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ABSTRACT 

 
 The Missouri River headwaters are located in the mountains of southwestern Montana and drain the eastern 
side of the continental divide.  These headwaters serve as a water source for the Missouri River basin, which covers 
10 states with an approximate population of 12 million people.  A key component of the annual water budget in the 
headwaters is from snowfall, accounting for around 70% of the total annual flow in this region.  The Western U.S. is 
generally comprised of semi-arid to arid regions that exhibit a high degree of inter-annual to multi-decadal 
variability.  Changing trends in water availability due to climate change and yearly variations must be understood 
and quantified for proper allocation and forecasting of water resources.  Here we use snow, temperature and 
precipitation records from the Natural Resource Conservation Service (NRCS) and streamflow records from the 
U.S. Geological Survey (USGS) in a coupled analysis designed to assess recent changes in these temperature 
sensitive high alpine headwaters over the last 40 years of record.  Snow water equivalence, streamflow and 
temperature are key metrics that are indicative of changes in these headwater regions and are useful in determining 
the amount, timing and duration of hydrologically important snow-driven events.  These data are being examined to 
determine what role inter annual and decadal drivers such as the El Niño Southern Oscillation (ENSO), the Pacific 
Decadal Oscillation (PDO), and the Pacific/North American Pattern (PNA) play in controlling the amount and 
timing of water availability in this catchment.  Metadata from the weather stations used in this study are being 
analyzed to determine how changes in station characteristics, such as vegetation growth or equipment updates, can 
help explain variances in trends or relationships seen in the data beyond large-scale climate variations.  
(KEYWORDS: water availability, runoff, snow, temperature, precipitation, ENSO) 
 

INTRODUCTION 
 

 In the Western United States the winter snowpack is a major water resource.  Depending on location 
snowfall accounts for as much as 50 – 70% of total annual precipitation (Serreze et al., 2001) and the melting and 
runoff of snow in the spring season regulates water availability in summer months.  Water is a valuable resource for 
the interior west, which is characterized in many parts by an arid to semi arid climate and by high annual variability 
in precipitation (Serreze et al., 1999).  Currently the Western US uses a large portion of existing water (Regonda et 
al., 2005) and continued development is limited by water availability.  The establishment and quantification of a 
relationship between water and climate is a crucial step in a water-sustainable west.  To meet the needs of human 
development understanding water and snowfall trends is imperative for allocating water resources.   
 

The major waterways in the Missouri River headwaters are the Jefferson, Madison, Gallatin and Upper 
Yellowstone Rivers.  Here results focus on the Gallatin and Madison River basins.  The headwaters feed the 
Missouri River basin, which encompasses 10 states with a population of approximately 12 million people.  
Landmass in the Missouri River basin is predominantly used for agriculture, accounting for roughly 40% of wheat, 
20% of corn and 30% of cattle produced in the US (Mehta et al., 2012).  The Missouri is one of the only 
mountainous catchment basins feeding to the Mississippi and the headwaters provide a disproportionately large 
amount of the yearly runoff.  Drought in the Missouri River basin can have serious economic impacts.  It has been 
estimated that variability in water availability can reduce corn and wheat yields by up to 30% of average (Mehta et 
al., 2012).  In the 20th century drought has affected between 20 and 60% of landmass in the Missouri River basin 
(Mehta et al., 2012).   

 
The Snow telemetry (SNOTEL) network, which is operated by the Natural Resources Conservation Service 

(NRCS) and streamgage sites operated by the U.S. Geological Survey (USGS) provide a record for tracking our 
water resources.  The SNOTEL records help monitor important parameters of snow accumulation over the winter 
and ablation in the spring.  SNOTEL has allowed for observations of snow water equivalence (SWE), snow depth, 
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precipitation, and temperature to occur on a daily basis.  39 out of 49 sites in the Missouri headwaters have a record 
greater than or equal to 30 years.  The average record for all sites in the headwaters is 33 years.  Streamgage sites are 
operated by the United States Geologic Survey (USGS).  These stations track daily stream stage, streamflow, 
discharge and temperature.  All streamgage sites used in this study have been operating since 1891, covering the 
entire history of the SNOTEL record.  The distribution of SNOTEL and streamgage sites in the Missouri River 
headwaters is dense, making this an excellent area for water monitoring.  Most watersheds in the Missouri 
Headwaters contain multiple SNOTEL sites representing high and low elevations and a single streamgage station 
near the outlet of the basin.  This design and the dense frequency of sites allows for analysis of water conditions on a 
localized scale.  Often times water conditions in individual basins may vary from the regional or statewide 
conditions.  The localized design of SNOTEL and streamgage stations allows users access to water conditions in 
their immediate area.  This research generally uses basin-wide and headwaters-wide statistics.  Basin-wide statistics 
would not be available if it weren’t for this localized design and dense distribution of SNOTEL and streamgage 
sites.   
 

