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ABSTRACT 
 
 Recent studies indicate the widespread decline of snowpack depths and snow-water equivalent in the 
western USA.  Since 1993, the US Geological Survey, National Park Service, and USDA Forest Service have 
operated a network of up to 62 snowpack-chemistry-monitoring sites at elevations above 1,500 meters in the Rocky 
Mountain region.  Two 8-year periods before and during the 2001-2008 drought indicate significant decreases in 
both snowpack depth and SWE.  Further comparisons of trends in the Northern, Central, and Southern Rockies 
subregions yielded moderate to highly significant declines in snowpack depth and SWE in only the Central 
Rockies.  Regionally decreasing trends in SWE were more pronounced at lower-elevation sites than at higher-
elevation sites, however, trends in both snowpack depths and SWE were decreasing with moderate significance at 
higher-elevation sites during the study. (Keywords: snowpack, snow depth, Rocky Mountains) 
 

INTRODUCTION 
  
 Because snowmelt dominates the annual water budget in much of the Rocky Mountain region, monitoring 
snow depths and water content in regional snowpacks is important for runoff predictions and annual reservoir 
management. Concerns about adverse effects associated with declining snowpack depths in the region have brought 
attention to this issue. Recent studies indicate the widespread decline of snowpack depths and snow-water 
equivalent in the western USA (Mote and others, 2005; Selkowitz and others, 2002). 
  
 Since 1993, the US Geological Survey, National Park Service, and USDA-Forest Service have operated a 
network of up to 62 snowpack-chemistry-monitoring sites at elevations above 1,500 meters in the Rocky Mountain 
region. These Rocky Mountain Snowpack (RMS) network sites were collocated in many cases with National 
Atmospheric Deposition Program (NADP) sites (16) and National Resources Conservation Service snow-telemetry 
(SNOTEL) sites (42) for comparison of chemical and precipitation data (Figure 1). This poster displays long-term 
spatial and temporal trends in snow depths and snow-water-equivalent (SWE) in Rocky Mountain snowpacks 
during the period 1993-2008. 
 

METHODS 
 
Data for annual snow depths and SWE were collected near the annual maximums during the period from mid-
February to early April from snowpits at sites where negligible mid-season melt occurs (Figure 2).  Data are 
available for the period 1993-2008 at most of the 62 sites analyzed. In a few cases sites were not visited in a given 
year due to early snowmelt.  Comparisons were made using conventional statistical methods (rank-sum) between 
the two periods 1993–2000 and 2001–2008 to test for decreases both in snow depth and SWE due to a recent 
drought.  The recently-developed Regional Kendall test for trend (RKT) (Helsel and others, 2006) allowed further 
examination of trend directions and magnitudes for the whole study period by subregional and elevational 
groupings. Seasonal Kendall (SKT) tests also were used to evaluate trends at individual sites. Trends were 
considered moderately significant if 0.15≥p>0.05, and highly significant if p<0.05. 
 

RESULTS 
 

 Snowpack depth and SWE data for the periods generally before (1993-2000) and during (2001-2008) the 
recent drought indicate significant decreases in snowpack depth and SWE for the study area as a whole (Figure 3). 
Although the general trend lines for both snowpack depths and SWE for the period 2001-2008 show positive 
slopes, both relationships are weak (R2 < 0.05).  Drought conditions mapped for the Rocky Mountain region by the  
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Figure 1.  RMS Snowpack sites, NADP-wetfall and SNOTEL stations in 3 subregions of the Rocky Mountain 

Region (divided by lines) 
 

Figure 2.  High elevation sites and typical terrain, snowpit  
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US Drought Monitor (http://drought.unl.edu/dm/archive.html) indicate persistent abnormally dry or drought 
conditions through most of the latter 8-year period, with the most extreme conditions occurring during 2003 and 
2004.  Although the intensity of the current drought has lessened, it continues.  
 

