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Abstract

A Landsat snow cover climate data record (CDR) of visible mountain snow-covered
area (SCA) across interior northwestern USA during spring was compared with ground-
based snow telemetry (SNOTEL) snow-water-equivalent (SWE) measurements and
mean surface temperature and total precipitation observations. Landsat spring SCA on5

1 June was positively correlated with 15 May and 1 June SWE, negatively correlated
with spring temperatures (April–June), and positively correlated with March precipi-
tation. Using linear regression with predicted residual error sum-of-squares (PRESS)
cross-validation, spring SCA was reconstructed (1901–2009) for the mountains of cen-
tral Idaho and southwestern Montana using instrumental spring surface temperature10

records. The spring SCA reconstruction shows natural internal variability at interan-
nual to decadal timescales including above average SCA in the 1900s, 1910s, 1940s-
1970s, and below average SCA in the 1920s, 1930s, and since the mid 1980s. The
reconstruction also reveals a centennial trend towards decreasing spring SCA with
estimated losses of −36.2 % since 1901. Based on the inferred thermal relationship15

between temperature and snow, strong evidence emerges for mountain snowpack re-
treat triggered by spring warming, a signal that includes both feedback and response
mechanisms. Expanding snow cover CDRs to include additional operational satellite
retrievals will add temporal SCA estimates during other snow accumulation and melt
intervals for improved satellite-instrumental climate model calibration. Merging Landsat20

snow cover CDRs with instrumental climate records is a formidable method to monitor
climate-driven changes in western US snowpack extent over 20th and 21st centuries.

1 Introduction

Documenting climate variability and change is dependent on the source of evi-
dence and its observational timescale. While instrumental, proxy, and written historical25

records provide most of the primary data for climate assessment and interpretation on
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interannual to centennial timescales, Earth observing satellites and their data retrievals
exist as a recent type of climate record since the mid 1960s (Matson and Wiesnet,
1981). In 1972, the Landsat mission launched with the Multi-Spectral Scanner (MSS),
and since that time, additional platforms have followed including the Thematic Mapper
(TM), Enhanced Thematic Mapper Plus (ETM+), and now the Landsat Data Continuity5

Mission (LDCM). Thus, Landsat’s observational timescale possesses key attributes for
climate data record (CDR) development. The suite of Landsat platforms includes a con-
tinuous period of recurrent multispectral measurements, and with LDCM now retrieving
imagery into the next decade; the Landsat record continues to grow on climatically rel-
evant timescales (i.e., beyond the 30 yr normal). More specifically, and arguably the10

most valuable attribute, data users have no cost access to the image archive at the
USGS EROS Data Center. Coupled together, these characteristics place Landsat at
the core of climate-cyrosphere CDR derivation and study.

Climatic warming poses serious threats to the seasonal cyrosphere (Barry, 2002).
As Earth’s climate system continues to evolve and change, more satellite retrievals are15

acquired and archived, and future missions are planned, the significance of CDRs in-
crease. Global and regional climate model projections show agreement on the pace
of temperature rise in the coming decades (Meehl and Teng, 2012; Teng et al., 2006)
even though precipitation models remain less certain regarding the liquid content of
snow (Duffy et al., 2006). Successive snow cover accumulation during the cool sea-20

son followed by spring melt is vital for snow-dominated freshwater systems (Barnett
et al., 2005), but is sensitive to short and long-term temperature change (Barry, 2006,
2002; Barry et al., 1995). Across the arid western United States, seasonal moun-
tain snowpack accumulation and melt contributes approximately 50–70 % to the to-
tal annual freshwater resource thru snow-fed streamflow (Cayan, 1996; Redmond and25

Koch, 1991). Several western US studies on snow course and snow telemetry (SNO-
TEL) snow-water-equivalent (SWE) measurements indicate that mountain snowpack
is declining because of warming springtime temperatures (Cayan et al., 2001; Mote
et al., 2005; Pierce et al., 2008; Westerling et al., 2006; Hamlet et al., 2005). Yet,
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satellite-based study on mountain snowpack spatiotemporal variability is insufficient
because CDRs do not yet exist for decadal timescales. To achieve this, CDRs de-
rived from Landsat snow-covered area (SCA) estimates since the early 1970s fill this
data need, especially for freshwater-sensitive regions of the western US. In response,
this paper compares a Landsat derived snow cover CDR (Crawford et al., 2013) with5

ground-based SNOTEL SWE, and surface temperature and precipitation observations.
Landsat SCA is then reconstructed using instrumental climate records to examine
longer-term trends in spring snowpack extent.

