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Abstract
The annual storage of water in the form of snow is crucial to Montana’s ecosystem and economy. Agriculture depends on the steady release of water during drier months, and many species rely on winter snowpack for protection. Studies by P.W. Mote (2003, 2005) have shown a declining snowpack in the Pacific Northwest due to increasing winter temperatures region wide. These studies are no longer up to date, and focus more regionally than Montana alone. The Natural Resource Conservation Service (NRCS) uses SNOTEL sites to monitor mountain snowpack in the western United States. The data from these sites is available on the NRCS website. I have analyzed these data from the 90 SNOTEL sites in Montana for changes in Snow Water Equivalent (SWE) and temperature, to analyze how climatic changes have effected Montana snowpack.
Introduction
Research by P.W. Mote has been done on snowpack trends in the Pacific Northwest region (Oregon, Washington, Idaho, Western Montana). These analyses are typically done using SNOTEL and Snow Course data to measure trends in Snow Water Equivalent (SWE). SWE is a measurement of the total water contained in the snowpack, and represents the depth of the water present in the snowpack if it were to be melted instantaneously. SNOTEL, or “snow telemetry” sites were installed in representative snow storage (mountainous) areas beginning in the mid-1970s. These sites measure SWE with extremely sensitive pillows which measure the weight of the snow above them. Snow Course data were gathered in wider areas manually. Snow surveyors would use hollow tubes to probe the snow, then melt the snow to measure SWE. The literature surrounding snowpack trends focuses on trends in SWE on April 1st. This metric is used to represent the cumulative snow history of the previous months, near the date with the maximum stored water (Mote, 2005). I have performed an analysis finding the actual maximum value for SWE per year, as to measure the total water stored for the year. My analysis was done purely using SNOTEL data, from sites which were installed anywhere between 1969 and 2001. To produce trends over the same time frame, an arbitrary cutoff of sites installed after 1980 were ignored. This gave a 35-year trend with 66 SNOTEL sites across Montana. 

[image: Image result for mote snowpack decline image]Analysis by P.W. Mote (2005) has found that a wide majority of snowpack sites have seen reductions in snowpack over the past 60 years. These have strong correlation with observed increases in temperature at these sites. Most of these sites also observed increases in annual precipitation, and still sustained losses in April 1st SWE. It should be mentioned, however, that these analyses say very little about the margin of error or quality of the trends in for these reductions in SWE.
My analysis also compares temperature trends at the representative 66 SNOTEL sites, spatial trends, as well as correlation with elevation. Precipitation data were not analyzed. 
Figure 1. Percent change in April 1st SWE over the time period 1955-2016. Data updated from Mote, 2005.


Methods
Data was acquired from the National Resource Conservation Service (NRCS) National Water and Climate Center webpage (https://www.wcc.nrcs.usda.gov/snow/), is .csv format. This data was imported into the programming software R for analysis.
 Montana has 90 SNOTEL sites, with 66 sites installed before 1980. Sites installed after 1980 were thrown out, as well as data before 1980 to establish 35-year trends throughout the dataset. The data was downloaded for each year, so these annual data were aggregated into 35-year datasets for each site. 
I elected to analyze trends in maximum SWE for a hydrological year, which begins October 1st and ends September 30th the following year. This was done by breaking the 35-year data frame into hydrological years, and running a command that finds the maximum value for a set. These maximum values were found for each year (1980-2015), at each of the 66 representative sites. These values were then plotted SWE vs. Time, and a linear regression was performed on the plot. The slope of this best fit line was taken as the 35-year trend for each site. Quality of the trend was given as a p-value.
The same technique was used to analyze trends in temperature. Instead of finding the maximum values for temperature in a hydrological year, the average temperature for the entire year was used. Between 1985-1995, SNOTEL sites began measuring maximum, minimum, and midnight temperatures. This is more useful information, because average daily temperature is calculated as the mean of the high and low for the day. This data was unavailable for the early years of my analysis, so temperature measured at midnight was used.
The 35-year SWE and temperature trend for the 66-sites were then placed into another data frame, with Site Name, Elevation at the site, Latitude and Longitude. These values were taken from the SNOTEL page and entered manually. SWE trends were then plotted against temperature trends, elevation, and spatially to analyze their correlation.
Results and Discussion
[image: ]1. Trends in SWE
[image: ]To give an example of a typical snow year, SWE was plotted against time for Hoodoo Basin (Site 530) for the year 2016.   Coincidentally, maximum SWE at this site was reached on April 1st. The maximum values of SWE for each year were search for and compiled into data sets. Figure 3 gives an example of maximum SWE each year for the representative 35-year period at the same SNOTEL site. 2015 represents the second lowest maximum SWE, at 28.5 inches, and 1997 had the largest, with a maximum of 77.1 inches.Figure 2. (above) SWE vs. time for Hoodoo Basin (530) for the year 2016.
Figure 3. (below) Maximum SWE for each year between 1980 and 2015.

