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Abstract: This paper describes the development of  reliability-targeted ground snow load maps 11 

for use in building (roof) design. The proposed procedures aim to ensure that structures designed 12 

achieve a target safety index, taken to be 3.0 as defined in the ASCE Standard 7.  When applied 13 

to the U.S. state of Colorado, the reliability-targeted mapping procedure shows that, to achieve 14 

this target reliability index, design ground snow loads may need to be larger or smaller than the 15 

50-year return period load that ASCE 7 currently stipulates for design, depending on the site and 16 

winter climate conditions at that site. Sites with larger coefficients of variation in the annual 17 

maximum snow load (in Colorado, lower altitude sites) generally need design loads larger than 18 

the 50-year values. The paper also advances snow reliability assessment procedures through the 19 

proposal of a new model for the ground-to-roof conversion factor needed for quantifying roof 20 

snow loads as a function of ground snow loads. Spatial smoothing and altitude-dependent 21 

mapping procedures are described.  22 
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Introduction  25 

This paper, and its companion paper (DeBock et al. 2016), develop and illustrate a new 26 

approach for  determining design ground snow loads based on uniform risk or reliability, rather 27 

than on uniform hazard (constant return period). The approach adopted for determining 28 

reliability-targeted ground snow loads is based on the reliability (or safety) index, β, which is 29 

inversely related to the probability of failure, PF,  for a given 50-year time-period (Melchers 30 

1987) through the expression β = Φ-1(1 – PF), where Φ-1 (  ) = percent point function of the 31 

standard normal probability integral. The reliability of a roof structure can be assessed by 32 

computing the probability that the snow load demand exceeds the capacity, considering 33 

uncertainties in the factors that influence both demand and capacity.  The commentary for ASCE 34 

7-10 defines target reliability indices to be achieved by buildings designed according to that 35 

standard (ASCE 2010). For typical buildings (denoted as Risk Category II by ASCE 7-10), the 36 

target 50-year safety index is 3 for member failure that is not sudden or leading to progressive 37 

damage.  Higher target reliabilities for failures that are sudden and/or lead to progressive damage 38 

are to be achieved in material design standards through adjustments in resistance factors. 39 

Codified procedures (e.g. ASCE 2010) for design snow loads compute the roof snow load 40 

from the design ground snow load, based on conversion factors considering the roof’s importance, 41 

thermal, and exposure. For roofs designed by Load and Resistance Factor Design (LRFD), the 42 

pertinent load combination for determining the ultimate load (U) (also known as the required 43 

strength) is: 44 

 𝑈 = 1.2𝐷 + 1.6𝑆             (1), 45 



where D and S are the nominal dead and roof snow loads, respectively. In developing current 46 

code approaches, Ellingwood et al. (1982) showed that Equation 1 leads to designs that have a 47 

reliability of approximately 3. That analysis considered a typical site, averaged from seven non-48 

mountainous sites, with annual maximum roof snow loads that followed a Type II extreme value 49 

distribution, fitted to the upper tail of the distribution, with  a coefficient of variation (COV) of 50 

0.26. A subsequent study showed that a lognormal distribution provided the best fit to snow data 51 

then available in the Northeast quadrant of the United States (Ellingwood and Redfield 1983). 52 

However, the reliability index achieved by a code-designed building under snow loads is 53 

highly dependent on the shape of the probability distribution defining ground snow loads and in 54 

the assumptions made about the ground-to-roof-conversion factor (i.e. ratio snow on roof to 55 

snow on ground). With regard to the influence of the probability distribution of annual maximum 56 

snow loads, Takahashi and Ellingwood (2005) investigated roofs designed according to the 57 

Japanese Building Code, showing that results were very sensitive to the variance in the 58 

distribution of annual maximum snow loads assumed for the different sites. In the state of 59 

Colorado, the COV of annual maximum ground snow loads ranges from about 0.2 to 1.0 at 60 

different sites, due to large differences in topography and climate (DeBock et al. 2016). These 61 

differences produce large variations in the reliability of roofs governed by snow loads throughout 62 

the state (Kozak and Liel 2015). In addition, Bennett (1988) showed that the uncertainties in the 63 

ground-to-roof conversion significantly impact the reliability assessment.   64 

Methods for determining the probability distributions of ground snow loads for different 65 

sites, which is a key input to the reliability assessment, are the focus of the companion paper 66 

(DeBock et al. 2016). This paper describes the development of reliability-based snow load 67 

criteria, focusing on 1) the reliability assessment procedures and 2) mapping methods to  account 68 



for large altitude variation among sites and sites where data may not be available to directly 69 

conduct a reliability assessment. In addition, the paper develops a probabilistic model for the 70 

ratio of roof to ground snow loads on the basis of newly available data, improving the 71 

probabilistic characterization of snow load on the roof as a function of the ground snow load.   72 

In past editions of ASCE Standard 7, large parts of Colorado have traditionally been treated 73 

as case study regions, due to the variability and uncertainty in the loads. As a result, the 74 

Structural Engineers Association of Colorado has provided information independently on design 75 

ground snow loads (with recommendations published in 1971, 2007 and, now, 2016) (SEAC 76 

1971; 2007; 2016). The methods described here are the basis for the SEAC (2016) design ground 77 

snow load recommendations for Colorado. Although the paper focuses on the U.S. state of 78 

Colorado, the reliability assessment and mapping approaches developed are intended to be 79 

broadly applicable to other regions where snow loading is considered in building design.  80 

