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Abstract

The northern US Rocky Mountains are experiencing rapid warming. Combined analysis of Ground
Temperature (GT) measurements at two high-fidelity boreholes with Surface Air Temperature
(SAT) measurements near Helena Montana spanning the past 40 years indicate the northern US
Rockies have warmed on average 0.12°C - 0.32°C/decade since 1975, at least a factor of ~5 higher
than the predicted 500-year-average. Warming appears to be accelerating, with warming rates
since 2013 4 - 7 times higher than the 40 year average. Though uncertainty exists, the most signif-
icant GT warming appears to occur at higher elevation. Warming estimates are consistent with
modelling predictions, snowpack observations, and stream temperature studies, all suggesting
rapid surface temperature change in this region during the past ~40 years. The analysis indicates
GT warming measured at remote borehole sites is slightly lower than regional SAT measurements
collected near urban environments. We associate the discrepancy between GT/SAT measurements
to both anthropogenic effects (urban development) that increase warming at the nearest SAT
measurement station and a 14-year period of anomalously low snowfall that reduces surface in-
sulation and GT warming. Using a derived average forty-year surface warming rate of 0.22°C/
decade and regional temperature-elevation trends, we calculate that the elevation of the winter
freeze line during the three coldest months of the year (December, January, and February) in the
northern US Rocky Mountains is retreating upward, on average, 33 m/decade. This implies a 21%
reduction in freeze-line area since 1974. If this trend continues, we estimate that within the next
40 years (by 2060), the total area where ground freeze occurs during the three coldest months of
the year will be ~60% of 1974 values. Since GT measurements indicate accelerated warming, this
may be an underestimate. The analysis has important implications for the snowpack-water budget
for Montana and the northern US Rocky Mountains.
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1. Introduction

Global Surface Air Temperature (SAT) measurements indicate increasing surface temperatures on Earth since
the mid-20th century, with average SAT increasing at a rate of ~2°C during the past century [1]-[4]. This obser-
vation, however, is usually based on surface air temperature measurements that are prone to some uncertainty
[5]-[8]. Although SAT studies indicate that most of the earth has warmed during the past century, the rate is
highly variable depending on location [4]. As a result, assessing the impact and rate of warming at a particular
region on Earth requires a more focused site-specific assessment of long-term temperature change.

The Northern Rocky Mountains of the United States represents a critical area of climate change study for
several ecological and economic reasons. Warming in the Rocky Mountains may have a crippling effect on
snowpack and water supply for the United States, as recently demonstrated with the California drought [9] [10].
Multiple studies suggest population centers in the western United States where water supplies depend on snow-
melt are more vulnerable to the effects of increased temperatures over time, with areas at higher elevation and
higher latitudes generally experience the most significant impact [7] [11]-[13]. In areas that rely heavily on
snowpack to maintain their water supply, accurate assessment of long-term surface temperature change is criti-
cal for predicting future water resources [6] [7] [14].

The number of below-freezing days has decreased over the last century in the US, and this has an impact on
snowpack, water-storage, and therefore, water supply in the western United States [5] [15]-[19]. Currently,
however, significant uncertainty exists in the rate of warming in the Northern US Rocky Mountains. Global stu-
dies suggest surface temperature warming of ~1°C has occurred in the Northern US Rocky Mountains since
1901, or approximately 0.1°C per decade [8]. Other studies suggest that mean annual temperature in the western
United States has increased at rates as high as ~0.3°C - 0.5°C per decade [3] [7]; perhaps more than double the
mean global rate of ~0.2°C [2] [4]. The factor of five difference highlights both the uncertainty that exists and
the need for more detailed regional assessments.

The differences in estimated warming rates are not necessarily surprising: constraining the rate of surface
temperature warming is difficult for several reasons. Estimated SAT values are impacted by several factors be-
sides long-term climate change, including the density and spatial coverage of National Climatic Data Center
(NCDC) thermometers, the heat island effect on weather stations located near urban centers [20], apparent
warming or cooling due to weather-station re-location or adjustment with time, the bias of more weather stations
being located in areas of lower elevations, and the high internal variability of metadata sometimes used in these
studies [2] [21]-[23]. As a result, accurately quantifying rates of surface warming using standard SAT records
remains a valuable yet challenging approach for assessing decadal-scale temperature change both in the Rocky
Mountains and beyond [24].

In this study, we use not only SAT measurements but an alternative tool for assessing decadal-scale tempera-
ture change in the Northern US Rocky Mountains: repeat Ground Temperature (GT) estimates derived from bo-
rehole temperatures. Borehole temperature-depth measurements provide a well-established mechanism for esti-
mating regional surface temperature change at annual-to-millennial time-scales [25]-[30]. Combining SAT with
GT measurements presents a unique opportunity for better quantifying surface temperature change, especially
for (1) longer (decadal to centennial) time scales and (2) locations where limited SAT measurements exist
[29]-[34].

Determining surface temperature change using boreholes is generally straight-forward: measure the tempera-
ture versus depth in a well; then return at a later date, re-measure, and compare to previous measurements. As-
suming no changes to either the regional heat flow (due to advection or thermal conductivity changes in the
Earth) or surface albedo (do to such effects as clear-cutting, vegetation change, land-use change, or other human
development), then changes in the shallow part of the temperature-depth profile can be attributed to changes in
surface temperature [29] [35] [36]. Both forward and inverse models routinely estimate GT change with time
using this approach [29] [35]. Accurately determining regional temperature change using boreholes requires
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knowledge of the thermal properties of the subsurface at each well site and knowledge of any potential changes
to surface microclimatic conditions that might affect subsurface temperatures [35] [37]-[39]. The most ideal bo-
reholes for analyzing GT changes typically have conductive, near-linear temperature-depth profiles, relatively
constant thermal conductivity in both space and time, and perhaps most importantly, are located in remote sites
where few if any surface changes have occurred [29] [33] [35].

For this study, we measure temperature versus depth at two wells ideally suited for climate analysis: CD9 and
MV-RDH35. Both wells are located in western Montana, where temperature-depth measurements were pre-
viously made in 1973 and 1975, respectively. Although hundreds of wells have been temperature-logged by
Blackwell and others in Western Montana since the 1960s [40], we chose to reoccupy these two wells because
(1) both wells have high-fidelity temperature measurements dating back 40 years, (2) neither well site has un-
dergone surface changes since they were drilled, (3) both wells are located within 20 km of each other but at an
elevation difference of more than 800 m, thereby providing potential insight into elevation effects on tempera-
ture change, (4) the wells are located 8 km and 28 km from Helena, Montana, respectively, where long-term
high quality NOAA SAT measurements exists for comparison, and (5) both wells have near-linear temperature-
depth profiles and cuttings/core data available, indicating near-constant thermal diffusivity and resulting in
straightforward GT measurement. For this study, we compare temperature-depth measurements from 1973 (CD9)
and 1975 (MV-RDH35), with recent (2013-2015) measurements made at these wells. We then model the surface
temperature changes necessary to explain temperature-depth discrepancies that developed during the past 40
years. We compare results from the borehole temperature-depth study with SAT measurements in Helena during
this same time period to quantify, compare, and assess temperature change in this region.