This difference of nearly 50 SWE inches shows how variable Montana snow is, and how noisy the data is for finding trends. A trendline is shown in red, with a slope of -0.015 inches per year. If the trend is to be believed, this would suggest that Hoodoo Basin receives 0.525 inches less of SWE per year since 1980. However, the trend has an R2 = 0.000177 and a p-value = 0.939. This should lead one to believe that the trend is not particularly valuable. This tends to be the case across the state. Trends in maximum SWE are often negative, but with incredibly low confidence.
The same linear regression was performed on maximum SWE for the 66 representative sites across Montana, with surprising results. The average trend was +0.011 inches/yr, and the median trend was 0.0042 inches/yr. In fact, exactly half of the SNOTEL sites observed positive trends in maximum SWE since 1980. These findings are in direct disagreement with the Mote and other findings, which have nearly every site in Montana observing strong reductions in April 1st snowpack.
It must be mentioned, however, that only 4 of the 66 sites had p-values lower than 0.1, and 39 of the sites had p-values greater than 0.5. Typically, a p-value less than 0.05 is taken to suggest a strong trend, so these very high p-values signal that the trends are extremely weak.
[image: ]2. Trends in Temperature
The only available data for roughly the first 10 years of the data set are daily temperature readings taken at midnight. Averages for the entire year were taken at each of the 66 sites, and a linear regression was performed to analyze for trends in temperature. Figure 4 shows the average temperature at Hoodoo Basin for the 35-year period. A best-fit line is overlaid in red, with a slope of +0.0787  Taken across the 35-year span, this results in an increase in 2.75 for average midnight temperature. More importantly, the trend has a    p-value = 0.00005, confirming the quality of the trend.Figure 4. Average Temperature vs. Year at Hoodoo Basin from 1981 – 2015. Trendline overlayed.

The average trend in temperature across the region was +0.1390 , or an average increase of 4.87  over the 35-year period. Only 5 sites had negative trends in temperature, and every one of them had p-values greater than 0.1. Of the 61 sites with positive trends, 58 of them had p-values less than 0.05, suggesting a very strong correlation. Given this data, it is clear that temperatures are increasing in the mountains.
3. Trends in Precipitation
Precipitation began measurement at SNOTEL sites around 1980. Given as accumulated precipitation for the hydrological year, the maximum value always occurs on September 30th. Trends in maximum accumulated precipitation were analyzed across the 35-year period.
The mean precipitation trend was +0.0239 in/yr, but the median trend was -0.0386 in/yr. The trends are typically poor in quality, with only 8 sites having p-values less than 0.10. Of these 8 sites with good trends, half had positive and half had negative trends. Much like the SWE trends, precipitation does not appear to have obvious high quality trends in either direction.

4. Comparisons
A. Spatial Trends
[image: ]I don’t know how to make a map with points on it. Here are raw spatial trends, with red representing negative trends and blue representing positive trends. Trends appear in clusters, such as positive trends around the Bitterroot, but no clear evidence suggests that certain regions are impacted more than others.
*Needs work*
Figure 5. You can almost imagine Montana in the image. Spatial trends.