Roof Reliability Assessments Under Snow Loads 81 

Overview 82 

The reliability of roof structures that are designed for snow loads is assessed with Monte 83 

Carlo simulation methods (Fishman 2006). Each Monte Carlo simulation represents a single 84 

year. Each simulation computes random realizations of the demand (i.e. roof dead and snow 85 

load) and the load-carrying capacity. If the moment demand is greater than the moment capacity 86 

in a given simulation, a failure occurs. The number of failures from ten-million total simulations 87 

is then used to compute the annual probability of failure, which is converted to the probability of 88 

failure in 50 years and, from there, the 50-year reliability index targeted by ASCE Standard 7. 89 

The Monte Carlo simulation is repeated for a range of design ground snow loads, to produce a 90 

curve relating design ground snow load to the achieved reliability index for a location of interest.   91 



To conduct the reliability assessment, we first design a test structure roof for the design 92 

ground snow load of interest. The test structure roof is flat and consists of simply-supported 93 

wide-flange steel beams that are 30 feet (9.1 m) in length and have a tributary width of 30 feet 94 

(9.1 m), considering a dead load of 15 psf (718 Pa).  (A series of sensitivity studies conducted by 95 

the authors shows that the reliability results are not sensitive to the roof geometry and other 96 

design assumptions).  The design roof snow load is taken as 0.7 times the design ground snow 97 

load based on the ASCE 7 Standard (ASCE 2010) for normal thermal and exposure 98 

characteristics (coefficients of 1.0 in ASCE 7). The required section modulus for a simply-99 

supported wide flange steel roof is computed for the factored dead and ultimate snow loads, and 100 

a strength reduction factor of 0.9. Deflection limits are not considered in the design process.  101 

The roof reliability is assessed considering failure of flat roofs under uniform loads, i.e. 102 

failures due to overburden. This failure mode does certainly occur, as shown by  O’Rourke and 103 

Wikoff (2014) in their survey of roof failures in New England during the 2010-2011 winter, but 104 

roofs are also likely to fail under drifted snow conditions. However, since ground snow load and 105 

flat roof snow load are the starting points for all snow load analyses in ASCE Standard 7 (e.g. 106 

drift loads depend on ground snow load and are superimposed on the uniform roof snow load), 107 

the test structure and uniform load conditions are chosen for considering the influence of the 108 

shape of the distribution of annual maximum snow loads on roof failures. Other types of roofs 109 

are vulnerable to snow loads, and forensic studies suggest, for example, that long span steel joist 110 

structural failures may be more common than the wide-flange steel sections considered here (e.g. 111 

Geis et al. 2012). Systems with more limit states to consider and systems with substantially 112 

different variability in capacity (strength) than the test structure, may deliver different reliability 113 



results, but trends between different snow sites will follow similar patterns, because the majority 114 

of the uncertainty is in the load, not the resistance.  115 

Uncertain Demand Variables  116 

Demand variables considered in the reliability assessment are roof dead load and roof 117 

snow load. Following Ellingwood et al. (1982), the roof dead load is assumed to be normally 118 

distributed, with an expected value of 1.05 times the unfactored design dead load and a 119 

coefficient of variation of 0.1. The roof snow load in the Monte Carlo simulations is modeled as 120 

a product of two random variables: the ground snow load and the ratio of roof snow load to the 121 

ground snow load, i.e. the ground-to-roof conversion factor. This ground-to-roof conversion 122 

factor is used to compute the annual maximum roof snow load from the annual maximum ground 123 

snow loads.  124 

Ground Snow Loads 125 

Probability models for ground snow loads are the focus on the companion paper (DeBock 126 

et al. 2016). These models describe the annual probability of occurrence of different maximum 127 

ground snow loads at a particular site.  128 

Ground-to-Roof Conversion Factor  129 

The ground-to-roof conversion factor quantifies the snow on the roof, given the snow on 130 

the ground.  Ellingwood and O’Rourke (1985) estimated that the ground-to-roof conversion 131 

factor for snow loads is lognormally distributed with a median of 0.47 and logarithmic standard 132 

deviation of 0.42, based on data for flat roofs collected by O’Rourke et al. (1982). This 133 

conversion factor implies that the roof annual maximum snow load is on average about half of 134 

the annual maximum ground snow load, due to melting, sublimation and wind, which tend to 135 

remove the snow from the roof more quickly than the ground. This conversion factor has been 136 



used in the majority of previous studies of snow loads on roof (e.g. Bennett 1988, Lee and 137 

Rosowsky 2005, etc.), due to the scarcity of other sources of roof snow load data.  138 

