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Characterizing Multitemporal Alpine 
Snowmelt Patterns for Ecological 

Abstract 
Snowmelt patterns and the persistence of snowpatches into 
the growing season can profoundly affect the distribution of 
alpine vegetation. This study applies Markovian transition 
probability matrices to the problem of characterizing classi- 
fied multitemporal satellite snow-cover data. nansition 
probability matrices are used to form hypotheses regarding 
the effects of snow persistence and ablation patterns on the 
alpine treeline using an integrated geographic information 
system. Four cloud-free Landsat MSS (Multispectral Scanner) 
scenes of a portion of Glacier National Park, Montana were 
processed to characterize periods of the 1987 snowmelt sea- 
son. Stratification of the rugged landscape by elevation and 
slope aspect, achieved through the processing of 1:24.000 
base-scale Digital Elevation Models (DEMS) and integrated 
with the satellite characterizations of snow conditions, dem- 
onstrated the dynamics of snow-cover conditions as a conse- 
quence of topographic position and antecedent snow 
conditions. Analysis of transition matrices by topographic 
position and watersheds highlighted areas of signjikantly 
late snowmelt, which holds implications for ecological in- 
vestigations of alpine treeline by considering snow both as a 
stressor and protector of vegetation, depending upon its spa- 
tial pattern and temporal persistence. 

Introduction 
The general concept of seasonal snowmelt in alpine environ- 
ments includes a gradual retreat of the snowline up the 
slopes of mountains as a consequence of seasonality, terrain 
orientation, and antecedent snow conditions. Regional and 
local biophysical factors operative on the landscape combine 
to modulate snowmelt patterns on a spatial and temporal ba- 
sis, thereby yielding a dynamic landscape whose snow con- 
ditions can range from snow-covered, to snowpatch mosaic, 
to snow-free. The state of the snow landscape is spatially 
and temporally autocorrelated to prior snow-cover locations 
and phases of snowmelt morphology. 

The spatial and temporal persistence of.snow cover is an 
important factor affecting the composition and spatial pat- 
terns of alpine vegetation visible on the landscape. Depend- 
ing upon the timing and spatial pattern of snow ablation. 
snow may function as a beneficial moisture reservoir, offer 
protection from climatic stresses, particularly wind dessica- 
tion and ice abrasion, and serve as a cushion against disturb- 
ing forces such as snow avalanches (Billings, 1969; Canaday 
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and Fonda, 1974; Butler and Malanson, 1985). Late-lying 
snow patches, however, can shorten the snow-free period 
available for vegetation establishment and growth by reduc- 
ing flowering time, seeding rates, and seedling establishment 
(Billings and Bliss. 1959; Kudo, 1991; Kullmann, 1991). Le- 
thal burial of saplings by thick snowpack may also depress 
the alpine treeline (Daly, 1984; Minnich, 1984). Further, the 
pattern and timing of snowmelt is important in determining 
soil and vegetation moisture levels which affect the alpine 
treeline by locally modulating possible drought conditions 
and fire fuels intensities and fire propensities (Kessell, 1979; 
Butler et al., 1991). 

The responses of alpine treeline components (closed- 
canopy forest, open-canopy forest, krummholz, meadow, and 
tundra) to local topoclimatic processes and disturbance re- 
gimes within Glacier National Park were modeled by Brown 
(1992) through four generalized linear models using logistic 
regression. Topoclimatic variables and disturbance factors 
formed the root independent variables, transformed through 
factor analysis, to model the location of the components of 
the alpine treeline ecotone. Spatial autocorrelation in the 
regression residuals indicated the presence of a pattern in 
the unexplained variance, thereby suggesting that other vari- 
ables and processes were affecting the observed pattern of 
the alpine treeline not accounted for in the regression 
modelsBrown (1992) suggested that possible regional and lo- 
cal basin controls on the alpine treeline were needed to im- 
prove model specification. Because local disturbance factors 
were statistically significant in the regression models, an ex- 
panded examination of snow accumulation and ablation pat- 
terns was initiated to improve the regional windsnow 
accumulation parameter used in the regression models. A 
satellite-based multitemporal analysis of snow-cover condi- 
tions was implemented by deriving change probabilities of 
snow-cover conditions over time through change detection 
using transition probability matrices. 