Using the historical record provided by the SNOTEL and streamgage network, temporal relationships 
between snow, water and temperature metrics have been established.  These metrics are used to measure and 
summarize SWE, snow depth, precipitation, stream discharge and temperature.  Key metrics used throughout this 
report are snowfall represented by annual maximum SWE, temperature represented by annual average temperature 
and runoff represented by total annual discharge.  The temporal patterns in the approximately 35 year history of the 
SNOTEL network in southwest Montana show overall trends for the area, which provides crucial insight into long 
term climate trends and how they may effect future snow accumulation and runoff regimes.  These records also help 
identify climate-based changes in the snowpack in the mountains of the Missouri headwaters.  The snowpack effects 
the duration of winter water storage and the timing and magnitude of spring and summer snow melt and water 
runoff.  The SNOTEL record also shows inter annual and decadal patterns in precipitation.  The relationship 
between these decadal patterns and large scale climate patterns has implications for water forecasting.  Examining 
temporal relationships in the snowpack and stream flows of the Missouri headwaters and their connection to large 
scale weather patterns gives insight into the highly variable nature of precipitation in the west.  This variability in 
precipitation currently makes forecasting water resources difficult (Barnett et al., 2005).  Water supply forecasts are 
unreliable and can only be issued for relatively short time periods (Barnett et al., 2005).  Understanding how local 
water supplies relate to large-scale global weather patterns would potentially increase confidence in, and extend time 
frames for forecasts.  

  
The representativeness of using SNOTEL stations in determining changing trends in snowfall and water 

availability is studied.  Growth of vegetation around the SNOTEL site, changes in the location of the site sensors 
and mechanical changes in sensors can all affect accurate measurement of snowfall and temperatures.  These 
changes have been documented in the metadata for SNOTEL stations and have been analyzed to determine how 
changes to the station could explain any trends or relationships seen in the data.  This should differentiate between 
what may be a change in snowfall trends and what may be a change in the overall state of the recording device.  
While numerous studies have used historical SNOTEL records to investigate trends in water resources they have 
generally not addressed potential complications that could arise from changes documented in the metadata.   

 
The purpose of this research is to explore trends in snow accumulation and streamflow and their 

relationship with climatic patterns by addressing the following questions: 
   

 I. Is there a relationship between snowfall, runoff and climatic trends in the SNOTEL records in the Upper 
Missouri River basin?   

II. Are there any patterns (i.e. inter annual or decadal) that could be taken account of and planned for into 
the future?   

III. How does the use of metadata from SNOTEL sites improve our understanding and quantification of 
these observed trends? 

 
For each of these primary research questions secondary questions have been established and statistical 

models have been developed that directly address the secondary question.  Methods and results sections outline how 
metrics have been collected and statistical models developed.  Findings are interpreted in the results and discussion 
sections.   
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METHODS 
Study Area 
 This study concentrates on the Missouri River headwaters in Southwestern Montana as shown in Figure 1.   

 
Figure 1. The 14 sub basins, 4 major rivers, NRCS SNOTEL sites, USGS Streamgage sites and major towns of the 
Missouri River headwaters.   
 