[image: ]B. Elevation Trends
Figure 6 shows the correlation between trend in maximum SWE and the elevation at the SNOTEL site, with two outliers removed. The figure has a best fit line with slope -0.5x10-3 , and has a p-value of 0.399. Neither of these values suggest any significant correlation between elevation and change in SWE over 35 years. Figure 6. Trend in maximum SWE compared with elevation of the SNOTEL site. Two outliers removed, sites Pike Creek (693) and Poorman Creek (932).


[image: ]C. Temperature and SWE
Figure 7 shows the correlation between trend in maximum SWE and trend in average temperature. Though difficult to see with the eyes, when a linear regression is performed on the data, a trendline with slope -0.237 . The trend has a p-value of 0.097. Though larger than the desired  this suggests a fairly strong correlation between observed increases in temperature and observed reductions in snow water equivalent. As temperature increases, accumulated snow decreases.Figure 7. Trend in maximum SWE compared with trend in average temperature. Best fit line included.

[image: ][image: ]D. Precipitation and SWE(left) (Repeat) Fig. 3
(right) Figure 8. Accumulated precipitation at Hoodoo Basin versus year.






[image: ]Figures 3 and 8 are given to show the similarity between SWE and accumulated precipitation. When SWE and accumulated precipitation at Hoodoo Pass are correlated, they give a p-value of 0.6x10-13, which makes intuitive sense because snowfall is precipitation.
Trends in SWE were plotted against trends in precipitation and analyzed for correlation (Fig. 9). A positive trend of 0.171  is observed, with a p-value of 0.0037. This again illustrates the importance of precipitation for snowpack. Sites that saw an increase in SWE may have been in response to an increase in precipitation.Figure 9. Trend in maximum SWE plotted against trend in accumulated precipitation. Two outliers were removed, Pike Creek (694) and Poorman Creek (932)

F. Discussion
Though the majority of literature surrounding Pacific Northwest snowpack suggests that snowpack has seen significant reductions, the trends analyzed in this work don’t seem to agree. Most of these works take April 1st SWE as their key metric, whereas this work analyzes maximum SWE. This analysis agrees with the steady increases in temperature across the region, so reductions in snowpack should follow. This is seen where trends in SWE are correlated with temperature. The sites which have seen the largest increases in temperature also see the most negative trends in SWE. The disparity between these results and those from other researchers may be in response to increases in precipitation during winter months (the analysis above is for the entire water year), which would result in greater maximums for SWE. It is also possible that the maximum is being reached earlier, so April 1st trends are not capturing the maximum value, and are seeing such dramatic reductions because snowpack is peaking and melting earlier. Precipitation correlates closely with maximum SWE, so the sites with positive snowpack trends typically see more precipitation that 35 years ago.
The April 1st metric is still useful, because snow course data from 1930 was collected on April 1st, so the record goes back much further than continuous automated SNOTEL data. To get a 35-year trend, 25 sites had to be thrown out, so there may be useful information missing from this analysis. 
Many papers surrounding snowpack trends do little to address quality of the trends, because snowpack data is so variable. Perhaps snowpack in Montana is still more responsive to pacific and ENSO oscillations than it is to changes in temperature. This could also explain why the quality of trends found in this work were so poor, and are neither overwhelmingly positive or negative. 

Conclusions
No clear trends in maximum yearly SWE were found in the analysis. Though this disagrees with findings from other researchers, the metric differs. To confirm the hypothesis that maximum SWE is not changing appreciably, but the time of year where the maximum is reached would require further analysis. Other possibilities for furthering this research include focusing on winter temperature and precipitation, not annual trends. 
The highest quality trends were the temperature trends. There is little argument that temperatures have increased over the past 35 years. Fortunately, Montana appears cold enough still to reach similar maximum snowpack as it did 35 years ago, but with a continuing warming climate, this will soon cease to be the case.
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Trends in April Snowpack in the Western United States, 1955-2016
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