The basic intent of this research was to develop an ap- 
proach for describing the temporal characteristics of snow 
accumulation and ablation patterns throughout a portion of 
Glacier National Park, Montana for formulating hypotheses 
regarding the variability in the observed position and charac- 
ter of the alpine treeline. The alpine treeline ecotone is a 
zone of transition that varies in three dimensions ranging 
from the closed-canopy forest to alpine tundra (Arno and 
Hammerly, 1984). This research sought to explore biophysi- 
cal implications of snow patterns extending over time and 
space by generating Markov transition matrices for a snow- 
cover time-series for assessing changes in the state of sea- 
sonal snow conditions. The research employed Landsat mul- 
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tispectral scanner (MSS) satellite data to derive multitemporal 
landscape perspectives, a GIS to organize and integrate classi- 
fied satellite data with digital terrain information derived 
from digital elevation models (DEMS), and Markovian transi- 
tion probability analysis to quantify the transitions between 
snow conditions from successive satellite scenes. Elevation, 
slope aspect, and hydrologic basins were used to stratify the 
study area into biophysically significant aggregation units to 
examine spatial and temporal variations in snow-cover con- 
ditions that may influence the spatial and compositional var- 
iability of the alpine treeline ecotone. 

Study Area 
The study area is located in east-central Glacier National 
Park, Montana (Figure 1). This area consists of steep topogra- 
phy associated with Pleistocene and Holocene valley glacier 
advances. The climate in the Park is dominated by cold, 
snowy winters and brief, mild summers (Finklin, 1986). Ele- 
vations within the study area range from 1,400 m to more 
than 2,700 m. The bulk of the study area is located east of 
the Continental Divide where the climate is much harsher, 
with more severe low temperatures, stronger winds, and 
drier conditions as compared to sites west of the Divide 
(Finklin, 1986). In some areas the drier climate east of the 
Divide precluded glaciation during the late Pleistocene, leav- 
ing broad, gently sloping uplands in some locations above 
the present alpine treeline (Butler and Malanson, 1989). 
Strong winds redistribute snow within the study area, creat- 
ing accumulation zones in cirques and hollows which pro- 
tect snowfields and glaciers from direct solar radiation 
(Butler, 1989). 

The alpine treeline within the study area is dominated 
by subalpine fir (Abies lasiocarpa], whitebark pine (Pinus al- 
bicaulis), and limber pine (Pinus jlexilis). On the eastern 
side of the Divide, two treelines are evident: a drought-re- 

lated treeline at low elevations and a temperature-related 
treeline at high elevations (Walsh et al., 1989). The pattern of 
the alpine treeline is modulated in three dimensions owing 
to the pattern and type of disturbance and the spatial and 
biophysical factors affecting its site and situation. Snow-ava- 
lanche paths are striking disturbance features in the alpine 
and subalpine ecotones (Butler and Walsh, 1990). They com- 
bine with debris flows and fire disturbances to produce a 
landscape of substantial vegetative and geomorphic variabil- 
ity. Arno and Hammerly (1984) describe the alpine environ. 
ment in the Park as a combination of extreme topographic 
and climatic stresses. 

Background 
One approach seldom used in biophysical remote sensing 
and GIS studies is to model temporal and spatial changes on 
the landscape as Markov processes, processes where changes 
between states or phases of land-cover conditions over time 
are linked to previous conditions through transition proba- 
bilities. In the area of landscape change simulation, Markov 
methods have been used in distributional and spatial land- 
scape models (Baker, 1989). Markov methods have also been 
applied in ecological succession (Usher, 1981; Gibson et al., 
1983; Hobbs, 1983; Shugart et al., 1988), in stratigraphic se- 
quence simulation in sedimentology (Harbaugh and Bonham- 
Carter, 1981), and in remote sensing to measure forest 
changes after disturbance (Ha11 et al., 1987). Markov models 
may incorporate spatial terms to account for spatial depend- 
encies and have been used to simulate historical land-cover 
changes (Turner, 1988) and wetland vegetation succession 
(Sklar et al., 1985). 

Markov models describe the direction and rapidity of 
changes in systems. Represented in matrix form, transition 
matrices include rows of from states and columns of to 
states, A Markov transition matrix assumes a fixed number of 
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Figure 1. Study area location in east-central Glacier National Park, Mon- 
tana. 
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states so that transitions between states can be described by a 
single matrix (Jeffers, 1985). In this research transition, prob- 
abilities are calculated from a tally matrix of pixels changing 
between three snow cover states based on classified Landsat 
MSS digital data: full snow cover, discontinuous snow cover, 
and snow-free. Given a tally matrix containing rows of from 
states and columns of to states, the calculation of transition 
probabilities for Markov analyses is given by 

where Pi, is the probability of cell i j of the transition matrix 
(Equation 2). The number of pixels changing from state i to j 
(a) is divided by the total of all changes from state i (a mar- 
ginal total from the tally matrix). The general transition prob- 
ability matrix derived from Equation 1 may be given by 
matrix P below: i.e., 

tern and timing on observed and expected patterns of the al- 
pine treeline ecotone. 