 The Missouri River headwaters in southwestern Montana are made up of large mountain ranges and wide 
river valleys.  The headwaters cover 21,722 km2 with elevations ranging from 1,200 to 3,900 meters.  The major 
waterways of the Missouri River headwaters are (from east to west) the Upper Yellowstone, Gallatin, Madison and 
Jefferson Rivers.  These river’s headwaters are located in the mountainous terrain of Southwest Montana.  The 
Missouri River forms at the confluence of the Gallatin, Madison and Jefferson near Three Forks, MT.  The 
Yellowstone River flows north then northeast and eventually joins the Missouri River across the Montana border in 
North Dakota.  The Missouri Headwaters can be broken down into specific basins represented by these main rivers 
and their tributaries.  Using only the primary rivers gives 4 major basins that make up the headwaters area.  Using 
the main tributaries for these rivers the area can be broken into 14 watersheds.  Major mountain ranges from east to 
west include the Beartooth, Absorka, Crazy, Bridger, Gallatin, Madison, Tobacco Root, Gravelly, Centennial, Ruby, 
Pioneer, Tendoy and Beaverhead Mountains.  The continental divide forms the southern and western extent of the 
Missouri headwaters.   
 
Data Collection 
 The statistical program, R, was used to collect and summarize historical data from SNOTEL and 
streamgage sites.  This historical data is available from the NRCS and USGS websites.  SNOTEL data stores daily 
observations of SWE, cumulative precipitation, maximum temperature, minimum temperature, average temperature 
and snow depth.  Length of records vary between sites and between measurements, for example, snow depth was 
added to most sites in 2003 whereas SWE has been measured since each site was installed.  Streamgage sites collect 
daily observations on discharge.  Using these daily summary statistics, metrics that help summarize the quantity and 
timing of annual accumulation, ablation and runoff of snow, are calculated.  Comparing these metrics from year to 
year for the history of the record would then give an understanding of the temporal changes of snow accumulation 
and runoff.  A list of metrics was developed and R code was written to analyze the raw data, calculate and return 
each specific metric for each year.  Each year for each SNOTEL and streamgage station was run through the R code 
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and a data file of metrics for the history of the station was developed.  This resulted in a table for each station’s 
record with annual values for each metric.  This allows for a year-to-year comparison of each metric.   
 
Decadal Weather Patterns 
 Decadal weather patterns used in this analysis are the El Niño Southern Oscillation (ENSO), the Pacific 
Decadal Oscillation (PDO) and the Pacific/North American Pattern (PNA).  The National Climatic Data Center 
(NCDC), part of the US National Oceanic and Atmospheric Administration keeps records on indices measuring the 
state of decadal weather patterns.  The NCDC is a federal agency responsible for managing weather and climate 
data.  Historical, monthly records are available from the NCDC for the SOI and ENSO3.4 indices representing 
ENSO conditions and the indices representing PDO and PNA conditions.  All data are analyzed using standard 
deviations from the mean. Standardized data is reported because it makes it comparable to data from different scales 
and forms of measurement.   
 
Point Changes in Data 

Changes that happen at once rather than gradually over time can complicate data records causing 
discrepancies between data output and the reality on the ground.  A number of changes have been documented.  The 
most significant change to the SNOTEL stations is the change in location for temperature sensors.  In 1997 and 1998 
temperature sensors were moved from outside of the shed, which houses equipment, to the tower that holds the sonic 
sensor (A tower and arm hold the sensor over the snow pillow).  This could have a number of different effects.  
Commonly temperatures are higher next to dark structures and moving the temperature sensor away from this and 
onto a thin tower suspended in the air results in the sensor reporting colder temperatures.  However, if this location 
change moves the temperature sensor from a shaded area into direct sunlight temperatures would rise.  

  
Canopy Images 
 To study the effects of vegetation growth around the SNOTEL site canopy images are used.  Canopy 
images capture vegetation growth and open sky by pointing a camera directly upward on top of the snow pillow.  
This is intended to capture the percentage of open and closed canopy over the SNOTEL station.  To assess changes 
in the canopy at SNOTEL sites the growth affecting the site needs to be quantified. Canopy images were taken from 
1965 to 1975 at 13 of the SNOTEL stations in the headwaters.  These images were taken near the snow pillow 
facing directly upward with a fisheye lens capturing 90° (a full horizon is 180°).  Five of the sites, which were easily 
accessible from Bozeman, were revisited and canopy images were retaken in 2013 (Figure 2).  These images were 
taken directly adjacent to the snow pillow directly opposite the sonic sensor facing directly upward.  A fisheye lens 
was used to replicate the old images.  The sets of old and new images will be analyzed to record changes in the 
percentage of open canopy above the snow pillow.  Open canopy is defined as the portion of the canopy that shows 
no interference from trees or structures.  Gap Light Analyzer, a computer program, analyzes the images and gives 
percentages for open and closed canopy (Figure 3).  For proper comparison old and new images must be cropped 
until they both show the same proportion of the canopy overhead at the snow pillow.   

