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ABSTRACT 
 

Since the late 1970s the US Department of Agriculture’s Natural Resources Conservation Service has used 
snow pillows at snowpack telemetry (SNOTEL) stations to measure the pressure of the overlying snowpack to 
provide a real-time daily record of snow water equivalent (SWE). Manual snow-course SWE measurements have 
been taken on or around the 1st of February, March, April and May for up to 75 years of record, with the April 1st 
SWE value typically used to represent peak SWE. However these have been shown to be in the order of 12% less 
than the actual peak, based on the SNOTEL record.  
 

In this paper, daily SNOTEL SWE data were used to improve the estimation of peak SWE from the 
monthly measurements at snow courses. First of the month SWE values were used to adjust the median time series 
to produce estimates of peak SWE for each year of record. Average annual niveographs (graphs of SWE versus 
time) were created from SNOTEL data collected near the snow course. Five SNOTEL stations in and near Rocky 
Mountain National Park, with at least 30 years of record, are being used to characterize the snowpack in the park. 
Average annual peak SWE values ranged from 143 to 720 mm.  This method produced good estimates of peak SWE 
for the two sites tested. The estimates were improved when the trend of snow accumulation on May 1 was 
considered.  (KEYWORDS:  Snow water equivalent, SWE, niveograph, Rocky Mountain National Park, SNOTEL, 
snow course) 
 

INTRODUCTION 
 
 The seasonal snowpack in mountainous areas is an important source of water supply (Clow, 2010) and of 
protection from cold, desiccating winds for alpine plants and animals (Jones and others, 2001).  Snow water 
equivalent (SWE) data collected manually at snow courses for up to 75 years, and at automated snowpack telemetry 
(SNOTEL) stations for up to 35 years, by the US Department of Agriculture’s Natural Resources Conservation 
Service, are frequently used to analyze trends in snow accumulation and melt (Harpold et al, 2012, Mote et al, 
2005).  Typically, snow-course measurements are made at the beginning of February, March, April, and May.  As 
the April 1 measurements are typically the highest of these, they have traditionally come to represent the peak SWE 
accumulation for the season, and are typically used in trend studies (Cayan, 1996).  However, Evaluation of daily 
niveographs has shown that April 1 SWE typically underestimates actual peak SWE by about 12 percent (Bohr and 
Aguado, 2001).  Thus, it appears likely that daily niveographs from nearby SNOTEL stations could be used to 
improve the accuracy of records derived from snow courses.   
 

A number of National Parks in the western U.S. contain relatively pristine mountainous terrain with 
seasonal snowpack that is important for park ecosystems as well as downstream water supplies.  These parks also 
contain both snow courses and SNOTEL stations.  This study examined records from 2-4 SNOTEL stations in 
Rocky Mountain National Park, Colorado, to evaluate their usefulness in estimating daily niveographs for another 
nearby SNOTEL station that was treated as though it were a snow course with only 4 SWE measurements for the 
year.  Partial funding for this paper was provided by a National Park Service Rocky Mountain National Park grant 
(P12AC10943) entitled "Spatial and Temporal Trends in Snowpack Dynamics in Rocky Mountain National Park." 
 
 Rocky Mountain National Park, located in north-central Colorado (Figure 1), encompasses 1,075.5 km2 of 
mostly mountainous terrain, ranging from 2,317 to 4,347 m in elevation.  Five SNOTEL stations with at least 30 
years of record, and fourteen snow courses with longer records (Table 1), are located in the Park.  The SNOTEL 
stations represent sites at various elevations on both sides of the Continental Divide. 
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Figure 1.  Location of study area and data collection sites. 

 
Table 1.  SNOTEL Stations and snow courses in Rocky Mountain National Park 

 

SNOTEL Station Number N. Lat.  
W. 

Long. 
Elevation, 

m 
Start 
date 

Bear Lake 322 40˚ 19ʹ 105˚ 39ʹ 2896 1979 
Copeland Lake 412 40˚ 12ʹ 105˚ 34ʹ 2621 1979 
Lake Irene 565 40° 25’ 105° 49’ 3261 1978 
Phantom Valley 688 40° 24’ 105° 51’ 2752 1979 
Willow Park 870 40° 26’ 105° 44’ 3261 1979 