Methods 
Background research on the climatology and snow-cover pat- 
terns for the study area were undertaken to assure that the 
satellite data for 1987 would be representative of general 
snowmelt patterns. Four Landsat Multispectral Scanner (MSS) 
digital data sets acquired for 4 April, 20 April, 6 May, and 7 
June 1987, were used to assess snow-cover conditions 
throughout the study area. These dates were selected based 
uDon cloud-free conditions over the studv area for a near- 
nbrmal snowfall year. Snow water equivalent (sm) data for 
three snow courses located in the Park (Boulder Creek, Flat- 
top Mountain, and Many Glacier) were plotted to compare 
1961-1986 historical averages with data at the same three 
snow courses for the 1987 study period (USDA, SCS 1987) 
(Figure 2). The end points of the data indicate dates by 
which courses melted-out. Comuarisons of the data indicate 
that 1987 ablated slightly earlie; in the snowmelt season and 
that antecedent SWE conditions were slightly below the his- 

(2) torical averages for all three courses. Boulder Creek (Figure 
2a ) and Flattop Mountain (Figure 2b) snow courses melted- 

Note that the diagonal of the transition matrix (Equation 2) 
contains those elements which do not change and are re- 
ferred to as retention probabilities. Assuming stationarity of 
the transition probabilities through time, a matrix can be 
powered to predict the state of the system n-time steps into 
the future. Order refers to the number of temporal steps con- 
tained in a Markov chain (Jeffers, 1985). All transition proba- 
bilities calculated in this research are first-order chains 
because transitions are between a single pair of successive 
satellite images that have been classified into three categories 
of snow: full snow cover, discontinuous or partial snow 
cover, and snow-free. 

Because the transition probabilities based solely on tem- 
poral changes do not include spatial information besides to- 
tal areas of change, spatial dependence within the system in 
question needs to be considered (Barringer and Robinson, 
1981). Transition probabilities are not calculated on a per- 
pixel basis but on user-defined spatial aggregation units. In 
the most general derivation of a transition matrix, elements 
reflect all changes in the study area. Snow-cover patterns ob- 
served in Glacier National Park through the sampled data 
sets show a high degree of spatial order as indicated through 
the calculation of Moran's Index of spatial autocorrelation 
(first-order Rook's case autocorrelation for Moran's I > 0.8 
for the classified snow-cover time series). The level of auto- 
correlation seen in the data largely results from the spatial 
structure of major glacial valleys as shown through semivari- 
ance analysis of DEMs (Bian and Walsh, 1993).It was found 
that, as snowmelt progressed, the index of spatial autocorre- 
lation decreased, indicating the development of an increas- 
ingly discontinuous snow-cover pattern. Spatial dependence 
between successive scenes would be extremely important if 
Markov methods were to be used in an explicit spatial simu- 
lation of snowmelt.The use of Markov transition probability 
matrices for describing regional transition probabilities as 
used in this study, however, does not require such consider- 
ations. Rather than using matrices to predict future snow- 
cover patterns (inherently difficult given the nonstationarity 
of snowmelt processes], this research uses transition proba- 
bility matrices, stratified by biophysically significant zones, 
to generate hypotheses regarding the effects of snowmelt pat- 

(a) 

* 1987SWE 
+ AVG1961-1985 

DATE 

1SW- . 

(b) 
w 

++ 1987 SWE 
+ AVG 1961-1985 

OZpril4 A $  15 h4ay 1 May i 5  June 1 June 15 

DATE 

1500 - 

1000 - 
E 
E 
w 

* 1987 SWE 
* AVG 1961-1985 

DATE 

Figure 2. Comparison of snow-water equivalent (SWE) 
values (mm) of 1987 to the mean values from 1961- 
1985 for three snowcourses in Glacier National Park: 
(a) Boulder Creek, (b) Flattop Mountain, and (c) Many 
Glacier. 
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out at a near normal date. Many Glacier [Figure 2c ) snow 
course also experienced a near normal melt-out although the 
majority of ablation was later in the measurement period. 
Variations between the snow courses indicate the relative ac- 
cumulation and ablation differences due to topographic ori- 
entation and exposure. Figure 3 compares monthly snowfall 
averages for the historical record (1961-1985) and 1987 water 
year. The snowfall data corroborate the snow course assess- 
ment and further illustrate the heterogeneity of snowfall in 
this mountainous area. Overall, the data indicate that the 
1987 snowmelt and ablation period was relatively normal 
despite an initially low snowfall in early and mid-winter 
(USDA SCS, 1987). 