Merging satellite observations with ground-based instrumental data has been pro-
posed as a means to advance study on seasonal snow properties including extent, du-10

ration, depth, and water equivalent at finer spatial scales in mountainous terrain (Bales
et al., 2006; Barry et al., 1995; Frei et al., 1999; Robinson, 1991). Snow accumula-
tion, distribution, and melt heterogeneity is controlled by physiography, radiation, and
energy exchanges, which in total, contributes significantly to snow cover and SWE vari-
ation across watershed-basin scales (Elder et al., 1991; Anderton et al., 2004; Cline15

et al., 1998). Comparisons between point-based SNOTEL SWE measurements and
a continuous mean SWE grid has shown that SNOTEL SWE may not be representa-
tive across multiple spatial scales that in part, reflect sampling density and instrument
location in areas with disproportionate accumulation and ablation rates (Molotch and
Bales, 2005). Furthermore, a high proportion of SNOTEL measurements across the20

western US do not start until the late 1970s (Serreze et al., 1999), and are located
in mid elevation zones with little sampling stratification across low and high elevation
regions (Bales et al., 2006). This leaves SWE inadequately monitored in many high
alpine basins (Nolin, 2012). Even so, satellite snow cover retrievals provide continuous
spatial observations that can be exploited in the form of CDRs to monitor SCA over25

mountainous terrain. Adopting this Landsat snow cover CDR approach is especially
powerful for identifying watersheds or basins where significant climate-driven changes
in mountain snowpack are occurring. Merging satellite CDRs with SNOTEL SWE and
instrumental climate records is not a replacement for current modeling efforts, only
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an additional method to track snow cover (snowpack) accumulation and melt trends
on longer timescales. This method is particularly important for understanding alpine
snowpack change and streamflow timing (Lundquist and Dettinger, 2005; Stewart et al.,
2005; McCabe and Clark, 2005; Dettinger and Cayan, 1995), as well as identifying low
elevation zones where temperature-driven phase changes in precipitation are already5

underway (Knowles et al., 2006; Hall et al., 2012; Nolin and Daly, 2006).
Landsat snow cover CDRs have three spatiotemporal dimensions to examine moun-

tain snowpack variability and change that include SCA extent (spatial domain), SCA
elevational zonation (vertical domain), and SCA time-series variance (time domain).
SCA variability within each of these domains can be directly compared with SNOTEL10

SWE and surface temperature and precipitation using time-series analysis techniques.
This paper uses a Landsat snow cover CDR that has been developed for spring peak
snowmelt timing for an interior northwestern USA sub-region, namely the mountains
of central Idaho and southwestern Montana (Crawford et al., 2013). The objectives
are to (1) statistically compare Landsat SCA with SNOTEL SWE; (2) statistically com-15

pare Landsat SCA with surface temperature and precipitation observations; and (3)
reconstruct Landsat SCA during 20th and early 21st centuries to document long-term
mountain SCA trends during spring melt.

2 Methods

2.1 Landsat CDR description and instrumental climate data20

Landsat snow cover CDR coverage is centered over the mountains of central Idaho and
southwestern Montana in the interior northwestern USA (Fig. 1). This CDR has been
derived from the Landsat image archive including MSS, TM, and ETM+ imagery, and
includes 1 June SCA (hereinafter spring SCA) as the spring snowmelt target (Craw-
ford et al., 2013). The spring SCA CDR spans 1975–2011 with missing SCA estimates25

in 1973, 1974, 1978–1982, 1987, and 1988 because of missing image coverage or

2093

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/7/2089/2013/tcd-7-2089-2013-print.pdf
http://www.the-cryosphere-discuss.net/7/2089/2013/tcd-7-2089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
7, 2089–2117, 2013

Evidence for spring
mountain snowpack

retreat

C. J. Crawford

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

cloud cover contamination. Specific methods for Landsat data processing and CDR
development are outlined in Crawford et al. (2013). SNOTEL SWE measurements
for six stations falling within the study region (Fig. 1) were collected from the Nat-
ural Resource Conservation Service (NRCS) National Water and Climate Center at
http://www.wcc.nrcs.usda.gov/snow/. SNOTEL station metadata is summarized in Ta-5

ble 1. The high-resolution (0.5◦×0.5◦) Climate Research Unit (CRU), University of East
Anglia TS3.1 surface temperature and precipitation grid (Mitchell and Jones, 2005)
was accessed through http://iridl.ldeo.columbia.edu/, and grid points for the study re-
gion were extracted (Fig. 1).