This study uses a larger data set collected by Høibø (1988, 1989) and supplied by Thiis 139 

and O’Rourke (2015) to quantify the ground-to-roof conversion factor. These data are employed 140 

to develop an updated model of this factor to improve the estimation of the roof snow load. The 141 

data set consists of simultaneous ground and roof snow load measurements, collected from 142 

unheated roofs in Norway with roof slopes varying between 0 and 45 degrees, and having a 143 

variety of exposure conditions (Thiis and O’Rourke, 2015). These data, illustrated in Figure 1a, 144 

show that a significant portion of the variation of the ground-to-roof conversion factor can be 145 

explained by the magnitude of the ground snow load. In particular, the ratio of roof snow load to 146 

ground snow load decreases as ground snow load increases. This trend occurs because larger 147 

ground snow loads tend to be due to season long accumulation. Roofs experience less season-148 

long accumulation than the ground because wind, thermal and sublimation processes tend to 149 

remove more snow from the roof over time. We note that this data set quantifies the ratio of roof 150 

snow load to ground snow load occurring at the same instant in time, rather than the ratio of 151 

annual maximum roof snow load to the annual maximum ground snow load, which is needed in 152 

the reliability assessment. The annual maximum roof and ground snow loads may not occur 153 

simultaneously, but data for comparing the annual maxima is not currently available and the 154 

available data are used without modification, with the expectation that the differences between 155 

the two ratios are relatively small.  156 

Like Ellingwood and O’Rourke (1985), we assume the ground-to-roof conversion factor 157 

to have a lognormal distribution. However, using the new data, we condition the distribution of 158 

the conversion factor on the ground snow load, such that the median and logarithmic standard 159 



deviation of the distribution are a function of the ground snow load. The proposed model for 160 

predicting the median ground-roof-conversion factor (GRMedian) and its logarithmic standard 161 

deviation (𝜎𝐺𝑅) are reported in Equations 2 and 3 and illustrated in Figure 1, where: 162 

𝐺𝑅𝑀𝑒𝑑𝑖𝑎𝑛 = 0.50 ∗ exp(−0.034 ∗ 𝑝𝑔) + 0.4 (2) 

𝜎𝐺𝑅 = min(.007 ∗ 𝑝𝑔 + 0.1, 0.33) (3) 

Here, 𝑝𝑔 is the ground snow weight in pounds per square foot (psf).    163 

The proposed model was obtained by fitting an exponential function to the moving 164 

median of the Thiis and O’Rourke (2015) data. This approach was used because the data are not 165 

well-suited to standard regression techniques, mostly due to a lack of homoscedasticity. Instead, 166 

a nonparametric model is first fit to the data using local polynomial regression (Fan and Gijbels 167 

1996) and we then fit the exponential function (Equation 2) to the moving median obtained from 168 

the local regression. Similarly, a bilinear model is fit to the logarithmic standard deviation values 169 

from the local polynomial regression (Equation 3).   170 

Equation 2 closely agrees with the moving median from local polynomial regression for 171 

ground snow weights greater than 25 psf (1.2 kPa), where the majority of failures are expected to 172 

occur in the reliability assessment. We note, however, there are insufficient data beyond ground 173 

snow weights of approximately 80 psf (3.3 kPa). Beyond this point, Equation 2 is defined to 174 

have an asymptote at 0.4, which is nearly reached at a ground snow load of 80 psf (3.83 kPa). In 175 

reality, the median ground-to-roof conversion factor may decrease below 0.4 at ground snow 176 

weights greater than those in the data set, but data are not available to confirm this hypothesis. 177 

The current model is therefore conservative, since it leads to higher roof snow loads than are 178 

probably realistic for very large ground snow loads that may be found in the Colorado 179 

mountains. In addition, the roof conditions (unheated, slopes of up to 45°) for which data are 180 



available are not the same as the assumptions used in the reliability analysis (flat roofs with 181 

normal thermal conditions and exposure), which adds to the conservatism of the ground-to-roof 182 

conversion model.  Finally, we note that if the probabilistic model described in Equations 2 and 3 183 

is used without modification in the Monte Carlo reliability analysis, it is possible to simulate roof 184 

snow loads that are greater than ground snow loads (i.e. ground-to-roof conversion factors 185 

greater than 1.0), particularly at lower ground snow loads.  It is theoretically possible that the 186 

roof snow atop a very well insulated heated structure would be greater than that on the warm 187 

ground, but it is unlikely that the roof snow load greatly exceeds the ground snow load.  188 

Accordingly, for simulation purposes, an upper bound ground-to-roof conversion factor of 1.25 189 

is assumed. 190 

Despite it’s conservatisms, the proposed ground-to-roof conversion model is still lower 191 

than the Ellingwood and O’Rourke (1985) model when the ground snow load is greater than 55 192 

psf (379 kPa). This implies that for the larger loads that dominate reliability analysis, even at 193 

moderate snow sites, the new model predicts on average lower roof snow loads. In addition, we 194 

observe that of all the demand and capacity variables considered in the reliability analysis, the 195 

ground-to-roof conversion factor and the ground snow load distribution are the most uncertain, 196 

but uncertainty of the ground-to-roof conversion factor is substantially reduced by treating it as a 197 

function of ground snow load (reduced from a lognormal standard deviation 0.42 in the 198 

Ellingwood and O’Rourke model to a maximum value of 0.33 here, depending on the level of 199 

ground snow load). 200 

Uncertain Capacity Variables  201 

In the reliability analysis, the moment capacity of the steel roof member is computed 202 

considering uncertainty in the yield strength and plastic section modulus of the section. The steel 203 



yield strength is taken to be lognormally distributed with a mean value of 1.1 times the nominal 204 

yield strength of 50 ksi (345 MPa), and a logarithmic standard deviation of 0.09 which is within 205 

the range of strength values for rolled steel sections subjected to bending (as reported by a number 206 

of sources, e.g. Kennedy and Gad Aly 1980, Bartlett et al. 2003, Schmidt and Bartlett 2002). The 207 

plastic section modulus is normally distributed with a mean value of 1.05 times the required section 208 

modulus and a coefficient of variation of 0.05 (Galambos and Ravindra, 1978; Lind, 1977). The 209 