Following the atmospheric and radiometric corrections 
of each MSS image, the 7 June image was georeferenced to 
the UTM coordinate system (absolute georeference) using 
USGS 1:24,000-scale quadrangle maps and the ERDAS image 
processing software (ERDAS, 1993). An RMSE of approxi- 
mately 0.5 pixel was achieved through the georeference pro- 
cedures. Each of the other images was successively 
coregistered (relative georeference) to the June scene. The 
MSS data were resampled to a 50- by 50-m pixel for subse- 
quent analysis and integration with other GIs data sets. The 
corrected MSS data sets were enhanced through channel ra- 
tios and principal components analysis (Walsh et al., 1990) 
for possible integration with the MSS raw spectral channels 
for mapping snow conditions throughout the study area for 
each time period. The Landsat MSS ratio of channels 1 and 4 
has been shown to effectively represent changes in snow- 
cover conditions (Thomas et al., 1978). Comparisons were 
made between the unenhanced and enhanced spectral chan- 
nels of the MSS data and known glaciers and semi-permanent 
snowfields occurring in the study area that were previously 
delineated through the use of USGS 1:24,000 scale topo- 
graphic maps, 1:34,800-scale panchromatic (1966) and 
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Figure 3. Comparison of 1987 monthly and historical 
(1961-1985) snowfall averages (mm) for (a) Many Glacier 
climatic station and (b) Flattop Mountain climatic station. 

1:58,000-scale color infrared (1987) aerial photography, ter- 
restrial photography, and in situ field measurements rep- 
resented within a GIS environment. The unenhanced spectral 
channels of Landsat M ~ S ,  however, were deemed sufficient 
for snow-cover mapping, given the rather general nature of 
the mapping requirements and the satisfactory differentiation 
of snow classes suggested by the initial inspection of en- 
hanced and unenhanced spectral data for each time period. 

An unsupervised approach within ERDAS was used to in- 
dependently classify each of the four Landsat MSS digital 
data sets. The ISODATA clustering technique was used to 
cluster the MSS spectral responses for snow-cover class desig- 
nation and subsequent mapping. The ISODATA algorithm em- 
ploys user-specific parameters (desired number of clusters, 
minimum number of pixels per cluster, and cluster iteration 
counter) to generate statistical clusters from the input spec- 
tral channels (Campbell, 1987; ERDAS, 1991; Walsh, 
1993).The statisticaI clusters generated through the unsuper- 
vised approach for each data set were combined into snow- 
cover categories through the use of output statistics, image 
processing techniques, and field information and aerial pho- 
tography. 

Four landscape categories were used to represent the 
snow cover conditions for the 4 April and 20 April images, 
whereas six landscape categories were initially derived from 
the spectral clusters for the 6 May and 7 June images. The 
generation of additional landscape categories for the May 
and June images reflected the increasing spectral heterogene- 
ity of the landscape as a consequence of a transition from 
full snow cover, to partial snow cover, to snow-free condi- 
tions, and the re-emergence of vegetation, particularly at the 
tree canopy level, in the pixel spectral responses. The de- 
fined spectral clusters for all the satellite data sets were 
merged to the same land-cover conditions and labeled to rep- 
resent three identical landscape categories: full snow cover, 
discontinuous or partial snow cover, and snow-free condi- 
tions. 

Each classified satellite image was transformed into an 
ERDAS GIs file (Figure 4). Using the GIs files for each date, an 
ERDAS GISMO program (GIS Modeling: ERDAS, 1993) was writ- 
ten to retrieve and recode the temporal changes in the state 
of snow cover for each pixel and to create three nine-class 
change files for each pair of successive image dates. Using 
the three-class snow cover classification, the GISMO program 
recorded the frequencies of snow-cover changes in a 3- by 3- 
pixel (or taIly) matrix from image differences between suc- 
cessive image dates (Plate 1). The derived values from the 
tally matrix were used to determine the transition probability 
matrix for each successive pair of image dates using Equation 
1. 