2.2 Study region description10

The central Idaho and southwestern Montana mountains are part of the northern Rocky
Mountain region, and situated in a mid-latitude continental position with steep verti-
cal relief and fine scale topographic variability. The regional climate is semi-arid with
a peak precipitation maximum during spring-early summer (Shinker, 2010; Mitchell,
1976). For this continental region, maximum snowpack accumulation occurs between15

early-mid April with peak snowmelt during early June (Cayan, 1996). Snow coverage
during spring is largely confined to the mid and high elevations. Low elevation zones
have already melted out during early spring.

2.3 Landsat SCA – SNOTEL SWE comparison

Bi-monthly SNOTEL SWE for 1 April, 15 April, 1 May, 15 May, and 1 June for each20

station were converted into z-scores using the station mean and standard deviation for
the period of record. Estimated SWE prior to the start of snow telemetry on the 1st and
15th day of each month were excluded from the analysis. A six-station regional SWE
z-score time-series was constructed using the six-station mean and standard devia-
tion. The regional SWE time-series was adjusted for the number of stations because25

of differing start dates. Spring SCA (i.e., a normalized percentage, see Crawford et al.,
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2013) estimates for 1975–2009 were compared with individual station SWE and re-
gional SWE using scatterplots, linear fits, and correlation analysis. The selected time
period for comparison was based on time-series overlap and data availability.

2.4 Landsat SCA Correction

During the spring snowmelt season, transient snowfall events in mountainous terrain5

are difficult to distinguish from resident snow cover when satellite image acquisitions
are not daily (Li et al., 2008). Since Landsat’s image acquisition frequency is 16–18
days, transient snowfall can inflate SCA on the day of Landsat overpass and must be
corrected. To correct for transient snowfall, Landsat SCA estimates are converted into
z-scores using the SCA mean and standard deviation for the period of record. Pos-10

itive SCA estimates falling beyond 1.96 (> 95 % confidence interval, one-tailed test)
standard deviations are flagged as possible anomalies and are subject to further eval-
uation. Scatterplots between SCA z-scores and regional SNOTEL SWE z-scores are
used to identify outliers and the year of occurrence. Once the year has been identified,
daily SNOTEL SWE measurements for stations falling within the CDR geographic do-15

main are inspected for days preceding Landsat’s overpass. Transient snowfall is con-
firmed within 1–3 days if SWE temporarily increases along a seasonally decreasing
SWE curve (i.e., snowmelt curve). It is preferable to observe SWE increases at multi-
ple SNOTEL stations within the CDR domain. A Landsat SCA correction is then applied
by removing the SCA outliers, deriving a linear equation that relates SCA to regional20

SWE, and then uses regional SWE to predict resident SCA for years with transient
snowfall. This Landsat SCA correction approach mimics the widely used methods in
statistical climatology to estimate missing values for in situ climate data (Eischeid et al.,
1995; Peterson et al., 1998).
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2.5 Landsat SCA – surface temperature and precipitation comparison

Spring SCA estimates for 1975–2009 were compared with mean monthly surface tem-
perature and total monthly precipitation for months January to June using scatterplots,
linear fits, and correlation analysis. SCA estimates were also compared with season-
alized mean temperature (i.e., mean) and total accumulated precipitation (i.e., sum).5

Regional mean temperature and total precipitation time-series were constructed from
CRU TS3.1 grid points covering the CDR region that included 0.5◦ grid points surround-
ing the CDR boundary to reduced edge effects (Fig. 1). The regional mean tempera-
ture time-series was calculated using the average of all grid points (Jones and Hulme,
1996). The regional precipitation time-series was calculated using unrotated principal10

component analysis (PCA) to identify the dominant spatial mode of precipitation vari-
ability at monthly and seasonal timescales (Comrie and Glenn, 1998). The statistical
significance of each correlation coefficient was tested at p < 0.05 (two-tailed).