2. Well History and Location

The first well, defined as MV-RDH35 in the National Geothermal Database, and here referred to as the Fort
Harrison well, is located at 46.616°N, 112.131°W at an elevation of 1285 m (Figure 1). This well is approximately
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Figure 1. Mapview showing the location of the Northern US Rocky Mountains. Inset shows the location where GT

measurements were made at well CD9, located at an elevation of 2097 m on the continental divide, and well

MV-RDH39, located at Fort Harrison Army Reserve Base at an elevation of 1285 m, 8 km west of Helena. Compari-
son SAT measurements were also made at Helena Airport, located just 3 km northeast of downtown Helena.
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8 km west of Helena, Montana, and is located on the Ft. William H. Harrison Army Reserve Base. The army
base consists of 8500 (34.4 km?) contiguous acres of almost entirely uninhibited, treeless terrain and abuts both
Bureau of Land Management and National Forest land along its northern and western boundary, respectively.
Photographs taken when the well was drilled in the 1970s by David Blackwell and time-series satellite photos
from Google Earth dating back to 1990 show no significant man-made or natural changes have occurred within
at least 4 km of the well site in the last 40 years. The well site, located near the geographic center of the army
base, consists of alluvium soil on an open plain vegetated with short (cm-tall) grasses. Photos indicate no vege-
tation change during the past 40 years and the army has worked to keep the area a high-plains native prairie
grassland for decades. The well was originally drilled in 1973 to a depth of ~140 m to assess regional heat flow
in the Northern Rocky Mountains. Although temperatures were initially measured in 1973 immediately follow-
ing drilling, these temperatures were not in equilibrium due to circulation of drilling fluid. To determine a more
accurate steady-state temperature-depth profile, Blackwell re-measured temperature at 5 m depth intervals at the
site on June 29, 1975, approximately two years after drilling. Both hand-written logging notes and discussion
with David Blackwell indicate these measurements were made by waiting several minutes (typically 10 - 20) to
ensure probe temperatures approached equilibrium at each depth. Temperature-depth measurements obtained in
1975 indicate the water table occurred at approximately 30 m depth, with no systematic difference in thermal
gradient observed above and below the water table.

The second well, defined as CD9 in the National Geothermal Database, is located at 46.726°N, 112.334°W.
This well is approximately 19 km northwest of Fort Harrison, at an elevation of 2097 m, and is located within 1
km of the continental divide. Although CD9 is less than 20 km from the Fort Harrison well, it is 812 m higher.
Analysis of surface temperature changes between CD9 and the Fort Harrison well may therefore provide insight
into how temperature changes differ with elevation in this region. CD9 was drilled in the 1940s by AMAX EXx-
ploration for mineral exploration purposes at an inclination angle of ~45° from vertical to a total length of ~115
m, and a total depth below the surface of 82 m. Steady-state temperature depth profiles acquired by Blackwell
and Baag in 1973 at a vertical depth interval of 3.53 m indicate a nearly linear temperature-depth profile at the
site and no observed change in thermal gradient crossing below the water table [40]. Thermal conductivity and
diffusivity of sediments at the site are constrained from drilling data and cuttings provided by AMAX to Black-
well in 1973 and from conductivity measurements from two other wells located less than a kilometer from CD9.
Results from previous studies [40] indicate sediment thermal conductivity is nearly constant at this well site, av-
eraging 2.95 +/—0.21 W/mK. Well CD?9 is located on public Bureau of Land Management property that consists
of open, grass-covered prairie, similar to the Fort Harrison well site. Analysis of photographs from 1973 taken
by Blackwell, as well as historical photographs available from Google Earth suggest no surface changes have
occurred near CD9 since original heat flow measurements were made. As a result, CD9, like the Fort Harrison
well, is ideally suited for assessing ground temperature change during the past 40 years.

3. Methods

We re-measured temperature with depth at the Fort Harrison well on August 14", 2013, and again approximate-
ly one year later, on August 6", 2014. Temperature measurements were made from 5 m to 137.5 m below the
surface at depth intervals ranging from 2.5 to 5 m intervals. The temperature probe was connected to an electric-
al cable that allowed for real-time temperature measurements during probe deployment. The thermistor probe,
designed and built by Robert Spafford, is the same used for all measurements at the site in 1973, 1975, 2013 and
2014. The probe was calibrated to within 0.01°C using NIST-traceable thermometers. During measurement, we
lowered the probe to each depth interval and held the probe at each measurement depth up to 30 minutes to en-
sure that the probe temperature had either reached or was clearly converging on a steady-state value. Measure-
ment wait times were often 15 to 30 minute at depth locations above the water table. In most instances where we
measured temperature in air, the probe temperature settled at a constant value (to within +/—0.01 degrees) within
20 minutes of deployment at a specific depth. The only depths where anomalous temperature fluctuations some-
times occurred with time were at the very top of the hole (<10 m depth) where we suspect subtle air fluctuations
at the top of the hole caused temperature fluctuations of +/—0.05 degrees. The probe measures steady state tem-
perature almost instantaneously once it is submerged below the water table, and therefore, we required only a
few minutes of measurement at each depth below the water table to estimate temperature. We reached the water
table at a depth of ~25 +/—2.5 m at the Fort Harrison well during both the 2013 and 2014 measurements, consis-
tent with water table estimates from 1975 estimates.
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At well site CD9, we re-measured the temperature-depth profile for three consecutive years, with measure-
ments made on August 18, 2013; August 8, 2014 and July 26, 2015. Temperature measurements were made
every 2.5 to 5 m in the wellbore, or 1.77 m to 3.5 m in true vertical depth (TVD) below the surface, since the
well is drilled at a 45 degree inclination. The water table was stable during all three years of measurement; we
encountered the water table at a TVD of ~65 +/-2 m during all three runs and observed no change in thermal
gradient at depths below this interval.