1.05 factor accounts for the increase in section size that would be achieved if a discrete steel section 210 

was selected in the design and for variability in thickness of rolled shapes of compact sections.  211 

The plastic section modulus has a coefficient of variation of 0.05.  212 

Reliability-Targeted Design Snow Loads  213 

Example Reliability Assessments for Three Sites   214 

Results of the reliability assessments are presented first for three sites: Copper Mountain (a 215 

mountain site, altitude 10550 ft or 3.216 m), Denver-Stapleton (a plains site, altitude 5286 ft 216 

1,611 m), and Yampa (a mountain valley, altitude 7857 ft 2,395 m).  These sites are selected for 217 

illustration to demonstrate key differences between mountain sites with high annual snowfall, 218 

non-mountain sites with sporadic snow fall, and intermediate snowfall sites. The development of 219 

lognormal probability distributions for annual maximum ground snow loads for these sites has 220 

been presented in the companion paper (DeBock et al. 2016).   221 

Figure 2 shows the results of the reliability assessments for these three sites. The safety 222 

index obtained for the 50-year mean recurrence interval (MRI) ground snow load at each site 223 

represents the reliability obtained through design procedures if the 50-year return period ground 224 

snow load is used as the design value. This 50-year load was computed using the improved 225 

estimation procedures of the 50-year value obtained from the tail-fitting procedure described in 226 



DeBock et al. (2016). In addition, the results show the trend between the design ground snow 227 

load and the safety index quantified for the different sites.  The calculations are carried out with 228 

and without the minimum snow load for low-slope roofs included in the design procedure.  For 229 

low-slope roofs, ASCE 7 defines minimum roof snow loads equal to 20 psf (0.96 kPa) or the 230 

design ground snow load, whichever is lesser, times the snow importance factor (ASCE 2010). 231 

The figures also reveal the required design ground snow load to achieve a reliability index 232 

of 3.0— i.e. the “reliability-targeted” design ground snow load. For Copper Mountain (Figure 233 

2a), a design ground snow load of 98 psf (4.7 kPa) is sufficient to produce a reliability index of 234 

3, which is 11% lower than the 50-year MRI ground snow load of 110 psf (5.3 kPa). If the 50-235 

year MRI load were taken as the design load in Copper Mountain, then the LRFD load factor for 236 

snow loading would only need to be 1.43 instead of 1.6 to achieve the target reliability. At 237 

Yampa (Figure 2c), the reliability-targeted design ground snow load and the 50-year ground 238 

snow load are approximately equivalent.  239 

For the lower altitude Denver-Stapleton site (Figure 2b), which is at the border of the 240 

plains and the Front Range of the Rocky Mountains, the reliability-targeted design ground snow 241 

load of 34 psf is on the order of 70 percent higher than the 50-year ground snow load.  Designing 242 

for the 50-year load  achieves a reliability index of only about 2.0, and a load factor of 2.7 (rather 243 

than 1.6) would be required if the 50-year load is used in design to achieve a target reliability 244 

index of 3.0. If the ASCE 7 minimum flat roof snow loads are considered, then designing for the 245 

50-year load yields a reliability index of 2.7.  246 

The differences in the recurrence intervals of the loads required to achieve the target 247 

reliability index are due the distinct shapes of the upper tails of the probability distributions for 248 

annual maximum snow loads at these three sites. At Copper Mountain (Figure 2a), the reliability-249 



targeted load is lower than the 50-year load because the distribution of annual maximum ground 250 

snow load has a relatively light upper tail (i.e. small COV); as a result, loads significantly larger 251 

than their 50-year load are extremely rare, so the 50-year load times the 1.6 factor is more 252 

conservative than needed to achieve the desired reliability.  253 

Conversely, at Denver-Stapleton (Figure 2b), the high variability of the annual maximum 254 

snow results in heavy-tailed ground snow load distributions (i.e., high COV), implying that there 255 

is a higher probability of having a load that is significantly higher than the 50-year load here. 256 

Although the new ground snow load seems substantially higher than the 50-year load, this design 257 

ground snow load results in a design flat roof snow load of 25 psf (1.2 kPa), which is actually 258 

consistent with the Denver Building Code’s minimum roof snow load (City and County of 259 

Denver 2011). Thus, the current practices of the minimum roof load implemented by the local 260 

structural engineering community are achieving a reasonable level of reliability, because they are 261 

larger than the 50-year load. Based on this observation, a practical approach for some regions 262 

could be to enforce a minimum design roof snow load to govern sites with small 50-year loads 263 

and heavy-tailed distributions of annual maximum snow loads (e.g. Denver, which would need a 264 

minimum roof load of 25 psf). In this alternative approach, design snow loads at sites with larger 265 

snow loads, such as Copper Mountain and Yampa, would still be governed by the 50-year load. 266 

At the third location, Yampa (Figure 2c), the annual maximum ground snow load 267 

distribution has a shape that is consistent with the assumptions for determining the ASCE 7 snow 268 

load factor of 1.6 for factoring 50-year snow loads. Consequently, the design ground snow load 269 

that leads to =3.0 is 46 psf (2.2 kPa), which is very near the 50-year load of 47 psf (2.3 kPa).  270 

Although this study is based on Colorado, other studies that have looked at ground snow 271 

loads over a region have also observed significant variability in the shape of the ground snow 272 



load distribution at sites with different types of climates.  For example, Blanchet and Lehning 273 

