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The concept of a standard statistical snowfall 
is introduced for use in a systems approach in 
the evaluation of long-term strategies for 
snow control. A model for a standard statisti-
cal snowfall is suggested which is based on a 
mathematical representation of the partitioned 
historic hourly snow trace. One hundred years 
of synthetic hourly snowfall is used to com-
pare the following four strategies for snow 
removal in the cities of Worcester, Massachu-
setts and Nashville, Tennessee: 1) optimal re-
moval strategy, 2) constant critical removal 
strategy, 3) constant critical budget strategy 
and 4) trial and error budget strategy. Use 
is made of the Russell-Butler snow damage model 
in conjunction with two generalized snow remov-
al cost functions to ascertain annual total 
penalties resulting from snow accumulation from 
synthetic traces. Results are presented which 
suggest: the usefulness of the standard sta-
tistical snowfall in the snow control evalua-
tion process, the advantages of the constant 
critical budget strategy for snow control over 
the trial and error budget strategy and the 
economic advantages of removing snow at levels 
above the optimum then at levels below the op-
ti mum. 

In an effort to keep vital traffic and supply 
arteries functioning, large financial commitments 
are made by municipal governments in the snowbelt 
to snow removal and control programs. Failure to 
do so often results in a disruption of these arter-
ies causing substantial monetary losses to the com-
munity. 

The stochastic aspect of snowfall accumulation 
on transportation routes subject the planning, bud-
geting and operation of snow removal systems to un-
certainty. When they occur, extreme snow falls and 
storms closely spaced impose a disproportionate 
stress on snow removal and control efforts, often 
leading to severe penalties. Extreme snowfalls and 
sequences are generally not predictable in advance 
with an acceptable degree of reliability. Nonethe-
less, models of hourly snowfall may be constructed 
which capture the stochastic aspects of hourly 
snowfall sequences. The use of these models permit 
the generation of a large number of synthetic hourly 
snowfall sequences each of which represent an equal 
likelihood of future snowfall occurrence. When syn-
thetic snowfalls are standardized for a particular 
municipality or geographic region and used conjunc- 

tively with a simulation of the snow removal system 
permits managers and planners to sample the outcome 
to approximate the statistical properties of eco-
nomic response for evaluation of alternative snow 
control strategies; permits the estimation of future 
demands on the system, which often are not observ-
able in advance; and permits observations of extreme 
responses of the system in terms of snowfall depths 
and snow storm sequences. 

Of the various snow removal strategies favored 
by smaller communities, the trial and error stra-
tegy predominates. In this strategy, snow control 
budgets are formulated in terms of an evaluation of 
the previous years experience and the expected 
average snowfall accumulation for the particular 
season. In this form of adjustment, the snowfall 
information is limited to the historic record. 
Therefore, extreme snowfalls of the past which have 
not been recorded are neglected or underevaluated. 
The adjustment depends on past snow control experi-
ence and the evaluation of the adequacy of past snow 
removal programs. This experience is only partially 
transferable and evaluation methods are often sub-
jective, being based on the registered annoyance 
and perceived losses by individuals, businesses and 
industries. The above factors often leads to an in-
adequate adjustment to the snow hazard. 

Rooney (1) has pointed out the need for munic-
ipalities to employ a more refined evaluation tech-
nique, than simply the average expected snow accumu-
lation as a criterion for allocation of funds for 
snow removal and control programs. 

As an alternative to the trial and error stra-
tegy Russell (2) introduced the systems approach for 
an evaluation of long-term municipal adjustments to 
snow hazards using the hourly historic snow record 
in an economic study of snow removal practices. 

For the analysis of systems sensitive to hourly 
snowfall, new methodologies based on mathematical 
statistics have provided several alternatives to re-
ducing deficiencies inherent in the use of only the 
hourly historic snow record. 

The long-term municipal adjustment to snow 
hazards is viewed in the framework of a system in 
which the snow accumulation on traffic and supply 
routes engenders a reaction from the municipality 
creating a set of penalties, Figure 1. 