4. Results
4.1. The Fort Harrison well

We analyzed the temperature-depth profile at both wells for all depths greater than 20 m, below which no sig-
nificant temperature changes associated with daily or seasonal temperature fluctuations exist [36]. At the Fort
Harrison well, comparison between 1975, 2013, and 2014 temperature-depth measurements indicates tempera-
tures have increased in the well during the past 40 years (Figure 2(a)). Since 1975, the temperature at the well
has increased at all depth intervals at an average of 0.15°C, with the most significant increase (between 0.2°C -
0.3 °C) in the upper 40 m of the well (Figure 2(b)). At the deepest depths, 2014 measurements are approx-
imately 0.1°C warmer than 1975 measurements; this temperature difference is above the temperature measure-
ment uncertainty of ~0.01°C. At depths shallower than ~70 m, 2014 temperature measurements increasingly di-
verge from 1975 temperatures, with the largest temperature differences at the shallowest depths. At depths of
~20 m below the surface, measured 2014 temperatures at the Fort Harrison and CD9 wells are approximately
0.25°C warmer, than 1975 measurements (Figure 2(a) inset). A warming trend also clearly exists between 2013
and 2014, with 2014 temperatures 0.028°C warmer on-average than 2013 measurements, and the most signifi-
cant warming (>0.05°C) at depths shallower than 30 m (Figure 2(c)).

4.2. The CD9 Well

Comparison of temperature-depth measurements at the higher elevation CD9 well from 1973, 2013, 2014, and
2015 also shows temperature increasing with time (Figure 3(a)). Warming at the higher elevation CD9 well
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Figure 2. Temperature-depth measurements at the Fort Harrison well in 1975, 2013, and 2014 (a). The difference be-
tween 2014 and 1975 temperature-depth measurements (b), and 2014 and 2013 temperature depth measurements (c);

both indicate warming.
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Figure 3. Temperature-depth measurements at the CD9 well located on the continental divide for 1973, 2013, 2014,
and 2015 (a). The difference between 2015 and 1973 temperature-depth measurements (b), and 2015 and 2013 tem-
perature depth measurements (c) both indicate warming.

appears more significant than the Fort Harrison well. Since 1973, the borehole temperature has increased on av-
erage 0.28°C with the most significant warming (>0.3°C) occurring in the upper ~30 m of the well. At the well
bottom (~81 m below the surface), we observe 0.15°C of warming (Figure 3(b)). A warming trend is also
clearly observed in the high resolution measurements obtained annually at well CD9 from 2013-2015 that show
a clear and statistically significant increase in subsurface temperature during the past two years in the upper 30
meters of the well (Figure 3(c)). Annual measurements from 2013 to 2015 in CD9 indicate an average warming
trend 0.015°C/year within the well, with the most significant warming (>0.03°C) in the upper 30 m (Figure

3(c)).
5. Analysis

Analysis of temperature-depth measurements at each of the wells indicates subsurface temperature change is not
linear, but has likely accelerated with time at these well sites. Taking a simple average for the rate of change in
temperature in each well with time for the 1970s measurements and comparing this rate of change with 2013-
2015 measurements, it is clear that borehole temperature change is non-linear. For example, we estimate the an
average temperature change at a depth of 25 m the Fort Harrison well from 1975-2014 of 0.007°Clyr, yet,
2013-2014 estimates at this depth indicate warming at a rate of ~0.05°C /yr, a factor of 7 higher. Similarly, the
average rate of warming from 1973-2015 at well CD9 at a depth of 21 m is 0.012°Clyr, yet average warming
value from 2013-2015 at this depth is 0.04°C/yr; nearly a factor of four higher. This analysis suggests that
warming has been more significant in more recent years than the background forty year average.

We hypothesize that warming in the borehole is the direct result of changes to regional surface temperature
since no significant changes to the surface environment have occurred at these sites in the past 40 years. Tem-
perature measurement comparisons within the borehole provide useful insight into first-order regional warming,
however, determining temperature change at the surface is much more valuable for assessing regional climate
change. Due to seasonal and daily temperature fluctuations at the surface, estimating average annual surface
temperature change using well temperature-depth data requires additional analysis and modeling. The following
sections describe the approach we use to estimate the average annual ground temperature change at these well

sites.
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5.1. Estimating Surface Temperature Change Using a Best-Fit Forward Model

To generate a preliminary assessment of ground temperature change at each well site, we best-fit a line to the
near-linear 1970s temperature-depth profiles, and from this, estimate mean annual ground temperature. Since
any temperature measurement made shallower than ~20 m below the surface is affected by seasonal and daily
temperature variations (e.g. [36]), we calculate a best fit temperature-depth profile for data collected from the
bottom of each hole to 20 m below the surface. We apply this approach to all measurements made at the Fort
Harrison and CD9 wells, and incorporate least-squares uncertainty analysis to estimate relative error in the cal-
culated mean annual ground temperature. We then use a 1D diffusive heat flow model to estimate the best fit
surface temperature change necessary to replicate more recent (2013-2015) temperature-depth profiles for each
well.

5.2. The 1D Diffusive Heat Flow Model

To determine the average rate of surface warming at the wells, we generate a best-fit forward model for temper-
ature change in the borehole. The one-dimensional forward model uses a constant-diffusivity heat flow equation:
ST(zt) | 8°T(zt)

ot =k 57° @)

where T is temperature (°C), t is time (s), z is depth (m), and k, the thermal diffusivity (m?/s), is kept constant in

space and time. We solve for T with respect to z and t by using a second-order forward-time center-space finite-

difference approximation, similar to previous borehole temperature modeling studies [39] such that
At (Az)’

where n is the time node, j is the space node, Az is the vertical cell dimensions set at a constant value of 0.5 m,

and At is the numerical time step, which satisfies the current condition. We then solve the forward model by
solving for Tjn+1 for each new time step:

O]

2T T

j+l

n+l (T n
T = kAt +T! ©)

(AZ)Z J

In order to forward model a best fit solution for average surface warming, the model allows the surface boun-
dary temperature, T,', to increase at a constant rate with time and determines which rate of warming produces a
best fit. We use a least squares approach to estimate the initial starting model temperature-depth profile by best
fitting a line to 1970s temperature-depth data. To minimize boundary condition effects, the total depth of the
model is set at 500 m, and assumes an open bottom boundary condition. We estimate diffusivity, k, in the model
from drill cuttings acquired from the sites [40] and by using a Monte Carlo approach to estimate and account for
porosity uncertainty. The Monte Carlo approach assumes a large porosity uncertainty, with a uniform porosity
distribution ranging between 10% - 60%. Based on this analysis, conductivity at the Fort Harrison well is 2.87
+/—1.04 (1 sigma) W/mK and diffusivity is 1.21 x 10® m%s +/—3.7 x 10" m?/s (1 sigma). Similarly, conductiv-
ity for CD9 is 2.95 +/— 0.21 W/mK with a diffusivity of 1.11 - 1.28 x 10 ® m?/s). The diffusivity values are con-
sistent with other studies and typical of shallowly buried sediment [33] [41].