 

 
Figure 3.  Comparisons of snowpack depth and SWE near annual maximums at 62 RMS snowpack sites for the 

periods 1993-2000 and 2001-2008 
 
 Trends in subregional groups, and at specific sites, were less evident. Probability, direction, and magnitude 
of significant trends are given for statistical tests (Table 1).  While trends in the Central Rockies subregion were 
significant for snowpack depths (p<0.08) and SWE (p<0.01), no significant patterns were noted for the Northern 
and Southern subregions of the study area, and at individual sites.  This likely was due to the many cases of 
individual snowpack sites without significant trends for the study period [according to SKT tests run for all sites 
individually (not shown)], but yielding positive slopes and thereby reducing the probability of decreasing trends in 
the Northern and Southern subregions.  In common with other studies in the western USA, this may be due in part 
to the reduced sensitivity of many continental snowpacks to midseason melt (Knowles, et. al, 2005), and the 
selection of higher-elevation snowpack sites less susceptible to midseason melt (Stewart, 2009). 
 

Dividing the 62 regional sites into two groups of lower-and higher-elevation sites (determined by the 
median elevation of 2,865 m) resulted in significantly less SWE (p<0.01) at lower-elevation sites, despite no trend 
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in snowpack depths.  At higher elevations, sites showed moderately significant decreases in both snowpack depth 
(p=0.13, -0.67 cm/yr) and SWE (p=0.10, -0.22 cm/yr).  
 
Table 1: Summary of results of statistical tests.  
Comparison Test Variable Trend  

slope 
Trend 
magnitude 
(cm/yr) 

P-value 
 

Pre-drought vs. post-drought  Rank-sum Snow depth — — <0.01 
Pre-drought vs. post-drought  Rank-sum SWE — — <0.01 
Northern subregional RKT Snow depth None — 0.98 
Central subregional RKT Snow depth Negative -1.00 <0.08 
Southern subregional RKT Snow depth Negative — 0.48 
Northern subregional RKT SWE Negative — 0.27 
Central subregional RKT SWE Negative -0.43 <0.01 
Southern subregional RKT SWE Negative — 0.19 
Regional, lower elev. RKT Snow depth Negative — 0.52 
Regional, lower elev. RKT SWE Negative -0.31 0.01 
Regional, higher elev. RKT Snow depth Negative -0.67 0.13 
Regional, higher elev. RKT SWE Negative -0.22 0.10 

[Pre-drought period, 1993-2000; drought period 2001-2008; Significance at the p≤0.15 level is shown in bold; 
RKT, Regional Kendall test]. 

CONCLUSIONS 
 
 Significant decreases were observed in snowpack depth and snow water equivalent data for 62 snowpack-
monitoring sites in the Rocky Mt. region during 1993-2008.  Although our study period is shorter than others 
spanning multiple decades, our results are mostly consistent with recent literature.  Two 8-year periods before and 
during the recent drought indicate significant decreases in both snowpack depth and SWE.  Further comparisons of 
trends in the Northern, Central, and Southern Rockies subregions yielded moderate to highly significant declines in 
snowpack depth and SWE in only the Central Rockies.  Regionally decreasing trends in SWE were more 
pronounced at lower-elevation sites than at higher-elevation sites, however, trends in both snowpack depths and 
SWE were decreasing with moderate significance at higher-elevation sites during the study, too. 
 
 Consequences of reduced snowpack depth and SWE are many with perhaps the foremost being reduction of 
water held in snowpack storage in advance of annual runoff.  Other implications for environmental monitoring may 
need to be considered.  For the RMS long-term monitoring program, as snowpacks shrink chemical deposition also 
may be reduced in annual snowpacks, and low-elevation sites may become more susceptible to substantial mid-
season melt.  This may mean that new monitoring locations for both snowpack quantity and quality should be 
chosen at higher elevation sites to ensure consistent, long-term measurements of snowpack depths and SWE. 
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