The snow accumulation at a particular time, is 
a direct consequence of the hourly snow sequence 
less the snow removal rate. The snow accumulation 
may then be adjusted by a strategy chosen by the 
municipality in response to the hourly snow sequence 
and a set of specific criteria. Although munici-
palities have been hesitant in adopting the systems 
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Figure 1. Flow diagram for snow hazard system. 
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approach to the planning, management and operation 
of snow removal and control programs; the systems 
approach is often being used in other programs with-
in the municipality. 

In this paper, the author introduces the con-
cept of the standard statistical snowfall for use 
in the evaluation of long-term strategies of snow 
control and for establishing levels of contingency 
funds for these various strategies. To demonstrate 
it's use, the standard statistical snowfall is ap-
plied in an evaluation of four different snow con-
trol strategies for two cities: Worcester, Massach-
usetts having an average annual snowfall of 200 cen-
timeters and a large number of moderate to heavy 
snowfalls over average storm durations of 6 to 11 
hours; and Nashville, Tennessee, having an average 
annual snowfall of 29.5 centimeters and a smallnum-
ber of moderate snowfalls over average storm dura-
tions of 5 to 9 hours. 

Standard Statistical Snowfall 

The standard statistical snowfall was intro-
duced as a set of synthetic hourly snow sequences 
generated by use of a stochastic model based on a 
mathematical representation of the historic snow 
sequence. 

Early efforts in the formulation and use of 
synthetic traces of environmental time series were 
made by Hazen (3), Sudler (4), Barnes () and Thomas 
and Fiering (6) in deriving design criteria for stor-
age reservoirs and for the analysis of river flows. 
A limitation of these models is their inability to 
model events which include consecutive null events. 
Time series of this type include the hourly precipi-
tation and hourly snow precipitation sequences. 

Two approaches characterize attempts to model 
hourly precipitation traces: 1. Markov chains which 
include a large number of null events (7) and 2. 
partitioning the time series into durations of null 
events and durations over which the event has real 
positive values and modeling the partitioning struc-
ture and the details of events over the duration in 
which the events are real positive (8) (9). 

As pointed out by Matalas (1Q) of the many pro-
perties required to adequately represent the histor-
ical trace, only those properties that exert a mean-
ingful influence on the response of the system need 
be considered. In the case of long-term municipal 
adjustments to snowfall hazards, the frequency, dura-
tion and intensity of snow events coupled with the 
sequence in which these events occur exert meaning-
ful influence on decisions affecting these adjust-
ments. The snow model used in this study preserves 
these properties. 

The model from which the standard statistical  

snowfall was generated and used later in this paper 
for the evaluation of alternative snow control stra-
tegies employs the concept of partitioning. In this 
model the time series representing hourly snowfall 
was partitioned into durations of consecutive hours 
in which snow occurs (xi, xe,..  .Xn)  and into dura-
tions of consecutive hours in which no snow falls 
(y1, y2,.. .ym),  figure 2. The sequence of snow dura-
tions was them modelled separately from the sequence 
represented by durations in which snow did not fall. 
The hourly sequence of snowfall intensities (z, z2,  
.zt) over each snow duration (xn) was then mdel-

led. The three sequences were then combined to rep-
resent the standard statistical snowfall characteriz-
ed by alternation of sequence of hourly snowfall fol-
lowed by a sequence of hourly zero snowfall for a 
large number of years. 

In this construct, each of the sequences; snow 
duration, hourly snow intensity and no-snow duration; 
was transformed in order to normalize their respect-
ive frequency distributions and then was modelled 
using a first-order regressive equation of the form: 

Yi 	= 	
+ p( 1i-1 - 	) + 
	 (1) 

where 

= th event in sequence, i = 1,2,3... 

= event previous to the i
th  event 

= mean of the distribution of. 'y 

a 	= standard deviation about the mean 

p 	= auto-correlation coefficient of lag (1) 
for the pooled events 

ri. 	= random multiplier obtained from a nor- 
' 	population, N(Oli). 

An inverse transformation was then performed on 
the generated variates and the standard statistical 
snowfall formed. A cube-root transform was used. 
The procedure for constructing and verification of 
this model is detailed elsewhere (ifl. 