Transition Matrices 
Accurate derivation of transition probability matrices is cru- 
cial to landscape change simulation using discrete time and 
discrete state models which define Markov Chains (Baker, 
1989). As presented in Table 1, matrix [Cl] is the transition 
probability matrix for snow-cover changes between 4 April 
and 20 April; matrix [C2] denotes transition probabilities be- 
tween 20 April and 6 May; and matrix [C3] shows the transi- 
tion probabilities for changes between 6 May and 7 June. 

The transition matrices were tested for the Markov prop- 
erty, with the null hypothesis that transition probabilities 
were the results of a strictly random process. First-order 
Markov chains base the probabilities on changes between 
two successive dates (Jeffers, 1985). The first-order transition 
matrices were strongly Markovian because a dependence ex- 
isted between the previous and succeeding snow cover 
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Figure 4. Classified snow-cover conditions for the four selected Landsat 
MSS scenes. 

states. A test for higher order dependence was also found to 
be significant. An approach similar to Harbaugh and Bon- 
ham-Carter (1980) was used to test for double dependence in 
the snowmelt data in that transitions could be dependent on 
the initial conditions separated by two previous sequences in 
the time series. This test showed that snowmelt from 20 
April to 6 May was not only dependent on conditions on 20 
April, but also on conditions present on 4 April. The tem- 
poral relationship was tested through a chi-square approxi- 
mation and was found statistically significant (p = 0.0001); 
however, the similarity between the 4 April and 20 April im- 
ages accounted for a high amount of that significance. Fur- 
ther, it became obvious that higher orders of dependence 
between successively earlier dates would generally indicate 
the increased likelihood of snow accumulation and not abla- 
tion. In addition, as a result of the influence of elevation on 
the transition probabilities of snow cover conditions, areas 
representing late snow accumulation would be the last areas 
that would meltout, as reflected in the selected satellite time 
series. 

Transition probability matrices were used for character- 
izing retention probabilities, the probability that a pixel will 
remain in the same state over time, indicated by the diagonal 
of the transition matrix (Hall et al., 1987). These transition 
values show the temporal dynamics of snowmelt. The diago- 
nals of the original transition matrices (Table 11, show that 
full snow cover tended to remain in that state from 4 April 
through 20 April [Cl] [p = 0.883), whereas partially snow- 
covered pixels showed a much lower retention probability by 

the 20 April to 6 May sequence [C2] (p =0.201). Snow-free 
areas tended to increase the retention probability of that state 
by the second period (20 April to 6 May) (p =0.997) although 
the probability value decreased very slightly in the [C3] se- 
quence (p = 0.986). possibly in response to localized wind re- 
distribution of snow. These retention probabilities agreed 
with the general retreat of the snowline and the normal re- 
duction in the size of snowpatches as snow-free areas ex- 
panded. The transition probabilities for the discontinuous or 
partial snow-cover cIass were similar to the probabilities for 
the full snow-cover class rather than the snow-free class - a 
decreasing retention probability over time (p-value range 
from 0.623, to 0.201, to 0.162). The increase of discontinuous 
or partial snow cover relative to full snow cover through the 
season reflects the changing scale of terrain effects as snow- 
melt progresses. This corroborates the general model of 
snowline changing from zonal to azonal with increasing 
patchiness as snow ablation continues (Minnich, 1984). 

The technique of assessing the transition matrices simul- 
taneously while viewing the satellite images used to derive 
the matrices was a useful approach for understanding the 
rate and pattern of snowmelt within the study area. For in- 
stance, an interpretation of matrix [Cl] (Table l a  ) indicates 
that snowfall occurred in the study area between the periods 
4 April and 20 April. That observation was corroborated 
through snowfall data collected at climatic recording stations 
and snow courses located within and surrounding the study 
area (Figures 2 and 3). The probability of changing from 
snow-free to partial snow cover (p = 0.325) was much higher 
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Plate 1. Snow-cover change images used to derive Markov 
transition probabilities. 

SNOWCOVER CHANGES I 
C1 APRL 4 - APRIL 20 
C2 APRIL 20 
C3 MAY 6 - 

FROM 

1 SNOW-FREE 
2 SNOW-FREE 
3 SNOW-FREE 

- MAY 6 
JUNE 7 

ro 
SNOW-FREE 
OImNTINUCI 
FULL SNOW 

I 
4 DISCONTNUWS SNOW-FEE 
3 M S C O N W W S  DISCONTNa 
6 DISCONTMIDUS FULL SNOW 
7 FULL SNOW SNOW-FREE 

i E FULL SNOW OJSCDNTINUOI 
1 9 WLL SNOW FUL SNOW 

I 

TABLE 1. SNOW-COVER TRANSITION PROBABIUN MATRICES FOR THE ENTIRE 
STUOY AREA. 