5.3. Average Surface Temperature Warming at the Fort Harrison Well

Our best-fit analysis suggests an initial average surface temperature in 1975 at the Fort Harrison well of 9.40°C
+/— 0.05°C and a thermal gradient of 20.50 +/— 0.2°C /km. We run the forward model from June 29, 1975 to
August 6, 2014, the dates measurements were made. To find a best fit solution for the mean surface warming
during the past ~40 years, we sweep the model through average surface-warming values that range between
0.001 - 0.005 °Clyr, at an interval of 0.001°C. We also sweep the model through random variations in diffusivity
using a Monte Carlo approach that finds a best fit value for both warming and thermal diffusivity. The analysis
provides a best-fit solution for diffusivity values ranging from 0.85 x 10 ° - 1.58 x 10 ® m?/s, consistent with the
1 sigma uncertainty for diffusivity. Based on this approach, we obtain a best fit solution for surface temperature
warming at the Fort Harrison well of 0.012°C +/- 0.002°C/yr, or 0.12°C/decade (Figure 4).
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Best Fit Solution, Forward Model for Fort Harrison Well, Montana
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Figure 4. Temperature-depth measurements at the Fort Harrison well for
1975 (green) and 2014 (red) with the best-fit modelled surface warming re-
sults shown in 2 year time increments (blue). The best-fit solution indicates a
mean best fit value of 0.012°C/yr warming at the site.

5.4. Average Surface Temperature Warming at Well CD9

To determine if differences in surface warming exist between the lower-elevation Fort Harrison well and higher
elevation CD9 well, we also analyze and forward model data collected at well CD9, located ~18 km Northwest
and 812 m higher than the Fort Harrison well. We forward model a best-fit solution for surface warming at well
CD9 following the same approach used for the Fort Harrison well. Applying a least-squares best fit analysis to
1973 temperature-depth measurements for all measurements below 20 m, we estimate a mean 1973 surface
temperature of 4.10°C +/— 0.06°C and a thermal gradient of 60.24°C/km +/— 1.1°C/km at CD9, consistent with
previous measurements at the site [40]. The colder surface temperature observed at CD9 compared to Fort Har-
rison is consistent with what we would expect given the higher elevation at CD9. We forward model surface
temperature change at CD9 from July 1% 1973 to August 8" 2014, the dates first and last temperature measure-
ments were made. Using the surface temperatures and thermal gradients described above and a measured ther-
mal conductivity of 2.95 +/— 0.21 W/mK (diffusivity of 1.11 - 1.28 x 10°® m?/s), we calculate a best-fit rate of
warming for the last 42 years at CD9 of 0.017°Clyr +/— 0.002°C/yr, or 0.17°C/decade. This rate of increase is
~42% higher than the Fort Harrison well site (Figure 5).

6. Implications for Surface Temperature Warming at CD9 and Fort Harrison Sites

Modeling results indicating rapid warming, with ~0.5°C and ~0.7°C warming during the past 40 years at the Fort
Harrison and CD9 well sites, respectively. If these rates are constant, this implies an average warming rate of
1.25°C and 1.75°C per century, at these sites, with the higher elevation CD9 well experiencing ~40% higher
warming rates. In reality, warming rates appear non-linear, with perhaps the most significant warming occurring
in the past few years (Figure 3), making it difficult to estimate average warming during the past century. None-
theless, analysis and observations of temperature-depth measurements at both CD9 and the Fort Harrison wells
currently support the premise that surface warming at a rate in excess of 0.1°C/decade has occurred in the
Norther US Rockies during the past 40 years.

7. Comparing Borehole-Derived Warming with Air Temperature Warming

Fort Harrison is located ~10 km west of the Helena Airport, where more than 40 years of NOAA National Climate
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Figure 5. Temperature-depth measurements at well CD9 for 1973 (green) and
2014 (red) with the best-fit modelled surface warming results shown in 5 year
time increments (blue). The best-fit solution indicates a mean best fit value of
0.017°C/yr warming at the site.

Data Center (NCDC) SAT records exist. It is therefore possible to compare GT changes at Fort Harrison with
SAT changes at nearby Helena Airport to determine if consistent trends exist. Least squares analysis of NOAA
NCDC SAT measurements from 1975 to the present indicate SAT at Helena, Montana warmed at an average
rate of 0.032°C/yr (Figure 6). The average standard deviation between the linear best fit and measured annual
SAT values for Helena, however, are high at +/-0.73°C (1-sigma), and using a Monte Carlo technique that ran-
domly varies for 1000 iterations each recorded mean annual temperature up to 1 standard deviation from the line
fit, we estimate the rate of SAT warming in Helena since 1975 is 0.032°C +/— 0.014°C/yr (1-sigma). This value
is consistent with average US air temperature warming during this period (Figure 6).

Both SAT measurements at Helena Airport and GT measurements at the nearby Fort Harrison well indicate
clear and statistically significant warming occurred in the Helena area during the past 40 years. The apparent
difference between SAT warming at Helena Airport and GT warming at nearby Fort Harrison appears signifi-
cant, despite high uncertainty in the SAT measurements. Average SAT warming during the past 40 years in He-
lena is 1.3°C +/— 0.7°C compared to lower GT warming at the Fort Harrison well of 0.48 +/= 0.06°C. SAT
warming is therefore higher than GT warming to one standard deviation. Interestingly, the observation of lower
average GT warming compared to SAT warming is opposite what is observed when comparisons are made be-
tween other GT/SAT studies in North American at latitudes above 45°N [35].

8. Assessing Differences between GT and SAT Changes in Helena

Why mean GT warming near Helena is less than SAT warming during the past 40 years is unclear, however,
several potential explanations exist. The general consistency between GT and SAT changes observed over long
(decade-to-century) time scales and the diffusive nature of conductive heat flow implies that short term (annual)
variations in solar radiation and snow cover likely smooth borehole-derived temperature results, resulting in
negligible differences between GT/SAT warming trends for longer (such as centennial) time periods [29] [30]. It
is therefore perhaps surprising that we observe a slight difference between air and surface temperature warming
near Helena over this relatively long 40 year period. For completeness, we analyze several potential mechanisms
that can cause different air and surface temperature changes, including changing precipitation and snow-cover
patterns, location differences, and potential anthropogenic factors.
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Figure 6. Annual average SAT in Helena Montana (lower line) compared to the average annual SAT in the conti-
guous United States (upper line) since 1975. Rates of SAT warming in Helena (0.032°C/yr) are consistent with
Contiguous US trend (0.036°C/yr). The standard deviation for SAT warming in Helena (0.014°C/yr), however, it is
significant, totaling 44% of the mean SAT warming value.