Model parameters for many stations in the U.S. 
can be obtained from the historic hourly snow se-
quences which are readily available from the clima-
tological data publications of the Weather Bureau 
issued monthly from 1900 to the present. 

Tables 1 and 2 are summaries of the statistical 
properties for the standard statistical snowfall 
For purposes of comparison, the data tabulated in 



Figure 2. Partitioned Snow Sequences 
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the Local Climatological Data Sheets are also in-
cluded. In the case of Worcester, the mean yearly 
snow fall from the synthetic trace equaled the his-
toric trace. For Nashville, the mean yearly snow 
fall from the synthetic was 8 centimeters or 3 per-
cent less than the historic trace. 

The use of synthetic snowfall sequences are im-
portant in those situations where the penalty func-
tion is strongly nonlinear and for which extreme 
values of snow accumulation exert a disproportion-
ate influence. The damage function resulting from 
snow accumulation on transportation and supply 
routes is of this type. 

The effect is illustrated with reference to 
figure 3, in which probability distributions of both 
the snow accumulation and the resulting penalties 
are represented for the theoretical case, the his-
toric case and the synthetic case. If the probabil-
ity distribution of the historic trace as measured 
by the mean and standard deviation from the mean is 
less than for the theoretical or long term trace, 
then the penalties from the synthetic trace (which 
is based on the statistical characteristics of the 
historic trace) more closely approximates the theo-
retical. Conversely, if the historic trace is great-
er than the theoretical trace then use of the syn-
thetic trace over estimates the penalties. The use 
of the synthetic trace is therefore a conservative 
compromise that has a tendency to overestimate the 
projected snow removal level. 

Consideration of differential penalties result-
ing from snow accumulations later in this paper, 
suggests that there is an economic advantage to re-
moving snow above the optimum removal level than be- 

Figure 3. Probability distributions of penalty 
function from snow accumulations 
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low. 
As the length of the historic record increases, 

the more closely the record is representative of the 
theoretical sequence and less useful the synthetic 
traces becomes. 

The snow model used was considered a first ap-
proximation to the synthesis of hourly snowfall se-
quences for use in snow sensitive systems in which 
an ordering of the hourly snow fall was considered 
important.' This particular snow model proved par-
ticularly useful in evaluating snow removal stra-
tegies for long-term adjustments to snow hazards. 
It proved most suitable in representing those snow 
environments having moderate to heavy snowfall over 
long durations, and least suitable for light to mod- 
erate snowfalls 	From a statistical viewpoint, the 
cube-root transformation function used is not neces-
sarily the most satisfactory for all geographic re-
gions. Other transformation functions, such as a 
log function, may be more applicable to other geo-
graphic regions and should be considered. 

Although the preservation of the strUcture of 
the historic snow sequence was found to be adequate-
ly preserved, a few conments on the composite pro-
perties of the generated synthetic snow sequences 
is in order. As in all synthetically generated se-
quences, which adequately represent the historic 
series, the sequence is still dependent on the sta-
tistical properties of the historic sequence. There-
fore, if these statistical properties are unstable 
in the time domain, as a whole or in part, which is 
often the case for short historic records, then the 
synthetic trace characterizes this unstable trace. 
What is gained in synthetically representing the 
historic trace is the representation of a fuller 
range of the combinations of the events than the 
historic trace. Thus, extreme values and extreme 
sequences are represented in the synthetic trace 
which may not be represented in the historic trace. 
However, the stability in the time domain of the 
synthetic trace is dependent on the duration of the 
synthetic trace and can be made as stable as one 
wishes simply by generating the sequence over a 
longer number of years. Therefore, as the length 
of the historic snow record increases the synthe-
tic trace should be updated and long synthetic 
traces used when economically feasible. 

Strategies for Snow Removal 

Most of the strategies available to.. municipal 
managers for snow removal and control, implicity 
assume a desire to minimize the penalties result-
ing from snow accumulation. These penalties may be 
expressed functionally in terms of costs as, 
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Table 1. Summary of Standard Statistical Snowfall and Historic Snow Statistics. 