 
Figure 2. ‘Old’ (1965) and ‘new’ (2013) canopy images from the Shower Falls SNOTEL site.   
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Figure 3. Threshold images showing open and closed canopy for the ‘old’ and ‘new’ canopy images at Shower Falls.   
 

RESULTS AND DISCUSSION 
 

 Relationships between metrics and trends over time for metrics are reported.  Decadal weather patterns are 
analyzed to see how they help explain these trends and relationships.  Finally metadata from the SNOTEL stations is 
examined and its role in those trends and relationships is summarized.  These research questions are explored 
through the use of statistical tools and models.  Results for each relationship are reported for both the Gallatin and 
Madison River basins.   
 
I) What are the Relationships between snowfall, runoff and climatic trends in the SNOTEL records of the 
Missouri River headwaters? 

To look at the primary question involving relationships between snowfall, water availability and climatic 
trends secondary questions were presented and models to answer these questions were developed.  The secondary 
questions are as follows: 

 
1) How do annual maximum SWE, total annual Precipitation and average annual temperature help explain 
total annual stream discharge? 
 A major theme of this research is that snow is a valuable water resource.  How well does water stored in the 
snowpack relate to runoff?  What role do precipitation and temperature play in these processes?  
 
1a) Relationship Between Max SWE and Total Runoff   
Gallatin River Basin 
 There is very strong evidence for a relationship between max SWE and total runoff (p-value = 0.0016, from 
a t-stat of 3.58 on 23 d.f.) in the Gallatin River basin.  It is estimated that a change from the mean of one standard 
deviation in maximum SWE would result in a variation in the same direction of 0.55 standard deviations from the 
mean in annual runoff, with an associated 95% confidence interval from 0.23 to 0.86 standard deviations (Figure 4).   

 
Figure 4.  An analysis of total runoff and maximum SWE shows evidence of a strong positive relationship, this can 
be seen in this time series where metrics closely follow each other. 
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Madison River Basin 
 Unlike the Gallatin Basin there is no evidence for a relationship between max SWE and total runoff (p-
value = 0.6527, from a t-stat of 0.455 on 27 d.f.) in the Madison River basin.  It is estimated that a change from the 
mean of one standard deviation in maximum SWE would result in a variation in the same direction of 0.14 standard 
deviations from the mean in total annual runoff, with an associated 95% confidence interval from -0.50 to 0.79 
standard deviations (Figure 5).  It is possible that the presence of 2 dams on the Madison river has made this 
relationship difficult to quantify.   

 
Figure 5. Time series of total runoff and maximum SWE for the Madison River basin.  Despite the time series 
appearing to show a good relationship between the two metrics statistically evidence was weak for a relationship.   
 
1b) Relationship Between Average Annual Temperatures and Total Runoff 
Gallatin River Basin 
 Evidence of an inverse relationship also exists between average annual temperatures and total runoff (p-
value = 0.0233, from a t-stat of -2.43 on 23 d.f.) in the Gallatin River basin.  It is estimated that a change from the 
mean of one standard deviation in average temperature would result in a variation in the opposite direction of 0.22 
standard deviations from the mean in total annual runoff, with an associated 95% confidence interval from -0.03 to -
0.41 standard deviations (Figure 6).   

 
Figure 6. Analysis on total annual runoff and average temperatures suggests a negative relationship.   
 
Madison River Basin 
 There is some evidence of an inverse relationship between average annual temperatures and total runoff (p-
value = 0.0554, from a t-stat of -2.00 on 27 d.f.) in the Madison River basin.  It is estimated that a change from the 
mean of one standard deviation in average temperature would result in a variation in the opposite direction of 0.28 
standard deviations from the mean in total annual runoff, with an associated 95% confidence interval from 0.01 to -
0.56 standard deviations (Figure 7).   
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Figure 7. Analysis on total annual runoff and average temperatures suggests a negative relationship.   
 