2.6 Landsat SCA reconstruction and trend analysis

Spring SCA estimates were reconstructed for the CDR region during 1901–2009 using15

regional CRU TS3.1 instrumental climate records. A stepwise “leave-one-out” linear re-
gression model with predicted residual error sum-of-squares (PRESS) cross-validation
was employed to develop the spring SCA reconstruction (Michaelsen, 1987; Wilks,
1995). The pool of potential predictor variables included statistically significant monthly
and seasonal mean temperature and total precipitation correlations. Because the Land-20

sat spring SCA CDR was continuous only for 1989–2009, this 21 yr period was used for
model calibration. “Leave-one-out” validation statistics were generated for each step to
assess model skill and accuracy during the calibration period. A Durbin–Watson test
assessed model residuals for autocorrelation, and regression residuals were evaluated
for trend and randomness using Portmanteau’s Q test statistic (Ostrom, 1990). The re-25

duction of error (RE) and root-mean-squared error (RSMEv) cross-validation statistics
determined model construction, fit, and performance (Michaelsen, 1987). Error bars

2096

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/7/2089/2013/tcd-7-2089-2013-print.pdf
http://www.the-cryosphere-discuss.net/7/2089/2013/tcd-7-2089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
7, 2089–2117, 2013

Evidence for spring
mountain snowpack

retreat

C. J. Crawford

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

were generated for p = 0.10 and p = 0.90 (80 % confidence level) for the final spring
SCA reconstruction to insure the plausibility of SCA estimates given model uncertainty.

Since the Landsat spring SCA CDR was discontinuous with missing SCA estimates
in 1973, 1974, 1978–1982, 1987, and 1988, reconstruction model verification was car-
ried out using independent Landsat spring SCA estimates in 1975, 1976, 1977, and5

1983–1986. Reconstructed and observed spring SCA estimates having the same z-
score (i.e., reconstructed and observed SCA estimates where scaled to the calibration
spring SCA mean and standard deviation) positive (negative) sign were considered
“successful predictions” because of a limited number of verification samples (n = 7).
An exact binomial probability test was used to distinguish “successful predictions” from10

random chance (p = 0.5). Finally, reconstructed spring SCA estimates during 1901–
2009 were evaluated for trend using a modified Mann–Kendall test (Yue and Wang,
2004). This non-parametric technique removes the serial correlation from the time-
series, and then uses a Mann–Kendall test to determine whether the trend is statisti-
cally significant given an effective sample size. A percent SCA change estimate was15

also derived for the 1901–2009 reconstruction.

3 Results

3.1 Landsat SCA – SNOTEL SWE comparison

Landsat spring SCA is positively correlated with SNOTEL SWE at individual stations
within the CDR region (Table 1). The strongest spring SCA-SWE association corre-20

sponds to previous 15 May bi-monthly SWE. SCA correlations are much weaker for
preceding bi-monthly SWE intervals and show a varying individual station response.
The elevational difference between SNOTEL SWE station measurements, and local
scale snowmelt timing, prevents SCA-SWE comparisons later in the snowmelt season.
Landsat spring SCA is positively correlated with regional SWE during previous 15 May25

and current 1 June bi-monthly intervals, respectively (Fig. 2). Transient snowfall events
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during the snowmelt season significantly affect the SCA-SWE linear relationship in time
(Fig. 2).

3.2 Landsat SCA correction

Transient snowfall events inflated Landsat spring SCA estimates, and were identified as
statistical outliers in years 1990 and 2002 (Fig. 2). Daily SNOTEL SWE measurements5

preceding Landsat’s overpass in 1990 and 2002 showed temporary SWE increases
along a continuously decreasing snowmelt curve (Fig. 3). For 1990, three SNOTEL sta-
tions with available SWE measurements recorded a transient snowfall event between
31 May and 1 June. For 2002, five SNOTEL stations recorded a transient snowfall event
between 22 May and 24 May. Spring SCA estimates for 1990 and 2002 were removed10

from the CDR, and resident spring SCA was estimated using 15 May regional SWE for
1990 and 2002.

