or an aggregate
of models into a simulation, is just a tool to support human decision
making.

5. Conclusion

Predicting the energy costs of human travel over snow is of

important for planning dismounted travel under snowy conditions. 
Terrain factors (ƞ) are used to adjust predictive energy costs models for 
different surface conditions, including snow. Data from prior human 
studies, and knowledge of snow characteristics, and from studies of 
vehicular travel in snow, were used to derive two new snow coefficients 
(Table 2).

One coefficient, based on an estimate of walking in the snow 
without snowshoes is based on compressed snow depth (z), which in 
turn can be estimated from uncompressed snow depth (h) and snow 
strength (ρ). An equation to estimate walking speed (V) for a given z is 
also provided. The second coefficient is a value for walking on snow-
shoes.

The coefficients are for use in the Pandolf equation (Pandolf et al., 
1977) which estimates total energy costs (M) during walking in Watts. 
In turn, estimates of M be entered into thermal models to predict body 
temperatures (Potter et al., 2017) and potentially vice versa (Welles 
et al., 2018a).

Models, including components such as terrain coefficients, will 
continue to be refined as more snow and human data becomes available 
and better methods of analysis are developed, but model users must be 
cognizant of the limitations of models. It is important to note that these 
models represent static tools meant to describe a general response for a 
given population, as such they should not be seen as a method that 
overrides the value of individualized predictors (e.g., age, fitness) or 
real-time measures (e.g., gait, core temperature). While modeling 
methods provide quantitative guidance for planning purposes, to obtain 
the most meaningful information, individualized and real-time direct 
measures (e.g., wearables) (Tharion et al., 2013) and/or the combina-
tion of real-time algorithms (e.g., core temperature estimations, GPS-
derived adjustments) (Lin et al., 2018; Looney et al., 2018b; Parker 
et al., 2017; Potter et al., 2018b; Welles et al., 2018b) should be sought. 
Over-reliance on models in extreme physical environments without 
human judgement can be dangerous.
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Source Metabolic Rate
(W)

Velocity
(m·s−1)

Weight (kg) Load (kg) Slope η based on Eq. (5)

Knapik et al. (1996) 551 1.11 73 2.3 2.4% 3.2
444 −2.4% 2.2 (with Eq. (5))

Worsley et al.
(1974)

413 1.0 66.7 Not reported, but included in Eq. (15), Subject Weight
only used to calculate metabolic rate in this table

Not Reported 2.8 (assuming 0% slope
and 0 kg load)

Buskirk et al. (1956) 499 1.0 75.9 9.76 Not reported 2.6 (assuming 0% slope)
Allen and O'Hara

(1973)
337 0.56–1.0 Not reported 23–27 Level to hilly Cannot be calculated

Table 2
Recommended Values for η for use in Eq. (5).

Terrain Description

Walking with snowshoes η =2.7
Walking in Snow = + + +η z z z0.0005 0.0001 0.1072 1.26043 2

Where:
Input for walking speed = − +V z z0.0004 0.0515 1.71012

Snow depth = −( )z h 1 ρ0
1.186

.

Table 1
Summary of snowshoe data.
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