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ABSTRACT 

I quantified the competing effects of forest vegetation on snow accumulation and ablation 

in a lower mid-latitude montane environment where solar radiation dominates winter 

snow-atmosphere energy fluxes and limited work has been focused. Detailed snowpit 

analyses and ultrasonic snow depth sensors indicated forest vegetation affected 

snowcover in three ways; canopy interception and sloughing, enhanced snowpack 

metamorphism and ablation, and shading of direct solar radiation. Competing 

accumulation and melt processes determine the snow cover duration, SWE yield, and 

potential meltwater inputs. On average, canopy interception resulted in 44% less SWE 

accumulating beneath the canopy. I observed an inverse correlation between snowpack 

density and grain size with distance from the tree bole at maximum accumulation. Larger 

grains and lower densities near the bole indicated enhanced metamorphism of the near

tree snowpack. Snow surveys around 15 trees at max accumulation indicated that the 

north sides of trees had 24.6% (p=0.01) more SWE than south tree sides. Micro- to tree

scale observations support our stand and catchment-scale finding that a shaded snowpack 

experiences increased SWE accumulation, decreased ablation and melt rates, and 

prolonged seasonal snow cover. Specifically, we found that vegetative shading may 

delay the basin average maximum SWE accumulation by up to three weeks and greatly 

increase snow cover duration by minimizing snowmelt rates. Data point to compelling 

differences in forest ablation and melt processes in this lower mid-latitude where 

enhanced insolation augments the physical processes observed elsewhere. A binary 

regression tree model indicated strong correlation (R 2 = 0.54) between micro-scale (i.e. 

10-cm resolution) canopy structure indices and snow depth, suggesting that future 
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remotely sensed vegetation data may improve snow distribution models. A better 

understanding of the effects of forest cover on a basin's snowpack will prepare us to 

more accurately predict the potentially wide-ranging hydrologic impacts of climate, land 

cover, and land use change in these seasonally snow covered forested environments. 
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1. INTRODUCTION 

1.1 - Topic Relevance 

The primary source of streamflow and groundwater recharge in the western United 

States derives from mountain snowpack. The hydrologic linkage between montane river 

basins, reservoirs, and underlying aquifers sustains demand of over 60 million people in 

the western U.S. (Bales et al., 2004). Snowmelt represents the dominant control on the 

timing and magnitude of spring runoff (Erxleben et al., 2002) and is necessary for the 

sustainability of riparian ecosystems, agricultural industries, and municipalities. Our 

ability to accurately quantify the water volume stored in a mountain snowpack, measured 

in snow water equivalent (SWE), is becoming critical as the demand for water in the 

western U.S. increases (Carroll and Cressie, 1996). However, we lack adequate 

descriptions of fundamental factors governing many hydrologic processes in 

heterogeneous montane environments. Particularly, the factors controlling the 

partitioning of snowmelt into runoff vs. evaporation, and runoff vs. mountain front 

recharge are not fully understood (Bales et al., 2004 ). Furthermore, the quantity of SWE 

held in a catchment is not balanced by the meltwater output, but is partitioned into 

sublimation, runoff, evapotranspiration, and infiltration. It is therefore essential that we 

develop a sound mechanistic understanding of the processes affecting our winter 

snowpack and potential meltwater input to improve our accuracy in monitoring and 

modeling this vital resource, especially under scenarios of changing climate, land cover 

and land use. 

Mountain snowpacks are spatially heterogeneous (Cline et al., 1998). Local SWE 

variability can be extreme and is known to be enhanced in regions where periods of 
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melting occur during the winter, where there are pronounced changes in vegetation and 

topography, and where much of the heat input to the snow energy balance is from solar 

radiation (Dingman, 2002). In general, the main factors responsible for the complex 

variability of SWE in mountainous terrain are elevation, aspect, and vegetation (Bosch 

and Hewlett, 1982). Physical and energy-related vegetation - snow interactions are 

largely responsible for variable snow accumulation and ablation patterns in forested 

mountainous basins (Wilm and Dunford, 1948; Golding and Swanson, 1986; Schmidt et 

al., 1998) and have been extensively studied in both cold continental climates (e.g. 

Troendle and Meiman, 1984; Pomeroy and Schmidt, 1993; Hardy and Davis, 1998; 

Lundberg and Koivusalo, 2003) and maritime climates (e.g. Marks et al., 1998; Nakai et 

al., 1999; Storck et al., 2002). However, with solar radiation being such a significant 

contributor to the snowpack mass and energy balance, surprisingly little work has been 

conducted in lower mid-latitude (35°N) continental locations where vegetative shading of 

incident solar radiation may play more of a pivotal role in reducing ablation and melt, 

prolonging snowcover and delaying meltwater inputs than has been documented in more 

northerly latitudes. 