(2010) modeled probability distributions for ground snow depths in Switzerland, and noted that 274 

the heaviest (upper) tailed distributions were most likely to be found in the lower altitude 275 

regions, indicating a relatively high likelihood of extreme events larger than the nominal load. At 276 

higher altitudes, they found distributions with light upper tails, suggesting a smaller likelihood of 277 

occurrence of extreme events. Hong and Ye (2014) studied ground snow loads Canada, finding 278 

COVs that range from 0.13 to 1.22, where the biggest variability was observed in the western 279 

Pacific region of the country where infrequent heavy storms dominate the maximum ground 280 

snow loads. Likewise, Mo et al. (2015) quantified annual maximum ground snow loads in 281 

Heilongjiang Province in China, showing that the coefficient of variation at the sites in this 282 

region varied between about 0.25 and 0.8.  Thus, many regions have sites with widely different 283 

climatic conditions and COVs as observed here. This study shows that the substantial variability 284 

in reliability achieved if roofs are designed for a uniform hazard approach across sites with these 285 

different characteristics.  286 

Reliability-Targeted Snow Loads for Colorado   287 

The goal of the newly proposed ground snow load design values is to achieve consistent 288 

structural safety against snow-induced roof failure throughout the state of Colorado, which is 289 

similar in concept to the risk-targeted maximum considered earthquake ground motion maps 290 

adopted in ASCE 7-10 (Luco et al. 2007, ASCE 2010).  Our premise is that it would be 291 

impractical and unnecessarily complicated to impose LRFD snow load factors that vary with 292 

location. Instead, design ground snow load values are defined here such that they achieve a target 293 

safety index,  of 3 for snow-induced structural failure when factored by 1.6.  294 



To determine reliability-targeted ground snow loads, reliability assessments following the 295 

procedures described above and illustrated for the three example sites in Figure 2, were repeated 296 

for all 327 sites for which snow data is available in Colorado. For each site, a range of loads is 297 

considered around the 50-year load. Each load value is used to design the roof, and the reliability 298 

of the structure is assessed, creating plots (like those in Figure 2) for all of the sites so that the 299 

snow load corresponding to a  of 3 can be determined.  300 

The differences between the reliability-targeted ground snow loads and the 50-year ground 301 

snow loads for the 327 snow sites that are used in this study are expressed as a ratio in Figure 3. 302 

The reliability-targeted loads are approximately equal to the 50-year loads at sites located at 303 

altitudes of 8000-8500 ft (2,438 – 2,591 m). At lower altitude sites, where distributions of annual 304 

maximum ground snow loads are heavily skewed and tend to have heavy upper tails and large 305 

COVs, the reliability-targeted design ground snow loads are larger than the 50-year loads. The 306 

typical ratio of reliability-targeted loads to 50-year loads increases from approximately 1.0 to 2.0 307 

as altitude decreases from 8000 ft. to 3500 ft (2,438 to 1,067 m).  At mountainous sites above 308 

8500 ft (2,591 m) altitude, the reliability-targeted ground snow loads are approximately 90 309 

percent of the 50-year ground snow loads. These results also show that the COV of annual 310 

maximum ground snow load is a coarse indicator how the reliability-targeted load is likely to 311 

differ from the 50-year load; Table 1 shows that sites with larger COV tend to have larger 312 

reliability-targeted snow loads, relative to the 50-year load. 313 

The fact that the ratio of reliability-targeted loads to the 50-year load (Figure 3) is as much 314 

as 2 in some cases would seem to indicate that a number of snow-induced failures should have 315 

been observed, especially in the plains region of the state, over the last century. While there have 316 

been some failures,  it has been common practice in many jurisdictions to design for roof snow 317 



loads of 20 psf – 30 psf (958 – 1,436 Pa) on the plains, despite the 50-year load being much 318 

lower, preventing more problems. The reliability-targeted loads developed here confirm this 319 

judgment.   320 

These loads are determined from reliability analysis based on safety considerations. 321 

Therefore, they may not be desirable for serviceability design (i.e. deflection checks) in some 322 

cases, since serviceability design has traditionally been based on the 50-year load. The results in 323 

Figure 3 can be used to determine an appropriate 50-year load for this purpose if desired, as 324 

proposed in SEAC (2016).  325 

Mapping Design Ground Snow Loads  326 

Overview  327 

The previous sections describe how reliability-targeted design ground snow loads can be 328 

determined for Colorado snow sites, i.e. those sites that have snow data recording stations. 329 

However, not all buildings are located at or near the snow sites. This section describes 330 

procedures for determining reliability-consistent design ground snow loads for other sites.  331 

The proposed mapping procedures aim to accomplish a number of goals.  First, the 332 

procedures must appropriately interpolate design ground snow loads between snow sites, and 333 

consider large variability in altitude over short distances in some parts of the state. Figure 4 334 

illustrates the challenge of determining design ground snow loads for intermediate locations 335 

between the snow sites and shows that a simple interpolation of the reliability-targeted loads 336 

based on site separation distances is not appropriate where altitude is highly varying. 337 