Worcester, Massachusetts Nashville, Tennessee 

Mean Monthly Max. Monthly Max. Snowfall Mean Monthly Max. Monthly Max. Snowfall 

Snowfall Snowfall In 24 Hours Snowfall Snowfall In 24 Hours 
Mo. 	(cm) (cm) (cm) (cm) (cm) (cm) 

LCDa 	SYNb LCD 	SYN LCD 	SYN LCDa 	SYNb LCD 	SYN LCD 	SYN 

Nov. 8 15 	53 58 38 	38 2 2 23 43 23 43 
Dec. 35 26 	82 91 40 	35 6 5 34 32 26 20 
Jan. 45 46 	112 158 48 	75 10 5 48 42 19 23 
Feb. 50 48 	115 178 61 	65 7 4 38 45 19 17 
Mar. 50 50 	93 135 42 	57 5 6 41 50 23 24 
Apr. 11 14 	29 56 26 	25 - - - - 3 21 

Total 199 199 	115 178 61 	75 30 22 48 50 26 43 

LCD 	- as reported in Local Climatological 	Data, Worcester (1974), Nashville (1969) 
- cSYN calculated from standard statistical 	snowfall of 100 years 

Maximum Snowfall 	in 24 hours for SYN listing based on 1st hour to 24th hour of any 
day and doesn't include case where the 24 hours is in two consecutive days. 

T(R) = D(R) + C(R) 	 (2) 

where 

T(R) = total penalty function, dollars 
(R) 	snow removal or control level, cm/hr. 
D(R) = snow accumulation damage function, 

dollars 
C(R) = snow removal cost function, dollars 

Therefore, in terms of a strategy in which the snow 
removal level (R) is varied, the minimum penalty 
will result when R is chosen in such a way that the 
following relationships are satisfied, 

= 0 	
aT(R) 
R2 	> 1 	

(3) 

or 	L + 1= 0 	 (4) 
3R 	aR 

and R0  = the optimum removal level to satify 
the above relationships 

Of the many long-term strategies available to 
municipal managers, the following four are consider-
ed in this paper 

Optimal Removal Strategy 
Constant Critical Removal Strategy 
Constant Critical Budget Strategy 
Trial & Error Budget Strategy 

With reference to figure 4, the optimal removal 
strategy involves snow removal or control at point A, 

Figure 4. Snow Removal Strategies 
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the minimum point on curve relating the total pen-
alty (cost + damage) to snow removal level for each 
storm, month or year. It represents a game-theore-
tic to which other strategies may be compared and 
approached. The constant critical removal strategy 
involves snow removal at a guaranteed constant level 
for each year. The critical level, represented by 
point B on the curve is in general not the optimal 
value for any single year but represents the aver-
age optimal control values for all years. 

The constant critical budget strategy involves 
snow removal at a level at point C consistent with 
a fixed yearly budget determined from the mean cri-
tical removal level for the particular city. The 
snow removal level therefore varies from year to 
year since the yearly budgeted funds remain constant, 
whereas the snow to be removed varies from year to 
year. 

The trial and error budget strategy involves 
snow removal at a level at point 0 consistent with 
a fixed yearly budget determined from the budget re-
quired to attain an optimal removal level in the 
previous year. 

In general , where the last three strategies are 
used, additional funds or returns from a contingency 
fund are required in order to approach the optimum 
level of snow removal for any particular year, the 
movement of points, B, C, 0 to point A on the curve. 

Snow Accumulation Damage Function 

For the purpose of evaluation of the four snow 
removal strategies, the Russell-Butler Snow Damage 
Model was utilized to estimate the snow damage. This 
model eval uates the snow damage in terms of del ayed 
and deferred travel of workers and non-workers of a 
community resulting from hourly snow accumulation on 
vehicular transportation routes. The model is de-
tailed elsewhere Qj) (). 

It has been shown () using synthetic hourly 
snow sequences in conjunction with the Russell-
Butler Damage Model , that the damage function in 
terms of snow removal level may be satisfactorily 
represented by the following relationship, 

	

D(R) 	= bRm 	 (5) 

where 

D(R) 	= mean annual damage in 106  dollars, 

	

R 	= snow removal level, centimeters per hr. 