(a) 
To (20 April): 

Full Discontinuous Snow-Free 

From (4 April) 
Fdl 0.883 0.114 0.003 
Discontinuous 0.233 0.623 0.144 
Snow-Free 0.014 0.325 0.662 

(b) 
To (6 May): 

Full Discontinuous Snow-Free 

From (20 April): 
Full 0.497 0.299 0.204 
Discontinuous 0.048 0.201 0.744 
Snow-Free 0.001 0.002 0.997 

(c) 
To (7 June): 

Full Discontinuous Snow-Free 

From (6 May): 
Full 0.365 0.318 0.317 
Discontinuous 0.018 0.162 0.821 
Snow-Free 0.003 0.011 0.986 

than would be expected if snow steadily melted without ad- 
ditional snowfall occurring during the two time periods. 

Similarly, the transition from discontinuous to full snow 
cover was relatively high (p = 0.233) for the period of 4 April 
through 20 April which further suggested that snowfall oc- 
curred between the two dates evaluated. The retention prob- 
ability value for snow-covered areas (p = 0.883) suggested 
that full snow cover remained stable over this time span. The 
Markov transition matrix showed that most of the change in 
the study area was towards the net accumulation of snow, 
both partially covered and fully covered areas. 

In the [C2] transition matrix (Table lb), representing 
snow-cover changes between 20 April and 6 May, the typical 
timing of snowmelt is presented. The dynamics of snow- 
cover change between these dates shows a transition from 
full snow cover, to partial snow cover, to snow-free states. 
Indeed, the probability of changing from full snow cover to 
discontinuous or partial snow cover and snow-free condi- 
tions increased from a combined probability of 0.117 for [Cl] 
to 0.503 for [Cz], reflecting the accelerated pace of ablation. 
Further, the probability of pixels classified as discontinuous 
or partial snow cover becoming snow-free was 0.744. By time 
step three (7 June, [C3], Table lc), the probability vector 
showed a distinct snow ablation trend with a high transition 
of snow-covered areas towards discontinuous (p =0.318) and 
snow-free conditions (p = 0.317). 

To develop snow-cover transition relationships beyond 
the final satellite image acquired on 7 June, matrix [C3] 
could be powered successively higher to yield predicted dis- 
tributions of snow-cover change; however, such powering of 
Markov matrices requires an assumption that the transition 
probabilities are stationary, indicating a constant rate of 
snow ablation through time. As illustrated by the three ma- 
trices ([Cl], [C2], and [C3]), the probability values changed as 
a consequence of the biophysical processes affecting snow 
accumulation and ablation rates and magnitudes. As snow- 
melt ceases, the transition probabilities will stabilize until 
the cycle of snowfall begins anew. 

Terrain Stratification 
Generating probability matrices for landscape units (e.g., ele- 
vation zones, watersheds, plant communities, and ecotones) 
can be used to further explore spatial and temporal patterns 
of phenomena. In this research, the landscape was catego- 
rized into ecologically significant elevation zones that af- 
fected vegetation composition and ecological gradients 
within the study area to explore the relationship between 
snow patterns and the alpine treeline. The elevation values, 
represented on a series of 1:24,000 base-scale digital eleva- 
tion models (DEMS), were resampled to a 50- by 50-m cell 
size and then recoded into elevation zones through use of 
the ERDAS GIS software. The five elevation zones range from 
1600 to 2600 m with equal intervals: (1) 1600 to 1800 m; (2) 
1801 to 2000m; (3) 2001 to 2200m; (4) 2201 to 2400m; and 
(5) greater than 2400m. Brown (1992) reported that elevation 
was a primary control of the alpine treeline within the Park 
and that such aggregations of elevation values significantly 
explained vegetation components of treeline transitions. Fig- 
ure 5 shows the seasonal snow cover changes for the five el- 
evation zones evaluated. This figure illustrates the overall 
ablation (which includes snowmelt as well as losses from 
evaporation and sublimation) within and between the eleva- 
tion zones. The transition matrices for each zone indicate the 
expected trend of meltout temporally related to elevation - 
lower sites being more prone to earlier meltout than higher 
sites. 