In addition, the procedures attempt to smooth any significant discrepancies in the 338 

reliability-targeted ground snow loads between nearby sites that would reasonably be expected to 339 

have similar snow loads. Despite the substantial care taken in determining site-dependent 340 



probability density functions for ground snow loads (DeBock et al. 2016), there are still some 341 

surprising discrepancies between similar sites, which may be due to errors in the snow data 342 

collection, unique conditions at a snow recording station (on a north facing slope, beneath a drift 343 

etc.), and short historical records.   344 

An example of the proposed maps is provided in Figure 5 and accompanies Equations 4 345 

and 5 below. The map’s use requires knowledge of the location (latitude and longitude) and 346 

altitude of a potential building site. In this map, the state is divided into three regions: (1) east of 347 

the Rocky Mountains below 6500 ft (1,981 m) altitude, (2) the eastern slopes of the Rocky 348 

Mountains above 6500 ft (1,981 m), and (3) the remainder of the state. East of the Rockies, 349 

below 6500 ft (1,981 m) altitude (i.e. region 1), Equation 4 should be used to compute the 350 

ground snow loads:  351 

𝑝𝑔,𝑠𝑖𝑡𝑒 = 𝑚𝑎𝑥[10𝐴𝑠𝑖𝑡𝑒 − 15, 30] 4, 

where pg,site is the design ground snow load and Asite is the altitude of the building site in 352 

thousands of feet.  There is not significant variability in the design ground snow loads in this 353 

region.  354 

In the other regions, a parameter K is mapped as shown in Figure 5 for determining 355 

design ground snow loads via Equation 5:  356 

𝑝𝑔,𝑠𝑖𝑡𝑒 = 𝑚𝑎𝑥 [
𝐾𝑠𝑖𝑡𝑒
100

∗ 𝐴𝑠𝑖𝑡𝑒
3 , 𝑀𝐼𝑁] 5, 

where MIN is 50 psf (2.4 kPa) for the eastern slopes of the Rocky Mountains above 6500  ft 357 

(1,981 m)  (i.e., region 2) and 25 psf (1.2 kPa) for areas not on the eastern slope (i.e., region 3). 358 

pg,site and Asite are as defined above. Note that the map is partitioned along mountain ridges, 359 

where the contour lines for the parameter K are interrupted. Design ground snow loads are not 360 

given for locations above 11,500 ft (3,505 m) altitude, because of a lack of data.  361 



Dependence of Design Ground Snow Load on Altitude  362 

The example of Figure 4 illustrates why the option of generating a state-wide contour map 363 

of design ground snow loads from the 327 discrete snow sites without explicitly accounting for 364 

altitude was ruled out.  Instead, the proposed map takes advantage of observed correlations 365 

between design ground snow loads and altitude. A number of previous relationships have been 366 

proposed relating ground snow load to altitude (SEAC, 1971; Claus, 1984; Newark, 1989; Lee 367 

and Rosowsky, 2005; Durmaz and Daloglu, 2006).  In this study, Equation 5, which relates 368 

altitude to design ground snow loads at locations west of the plains through the parameter K, was 369 

determined through analysis of the available data. This analysis divided the state into a number 370 

of sub-regions, some of which are presented in Figure 6, showing that variations in reliability-371 

targeted design ground snow loads at sites near to each other are approximately proportional to 372 

altitude cubed. For the two example curves shown in Figure 6, the best-fit curves show that 373 

reliability-targeted loads are proportional to site altitude to the powers 3.0 and 3.3, respectively; 374 

other regions examined had powers ranging from 2.5 to 4.8. We considered varing the exponent 375 

in Equation 5 across the state were explored. However, this approach did not not work well 376 

primarily because there are not enough snow sites in Colorado to calibrate the parameter K and 377 

the exponent simultaneously without overfitting to the data. Accordingly, the primary mapping 378 

equation (i.e. Equation 5) assumes that design ground snow loads vary with altitude cubed 379 

throughout the state, so that only one parameter, i.e. K, needs to be mapped. For the examples in 380 

Figure 6a and 6b, K would be 16 and 13, respectively . The value of K varies across the state 381 

because of local climate and weather conditions. The cubic form is similar to the exponential 382 

form selected by Lee and Rosowsky (2005) for Oregon.  383 



Accordingly, to quantify the dependence of design ground snow load on altitude, for each 384 

snow site, a value of K was determined by rearranging Equation 5, substituting in values for the 385 

reliability-targeted design ground snow load and altitude at a snow site, and solving for K. The 386 

assumed relationship between altitude and design ground snow load permits a more informed 387 

interpolation for design ground snow loads at other locations. For the example in Figure 4, using 388 

the proposed mapping approach, the value of the parameter K is approximately 14. This K value 389 

is based on the neighboring snow sites where snow data are available. Substituting the altitudes 390 

of the two intermediate sites into Equation 5 produces design ground snow loads of 32 psf (1.5 391 

kPa) at the base of the mountain and 120 psf (5.7 kPa) at the top. These design ground snow load 392 

values are expected to be more appropriate at the intermediate sites, because it follows the 393 

observed dependence of loads on altitude for that region. 394 

Mapping and Geographic Smoothing 395 

In order to produce usable contour maps for the parameter K, some geographic smoothing 396 

is required.  Once the values of K are determined at each snow site, a grid of approximately 397 

50,000 points, located at 1.5 mile (2,414 m) intervals was established and K values were 398 

interpolated for these grid points.  The values at these grid points are then used to develop the 399 

contour map using the Surfer software (Golden Software 2015). There are three important 400 

features to these operations:  the interpolation scheme, the use of “fault” lines to represent 401 

discontinuities in the contours, and the adjustment to correct for local effects not adequately 402 

captured by the general mapping procedure. 403 

The interpolation procedure to compute K at the grid points follows the inverse distance 404 

weighting procedure that has previously been used for mapping snow depths and other 405 

hydrological quantities (e.g. Blanchet and Lehning 2010, Burn 1990), including in the Rocky 406 



