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ABSTRACT

We examine USDA snow course data for ski areas during the ski season to determine the degree to which midwinter snow is statistically sensitive to temperature.  For most of the 16 Northwest ski areas analyzed here, a reasonably strong negative partial correlation of mid-season snow depth with antecedent temperature indicates that further warming will have an impact on the quantity of snow.  The effects of these physical changes on the profitability of a given ski area will depend in part on the adaptive capacity of the ski area.

INTRODUCTION

It is now widely acknowledged, both within the scientific research world and among the public at large, that a primary consequence of a warming world is a general, though not universal, reduction in snow.  Ample evidence indicates that such reductions have already occurred, at least in spring (Mote et al. 2005 for western mountains, Lemke et al. 2007 for northern hemisphere).  Concern about the possible consequences of global warming for North American ski areas has prompted the National Ski Areas Association and the Natural Resources Defense Council to create a “Keep Winter Cool” campaign (keepwintercool.org) that attempts to engage their customers in efforts to reduce greenhouse gas emissions out of concern for the future of skiing.  But is there evidence that ski areas face imminent danger from global warming?  Nolin and Daly (2006) used fine-scale gridded data to identify the areas in the Pacific Northwest that could see a shift from snow to rain in winter and thereby identified some temperature-sensitive ski resorts.

In this paper we use observations of past snow and calculate partial correlations with temperature and precipitation in order to deduce what role temperature fluctuations have played in the quantity of snow at various ski resorts in the Pacific Northwest during recent decades.  This approach separates the question of whether declines in some measure of skiability have occurred because of global warming, from the question of whether warming can affect a particular ski resort.  A total of 36 ski areas were considered in the initial stages of the study, 10 each from Washington and Oregon and 8 each from Idaho and southern British Columbia.

For this project we set out to collect data on snow directly from Northwest ski areas themselves, but after months of attempted communication with dozens of ski resorts we had obtained only a handful of long-term high-quality records of snow depth (perhaps summer is not the best time to reach personnel at ski areas).  As a substitute for data from ski areas, we use data from the USDA Natural Resources Conservation Service (NRCS) snow surveys.  We focused on the snow survey measurements for January 1, February 1, and March 1, over the period of record 1960–2004, for the snow course nearest to each ski resort.  The definition of “near” requires some care: the best-correlated snow course may be tens of kilometers away even though a much closer (in horizontal distance) snow course can be found, because elevation helps determine sensitivity of snow to temperature fluctuations (Mote et al. 2005). For 16 of the ski areas we were able to find reasonably close (<50 km) snow courses with elevations near the base elevation of the resort.  The analysis presented in this paper focuses on those 16 ski areas, of which 7 were in Washington, 4 in Oregon, 4 in Idaho, and 1 in British Columbia (see Figure 1).
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Figure 1.  Map of ski areas and snow courses used in this study.  Diamond indicates location of ski area, and vertical lines with numbers indicate range of elevations (in thousands of feet) of the skiable terrain.  The six-pointed star indicates the elevation of the snow course used in the analysis; for Big White the only available snow course is below the base elevation, which biases the results shown below.

OBSERVED TRENDS IN SNOW DEPTH

For the handful of ski resorts that provided adequately long and complete data on snow depth during the ski season, we plot the average December 1 through February 28 (DJF) snow depth along with linear trends over whatever period of record the data cover.  Two of these are shown in Figure 2.  For Stevens Pass, nearly complete daily data exist from 1951–52 to 1994–95, and also for 1998–99 which was a record wet season for much of Washington.  The linear fit indicates a decline of 32% from 1951–52 to 1998–99 is similar to the trends in April 1 SWE for the Cascades for 1950–97 at that elevation (Mote et al. 2005) and is partly attributable to reductions in precipitation associated with decadal-scale climate fluctuations over the Pacific Ocean (Mote 2006).  The worst snow depth during the period of record at Stevens Pass were 1976-77 and 1980-81, whose characteristics were rather different: 1976–77 had record-low precipitation, whereas 1980-81 had poor snowfall in large part because of unusually high temperatures (Mote et al. 2007).  Snow course and SNOTEL records show that subsequently 2000–01 and 2004–05 also had poor snowpack, whereas 2005–06 and 2006–07 had above-average snowpack.