Snow Course 
     Lulu 40˚ 27ʹ 105˚ 51ʹ 3109 1937 

Phantom Valley 40˚ 24ʹ 105˚ 51ʹ 2752 1936 
Lake Irene 40˚ 25ʹ 105˚ 49ʹ 3261 1938 
Milner Pass 40˚ 24ʹ 105˚ 49ʹ 2972 1952 
Grand Lake 40˚ 16ʹ 105˚ 49ʹ 2621 1949 
North Inlet Grand Lake 40˚ 16ʹ 105˚ 46ʹ 2743 1938 
Long Draw Reservoir 40˚ 30ʹ 105˚ 45ʹ 3042 1971 
Willow Park 40˚ 25ʹ 105˚ 43ʹ 3261 1978 
Two Mile 40˚ 22ʹ 105˚ 40ʹ 3200 1952 
Hidden Valley 40˚ 24ʹ 105˚ 39ʹ 2890 1941 
Deer Ridge 40˚ 24ʹ 105˚ 37ʹ 2743 1949 
Wild Basin 40˚ 12ʹ 105˚ 36ʹ 2926 1936 
Longs Peak 40˚ 16ʹ 105˚ 34ʹ 3200 1951 
Copeland Lake 40˚ 12ʹ 105˚ 34ʹ 2621 1949 
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METHODOLOGY 

 
The basic approach used in this study to estimate daily niveographs was to first select a SNOTEL station to 

be treated as though it were a snow course, with only 4 SWE data points for a given year.  Next 2 to 4 nearby 
SNOTEL stations were selected, and their period-of-record data were used to derive a generic, smoothed median 
niveograph.  This median niveograph was then fitted to the four SWE data points (1 February, 1 March, 1 April, and 
1 May) from the pretend snow course, using different techniques for the accumulation, peak, and melt phases of the 
niveograph.  Daily niveographs were estimated in this way for two different SNOTEL stations for three different 
snow years—one with low SWE, one with moderate SWE, and one with high SWE. The estimated niveographs 
were then compared with the actual observed niveographs to gauge the performance of the estimation approach. 

 
Selection of SNOTEL Stations   

For the first test, Lake Irene was selected as the SNOTEL station to be treated as if it were a snow course.  
The two nearest SNOTEL stations, Phantom Valley (3.4 km SW) and Willow Park (7.3 km NE) were selected as the 
basis for the median niveograph.  For the second test, Willow Park was selected as the SNOTEL station to be treated 
as if it were a snow course.  The four remaining long-term SNOTEL stations in the Park, Phantom Valley (10.4 km 
SW), Lake Irene (7.3 km SW), Bear Lake (15.4 km SE), and Copeland Lake (28.8 km SE), were selected as the 
basis for the median niveograph.   

 
Derivation of Median Niveographs 

Daily SWE data for the median niveograph SNOTEL stations were retrieved for all years of record.  For 
each day in each snow year, the median SWE for the 2 or 4 selected SNOTEL stations was computed.  Then for 
each day in a generic snow year, the median of these station medians for all snow years was computed (Figure 2a). 

 

 
 

Figure 2.  (a) 4-Site Median Niveograph, 1981-2012 (except 1983) Lake Irene, Bear Lake, Copeland Lake, Phantom 
Valley.  (b) 5-day running means of median niveograph from (a). 
 
The year 1983 was excluded from the niveograph that included Copeland Lake due to missing data for that year at 
Copeland Lake.  To further smooth the median niveographs, 5-day running means of the daily SWE data were 
calculated (Figure 2b).   
 
Fitting Median Niveographs to Snow Course Data 

Several characteristics of annual niveographs from Rocky Mountain National Park SNOTEL stations 
became apparent during the study.  From 1 September through 20 October, and from late June through 31 August, 
daily SWE values typically were zero.  In most, but not all years, SWE was also zero from early June through late 
June.  The annual niveograph could typically be divided into three periods based on the geometric appearance of the 
niveograph and the underlying physical snowpack processes.  From 20 October through 1 March, the accumulation 
phase, daily SWE values increased at rates that were somewhat irregular, reflecting the dominant process of 
precipitation driven by weather patterns.  From 2 March through mid-May, the peak phase, SWE reached the annual 
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peak, reflecting the transition from precipitation-driven accumulation to melt driven by solar radiation.  The 
geometric appearance of the niveograph during the peak phase approximated a parabola.  In most years peak SWE 
occurred prior to 1 May, but in some years peak SWE occurred as late as late May.  Following the peak phase, SWE 
values declined at an increasing rate, reflecting the increasing melt rates driven by increasing solar radiation.  The 
shape of the melt phase approximated a declining second-order polynomial function, or the falling limb of a 
parabola.   