Mountains (e.g Erxleben et al. 2002).  The primary disadvantage of this procedure identified in 407 

the literature is the difficulty in capturing the effects of altitude, slope, and discontinuities in 408 

weather patterns associated with mountain ranges and exposure. Here, we use the inverse 409 

distance weighting procedure, but for K, rather than snow depth or load directly, to account for 410 

altitude. The K value of the grid point is then based on a weighted average of the K values of the 411 

12 nearest snow sites, where the contribution from each snow site is inversely proportional to the 412 

square of its distance from the grid point of interest. Only sites that are not across a fault line are 413 

used in this calculation. This process was repeated for every grid point and the K contours 414 

interpolated from the values at the grid points. These calculations have the effect of smoothing 415 

the K values from those that were computed directly for each snow site (e.g. two snow sites 416 

located very near each other whose K values from the reliability assessment are 15 and 18 may 417 

have mapped K values of 16 and 17, respectively). 418 

We established “fault lines” or lines of allowed discontinuity in the contour plot to 419 

recognize some of the features that reliance on altitude alone cannot capture. These “fault lines” 420 

follow mountain ridges or other topographic features that separate regions of the state with 421 

different snow accumulation patterns. These fault lines are consistent with significant data on 422 

snow loads which shows for example that south-facing slopes have less accumulation than north-423 

facing slopes and that the western side of a range has different snow patterns than the eastern 424 

side; as a result, values of K would reasonably differ across these lines.  Most of the fault lines 425 

occur above 11,500 feet (3505 m) where design values are not given. 426 

In some cases we applied judgment-based weighting factors to weight certain snow sites 427 

more or less significantly depending on our confidence in the data at that site and the possibility 428 

that factors beyond our model exert a significant effect.  These judgment-based weighting factors 429 



have the effect of ensuring that differences between the mapped K value and the K value 430 

computed directly for a specific snow site are not large in places where we have confidence in 431 

the data. In addition, it ensures that where snow loads are known to fluctuate significantly across 432 

a small distance, these differences are preserved (in other words, the geographic smoothing is not 433 

overdone).  For example, adjustments were made to account for differences in snow 434 

accumulation on the north-facing slope of Vail Valley (a well-known ski area) and nearby drier 435 

sites (in some cases south-facing). These final refinements have little influence on predictions of 436 

design ground snow loads at the majority of the snow sites. However, notable changes in the 437 

contours due to manual edits do occur in a few places.  438 

The mapping procedures are evaluated by comparing design ground snow load predictions 439 

from the map (using equations 4 and 5)  to those computed directly by the reliability analysis at 440 

sites where both sources are available. Figure 7 shows these comparisons, broken down by 441 

general regions of the state (for specific information about the four general regions, refer to 442 

Figure 1 in the companion paper, DeBock et al. 2016). The map is generally consistent with the 443 

reliability assessment results for the snow sites. However, the scatter in the plots is a result of 444 

site-to-site variability within a limited historical record that is smoothed out by the mapping 445 

process. In other words, sites for which unusually large loads have been observed within the 446 

historical record tend to have mapped loads somewhat lower than the loads determined from the 447 

reliability analysis alone. On the other hand, snow sites where no large snow loads have been 448 

observed, but nearby sites have observed large snow loads, may have mapped loads that are 449 

somewhat larger than that obtained directly from the reliability assessment.    450 

Importance Factors for Risk-Targeted Design Loads 451 



The target reliability index of 3.0 in the ASCE Standard 7 (2010) is for  Risk Category II 452 

buildings. Buildings which pose a more substantial risk to human life or are essential facilities 453 

are assigned to higher Risk Categories. Target safety indices for buildings belonging to Risk 454 

Categories III and IV are 3.25 and 3.5, respectively (ASCE 2010). The idea behind ASCE 7 455 

design procedures is that adjustments in snow loads to achieve the different reliability targets for 456 

different Risk Category buildings are carried out through snow load importance factors that are 457 

associated with each Risk Category in ASCE 7. Accordingly, the ASCE 7 Standard defines snow 458 

load importance factors of Is = 1.1 and Is = 1.2 for Risk Category III and IV buildings, 459 

respectively. However, the increases in safety provided by these safety factors is not consistent 460 

throughout Colorado.  Kozak and Liel (2015), for example, previously showed that the 461 

importance factors of 1.1 and 1.2, when applied to the 50-year design load, do not achieve the 462 

target reliabilities for Risk Category III and IV buildings in the plains region of Colorado.  463 

To evaluate the importance factors to accompany the risk-targeted design ground snow load 464 

maps, the authors repeated the reliability analysis described above using the ASCE 7-defined 465 

importance factors (Figure 8a) , and then quantified the importance factor needed to obtain the 466 

target reliability of  of 3.5 for Risk Category IV buildings (Figure 8b).  The importance factor is 467 

applied to the reliability-targeted load determined for regular occupancy buildings. Figure 8a 468 

shows that the importance factor defined in ASCE 7 is non-conservative at low altitude 469 

locations, and slightly conservative at high altitude locations in Colorado. This trend occurs 470 

because distributions of annual maximum ground snow loads at low altitude sites  tend to have 471 

longer/heavier tails. As a result, larger increases in the design loads are required at low altitude 472 

sites to increase safety against snow-induced failure than for high elevation sites where snow 473 

loading is less variable from year to year. Therefore, a larger importance factor is need in the 474 



lower altitude regions, even though those loads have already been increased to meet the 475 

reliability–targeted values for Risk Category II.  476 

On the basis of the results shown in Figure 8b, the authors developed the recommended 477 

snow loading importance factors (Is) in  Equation 6 for Risk Category IV buildings in Colorado:  478 