1.1.2 - Effects of elevation 

The elevation of a region influences its temperature and climate. Environmental 

lapse rates vary both geographically and temporally, but on the global average there is a 

decrease in temperature with elevation of 6.5°C/km (U.S. Standard Atmosphere, 1976). 

Air parcels forced to rise over obstructing land masses cool adiabatically enhancing 

precipitation at higher elevations. This process is known as the Orographic Effect and is 
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partly responsible for making mountainous regions such significant contributors to the 

hydrologic system. During the cool seasons, orographically-induced precipitation 

combines with the temperature lapse rate to provide the setting for the accumulation of 

deep mountain snowpack. Snow accumulation in the Sierra Nevada and Cascade ranges 

and the Rocky Mountains, comprising the Pacific crest and the continental divide, 

respectively, represent large reservoirs of water resources. The runoff and recharge from 

spring snowpack in these prominent western mountains can last well into the otherwise 

dry summer months. Increased springtime solar energy helps initiate this snowmelt. 

1.1 .3 -Effects of Aspect 

Solar radiation dominates the snow distribution and ablation not just during the melt 

season, but throughout the snow covered period in mid latitudes. The orientation of a 

slope with respect to cardinal direction is referred to as the slope' s aspect, and has a 

profound influence on that slope's snow cover (West 1962; Packer 1962; Luce et al., 

1998). Generally, in the Northern Hemisphere, the winter sun is low in the southern sky, 

therefore exerting a majority of its radiation on southern aspects resulting in enhanced 

snow grain metamorphism, densification and ablation. An aspect's degree of solar 

exposure will change with seasonal solar zenith angle, and thus is a function of the sun's 

position in the sky. Pronounced topography introduces a wide range of slope aspect 

causing significant variability in solar input to the regional snowpack, resulting in an 

often complex spatial variability of snow coverage, quantity, and metamorphic quality. 

Snow surface conditions are known to affect vapor transfer, or sublimation (Schmidt et 

al., 1998). Molotch et al. (2004) reported that snow albedo affects melt rates more on 
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high elevation south-facing aspects than on lower elevation or north-facing slopes. 

Topography principally influences the intensity of incoming solar radiation due to simple 

geometric effects (Link and Marks, 1999). This control of topography (elevation, aspect 

and slope) on incoming solar radiation, especially in regard to the snowmelt process, is 

well documented and can be easily modeled using remotely gathered physical parameters 

(Dozier and Frew, 1990). Within a catchment, SWE can vary significantly with aspect 

(West, 1962; Packer, 1962; Troendle and King, 1987; Schmidt et al., 1998). 

A study in central Colorado by Troendle et al. (1993) compared adjacent slopes at 

equal elevations and observed 32% greater maximum SWE (77 mm) on north than on 

south aspects. The study recorded only 22 mm of melt on the south aspect, and the 

remaining 57 mm were unexplained. Schmidt et al. (1998) suggest the disparity 

described in Troendle et al. (1993) to be due to sublimation of the exposed south-facing 

snowpack. 

1.1.4 - The role of Vegetation in snow distribution processes 

Aspect, elevation, slope, and net radiation are known to have strong relationships to 

snow distribution processes. However, while these properties are documented in 

literature to be well parameterized using remote sensing and digital elevation models 

(DEMs) (e.g. Dozier, 1979; Dozier and Frew, 1990; Elder et al., 1998; Cline et al., 1998; 

Erxleben et al., 2002; Molotch et al., 2004), fewer modeling attempts have adequately 

coupled these parameters with the effects of vegetation on SWE distribution (Pomeroy et 

al., 1998; Woo and Giesbrecht, 2000; Erxleben et al., 2002; Garen and Marks, 2004; Niu 

and Yang, 2004 ). The effects of vegetation on snow distribution are well documented 
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(e.g. Wilm and Dunford, 1948; Golding and Swanson, 1978, 1986; Davis et al., 1997; 

Hardy et al., 1997; Faria et al., 2000; Niu and Yang, 2004), but the need has recently 

been recognized to improve the parameterization of snow-vegetation interactions 

appropriate to the usage of meteorological observations in the representation of these 

processes at the basin-scale system (Garen and Marks, 2004). 