	

b 	= constant, Table 2 

	

m 	= constant, Table 2 



Figure 5. Mean annual total penalty curves. 
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Table 2. Cost and Damage Constants for Critical 
Removal Strategy 

h 	g 	 m 	 b 

City 	106 	106 	 106  

	

W 1.660 1.235 	-2.276 2.466 

	

N 0.0990 0.305 	-2.130 0.052 

City W - Worcester, Mass. URC = 1500, CR = 4 
City N - Nashville, Tenn. URC = 5000, CR = 1 
basic economic data from Russell (f)' (]) lost pro-
duction parameter equal to 0.1 

Snow Removal Cost Function 

The snow removal cost function, C (R), repre-
sents the expenditures for removal of snow from the 
transportation arteries of a city in terms of snow 
removal or control level. Russell (12) has pointed 
out the measurement difficulties associated with 
evaluating the cost of snow removal programs. After 
an extensive gathering of data on the costs of snow 
removal programs, he found that although cost data 
were available, the level of snow control associat-
ed with these costs was often masked. 

For this study, an expected range of cost values 
in terms of a unit snow removal cost per centimeter 
of snow accumulation (URC) and a cost ratio (CR) was 
assumed in simulating cost functions. 

The unit snow removal cost represents the mean 
annual cost per centimeter of snow accumulation for 
removing snow at a guaranteed removal level of 1.0 
centimeter per hour. The cost ratio represents the 
ratio of the cost of removing snow at a guaranteed 
removal level of 3.00 centimeters per hour to the 
unit removal cost. 

The cost ratio term permitted a differentiation 
between the unit cost of removing snow at a removal 
level of 1.00 centimeter per hour to that of remov-
ing snow at a removal level of 3.00 centimeters per  

hour. Therefore, if the unit removal cost for a 
city is $2500 per centimeter and the cost ratio 
equals 4, then the cost of removing snow at a 
level of 3.0 centimeters per hour is equal to 
$10,000 per centimeter of snow accumulation. 

This simulation procedure for evaluating 
snow removal costs was constructed such as to 
assure a snow removal level up to and including 
some maximum level, Rmax,  and permitted the in-
clusion of at least a 3-hour lag prior to reduc-
ing the level of snow removal. 

The cost function in terms of snow removal 
level may be estimated by use of the following 
relationship, (9) 

C(R) = h ln R + g 

where 	 (6) 

C 	= mean annual snow removal cost, 
106  dollars, 

R 	= guaranteed snow removal level, centi- 
meters per hour 

h 	= constant cost function parameter, 
table 2 

g 	= constant cost function parameter, 
table 2 

Minimum Total Penalty 

For the particular adjustment strategy in which 
the snow removal level is guaranteed, the mean an-
nual total penalty function may be expressed as, 

1(R) = bRm + (Ii 1 n R + g) 	 (7) 

where the first term of the relationship is the dam-
age function and the second term is the snow remov-
al cost function. 

In terms of a strategy which minimizes the tot-
al penalty, we obtain 

(8) 
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Table 3. 	Summary 
Based on 

of Associated Annual Costs, Damages and Total Penalties for 
Standard Statistical Snowfall 	Sequences, 1977. 

Various Snow Control Strategies 

Removal Cost Damage Total Penalty 

$106 $106  $106  

URC 

City Strategy $lO CR Mean SD Mean SD Mean SD Max. P.R. 