8.1. Changing Precipitation Patterns as an Explanation of Lower GT Warming

Changing microclimatic conditions can cause changes in surface temperature. Specifically, greater cloud cover
can sometimes reduce surface warming by increasing atmospheric albedo and reflecting more light back into
space [42]. Less sunlight absorbed at the surface results in less radiative surface heating. In addition, cloud cover
can also modulate temperature and reduce daily temperature changes via atmospheric insulation [43]. Therefore,
one potential explanation for lower GT warming near Helena is that the region has experienced fewer sunny
days in the last 40 years resulting in less direct surface warming despite warmer SAT values caused by cloud
insulation. This implies that any change in regional cloud cover during this period may impact both the SAT and
GT warming rates.

Using precipitation as a proxy for regional cloud cover, we can assess if and how weather patterns changed
solar radiance in the Helena area during the past several decades. Using NOAA NCDC precipitation data dating
back to 1938, the mean annual precipitation from 1938 to 1975 is 27.96 +/— 6.18 cm (1-sigma) (NOAA, 2014).
Since 1975, the mean precipitation in Helena has been 29.36 +/— 7.01 cm (1-sigma). This difference is not sta-
tistically significant. Although the distribution of rainfall and cloud cover may vary intra-annually, our admit-
tedly preliminary analysis suggests there have been no significant change in annual precipitation in Montana
during the past 76 years (Figure 7(a)). This observation supports the concept that decadal-scale changes in pre-
cipitation (and associated cloud cover) cannot easily explain differences between GT and SAT warming rates in
Helena during the past 40 years.

8.2. Snow Cover as a Possible Cause of Lower GT Warming

Changes in snow cover can also directly affect the rate of surface warming, especially over short (<100 yr)
timescales [35] [38] [44] [45]. Snow, with its lower thermal conductivity, acts as an insulator, thereby reducing
the effect of both winter cooling and summer heating in the subsurface. Over century timescales, it is unlikely
that variations in snowfall have a significant impact on GT warming rates due to the inherently diffusive nature
of heat flow at these well sites [38] [39]. However, at shorter time scales, variations in snowfall may have a po-
tentially significant influence on estimated GT changes [45]. In Montana and most of the Northern US Rocky
Mountain region, snow is typically present on the surface for less than 6 months of the year and insulates the
surface from colder temperatures during the winter and early spring months. If snow cover is relatively constant
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Figure 7. The total amount of precipitation in Helena area since 1938 (a) and total amount of
precipitation during the three coldest months of the year (December, January, February) in
Helena (b). Although total precipitation rates remained relatively constant during the past 76
years, there was a 14 year period of anomalously low precipitation/snowfall during the cold-
est months of the year. A reduction in snowfall can result in an under-prediction of GT
warming rates due to less thermal insulation provided by snow-cover.

each year in Montana, then regions experiencing significant snow and ground-freeze during the winter will typ-
ically over-predict temperature change using GT measurements, since the coldest temperatures are insulated
from the ground surface by snow and ice [35]. As a result, we might expect warming rates based on GT mea-
surements to exceed warming rates predicted from SAT measurements in locations that receive significant snow
fall or are below freezing for several months of the year. Perhaps surprisingly, we observe the opposite pheno-
menon for GT in western Montana at these well sites. Specifically, GT warming near Helena is less than the
SAT warming observed during the past 40 years. It is therefore difficult to explain lower GT warming rates over
the past 40 years, unless there has been a significant change to the snowfall pattern during that period. For ex-
ample, if there are significant (decadal) periods of markedly less snowfall during the 40 year period, it would
cause the surface to be exposed to colder temperatures, resulting in anomalously low GT measurements and less
apparent warming [44]. Our analysis of precipitation during the winter months in Helena, Montana for the last
75 years suggests a statistically significant reduction in snow cover likely occurred from 1994-2008. During this
14 year period, snowfall was reduced by as much as ~50% below the 75 year average (Figure 7(b)), with preci-
pitation dropping from an average value of 5.7 +/— 2.0 cm to 3.0 +/= 0.7 cm. This suggests significantly less
snow fall and less snow cover during this 14 year period (Figure 7(b)). It is therefore possible that the differ-
ence between GT and SAT changes observed since 1975 results in part from reduced snow cover during this 14
year period that caused less surface insolation from cool temperatures, and therefore, anomalously low GT
warming during that time.

8.3. Urban Heat Island Effect as a Cause of Greater SAT Warming

An additional explanation for the difference between GT and SAT warming rates is that anomalous air tempera-
ture warming has occurred near the Helena Airport where SAT measurements are made due to city growth and
increased urban heat island effects during the past 40 years. Urban heat island warming occurs due to human ac-
tivity and development. Even relatively small population (<100,000) Montana cities such as Great Falls and Bil-
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lings Montana have experienced significant urban heating that exceeds background (adjacent rural) air tempera-
tures by more than 3°C [46]. Helena’s NOAA-recorded SAT measurements are made at Helena Regional Air-
port, less than 3 km northeast from the city center. In contrast, the Fort Harrison well is located 8 km west of
Helena in the middle of a large (34 km?) undeveloped piece of land. While Lewis and Clark County where He-
lena is located has doubled in population in the last 40 years, nearly all of the urban development has been to the
north and east of the city in the direction of the airport; not at Fort Harrison, which borders uninhabited BLM
and National Forest property north and west of the city.

The size of a city correlates positively with the amount of urban heating, and the urban heat island effect has
the ability to increase regional surface temperatures by several degrees (e.g. [20]). Several factors, including
wind, vegetation, population size, and population density, influence urban heating, making it difficult to con-
strain urban heating magnitude. In general, however, urban heating correlates with population [47], with tem-
perature increasing logarithmically with population change. The most significant rate-change in urban heating
generally occurs in population centers between 1000 - 100,000 people [48]. Helena, with a population of
~30,000 falls within this range and has increased in population by nearly 50% since the mid-1970s. The ob-
served higher rates of SAT warming compared to GT warming since 1975 may therefore be related to an in-
creased urban heat island effect in the area. This is likely not true for the Fort Harrison well or CD9, both of
which are located away from any recent development or population centers.

Differences in SAT/GT measurement locations and, in particular, the regional wind direction also likely play
an important role in GT/SAT warming differences. Montana’s prevailing winds, westerlies, blow from the
southwest. As a result, the airport, located just northeast of the city, is bathed in air that has passed over the city
center. In contrast, Fort Harrison, located 8 km west of the city typically receives air that passes over hundreds
of square miles of sparsely inhabited mountains and national forest land. It is therefore likely that SAT mea-
surements at the airport are disproportionately impacted by anthropogenic effects and that the airport’s location
is at least partially responsible for the apparently higher rates of SAT warming in the Helena area during the past
40 years.