𝐼𝑠 = 1.15 ≤ 1.66 − 0.056 ∗ 𝐴𝑠𝑖𝑡𝑒 ≤ 1.4 6, 

where Asite is the site altitude in thousands of feet. Figure 8b shows that when Is is computed with 479 

Equation 6, the reliability bias with altitude is removed, although there is still some scatter in the 480 

results. For Risk Category III buildings, the authors recommend that Is should be taken as the 481 

average of Equation 6 and the value 1.0.  482 

Conclusions  483 

This paper, together with the companion paper (DeBock et al. 2016), describes procedures 484 

used to develop reliability-targeted design ground snow loads for use in structural design in areas 485 

where there is extreme variation in ground snow accumulation due to local orographic features 486 

and exposures, and illustrates these procedures for the state of Colorado. Philosophically, these 487 

loads represent a transition from a uniform hazard approach to a uniform risk approach for 488 

determining design snow loads. The reliability-targeted design ground snow load map ensures 489 

that design values at all sites are calibrated to achieve the target reliability index of 3.0 for 490 

buildings designated as Risk Category II in ASCE Standard 7. As such, it is similar in concept to 491 

the risk-targeted maximum considered earthquake ground motion maps adopted in ASCE 7-10 492 

(Luco et al. 2007, ASCE 2010). Since it would be impractical to impose different LRFD load 493 

factors on snow loads for each location, the design loads recommended for Colorado are 494 

developed so as to achieve the target reliability against snow-induced structural failure of roofs 495 

when factored by 1.6, the load factor on snow loads in ASCE 7. Analyses of Colorado snow sites 496 



showed that design ground snow loads on the order of 1.75 times the 50-year MRI loads are 497 

necessary to achieve the target reliability in regions dominated by single storm events (such as 498 

the plains), while regions with season-long snow accumulation (e.g. mountains) meet the 499 

reliability target with ground snow loads approximately 10% lower than 50-year MRI load. 500 

The paper also describes additional advancements required to conduct the reliability 501 

assessment and map the results. These include a new ground-to-roof conversion for determining 502 

roof snow load based on ground snow load in the reliability assessment, and an altitude-based 503 

mapping procedure that smooths fluctuations in data at neighboring snow sites. 504 

The procedures developed here have been used to propose design ground snow loads that 505 

have been approved by the Structural Engineers Association of Colorado as recommendations 506 

for all municipalities in the state (SEAC 2016). In addition, the ASCE 7 Snow Loads committee 507 

has adopted the loads obtained here for 50 cities within the state, which will be presented in a 508 

tabular form in the 2016 edition of that standard. Adoption by local municipalities is ongoing.  509 

The Denver Building Department adopted the recommended values for Denver in June, 2015.  510 
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Figure Captions and Tables 579 

Figure 1.  Ratios of measured roof load to measured ground snow load, i.e. the ground-to-roof conversion factor, 580 

showing data collected by Høibø (1988, 1989) and provided by Thiis and O’Rourke (2015). The local polynomial 581 

(i.e moving median) and analytical approximations of the proposed ground-to-roof conversion factor are overlaid. 582 

Figure 2.  Reliability analysis results for: (a) Copper Mountain snow site (altitude = 10550 ft.), (b) Denver-583 

Stapleton snow site (altitude = 5290 ft.), and (c) Yampa snow site (altitude = 7860 ft.).  584 

Figure 3.   Ratio of the computed reliability- -year ground 585 

snow load at 327 sites in Colorado.  586 

Figure 4.  Section (elevation) view of three snow sites and two intermediate sites. Estimates not accounting for 587 

altitude are shown as pg ≠ XX psf, and estimates that account for altitude are shown as pg ≈ XX psf, demonstrating 588 

the importance of an altitude-based spatial interpolation scheme. 589 

Figure 5.  Portion of map to be used for determining ground snow loads in North-Central Colorado, using Equations 590 

4 and 5. 591 

 Figure 6.   Reliability-targeted design ground snow loads for two sub-regions of Colorado that are located in (a) the 592 

western portion of the state and (b) southwestern portion of the state. 593 

Figure 7.  Design ground snow loads from the map (using Equations 4 and 5), plotted against design ground snow 594 

loads that are computed directly from reliability analysis for the four main regions of the state of Colorado.  595 



Figure 8. Study of importance factors in Risk Category IV, showing (a) reliability obtained if a snow importance 596 

factor of 1.2 is used with reliability-targeted deisgn loads for Risk Category II, and (b) recommended snow 597 

importance factors for Colorado snow sites. 598 

 599 
Table 1: Median ratios of the reliability-targeted load to the 50-year load, binned by COV. 600 

COV 0.2-0.5 0.5-0.7 0.7-0.9 0.9-1.2 

Median ratio of Reliability 

targeted load to 50-year load 
0.90 1.2 1.6 1.7 

 601 