3.3 Landsat SCA – surface temperature and precipitation comparison

Landsat spring SCA is negatively correlated with regional April, May, and June mean
temperature (Fig. 4). Spring SCA had the strongest inverse response to regional spring15

mean temperature (April–June) (Fig. 4). Spring SCA was also positively correlated with
regional March precipitation PC-1 (r = 0.38, p < 0.05, not shown).

3.4 Landsat SCA reconstruction and trend analysis

Landsat spring SCA was reconstructed (1901–2009) for the CDR region using May–
June mean temperature (Fig. 5a and b). May–June mean temperature was the only20

statistically significant stepwise “leave-one-out” regression predictor for the 1989–2009
calibration period. The model explained 58 % (adj. r2) of the spring SCA variance with
strong PRESS validation statistics (Table 2). Durbin–Watson and Portmanteau Q test
statistics indicated no significant autocorrelation, no trend, and pure randomness in the
residuals (Table 2). It is important to note that even though spring mean temperature25
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(April–June) had the highest correlation with spring SCA during 1975–2009, May–June
mean temperature produced the most statistically significant spring SCA model for the
1989–2009 calibration.

Reconstructed spring SCA estimates for verification years 1975, 1976, 1977, and
1983–1986 indicated that independently observed spring SCA estimates shared the5

same sign in five out of seven cases (Fig. 6). The probability of same sign occurrence if
reconstructed and observed spring SCA estimates are scaled to the calibration mean
and variance is p = 0.164. The May–June mean temperature model of spring SCA
generally underestimated actual SCA outside the calibration period (1989–2009) as
observed independently by Landsat. Reconstructed spring SCA during 1901–200910

showed a statistically significant decreasing trend per the Mann–Kendall (MK) test
(MK= −0.13, p = 0.0486). Based upon the May–June mean temperature model, there
has been a −36.2 (%) decrease in spring SCA since 1901 across the central Idaho and
southwestern Montana mountains (Fig. 5c and Fig. 1).

4 Discussion15

The Landsat image archive is an unparalleled satellite database of multispectral ob-
servations that can be used to develop CDRs of visible SCA for western US mountain
snowpack extent monitoring at fine spatial scales (Crawford et al., 2013). This study
merges a Landsat snow cover CDR of spring SCA with ground-based instrumental cli-
mate records to extend the available time period for climate-snowpack analysis, specif-20

ically resolving natural internal variability and temperature-driven SCA decreases as-
sociated with modern climate change. This method is similar to the approach taken
by Robinson (1991) and Frei et al. (1999) to merge NOAA Advanced Very High Res-
olution Radiometer (AVHRR) snow charts with ground-based snow depth measure-
ments. Barry et al. (1995) suggest that better-quality information on spatial and tempo-25

ral snow cover extent, duration, depth, and water equivalent variability including associ-
ation to temperature and precipitation improves the ability to assess changing climatic
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conditions and long-term trends. They point out that no one satellite platform or method
is sufficient to provide all the required information, but that integration between multiple
satellites and instrumental observations is more comprehensive.

Landsat spring SCA estimates share significant covariance with regionalized SNO-
TEL SWE observations during the previous and current bi-monthly measurement in-5

tervals (i.e., 1st and 15th of each month). When Landsat spring SCA estimates are
compared with individual SNOTEL SWE stations, the SCA-SWE relationship appears
spatially dependent over time. This suggests that not all SNOTEL SWE stations ade-
quately represent spring SCA variance within a spatially explicit domain. This finding
is consistent with Molotch and Bales (2005) and Bales et al. (2006) suggestions that10

SNOTEL SWE stations do not capture snow ablation heterogeneity well in complex
mountainous terrain. This time domain spatial dependence between SCA and SWE
may be partly to blame for why snow distribution models perform poorly in certain
locations (Erxleben et al., 2002). Equally important to consider, regionalized and indi-
vidual SNOTEL station SWE during the often-cited 1 April peak mountain snowpack15

accumulation period for the western US (Cayan, 1996) showed weak association to
spring SCA later (i.e., 1 June) in the melt season. Anderton et al. (2004) conclude
from snow surveys that maximum snow depth and date of snow disappearance could
largely explain the spatial patterns in snow ablation, and suggest that melt rates dur-
ing the snowmelt season are unimportant. In contrast, results obtained here suggests20