Based on these observations, we use GT and SAT measurements to place bounds on regional warming, with
GT measurements indicating lower bounds for warming and SAT values representing an upper limit for warm-
ing in the region. Specifically, we suggest SAT warming rates of 0.32°C/decade derived from temperature mea-
surements made at Helena Airport represent a maximum warming rate due to the fact that urbanization, devel-
opment, and prevailing winds all promote increased anthropogenic warming at the SAT measurement site. We
therefore bracket warming in the Helena area for the past 40 years between 0.12°C and 0.32°C/decade, with an
average warming rate of 0.22°C/decade.

9. Discussion

Both SAT and GT measurements indicate that western Montana has experienced statistically significant warm-
ing during the past 40 years. If SAT/GT changes represent approximate maximum and minimum warming rates,
as suggested here, the values (0.12°C - 0.32°C/decade) are consistent with mean global air temperature warming
estimates of ~0.2°C/decade since 1976 [2]. The rate of warming at the higher elevation CD9 well is 42% higher
than the rate of warming at the lower elevation Fort Harrison well. It is unlikely this difference is caused by
anthropogenic factors since neither well is located in a city center and no major surface changes have occurred
at the sites during the last 40 years. Differences in snow cover between the sites, as already noted, is however
one possible explanation. Specifically, one way we could explain the anomaly between well sites is if snow
cover remained relatively stable at the higher elevation CD9 well but decreased at Fort Harrison. Although pre-
cipitation records for Helena indicate snow cover likely decreased, we currently have no detailed snow cover or
precipitation measurements for CD9. It is therefore difficult to conclude whether snow cover is the cause of GT
warming differences between well sites. Higher rates of warming at CD9, however, do agree with predictive
models of air temperature change along the American Cordillera that suggest the highest elevations experience
the most significant warming due to increasing atmospheric CO, levels [45]. Biological studies also indicate
high elevation environments in western North America have recently experienced some of the most significant
warming and unprecedented snowpack reduction across the Northern Rockies during the late 20th century (e.g.
[7] [13]). Nonetheless, without detailed snow cover data for the CD9 well site, our results cannot yet confirm
whether greater warming at this site is a result of snow cover differences or other mechanisms.
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10. Implications for Western Montana and the Northern US Rockies Snowpack

Based on these results, western Montana experienced an average temperature increase of 0.48°C - 1.28°C during
the past 40 years, rates similar to those suggested by other 20™ century borehole and SAT temperature studies
for North America (e.g. [29] [49]). This rate is 5 to 10 times higher than the estimated average during the past
500 years of Earth’s history (e.g. [30]). If this rate remains constant, and does not increase in this region as some
studies predict (e.g. [45]), western Montana’s average temperature will increase ~1°C (1.8 degrees F) every ~45
years, with temperatures 2.2°C warmer in western Montana by the end of the 21% century.

Our measured rate of warming has important implications for Montana’s ecosystems and water supply. Al-
though it is currently difficult to predict future micro-climatic changes across the region, it is possible using
measured warming rates and elevation-temperature relationships to estimate the average rate of winter freeze
line retreat and its implication for regional snowpack. The freeze line in the winter months in western Montana
is determined by temperature, which is controlled to first order by elevation (Figure 8). As warming occurs over
the years, the location where temperature is consistently below 0°C during the winter months migrates to higher
elevations. We estimate the Northern US Rocky Mountain winter freeze line elevation by plotting the mean
monthly reported high SAT temperature versus elevation at 116 sites in Western Montana, Eastern ldaho, and
Northwestern Wyoming for the three coldest months of the year (December, January, February) (Figure 8, Ta-
ble 1). Analysis of SAT measurements versus elevation for this region suggests surface temperature decreases at

Mean High Temperature (°C) vs. Elevation During the Three Coldest
Months of the Year in the Northern US Rocky Mountains
(blue crosses = measured 2014, red line = atmospheric model)
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Figure 8. Crosses indicate average measured high temperature for December, January, and February for 115
cities and towns in the northern US Rockies based on NOAA data. The solid red line indicates the mean rate
of temperature cooling that occurs with higher elevation based on atmospheric studies. Note that the mean
rate of cooling with increased elevation generally matches the temperature-elevation trend for cities and
towns in the northern Rockies. The dashed gray and red lines indicate how the temperature-elevation trend
has shifted since 1974 and the expected shift by 2060, based on warming estimates from this study. The im-
plication is that the elevation of the winter freeze line for December, January, and February in the Northern
US Rockies will migrate up ~290 m (~950 ft) between 1974 and 2060.
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Table 1. All temperature data obtained from http://www.usclimatedata.com/climate/.

City
Glendive
Glasgow
Missoula
Jackson
Wisdom
West Yellowstone
Big Sky
Great Falls
Butte
Bozeman
Helena
Cut bank
Kalispell
Red Lodge
Billings
Cody WY
Plentywood Mt
Dillon, MT
Ennis, MT
Virginia City
Lima, Mt
Deer Lodge
Ovando
Boulder MT
Jackson, WY
Norris, Mt
Sula
Darby MT
Hamilton, MT
Alberton MT
Polson, MT
West Glacier, MT
Essex, MT
Babb, MT
Valier, Mt
Conrad
Sunburst
Shelby, MT
Choteau
Fairfield

Sun River

Latitude

47.11
48.20
46.86
45.37
45.61
44.66
45.26
47.50
46.00
45.68
46.61
48.64
48.20
45.19
45.79
44.52
48.78
4521
45.35
45.29
44.64
46.40
47.02
46.24
43.48
45.57
45.84
46.02
46.25
47.00
47.69
48.50
48.28
48.86
48.31
48.17
48.88
48.51
47.81
47.62
47.53

Longitude

—104.71
—106.64
—-114.02
-113.41
—113.45
-111.11
-111.31
—111.29
—112.53
—111.06
—112.03
—112.33
—114.31
—109.24
—108.50
—109.07
—104.56
-112.63
-111.73
-111.94
—112.59
-112.74
-113.13
—112.12
—110.76
—111.69
—113.98
-114.12
—114.15
—114.48
—114.16
—113.98
—113.61
—113.44
-112.25
-111.94
-111.91
—111.86
-112.18
-111.98
-111.72

Elev. (m)

629
638
978
1977
1844
2031
1900
1015
1688
1461
1237
1150
901
1697
952
1523
624
1560
1506
1788
1907
1382
1253
1498
1907
1471
1351
1185
1091
937
895
976
1168
1379
1165
1072
1023
1003
1165
1215
1041

December high
temp. (deg C)