It should be noted that, because a transition matrix must 
be generated for each zone and for each time sequence, diffi- 
culties in interpretation arise from the increased number of 
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Figure 5. Seasonal snow-cover changes derived for se- 
lected elevation zones. 

TABLE 2. PROBABILITY OF SNOW ABLATION BY ELEVATION ZONES. 

Time Period 
Elevation [ c l ]  [CZ] [c3] 1 Zone (rn) 4 April-20 April 20 April-6 May 6 May-7 June 

matrices. Rather than attempt an interpretation of the entire 
set of matrices, only specific probability vectors and reten- 
tion probabilities are analyzed here to show the potential of 
this approach. By summing the probabilities of decreasing 
snow cover (transition from snow to discontinuous or snow- 
free conditions, and transition from discontinuous to snow- 
free conditions) from the elevation zone matrices, the overall 
probability of ablation was derived (Table 2). The probabili- 
ties listed in Table 2 show marked variation. In the first pe- 
riod, 4 April to 20 April, the lowest elevation has the highest 
probability of ablation during this period, which was just 
prior to pronounced snowmelt. The snowfall event in this 
period possibly precluded accumulation at the lower eleva- 
tions. Period [C2] shows a general trend of increasing abla- 
tion probability with elevation (from 0.5 to 0.67), possibly 
indicating the influence of wind (which increases with expo- 
sure and elevation) on redistribution, evaporation, and subli- 
mation of snowpatches. Vegetation corresponding to this 
zone includes low and medium density forests and mead- 
ows. In the final sequence, the highest ablation probabilities 
occurred in the middle elevation zones from 1800 to 2200 m. 
This zone corresponds primarily to meadow and alpine tun- 
dra communities. Therefore, the elevation-stratified Markov 
analysis suggested that the timing of snowmelt is a possible 
variable for inclusion in future modeling of alpine vegetation 
communities. Such a time-dependent variable imparts to the 
analysis a perspective of snow beyond the presence or ab- 
sence discerned from static single-scene analyses. 

The landscape was also characterized by eight equal 
slope aspect categories, also derived from the series of 
1:24,000 base-scale DEMs. Markov transition matrices gener- 
ated for each aspect class indicated the differential accumu- 

lation and ablation of snow that occurs as a function of 
terrain orientation. Probabilities in Figure 6 were derived by 
combining the probabilities of changing from snow-free to 
discontinuous or full snow cover conditions and from dis- 
continuous to full snow cover conditions to generate general 
probabilities of increases in snow cover. Figure 6 shows, for 
example, higher likelihoods of northwest- to northeast-facing 
slopes in receiving snow accumulation from 4 April to 20 
April based on transition probabilities plotted on a star dia- 
gram. 

As a final stratification technique, the study area was 
subdivided into watersheds for interbasin comparisons. Wa- 
tersheds were defined on USGS 1:24,000-scale topographic 
maps and digitized in a raster GIs format. Three watersheds 
were selected having different orientations and proximities 
to the Continental Divide. The outlet of Baring Creek basin is 
oriented towards the southeast; Siyeh Creek basin towards 
the south; and Cataract Creek basin towards the north (Figure 
1). Differences in snow accumulation, solar insolation, and 
wind exposures were expected to be observable in snowmelt 
regimes as quantified through Markov transition matrices as 
a consequence of basin orientations and observed summer 
field conditions. Brown (1992) reported that differences be- 
tween the observed and expected position of the alpine tree- 
line were greatest in these watersheds. He suggested that 
local disturbance factors were responsible for the higher 
model residuals. 

Analysis of the percent snow-covered area by basin pro- 
vides comparative information on the relative timing and in- 
tensity of snowmelt. The retention probabilities provide 
further information as to the relative changes of snow-cover 
states. For 4 April to 20 April, Baring basin has a strikingly 
high retention of snow-free areas and the lowest probability 
of new snow accumulation, suggesting that the basin's dis- 
tance from the Continental Divide may place the basin in a 
"snow shadow" relative to the other two basins. In fact, Bar- 
ing basin exhibits the earliest snowmelt by comparison to Si- 
yeh and Cataract basins, and decreases in percent snow- 
covered area between 4 April and 20 April. Cataract basin, 
on the other hand, has the latest overall meltout of the three 
basins, as would be expected from its northerly orientation. 
Further, several snowpatches remain on the eastern flank of 
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Figure 6. Probability of increasing snow cover by slope 
aspect zones. 