W 1 10 1 2.86 1.00 0.25 0.11 3.11 1.09 5.04 1.0 

2 2.81 0.82 0.60 0.95 3.41 1.52 9.64 1.1 

3 2.86 0.00 7.69 25.65 10.55 25.65 152.89 3.4 

4 2.86 1.00 20.50 45.42 23.39 45.06 152.90 14.5 

1 2.5 4 2.50 1.21 0.69 0.28 3.06 1.45 7.70 1.0 

2 2.12 0.62 1.55 2.18 3.67 2.56 15.46 1.2 

3 2.50 0.00 1.80 3.82 4.30 3.82 28.25 1.4 

4 2.50 1.21 2.86 6.92 5.36 6.72 55.87 1.8 

N 1 5 1 0.31 0.23 0.04 0.03 0.35 0.26 1.18 1.0 

2 0.31 0.21 0.09 0.27 0.40 0.40 3.00 1.1 

3 0.31 0.00 1.49 4.26 1.80 4.26 20.35 5.1 

4 0.31 0.23 3.78 7.08 4.09 7.02 44.52 11.7 

Damages are for case in which the lost production paranJeter equals 0.10 in Russell-Butler model. 

City W - Worcester, Massachusetts 
City N - Nashville, Tennessee 
Strategy 1 - Optimum removal, 2 - Constant critical removal 
Strategy 3 - Constant critical budget, 4 - Trial and error budget. 
URC - Unit removal cost; CR - cost ratio; SD - standard deviation; 
P.R. - Penalty ratio. 

or 	

[bRm + ( h ln R + g)] = 0 	 (9) 
TR 

or abRm = 	- 	C h In R + g) 	 (10) 

aR 	 aR 

or the marginal damage function equals the negative 
marginal cost function. 

Solving for the critical snow removal level to 
satisfy the above relation, we obtain, 

h, 1/m 	 / 
R0 - - - 

	

	 11 
Em- 

For the constant critical snow removal strategy 
the mean annual snow removal costs, the mean annual 
snow damage in terms of dollar losses to the com-
munity and the mean annual total penalties are 
shown graphically in relation to the snow removal 
level, figures 5a and 5b. The critical snow re-
moval level is located at the point where the total 
penalty function is a minimum. 

Evaluation of Snow Removal Strategies 

The standard statistical snowfall and the pen-
alty functions were utilized conjunctively to eval-
uate and to contrast the four different snow remov-
al strategies previously described. 

The standard statistical snow fall consisted of 
100 years of synthetic hourly snowfall. It was used 
to generate for each snow removal strategy a series 
of annual snow removal costs, damages and total pen-
alties for two different cost functions for Worces-
ter and a single cost function for Nashville. 

For a comparison between strategies, the mean 
and standard deviation from the mean of the annual 
values were calculated and tabulated in Table 3. 
Since the optimal removal strategy represents the 
minimum mean annual total penalty which may be real-
ized, the other strategies were compared in terms of 
this strategy and the mean annual total penalty for  

the optimum strategy was calculated and also tabulat-
ed in Table 3. 

For the cost functions considered, the results 
in Table 3 suggests that the constant critical bud-
get strategy, when viewed over the long-term, leads 
to significantly lower expected annual total penalt-
ies then the trial and error budget strategy. 

In the case of Worcester, for a cost-function 
having a URC equal to $10,000 and CR equal to unity, 
the trial and error budget strategy leads to expect-
ed penalties of 23 million dollars annually. These 
mean annual losses are lessened to approximately 11 
million dollars when the critical budget strategy 
is applied at the same level of investment in con-
trol efforts. A similar comparison exists for Nash-
ville. The magnitude of this advantage is lessened 
for the analysis using the other cost function. 

The reduction in the penalty ratio from 14.5 to 
3.4 for Worcester and from 11.7 to 5.1 for Nashville, 
when the constant critical budget strategy is used. 
reflects the more efficient use of the snow control 
funds in affecting snow removal at levels around the 
optimal level or critical level for any particular 
year. 

Penalty Differentials 

The change of long-term mean annual total pen-
alty with respect to snow removal level (R) may be 
expressed functionally as 

aT(R)=bmRm_l hR 1 	 (12) 
DR 

At the minimum point aT/aR = 0, which increases 
on each side of the minimum, aT/3R is represented by 
the slope of the total penalty curves in figures 5a 
and 5b. This relationship is important in that it 
shows the long-term mean annual differential penalty 
to a community which uses as an adjustment, snow re-
moval levels other than the critical long-term snow 
removal level and therefore, represents the cost of 
a non-optimal long-term strategy. 