-15
-4
—0.6
-2.11
-2.2
—4.4

—1.3889

14
-1
0.9
-0.2
-1.2
-1.3
1.9
4
2.2
—4.2
1.2
0.7
1.2
-2.2
1.7
-1.5
14
-2.1
2
-0.2
24
11
0.1
0.6
-1.3
-2.1
11
11
11
-0.2
1
21
13
21

January high
temp. (deg. C)

-3.7
—6.7
0.7
-2.5
-3.11
—4.4
—0.444
1.9

—0.02
0.7

-1.6
1.2
4.8

—6.2
13
1.7
0.9

2.4
1.7

-1.7
13

-2.1
1.8
0.2
2.2
13
1.6
0.3

-15

-1.6
0.6
0.2

-0.2

-1.4
13
0.9

-0.2
13

February high
temp. (deg C)

0.9
2.1
3.8
0.33333
-0.5
—0.08
1.7778
35
2
1.9
3.7
0.9
2.2
3
7.3
4.6
-1.2
4.7
3.8
33
0.6
4.5
15
42
0.8
44
4.1
5.7
49
47
34
16
0.4
3
29
29
2
39
4
3.1
4.4

Mean high
temp. (deg
Q)
-1.43
—4.27
1.30
-1.43
-1.94
—2.96
—-0.02
2.27
0.00
0.93
1.40
-0.77
-0.23
2.03
5.37
3.27
-3.87
2.40
2.07
1.80
-1.33
2.63
-0.57
2.30
-1.13
2.73
1.37
3.43
243
2.13
143
—0.40
-1.10
157
140
1.27
0.13
2.07
2.33
1.40
2.60

288
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Continued
Augusta, MT 47.49 -112.39 1243 2.6 19 5 3.17
Lincoln, Mt 46.96 —112.68 1385 -0.4 -0.9 2.3 0.33
Helmville 46.87 -112.96 1311 -21 -0.9 13 -0.57
Drummond 46.67 -113.14 1224 -11 -0.8 32 0.43
Anaconda 46.13 -112.95 1609 16 1.8 4.4 2.60
Gibbonsville, ID 45.56 -113.92 1440 -2.1 —2.2 1.8 —-0.83
Leadore, ID 44.68 —113.36 1820 -1.6 -1.2 19 —-0.30
Dubois, ID 44.17 -112.23 1570 -1.8 -2.3 0.6 -1.17
Twin Bridges 45.54 -112.33 1411 14 13 4.7 247
Sheridan, MT 45.46 -112.20 1560 0.1 11 2.8 1.33
Pony, MT 45.66 -111.89 1687 0.7 0.2 2.6 1.17
Townsend 46.32 -111.52 1173 2 14 51 2.83
Gardiner 45.03 -110.71 1617 0.1 0.4 3.6 1.37
Livingston 45.66 -110.56 1373 0.9 0.5 3.7 1.70
Wilsall 46.00 —110.66 1540 14 1 3.2 1.87
White Sulfur Springs 46.55 —110.90 1537 0.7 -0.3 2.6 1.00
Neihart 46.93 -110.74 1736 1.7 13 3.7 2.23
Raynesford 47.27 -110.73 1229 21 1 3.7 2.27
Highwood 47.59 -110.79 1046 2.7 2.8 37 3.07
Fort Benton 47.83 —110.66 838 2.9 1.7 5.2 3.27
Floweree 47.73 -111.03 983 2.1 2.7 44 3.07
Cascade 47.27 -111.70 1035 3.2 2.2 5 3.47
Harlowton 46.44 —109.83 1281 2.1 14 4.6 2.70
Rygate 46.30 —109.26 1118 2.9 3.9 5.6 413
Broadview 46.10 —108.88 1185 2.9 19 5 3.27
Joliet 45.49 —108.87 1140 21 1 4.6 2.57
Fishtale 45.45 -109.51 1358 0.9 2 2.8 1.90
Bridger 45.30 -108.91 1118 24 11 5 2.83
Deaver, WY 44.89 —108.60 1253 -0.2 -17 32 0.43
Hardin 45.73 —107.61 887 2.9 19 5.9 3.57
Wyolo 45.13 —107.40 1124 3 2 5.2 3.40
Sheridan, WY 44.80 —106.96 1143 13 0.6 3.9 1.93
Lame Deer 45.62 -106.67 1018 3.6 2.8 6.9 4.43
Forsythe 46.26 —106.68 770 1.6 04 48 2.27
Miles City 46.41 —105.84 721 -0.8 —2.6 18 —0.53
Sidney 47.72 -104.16 592 -2.2 4.2 0.6 -1.93
Wolf Point 48.09 —105.64 610 -2.4 -4.9 -0.1 —2.47
Elliston 46.56 -112.43 1540 -0.1 0.8 29 1.20
Big Timber 45.84 —109.96 1228 2.2 1.6 4.7 2.83
Glen 45.48 -112.69 1521 1.8 1.8 4.9 2.83
Bynum 47.98 -112.31 1214 2.1 3 39 3.00
Cooke City 45.02 —-109.93 2351 -4.9 -4.7 -0.9 -3.50
Divide 45.81 -112.71 1705 -0.7 -0.6 2.2 0.30
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Continued
Manhattan 45.86 -111.33 1295 -0.4 2 3.1 157
Marion 48.11 —114.66 1204 -1.6 -0.4 2.3 0.10
Martinsdale 46.46 -110.32 1473 16 12 3.9 2.23
Melville 46.10 -109.95 1531 19 11 31 2.03
Nye 45.44 -109.81 1480 4.3 3.7 5.8 4.60
Philipburg 46.33 -113.30 1598 0.6 05 3 1.37
Seeley Lake 47.18 —-113.48 1227 -15 -13 2.6 -0.07
Stanford 47.15 -110.22 1309 2.8 18 4.2 2.93
Zortman 47.92 —108.52 1225 12 17 2.3 1.73
Tetonia, ID 43.81 -111.16 1851 -2.3 -2.8 0.6 -1.50
Idaho Falls, ID 43.48 -112.04 1435 -1.4 -2.5 11 -0.93
Challis, ID 44.50 -114.23 1596 -0.2 -0.3 38 1.10
Dubois, WY 43.54 -109.63 2120 1.2 0.2 2.4 1.27
Moran, WY 43.84 -110.51 2060 -29 -29 0.4 -1.80
Yellowstone National Park, WY 44.42 -110.59 2431 —4.4 -4.3 -2.6 -3.77
Moose, WY 43.66 -110.72 1970 -3.6 -3.7 -0.6 —2.63
Driggs, ID 43.72 -111.11 1864 -1.2 -1.8 0.6 -0.80
Ashton, ID 44.07 —111.45 1606 -0.6 -1.4 13 -0.23
Island Park, ID 44.42 -111.37 1920 -2.8 -3.1 -04 -2.10
Rexburg, ID 43.83 -111.79 1486 -13 -19 11 -0.70
Saint Anthony, ID 43.97 -111.68 1519 -0.9 -1.8 11 —-0.53
Swan Valley, ID 43.45 -111.34 1609 -0.8 -1.3 19 -0.07
Bondurant, WY 43.20 -110.41 2016 -5.4 -5.3 -2.3 -4.33
Cora, WY 42.94 —109.98 2244 -3.1 -3.4 -15 —2.67
Daniel, WY 42.86 —110.07 2196 -2.3 -3.7 -15 -2.50
Pinedale, WY 42.87 —-109.86 2192 2.7 -34 -1.2 -2.43
Big Piney 42.54 -110.11 2081 24 -3.8 -1.2 —2.47
FarsonWy 42.11 -109.44 2014 -2.4 -3.6 -0.9 -2.30
Kemmerer, Wy 41.79 —110.54 2124 -0.9 -1.9 0.1 -0.90
Afton, Wyoming 42.73 —110.93 1904 -2.2 -2.6 0.2 -1.53
Lander, Wy 42.83 —108.73 1634 0.3 -0.1 3 1.07
Crowheart, Wy 43.31 -109.19 1860 2.4 3.2 45 3.37