that over time, peak SWE accumulation at the beginning of spring would have little skill
when predicting SCA later in the snowmelt season. Moreover, to account for the poten-
tial time-dependent relationship between SCA and SWE across mountainous terrain,
temporally discrete examination intervals are required to normalize seasonal trend in
spatial snow accumulation and melt processes and patterns. This is of particular impor-25

tance when the objective is to isolate climate driven change in snow cover (snowpack)
because multiple accumulation and melt events can occur throughout the snow season
(Liston, 1999) as shown in 1990 and 2002.
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The inverse association between snow and temperature is well established (Barry,
2002; Barry et al., 1995; Groisman et al., 1994) including its relationship to orogra-
phy and sea-level pressure (Sobolowski et al., 2007), sea surface temperatures (Mc-
Cabe and Dettinger, 2002), and atmospheric circulation patterns (Clark et al., 2001;
Hurrell, 1996; McCabe and Legates, 1995). This study confirms that below (above)5

average mountain SCA across the interior northwestern USA has significant linear de-
pendence on warm (cool) spring temperatures. Spring SCA did show a late winter
response to March precipitation, but spring temperature was still the overriding sig-
nal. Using NOAA AVHRR snow charts, Leathers and Robinson (1993) showed that
positive (negative) snow cover extent anomalies over North America are strongly as-10

sociated with below (above) normal wintertime surface temperatures. Warming winter
temperatures in California since the 1940s have been linked to shifting winter atmo-
spheric circulation patterns over the North Pacific Ocean, and have been suggested
as the main driver behind earlier snowmelt runoff in mid elevation basins (Dettinger
and Cayan, 1995). Groisman et al. (1994) find a strong feedback between spring snow15

cover extent and northern extratropical land radiative balance. They suggest that 20th
century spring warming has been amplified by changes in snow cover extent. More
specifically, Stewart et al. (2005) find that earlier streamflow timing across western
North America is a response to spring warming, a signal that would be promoted by
earlier snowmelt and less SCA during spring. This spring SCA reconstruction in interior20

northwestern USA supports both of these studies. The weaker SCA response to March
precipitation indicates that late winter precipitation contributes to spring SCA variability,
but that its interannual predictability is secondary to spring temperature. The nature of
this spring SCA temperature response in the continental sub-region of central Idaho
and southwestern Montana corroborates high SWE-precipitation ratios (i.e., increased25

temperature influence) found for Idaho and Montana (Serreze et al., 1999). This con-
tinental sub-region and snow cover climatic response falls within alpine and mountain
snow classification categories outlined by Sturm et al. (1995).
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A trend towards decreasing spring SCA during the 20th and early 21st centuries
is apparent across the central Idaho and southwestern Montana mountains. Using
a spring surface temperature model that is well validated and showed encouraging
verification with independent observations, the trend analysis indicates that there has
been a −36.2 % decrease in spring SCA since 1901. On the other hand, natural inter-5

nal variability in spring SCA is evident on interannual to decadal timescales including
above average periods during the decades of 1900s, 1910s, and 1940s-1970s. Periods
of below average SCA occur during the 1920s, 1930s, and continue to remain largely
below average since the mid-1980s. Hamlet et al. (2005) point out that decadal climate
variability associated with Pacific Ocean climate dynamics is not enough to explain10

warming winter temperatures and decreasing 1 April SWE trends across the western
US. Pierce et al. (2008) use an 1 April SWE/precipitation ratio along with simulated
climate models to reproduce SWE/precipitation reductions in western US snowpack.
Like Hamlet et al. (2005), they find that natural internal climate variability alone cannot
explain SWE/precipitation trends. Of more importance, a longer-term centennial trend15

towards decreasing spring SCA has been identified and is superimposed on natural in-
ternal variability; an obvious sign of spring warming. Although Groisman and Easterling
(1994) and Kunkel et al. (2007) find that instrumental snow observations are sensitive
to measurement inhomogeneities and should be considered carefully when evaluat-
ing climatic trends, this spring SCA reconstruction was produced using Landsat and20

surface temperature records. This temperature-driven trend in spring SCA across cen-
tral Idaho and southwestern Montana is consistent with declining mountain snowpack
SWE documented for the western US (Hamlet et al., 2005; Mote et al., 2005; Pederson
et al., 2011; Pierce et al., 2008), decreasing Northern Hemisphere spring snow cover
extent (Brown and Robinson, 2011; Derksen and Brown, 2012), earlier trends towards25