2) What is the relationship between annual Average Temperatures, freeze days (the number of days with an 
average temperature below 0°C) and Max SWE after accounting for annual precipitation? 
 With a strong consensus on increasing temperature, it is important to study the effects of temperature on 
annual maximum SWE.  Annual maximum SWE, annual average temperature, the number of days with an average 
temperature below 0°C (freeze days) and annual total precipitation are averaged over all the SNOTELs in each 
basin.  The number of freeze days is useful for explaining the length of the snow season and the time available for 
the accumulation of SWE.  These data were fitted to a model using max SWE as the response and average 
temperature, freeze days and total precipitation as explanatory variables.  It is expected that total precipitation has a 
good correlation with max SWE so the question of interest focuses on the temperature metrics.  Precipitation was 
included so temperatures can be examined without confounding the data with varying precipitation amounts.  
Interest focuses on the effects of temperature on SWE for years with similar precipitation. 
   
 Evidence for a relationship was found between max SWE and freeze days in the Gallatin Basin.  No 
evidence for a relationship was found between max SWE and average temperatures.  As expected, evidence for the 
relationship between max SWE and precipitation was very strong.   
 
Table 1. Results from secondary questions 1 and 2 not explicitly discussed are summarized.  P-values indicating 
strong evidence for a relationship are presented with asterisks.   

Relationship Gallatin 
p-value 

Gallatin Estimate Madison 
p-value 

Madison Estimate 

Runoff ~ 
Precip 

0.02* 1 Δ Precip / 0.35 Δ Runoff 0.06* 1 Δ Precip / 0.69 Δ Runoff 

Max SWE ~ 
Avg Temp 

0.21 1 Δ Temp / 0.35 Δ SWE 0.47 1 Δ Temp / 0.13 Δ SWE 

Max SWE ~ 
Freeze Days 

0.08* 1 Δ Freeze / 0.49 Δ SWE 0.88 1 Δ Freeze / 0.03 Δ SWE 

Max SWE ~ 
Precip 

< 0.0001* 1 Δ Precip / 0.72 Δ SWE < 0.0001* 1 Δ Precip / 1.01 Δ SWE 

 
3) How does the timing of max SWE and annual maximum, minimum and average temperatures help explain 
the timing of snow-melt runoff.   
 Previous research has shown evidence for shifts in the snow melt and runoff period to earlier in the spring 
and summer.  This could potentially cause late summer droughts, which could have adverse effects on agriculture 
and general water use.  The model used here examines the timing of the runoff in the Missouri headwaters.  Is there 
evidence of a shift towards earlier melts and runoffs as seen elsewhere?   
 
 The response here is the median or center date of the runoff period.  The runoff is defined as the period 
containing all flows greater than 99% of average flow.  The runoff period is the starting and finishing date of those 
flows and is generally from April/May to July/August.  This metric uses the date in the center of this period, or the 
median date.  Date of maximum SWE is the day where maximum SWE was reached.  To easily compare between 
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years the number of days passed between January 1st and the median runoff and maximum SWE dates are used.  The 
maximum, minimum and average temperatures for each year are used as explanatory variables.  Median runoff date 
comes from the streamgages on the Gallatin and Madison Rivers.   
 
Table 2. Results from secondary question 3 are summarized.  P-values indicating strong evidence for a relationship 
are presented with asterisks.  Relationship column is the relationship between timing of runoff and each listed 
metric.   