Elevation and its affect on regional climate in turn affect the distribution and type of 

vegetation. Tree distribution in the mountainous environment is best described as a 

confrontation of abiotic and biotic factors (Scuderi, 1987), suggesting that climatic, 

hydrologic, geologic, and biologic properties of upper elevations interact with the 

tolerance of vegetative species (Jobbagy and Jackson, 2000) to determine areas of 

preferential growth. The exposure of a slope to incident solar radiation governs the soil 

moisture availability and thus the vegetation coverage. Conifer vegetation in central 

Colorado has been shown to be denser on shaded norther! y aspects and less prevalent on 

southerly aspects (Schmidt et al., 1998) where soil moisture availability may be limited. 

Much of the seasonally snow covered montane land area in the US is forested. 

Forest vegetation is known to significant! y affect the accumulation, redistribution, melt 

rate, and coverage duration of mountain snowpack, thus impacting the potential 

meltwater input. The fundamental thinking is that the presence of a forest results in a 

shallower, more variable snowpack than would be observed in the open. Since mountain 

snow accumulation impacts downstream hydrologic processes ( e.g. groundwater 

recharge) (Bales et al., 2004 ), it would be beneficial to maximize annual SWE yield in 

montane source areas and recharge zones. The classic land management paper by 

Hibbert (1967) based on results from nearly 40 catchment experiments worldwide made 
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the following three generalizations: (1) Reduction of forest cover increases water yield, 

(2) Establishment of forest cover on sparsely vegetated land decreases water yield, and 

(3) Response to treatment is highly variable and, for the most part, unpredictable. The 

findings by Hibbert ( 1967) spurred the general use of formulas for predicting forest cover 

effects on water yield in the U.S. (McMinn and Hewlett, 1975; Bosch and Hewlett, 

1982). However, such generalizations did not adequately consider the timing of 

snowmelt-induced runoff. Kattleman et al. (1983) addressed both maximizing SWE 

yield, using selective harvesting methods, and delaying snowmelt, by optimizing clearing 

size and orientation, in the California Sierra Nevada and concluded that delaying 

streamflow is perhaps the greatest contribution watershed management can make to 

meeting future water demands. The apparent dichotomy between a forest's ability to 

reduce annual snow water yield, while concomitantly prolonging and sustaining snow 

cover and snowmelt-induced streamflow suggests that the effects of forest vegetation on 

snow accumulation and ablation are governed by competing complex systems of 

processes. 

1.1.5 - Wind redistribution and vegetation 

Forested areas have been shown to dampen the snowpack variability observed in the 

open (Pomeroy et al., 1998), as a result of vegetation's ability to screen surface wind. 

Studies have shown that snow accumulation is greater in small forest clearings than 

adjacent forest (e.g. Hoover and Leaf, 1967; Golding and Swanson, 1978; Golding and 

Swanson, 1986; Schmidt and Troendle, 1989). The relative importance of wind 

redistribution in producing these differences varies regionally (Dingman, 2002). A study 
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by Hoover and Leaf ( 1967) suggested that intercepted snow on the surrounding canopy 

was redistributed into clearings by wind, resulting in the observed SWE increase in 

clearcuts compared to the forest. Golding and Swanson (1986) found that in larger 

clearings (with diameters greater than 20 times the stand height) greater wind speeds 

relative to the forest result in scour and redistribution of accumulated snow into the 

surrounding forest. An attempt by Schmidt and Troendle (1989) was unsuccessful in 

their unique approach to identifying wind redistribution of intercepted snow on a forest 

canopy as the cause of the observed increased SWE in small clearings. Storck et al. 

(2002) noted a decrease in canopy interception efficiency with increasing wind speeds. 

High wind events enhance the already variable distribution and density of snow over 

pronounced mountainous terrain, and are known to limit forest canopy interception. 

However, more work is required to confidently identify the ultimate fate of wind-driven 

snow over a densely forested environment. 

1.1.6 - Canopy interception and sub-canopy accumulation patterns 

Generally, the under canopy snowpack distribution is more variable than in the open. 

Canopy interception is a significant factor causing pre-melt snowpack variability between 

forested and open areas. Different methods exist for measuring snow that accumulates on 

a tree's canopy. Interception may be approximated by comparing SWE measurements 

conducted in clearings to those conducted under canopy conditions (Johnson, 1990; 

Lundberg and Koivusalo, 2003). Work in Oregon (e.g. Storck et al., 2002) and 

Saskatchewan, Canada (e.g. Hedstrom and Pomeroy, 1998) has involved suspending and 

weighing full-size trees to derive intercepted SWE values. Conifer canopy interception 
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has been reported to be responsible for the capture of as much as 60% of cumulative 

annual snowfall (Hedstrom and Pomeroy, 1998; Storck et al., 2002), although most 

studies converge on 50% (Pomeroy et al., 1998). Snow interception in temperate forests 

differs from that in cold continental climates (Hedstrom and Pomeroy, 1998). Snow may 

be retained in the canopy of a cold forest over a period of several days to a month 

(Pomeroy and Schimdt, 1993). Conversely, interception in more temperate forests is 

generally expected to decline to zero between storm events (Stork et al., 2002). This 

implies that in colder regions, snow retained in the canopy for longer durations increases 

its availability for sublimation, limiting SWE accumulation in the sub-canopy snowpack. 