this watershed by the 7 June image. In Siyeh basin, snow- 
melt is intermediate between the transitions in Baring and 
Cataract basins. In the 20 April to 6 May sequence, Baring 
basin has the highest meltout probabilities (0.85 discontin- 
uous to snow-free conditions and 0.67 full snow to discon- 
tinuous snow cover conditions). Siyeh and Cataract basins 
have approximately equal probabilities of meltout for this 
time period. By the final sequence (6 May to 7 June), Cata- 
ract and Siyeh basins have much higher ablation probabili- 
ties, and Baring basin shows a deceleration of snowrnelt 
(indicated by a high retention probability for full snow cover 
(0.44), likely a result of the large cirque form of the upper 
basin which includes Sexton Glacier). Interannual trends 
could be further quantified to compare the representativeness 
of 1987 patterns of snowmelt for characterizing snowmelt 
variability. 

The spatial-temporal patterns for the three selected bas- 
ins suggest that ecological effects of snow cover may be con- 
trolling the distribution of treeline components in these three 
basins. For example, the early lower elevation meltout in 
Baring basin exposes the treeline ecotone to dessicating 
winds in early spring, a possible explanation for the de- 
pressed treeline noted in that watershed. Further, the ob- 
served lag in snowmelt and persistence of large snowpatches 
into the summer (occurring after the 7 June satellite image) 
could significantly shorten the growing season in Cataract 
basin, possibly accounting for the depressed treeline ecotone 
in that basin (Brown, 1992). Finally, the intermediate snow- 
melt date and pattern in Siyeh basin may represent a condi- 
tion where snow lingers sufficiently long to protect 
vegetation from wind dessication while melting early enough 
to allow spring-summer vegetative growth. This would par- 
tially explain the unexpected occurrence of the treeline in 
the high elevations of the Preston Park area of Siyeh Creek 
basin (Brown, 1992). While the interpretation of the transi- 
tion probabilities applied to questions of alpine treeline pat- 
terns in three dimensions cannot be rigorously tested using 
the constrained Markovian approach, the use of Markov tran- 
sition probabilities has been useful to characterize the timing 
of snowmelt as well as the spatial pattern and to suggest sev- 
eral hypotheses regarding the impact of snow accumulation 
and ablation patterns on alpine vegetation. 

Landscape changes, evaluated through multitemporal satel- 
lite data, can be quantitatively assessed through the applica- 
tion of transition probability matrices. Transition probability 
matrices proved useful in quantifying snowmelt timing and 
the pattern of that change among snow cover classes. Marko- 
v i m  transition probability matrices were used to characterize 
the observed fluctuation and subsequent acceleration of 
spring snowmelt within the study area. The landscape was 
stratified into zones of elevation and slope aspect for change 
assessment and for evaluating the relative dynamism of 
change along environmental gradients. Distinct differences in 
the onset and pattern of snowmelt among the three wa- 
tersheds suggest that snowmelt patterns may be affecting en- 
vironmental gradients and forcing a response of the alpine 
treeline ecotone based on timing and pattern of snowmelt. 

Hypotheses are being generated to aid in the interpretion 
of the transition matrices, particularly for differences in ac- 
cumulation and ablation patterns derived for watersheds. 
Variables that could be generated to explore possible bio- 
physical processes accounting for snow pattern and timing 
differences and, hence, variability of the alpine treeline eco- 
tone include basin orientation and symmetry; intervening to- 

pography affecting shadow and microclimate; topographic 
situation of the basin relative to the Continental Divide; 
slope position (upslope, mid-slope, down-slope) and slope 
form (convex or concave) within basins and differences be- 
tween basins; surface roughness and slope orientations 
within basins; proportion of vegetation types within basins 
and their spatial patterns; basin proximity to the range front; 
and the spatial linkage of disturbances such as snow-ava- 
lanche paths and debris flows with basin snow accumulation 
potential and snowmelt timing. 

The integration of space and time dimensions has been 
relatively neglected in biophysical studies involving land- 
scape processes and for explaining differences between ob- 
served and expected distributions. Biophysical studies are 
seldom conducted that use techniques that reflect an integra- 
tion of from state and to state information for further hypoth- 
esis generation. In this particular study, information 
generated from the transition matrices has suggested the in- 
clusion of variables operating at particular temporal and spa- 
tial scales that may be important factors in understanding 
alpine treeline spatial variability. Transition matrices, com- 
bined with remote sensing and GIS techniques, can yield an 
effective approach for landscape characterization that rep- 
resents landscape change as a critical descriptor variable. 
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