North American spring snow ablation (Dyer and Mote, 2007), earlier disappearance
of Arctic spring snow (Foster, 1989), mountain glacier recession (Barry, 2006), and
summer minimum Arctic sea ice extent (Stroeve et al., 2007).
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5 Conclusion

This Landsat snow cover CDR approach to monitoring SCA in mountainous terrain is
sensitive to Landsat’s image acquisition frequency, missing historical imagery, and tran-
sient snowfall at high elevations during the melt season. Such temporal gaps in SCA
estimation currently prevent longer more continuous calibrations with instrumental cli-5

mate records, which limits model development and increases uncertainty and error.
Even though the spring SCA reconstruction presented is based on a short calibra-
tion period, acceptable PRESS cross-validation statistics were obtained with a spring
mean surface temperature model. Looking forward despite the documented limitations,
the SNOTEL SWE network across the western US offers discrete measurement reso-10

lution and adequate spatial coverage to anchor bi-monthly Landsat snow cover CDRs
including corrections for transient snowfall events that inflate Landsat SCA estimates.
Expanding snow cover CDRs to include the Landsat Data Continuity Mission (LDCM),
Moderate Resolution Imaging Spectroradiometer (MODIS), and NPP Visible Infrared
Imaging Radiometer Suite (VIIRS) retrievals from 2000 on will add to temporal SCA es-15

timation, especially during other accumulation and melt intervals. Satellite-instrumental
climate model calibration will certainly improve with additional temporal data acqui-
sitions moving forward. The time-series analysis techniques deployed to reconstruct
spring SCA from Landsat is straightforward in concept, design, execution, and pro-
vides a formidable statistical method to quantify temperature-driven decreases in SCA20

across the western US. Climatic warming induced trends towards decreasing Arctic sea
ice and Northern Hemisphere spring snow cover, along with global mountain glacier re-
cession, is also evident in spring mountain SCA. Sustained losses in seasonal SCA are
clear, and can be expected to accelerate over the next several decades unless spring
surface temperatures stabilize.25
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Table 1. Landsat spring SCA-SNOTEL SWE correlation coefficients.

SNOTEL Station Lat./Long. Elevation Time Period (n) 1 Apr 15 Apr 1 May 15 May 1 Jun
(m)

Idaho 524 44.02–113.47 2438 1981–2009 23 0.41∗ 0.45∗ 0.62∗ 0.80∗ na
Idaho 620 44.43–113.32 2852 1982–2009 21 0.11 0.11 0.26 0.52∗ 0.55∗

Idaho 636 44.42–113.40 2268 1982–2009 23 0.37 0.47∗ 0.65∗ 0.81∗ na
Idaho 915 44.85–113.83 2603 1996–2009 13 0.14 0.14 0.32 0.74∗ na
Montana 318 44.47–112.98 2698 1979–2009 23 0.35 0.61∗ 0.82∗ na na
Montana 576 45.00–113.45 2469 1976–2009 25 0.36 0.55∗ 0.76∗ na na

∗ Two-tailed significance (p < 0.05).
na: no comparison was made because snow had already melted for SNOTEL SWE sites.
Note: the time period for analysis is restricted to years with available Landsat SCA estimates.
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Table 2. Spring SCA reconstruction model statistics.

Target Predictor Reconstruction Port. Q DW
Spring SCA May–June T ∗

mean 1901–2009 10.52 (p = 0.40) 2.28 (Accept)

PRESS Calibration 1989–2009

R2 Adj. R2 F stat. p value Std. Error RE RSMEv

0.60 0.58 28.28 < 0.001 0.022 0.50 0.023

∗ CRU TS3.1 regional mean temperature.
Port Q: Portmanteau Q statistic tests whether regression residuals are purely random or white noise.
DW: Durbin–Watson statistic tests for autocorrelation in residuals at lag-1. The null hypothesis states
that there is no autocorrelation. The decision is “Accept” or “Reject”.
RE: Reduction of error statistic measures reconstruction skill in excess of climatology, and is based on the
calibration mean. A positive value> 0 indicates forecast skill.
RSMEv: Root mean square error – a “leave-one-out” PRESS cross-validation statistic.
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Figure 1. A false-color Landsat TM/ETM+ composite of the interior northwestern USA study 726	
  