Relationship: 
Timing of Runoff ~ 

Gallatin 
p-value 

Gallatin Estimate Madison 
p-value 

Madison Estimate 

~ Timing of Max 
SWE 

0.01* 1 Δ SWE Timing / 0.36 Δ 
Runoff Timing 

0.01* 1 Δ SWE Timing / 0.46 Δ 
Runoff Timing 

~ Max Temp 0.0003* 1 Δ Max Temp / -0.87 Δ 
Runoff Timing 

0.99 1 Δ Max Temp / 0.00 Δ 
Runoff Timing 

~ Min Temp 0.64 1 Δ Min Temp / -0.08 Δ 
Runoff Timing 

0.91 1 Δ Min Temp / -0.02 Δ 
Runoff Timing 

~ Avg Temp 0.77 1 Δ Avg Temp / 0.04 Δ 
Runoff Timing 

0.74 1 Δ Avg Temp / 0.08 Δ 
Runoff Timing 

 
4) What are the trends over time in annual max SWE, total annual discharge and annual average 
temperature over the history of the SNOTEL record? 
4a) Annual Maximum SWE 
Gallatin River Basin 
 There is evidence for decreasing SWE over time (p-value = 0.0455, from a t-stat of -2.05 on 47d.f.).  It is 
estimated that each year max SWE decreases by 0.2762cm (1cm decrease every 3.62 years), with an associated 95% 
confidence interval from -0.005 to -5.74 centimeters.  This is an annual loss of 0.4% of the mean each year.   

 
Figure 8. Time series of annual maximum SWE for the Gallatin basin. 
 
Madison River Basin 
 There is no evidence for a change in max SWE over time in the Madison River Basin (p-value = 0.7875, 
from a t-stat of -0.27 on 46d.f.).   
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Figure 9. Time series of annual maximum SWE for the Madison basin. 
 
4b) Total Annual Runoff 
Gallatin River Basin  
 There is evidence for decreasing total annual discharge over time (p-value = 0.0061, from a t-stat of -2.89 
on 42d.f.).  It is estimated that each year max SWE decreases by 4,663,000 cubic meters, with an associated 95% 
confidence interval from 1,406,764 to 7,918,755 cubic meters.  This is an annual loss of 0.6% of the mean each year.   

 
Fig. 10. Time series of total annual discharge (in cubic meters) for the Gallatin basin.   
 
Madison River Basin 
 There is evidence for decreasing total annual discharge over time (p-value = 0.0016, from a t-stat of -3.36 
on 47d.f.).  It is estimated that each year max SWE decreases by 9,785,000 cubic meters, with an associated 95% 
confidence interval from 3,926,168 to 15,644,768 cubic meters.  This is an annual loss of 0.6% of the mean each 
year.   

 
Figure 11. Time series of total annual discharge (in cubic meters) for the Madison basin.   
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4c) Annual Average Temperature 
Gallatin River Basin 
 There is strong evidence for increasing temperatures over time (p-value < 0.0001, from a t-stat of 4.73 on 
27d.f.) in the Gallatin River basin.  It is estimated that the temperature rises 0.0980 degrees Celsius every year, or 
1°C every 10.2 years.  An associated 95% confidence interval runs from 0.0555 to 0.1406 degrees Celsius per year.   

 
Figure 12. Time series of annual average temperatures for the Gallatin basin. 
 
Madison River Basin 
 There is strong evidence for increasing temperatures over time (p-value < 0.0001, from a t-stat of 6.78 on 
28d.f.) in the Madison River basin.  It is estimated that the temperature rises 0.1134 degrees Celsius every year, or 
1°C every 8.8 years.  An associated 95% confidence interval runs from 0.0791 to 0.1476 degrees Celsius per year.   

 
Figure 13. Time series of annual average temperatures for the Madison basin. 
 
II) How do inter annual or decadal weather patterns account for the trends seen in the SNOTEL and 
streamgage data? 
 A primary goal of this research is to examine the effect that decadal weather patterns have on water 
resources.  Data that summarizes the states of decadal weather patterns are compared to maximum annual SWE, 
total annual discharge and annual average temperatures.   
 
 Annual maximum SWE and annual average temperatures from SNOTELs across each basin and total 
annual discharge from streamgages have, again, been averaged and standardized; and are used as the response 
variable in each model.  Data representing decadal weather patterns are standardized and used as the explanatory 
variables.  The following model is used to evaluate the extent to which decadal weather patterns can help explain 
annual variability.   
 
1) Max SWE 
 All 4 indices showed evidence of a strong relationship with max SWE.  Table 3. summarizes annual 
variability explained by each pattern index in each basin.   
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Table 3. Explained variability of annual maximum SWE for the Gallatin and Madison River basins 
 
Decadal Weather Pattern 

Gallatin River basin 
% Variability Explained 

Madison River basin 
% Variability Explained 

SOI 9% 19% 
ENSO 3.4 10% 20% 
PDO 9% 18% 
PNA 11% 21% 
 
Total (ENSO, PDO, PNA) 

 
30% 

 
59% 

 
2) Total Annual Runoff 
 The Gallatin basin showed evidence of a relationship between runoff and the PDO and PNA, as well as, 
weak evidence between runoff and the SOI and ENSO 3.4.  In the Madison basin there was weak evidence for a 
relationship between runoff and the PNA and no evidence between any other weather indices and runoff. 
   