At Sun Valley, ID (Figure 2b), the period of record is shorter but more up-to-date.  Here too a negative trend was observed of 4.8cm (1.9”) per decade or 14% over the period, but this lies within the variability and the trend is not statistically significant.  However, as Figure 3 shows, temperature trends have been quite large during the period of record at Sun Valley and despite the very low temperatures, which would suggest no role for temperature in determining snow depth, there is a moderate statistical connection between DJF temperature and snow depth at 
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Figure 2.  December-February (DJF) average snow depth, in inches, at Stevens Pass WA and Sun Valley ID, from data provided by the ski resorts.  Data for Stevens Pass are incomplete after 1994-95 but are relatively complete for Sun Valley.  Year indicates December.
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Figure 3.  Sun Valley DJF temperature (left) and scatterplot of mean snow depth vs temperature (right), with linear fits.  

Sun Valley.  The slope of the regression line is –6.2cm/°C (1.35”/°F) which is the same ratio as the ratio of the decadal trends, –4.8cm/0.78°C (1.9”/1.4°F) per decade.  In other words, the temperature-snow depth relationship is the same for interannual variability as for long-term trends. Hence, despite the cold temperatures at Sun Valley, it appears that the warming during the period of record has played a role in the decline in winter snow depth.

Unfortunately, as noted above, few ski resorts provided data as complete, long-lived, and up-to-date as Sun Valley.  We turn therefore to the snow course data.

COMPARATIVE TEMPERATURE SENSITIVITY

Using snow course data for January 1, February 1, and March 1, we calculate partial correlations between snow depth and temperature.  The temperature time series are derived for each snow course from an average of five nearby long-term weather stations as in Mote et al. (2005). For all areas the correlation with precipitation is much larger (0.6–0.8) than the correlation with temperature (average correlation of about 0.25 with much greater variability). When correlated alone as in Figure 3b, some snow courses actually have a positive correlation between temperature and snow depth, but when partial correlations are calculated without precipitation effects, correlations are all negative.  For some snow courses, measurements are not available for all of the months.  We calculate partial correlations for the 16 snow courses  and rank them from most to least temperature-sensitive (Figure 4).  For each month we use the mean temperature from November through the preceding month (e.g., for February 1 snow depth we use November-December-January temperature).
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Figure 4.  Partial correlation of antecedent temperature with snow depth on the first day of each month indicated by the symbols.  Ski areas are ranked by the mean correlation of available months.  The temperature sensitivity of Big White is exaggerated by the very low elevation of the snow course used.

For most ski areas, a modest correlation of around –0.3 prevails, but for several in Washington State (Snoqualmie Pass, Crystal Mountain, and Mission Ridge) as well as one in Oregon (Mt Ashland), strong correlations with temperature indicate considerable sensitivity to warming.  For a handful of ski areas, notably Sun Valley, Bluewood WA, and Mt. Baker WA, correlations with temperature are rather small for most months, although Bluewood is in a region of the Northwest where the snowpack is neither coherent with snowpack elsewhere in the Northwest (Clark et al. 2001) nor well-represented by the statistical model used here to relate snowpack to climate observations (Mote 2006).  It should also be noted that the snow course used for Mt. Baker is rather high-elevation, so the sensitivity of the ski area to warming is probably greater than shown here just as Big White’s is less than shown here.  For the snow courses reporting at least twice before April 1 (i.e., with at least two symbols in Figure 4), a majority (7/13) have the largest correlation in March.  That is, the late-season snowpack tends to have the largest temperature sensitivity.

DISCUSSION

Our results presented here indicate that most of the Northwest ski areas examined show some sensitivity to  temperature and hence would be expected to see declining snow depth in coming decades.  However, two important caveats must be noted.  First, this analysis presumes that future changes in precipitation will be negligible; while most scenarios of future climate indicate that this is likely to be the case (Salathé et al. 2007), there is certainly some reason to believe that winter precipitation could increase and partially offset the effects of warming.  Second, the economic consequences of warming for a given ski resort depend on that ski resort’s unique economic situation.  The makeup of the resort’s customer base and capacity for adaptive measures like snowmaking and developing year-round tourism strongly determine how a resort fares through one or two low-snow years, and also how it fares over the long term.  Most of the resorts in Figure 4, and all of the ones in the leftmost seven, are local resorts whose customer base typically arrives by personal car after driving two hours or less and decide whether to ski based in part on conditions on that day.  For the destination resorts (Sun Valley and Mt Batchelor), considerably more of the customers plan well ahead and stay for several days or longer, and even purchase property for long-term use; consequently these resorts require greater reliability which brings with it higher fixed costs.  
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