 
These characteristics of the niveographs were used to devise separate approaches for estimating the 

accumulation, peak, and melt phases of the niveograph.  Prior to the accumulation phase, SWE values were held to 
zero until 20 October, the typical date for the start of accumulation.  For the accumulation phase from then until 1 
March, the median niveograph was fitted to zero on 20 October, and the observed SWE values on 1 February and 1 
March, using time-prorated multipliers based on the ratio of these observed values to the values for the same day on 
the median niveograph.  For the peak phase from 1 March through 1 May, the three observed values, 1 March, 1 
April, and 1 May, were used to define a parabola passing through these three points.  For the melt phase, a generic 
parabola was defined that approximated the melt phase of the median niveograph, and this parabola was fitted to the 
data using a scaled multiplier.  In most years, SWE was declining by 1 May (1 May SWE < 1 April SWE), and so 
the scaled multiplier for the melt parabola was applied on 2 May.  This brought SWE values back to zero by early 
June (Figure 3). 
 

 
 
Figure 3.  Fitting the median niveograph to observed data for a given year using different techniques for 
accumulation, peak, and melt phases. 
 
For the minority of years when SWE was still increasing on 1 May (1 May SWE > 1 April SWE), the logical 
approach was to extend the peak phase and delay the melt phase.  Since we were pretending there were no observed 
data after 1 May, it was necessary to assume a date for peak SWE.  For these years we knew the peak occurred after 
1 May, and for all years the peak occurred prior to 1 June, so the assumed date of peak SWE for these years was the 
average of these dates, or 15 May.  The peak phase was extended by assuming a steady increase in SWE from 2 
May through 9 May at the same rate approximated by the peak-phase parabola on 1 May.  From 10 May through 20 
May a generic, symmetrical parabolic peak SWE trace was assumed, based on the 10-day shape of the peak of the 
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generic niveograph.  Then, from 21 May through 29 June, the regular scaled parabolic melt curve was assumed 
(Figure 4). 
 

 
 
Figure 4.  Extending the peak phase and delaying the melt phase when SWE is still increasing on 1 May. 
 
Selection of Years for Testing the Model 
 The niveograph estimation model described above was applied to the two SNOTEL stations, treated as 
though they were snow courses, for three selected years representing low, medium, and high SWE years.  For the 
test at Lake Irene, the selected years were 1981 (low), 2009 (medium), and 1986 (high).  For the test at Willow Park, 
the selected years were 2012 (low), 2008 (medium), and 2011 (high).  The estimated daily niveographs were plotted 
along with the observed daily niveographs for comparison purposes.  The estimation model was also compared with 
the traditional assumption of peak SWE on 1 April, in terms of the ability to estimate the magnitude of the peak 
SWE and the date of the peak SWE. 
 

RESULTS 
 

 The niveograph estimation model described above performed adequately in approximating the observed 
daily niveographs at the two sites selected for the tests (Figure 5).  In all six tests (low, medium, and high SWE 
years at the two sites), the shape of the estimated niveograph gave a close approximation to the shape of the 
observed niveograph.  Also, the magnitude and timing of the peaks of the estimated niveographs matched fairly 
closely the observed values.   Extending the peak phase and delaying the melt phase for the two high-SWE years 
when SWE was still increasing on 1 May helped to match the estimated niveographs to the observed ones for those 
years.  In comparison to the assumption that 1 April SWE represents the annual peak, these estimated niveographs 
were more accurate in simulating the magnitude and timing of the annual peak.  The estimated niveographs 
underestimated the peak by an average of 4.2 percent, while the 1 April assumption underestimated the peak by 19.6 
percent (Figure 6).  The estimated niveographs averaged 1.7 days early for the timing of the peak, while the 1 April 
assumption averaged 19.5 days early for the peak (Figure 7). 
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Figure 5.  Estimated (solid) and observed (dashed) niveographs for two SNOTEL stations for low, medium, and 
high SWE years. 
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Figure 6.  Annual peak SWE from observed data, from the assumption of 1-April peak SWE, and from the estimated 
niveographs. 
 
 

 
Figure 7.  Dates of peak SWE from observed data, from the assumption of 1-April peak SWE, and from the 
estimated niveographs. 
 
 

CONCLUSIONS 
 

 These results demonstrate that daily generic daily niveographs derived from nearby SNOTEL stations using 
a 5-phase estimation technique can be used to improve estimates of daily niveographs for sites such as snow courses 
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that have only four SWE data points in a season, compared with the assumption that peak SWE occurs on 1 April.  
The estimation technique is improved if the peak phase is extended and the melt phase delayed for years when SWE 
is still increasing on 1 May.  The validity of the estimation technique is expected to diminish with increasing 
distance between the SNOTEL stations and the snow course site.  It is anticipated that this technique may prove 
useful in trend studies involving snow course data. 
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