a rate of 5.1°C +/— 2.0°C per kilometer increase in elevation. This rate is consistent with atmospheric measure-
ments that indicate an average relative cooling of 6.5°C per kilometer [50] (Figure 8). Our analysis therefore in-
dicates that the freeze line currently exist at an average elevations of ~1610 m (~5250 ft) during the three coldest
months of the year in the northern US Rockies.

If, as our study suggests, the surface warms at an average rate of 0.22°C /decade, the mean freeze line eleva-
tion is currently migrating upward at an approximate rate of 18 - 50 m/decade, or on average, 33.4 m/decade (or
334 m per century) (Figure 8). This implies that in 1974, the freeze line was ~135 m lower, at a mean elevation
during the winter months of ~1475 m. If warming continues at a rate of ~1°C every 46 years, as this study sug-
gests, the winter freeze line during the winter months will retreat an additional ~155 m to an elevation of ~1765
m (~5800 ft) by 2060.

Based on these values, we place constraints on the area where ground freeze will occur during the winter
months and how the winter freeze line and associated snowpack will retreat in the next 50 years. Using high res-
olution (10 m x 10 m) Shuttle Radar Topography Mission data, we calculate that the freeze line area has de-
creased by 21% in the Northern US Rockies during the past 40 years (1974 to 2014) (Figure 9). This reduction
in freeze-line area is due in large part to the fact that slope angles are modestly low (less than 10 degrees) along
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Figure 9. The winter freeze line for Western Montana and neighboring US Mountain West states for 1974 (a),
2014 (b), and projected for 2060 (c). White areas indicate regions where average high temperatures never ex-
ceed 0°C during the months of December, January, and February. Red areas in (b) (c) indicate where the freeze
line has, on average, retreated due to warming since 1974 for years 2014 and projected for 2060. The 2060 pro-
jection assumes warming rates remain constant and do not accelerate as several studies suggest. Average winter
freeze line elevations for (a), (b), and (c), are estimated at 1475 m, 1610 m, and 1765 m, respectively.
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the Northern US Rocky Mountain front at elevations below 2000 m. Assuming this warming trend continues at
the same average rate of 0.22°C/decade and will not increase (as our analysis from 2013-2015 suggests), the area
below the winter freeze line in the Northern US Rockies will be reduced to less than 60% of original 1974 val-
ues in 2060 (Figure 6).

These results have significant implications for Montana and neighboring Northern US Rocky Mountain states.
As much as 75% of the stream water in the western US is sourced from melting snowpack [51]. Notably, the
analysis indicates significant freeze line retreat occurs in lower elevation mountain ranges of northwestern
Montana, including the Sawtooth and Lewis and Clark Ranges, with virtually no long-term winter snowpack
existing in these ranges predicted in the coming decades. The analysis also implies less winter snow and ice
cover in the Snake River Plain and central Wyoming during the winter months.

An important caveat of this study is that the analysis only assesses the freeze line location and not changes in
precipitation and humidity patterns due to El Nino Southern Oscillation (ENSO) variability or longer-term cli-
matic shifts that can also influence both regional precipitation patterns and snow sublimation rates. Nonetheless,
several studies indicate a strong correlation exists between temperature and snow cover in the United States (e.g.
[43]), with clear evidence for decreased snow cover during the months of December, January, and February in
regions experiencing anomalously warm surface temperatures [52]. Therefore, although the analysis does not yet
account for other important factors that influence snowpack, the results provide first-order insight into expected
freeze-line retreat, with potentially significantly (21% - 40%) reductions in snowpack area occurring in the
coming decades.

If the analysis is correct, it implies significantly less water supplied to rivers, lakes, and streams in the form of
meltwater. Less snow run-off will increase mountain stream and river water temperatures, resulting in potential-
ly detrimental effects on cold-water native lake and river life, such as salmonid fish in the region [53] [54]. In-
deed, our results are consistent with recent studies indicating stream temperatures in the Northern Rockies have
warmed over the past 30 years at rates between 0.17°C - 0.22°C/km--a likely result of a retreating winter freeze
line elevations and less water sourced from snowpack [55]. Our geophysical analysis implies that for native
cold-water flora and fauna to exist at temperatures best suited for their survival, they will likely need to migrate
to higher elevations at rates of ~3.3 m/yr. The results are therefore consistent with other biological and geophys-
ical studies indicating a rapidly retreating snowpack in this region [55]-[57].

11. Conclusion

GT and SAT measurements indicate that surface temperature in western Montana has increased at an average
rate of 0.12°C - 0.32°C/decade during the past 40 years, with borehole-derived GT measurements providing a
low-end estimate and SAT measurements providing a high-end estimate for warming across the region. We
place higher certainty in the GT measurements as they are likely less impacted by anthropogenic effects, how-
ever, uncertainty in borehole-derived GT measurements associated with snow pack remains. Nonetheless, all
results indicate rapid warming of at least 0.5°C occurred in the region during the past 40 years. Results are con-
sistent with other biological and geophysical studies across the region that suggests the area is undergoing rapid
warming with significant environmental ramifications (e.g. [2] [9] [55] [58]). As the Northern US Rockies con-
tinues to experience both population and economic growth, pressure on the region’s limited water resources—
much of which supports the regional economy—will continue to increase [59]. Preparing for changes associated
with continued warming and meltwater depletion in this region therefore requires prudent evaluation, analysis,
and planning to minimize economic, societal, and environmental costs.
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