Table 4. Explained variability of total annual discharge for the Gallatin and Madison River basins 
 
Decadal Weather Pattern 

Gallatin River basin 
% Variability Explained 

Madison River basin 
% Variability Explained 

SOI 7% 3% 
ENSO 3.4 7% 5% 
PDO 12% 2% 
PNA 12% 7% 
 
Total (ENSO, PDO, PNA) 

 
31% 

 
14% 

 
3) Annual Average Temperature 
 The Gallatin River basin shows evidence of a relationship between avg. temperatures and the PDO.  The 
Madison River basin shows evidence of a relationship between avg. temps and the PNA.  There is no evidence for a 
relationship between avg. temps and the SOI and ENSO 3.4 data.   
 
Table 5. Explained variability of annual average temperatures for the Gallatin and Madison River basins 
 
Decadal Weather Pattern 

Gallatin River basin 
% Variability Explained 

Madison River basin 
% Variability Explained 

SOI 1% 2% 
ENSO 3.4 0% 0% 
PDO 3% 19% 
PNA 14% 1% 
 
Total (ENSO, PDO, PNA) 

 
18% 

 
22% 

 
 Decadal weather patterns do help to explain some of the values for max SWE, runoff and average 
temperatures.  Max SWE showed the strongest relationships while average temperatures showed the weakest.  
Evidence for the strongest relationship, found between max SWE and decadal weather patterns in the Madison basin 
is also the metric that saw the smallest change over time.  This might indicate that although these decadal weather 
patterns help to explain some of the normal variability seen in the data, they do not explain very much of the total 
variability and change over a larger 40 year data set.   

 
III) How does the use of metadata from SNOTEL sites improve our understanding and quantification of 
these observed trends? 
 Closer examination of metadata for the SNOTEL stations reveal that examining both one time changes to 
the stations and the growth of canopy help explain trends in data and additional variability.  Incorporating all 
available pieces of information generates robust results that help to more effectively construct the truth on the 
ground.  A brief summary of the metadata analysis is given here.   
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 The most notable one time change to the station is the repositioning of temperature sensors from the side of 
the shed to suspended in the air above the snow pillow.  These types of changes to the station are important to 
consider when analyzing the output data from stations.  To analyze the effect of this change temperature data was 
broken into pre and post sensor change datasets.  In this case, looking at this one time change helped explain the 
alarming temporal trend of 1°C rise every 10 years and ultimately a much more reasonable result was established.   
 
 Canopy growth may also be worth considering when looking at data output from weather stations.  For this 
study data on canopy growth was limited to 2 or 3 canopy images per site.  However, when modeled canopy growth 
was compared with annual maximum SWE evidence for relationships existed in some of the stations and not in 
others.  The potential impacts of canopy growth have been argued qualitatively for some time.  Although small, the 
quantitative analysis done here provides some numbers to support the idea of canopy growth effecting data output.  
The qualitative and quantitative assessment on canopy images are strong enough that it should be considered in 
future studies where data is available.   
 

SUMMARY 
 

 In the Missouri River headwaters, as in a large portion of the Western US, there is evidence for a 
relationship between snowfall and runoff, a relationship between the timing of snowfall and the timing of the runoff, 
slight decreases in snowfall, decreases in runoff and increases in temperatures.  Decadal weather patterns do seem to 
play a role in the variability of snowfall, runoff and temperature, although they seem to help explain more of the 
short term variability than the long term (30-40 year) trends.  Analyzing the sources of the data used to produce 
these results helped to create a more accurate and robust analysis.  In some cases the original analysis was proven to 
be flawed once the metadata from these stations was taken into account.  The NRCS SNOTELs and USGS 
streamgages provide the best datasets on water resources in the west but no station is perfect and the data must be 
thoroughly analyzed to ensure accurate results.   
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