region including the mountains of central Idaho and southwestern Montana. This is the spatially 727	
  
explicit domain for the snow cover CDR. The distribution of ground-based instrumental climate 728	
  
records is shown.  729	
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Fig. 1. A false-color Landsat TM/ETM+ composite of the interior northwestern USA study re-
gion including the mountains of central Idaho and southwestern Montana. This is the spatially
explicit domain for the snow cover CDR. The distribution of ground-based instrumental climate
records is shown.
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Figure 2. Scatterplots, linear fits, and correlation coefficients between SCA and SNOTEL SWE 776	
  
for 1976-2009: a) June 1 SCA and regional May 15 SWE with 1990 and 2002 transient snowfall 777	
  
outliers; b) June 1 SCA and regional June 1 SWE with 1990 and 2002 transient snowfall outliers; 778	
  
c) June 1 SCA and regional May 15 SWE without outliers; d) June 1 SCA and regional June 1 779	
  
SWE without outliers. Note the change in SWE z-scores along the y-axis. NS indicates no 780	
  
statistical significance. 781	
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Fig. 2. Scatterplots, linear fits, and correlation coefficients between SCA and SNOTEL SWE for
1976–2009: (A) 1 June SCA and regional 15 May SWE with 1990 and 2002 transient snowfall
outliers; (B) 1 June SCA and regional 1 June SWE with 1990 and 2002 transient snowfall
outliers; (C) 1 June SCA and regional 15 May SWE without outliers; (D) 1 June SCA and
regional 1 June SWE without outliers. Note the change in SWE z-scores along the y-axis. NS
indicates no statistical significance.
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Figure 3. Daily SNOTEL SWE measurements for a) 1990 and b) 2002. Note the temporary 833	
  
increase in daily SWE highlighted by transient snowfall labels. For 1990, Idaho SNOTEL 915 834	
  
did not have SWE measurements and had already melted for Idaho SNOTEL 524 and 636. Note 835	
  
the change in SWE (mm) along the y-axis. 836	
  

Fig. 3. Daily SNOTEL SWE measurements for (A) 1990 and (B) 2002. Note the temporary
increase in daily SWE highlighted by transient snowfall labels. For 1990, Idaho SNOTEL 915
did not have SWE measurements and had already melted for Idaho SNOTEL 524 and 636.
Note the change in SWE (mm) along the y-axis.
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Figure 4. Scatterplots, linear fits, and correlation coefficients between June 1 SCA and spring 838	
  
mean temperature (April-June) for the CDR region (1975-2009, n=28). Note the change in 839	
  
monthly and seasonal temperatures (degrees Celsius) along the y-axis. 840	
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Fig. 4. Scatterplots, linear fits, and correlation coefficients between 1 June SCA and spring
mean temperature (April–June) for the CDR region (1975–2009, n = 28). Note the change in
monthly and seasonal temperatures (degrees Celsius) along the y-axis.
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Figure 5. Spring SCA reconstruction for 1901-2009 using instrumental spring mean temperature 890	
  
records: a) SCA reconstruction (black line) with 80% confidence intervals (gray dotted lines); b) 891	
  
normalized SCA scaled to the calibration mean and standard deviation (1989-2009) with a 50% 892	
  
frequency response 9 year binomial filter (black line); c) centennial spring SCA trend with (black 893	
  
line) and without serial autocorrelation (gray line).  894	
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Fig. 5. Spring SCA reconstruction for 1901–2009 using instrumental spring mean temperature
records: (A) SCA reconstruction (black line) with 80 % confidence intervals (gray dotted lines);
(B) normalized SCA scaled to the calibration mean and standard deviation (1989–2009) with
a 50 % frequency response 9 yr binomial filter (black line); (C) centennial spring SCA trend with
(black line) and without serial autocorrelation (gray line).
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Figure 6. Spring SCA reconstruction model verification for a) percent SCA and b) z-score SCA. 932	
  
Observed Landsat SCA (black bars) and reconstructed SCA (grey bars) using instrumental spring 933	
  
mean temperature.  934	
  
 935	
  

Fig. 6. Spring SCA reconstruction model verification for (A) percent SCA and (B) z-score SCA.
Observed Landsat SCA (black bars) and reconstructed SCA (grey bars) using instrumental
spring mean temperature.
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