Table 4. Sumary of Contingency Fund for Various Snow Control Strategies Based on Standard Statistical 
Snowfall. 

City Strategy 

URC 

CR Mean 

Funds Needed 

$106  

SD Max. Mean 

Funds in Excess 

$106  

SD Max. 

W 2 10 1 0.27 0.26 1.07 0.21 0.14 0.61 
3 0.89 0.65 2.66 0.76 0.50 2.36 
4 1.14 0.82 3.50 1.08 0.74 2.90 

W 2 2.5 4 0.73 0.71 2.90 0.37 0.22 0.97 
3 1.05 0.99 3.91 0.87 0.55 2.26 
4 1.23 1.13 4.89 1.27 1.03 4.64 

N 2 5 1 0.05 0.06 0.28 0.03 0.02 0.08 
3 0.20 0.19 0.70 0.18 0.10 0.35 
4 0.23 0.18 0.75 0.29 0.23 0.84 

City W, Worcester, Massachusetts; City N, Nashville, Tennessee 
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Snow removal levels based on short snow traces or 
trial and error methods may lead to cost differen-
tials. 

For purposes of comparison, the differential 
mean annual penalty was expressed as a percentage 
of the minimum total penalty. 

DC 	
= T(R) - T c 
	 (12) 

T(R) 
where 

DC = differential mean annual penalty, % 
T(R)= mean annual total penalty at a snow 

removal level,R 
T 	= mean annual total penalty at the crit- 

ical removal level. 

The long term differential total penalty for 
Worcester expressed in terms of deviations of the 
actual removal level from the critical removal 
level is graphically represented in figure 6. In 
this case, for an assumed unit removal cost of 
$10000 per centimeter, a lost production parameter 
of 0.1 and a cost ratio of 1, the critical removal 
level equals 2.6 centimeters per hour. Therefore, 
if the actual snow removal level used was 1.6 cen-
timeters per hour, then a penalty differential of 
8 percent of the total minimal penalty or $270,000 

Figure 6. Mean annual total penalty differentials 

for Worcester, Massachusetts 
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would result. Stated another way, it would cost 
the city an additional $270,000 per year in penalties 
for removing snow at a level of 1.6 centimeters per 
hour instead of 2.6 centimeters per hour. 

If the actual snow removal level was greater 
than the critical level by the same amount as the 
above example was below the critical level, then 
the penalty differential of 2 percent or $70,000 
per year would occur. A similar example could be 
made for Nashville. 

The shape of the differential penalty functions 
suggest that if a municipality remove snow, it is 
more advantageous to remove it at levels greater 
than the critical level then at snow removal levels 
below the critical level. 

In an effort to avoid these differential penalt-
ies associated with non-optimal strategies, addition-
al funds are required to approach the optimum level 
in a particular year if the budgeted or planned re-
moval level is below the optimum. In those years 
where the budgeted removal level exceeds that requir-
ed for operations at the optimum, the excess funds 
may be utilized elsewhere. In the use of a contin-
gency fund for the snow removal system in conjunc-
tion with other systems within the municipal or 
state network which are not serially correlated with 
snow removal efforts permits a flexibility of re-
sponse. This flexibility permits avoidance of ex-
treme penalties to extreme snow years. 

The structure of a contingency fund for the 
cases considered in this paper is tabulated in table 
4. 

Closure 

The concept of a standard statistical snowfall 
was introduced for use in a systems approach in the 
evaluation of long-term strategies for snow control. 
It is the opinion of the author that synthetic snow 
sequences provide a feasible alternative to the use 
of short historic traces as input to snow control 
systems. 

The snow model presented was considered a first 
approximation to the synthesis of hourly snowfall 
sequences in which an ordering of the hourly snowfall 
was considered important. Although useful for the 
purposes of this paper, other constructs may prove 
more appropriate for other geographic regions and 
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for use as input to other control systems. 
Although used for the evaluation of long-term 

snow control strategies, the concept of a standard 
statistical snowfall may prove useful in the eval-
uation of short-term systems involving the schedul-
ing, operation and management of current snow con-
trol programs. 
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