A tree's capacity to intercept falling snow is referred to as interception efficiency. 

Hedstrom and Pomeroy ( 1998) report that tree species, leaf area, and initial canopy snow 

load determine the interception efficiency and snow storage capacity of the canopy. 

Calder (1990) reported that the interception efficiency of a tree decreases with increasing 

snowfall. Hedstrom and Pomeroy (1998) define this efficiency as a grouping of the 

collection efficiencies for individual branches that comprise the canopy, and the 

subsequent unloading of intercepted snow over a specified time. Hedstrom and Pomeroy 

(1998) give a detailed description of the physical processes governing snow interception 

and subsequent unloading. At the branch scale, interception efficiency is simply the 

amount of snow a tree bough can support and is a function of collection area of the 

combined branch, its needles, and its snow load (Hedstrom and Pomeroy, 1998). 

Intercepted snow remains in the canopy due to the cohesion between the snow and the 

branch, the strength of the captured snow masses ( the larger masses often exhibit 

structural stratigraphy with strong and weak layering), and the strength of the tree bough. 
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Schmidt and Pomeroy ( 1990) showed that conifer branches are more rigid at lower 

temperatures and hence support greater snow loads. The elasticity of branches under 

higher temperatures leads to bending, which reduces the projected area and the snow 

storage capacity (Pfister and Schneebeli, 1999). 

Snowfall that is not intercepted is considered throughfall and the proportion is 

governed by the density and the structure of the canopy above. Intercepted snowfall can 

be removed in three ways; mechanical removal (when the weight of the accumulated 

snowfall exceeds a branch's load limit or the balance is disturbed by wind action), 

sublimation, or meltwater drip. All three transport processes can increase the variability 

of the sub-canopy snowpack density, depth and SWE. In cold continental climates, 

meltwater drip occurs infrequently, limiting the loss of intercepted snow to sublimation 

and mechanical removal. Mechanical removal, also known as sloughing, is a complex 

process and its affect on the under canopy snowpack varies depending on the released 

snow density and volume, and the tree canopy configuration. For example, in the case of 

a large 20 m-tall conifer tree after a 30 cm snowfall event in a cold continental climate, if 

one of the upper limbs released its interception load of low density snow, this powder 

cascade would be dispersed over the length of its 20 m fall having minimum affect on the 

density or SWE of the under canopy snowpack. Conversely, the sloughing of a 60 cm 

snowfall of medium density accumulated on an 8 m-tall tree could potentially result in a 

significant, but localized contribution to the under canopy snowpack. Sturm (1992) 

studied tree wells near Fairbanks, AK, and observed that when temperatures have risen 

near freezing, the sloughing of intercepted snow occurs as relatively dense balls of snow 

able to compact the snow into which they fall. The author reports that these episodic 

20 



events could be observed in snow trench excavations and resulted in a ring of denser 

snow surrounding the tree just beyond the canopy edge. However, this area of 

preferential accumulation and densification did not generally result in a snow depth 

maximum at the outer edge of the canopy crown (Sturm, 1992). Occasionally, 

immediately following canopy sloughing, a small rise in the snow at the canopy edge will 

occur, but this rise settles with time and can not be detected in the surface snow depth 

profile (Strum, 1992). Limited work has focused on the potential impacts of this 

preferential densification on the melt rate and distribution of snow covered area around 

forest vegetation. 

The distribution of accumulated snow around forest vegetation has implications on 

the snowmelt process. Sturm (1992) conducted extensive measurements of snow 

distribution around coniferous trees in Alaska and determined that the effect of conifers 

on snow cover is a function of tree size, canopy diameter, and snow depth. Larger trees 

redistribute snowfall away from their trunks creating a bowl-shaped depression called a 

tree well, which forms as snowfall is shed and deflected downward and outward as 

governed by the branch structure (Sturm, 1992). Tree size and tree aspect both cause 

differential melt and accumulation patterns beneath solitary conifer canopies and so 

affect the relationship between snow depth and density with distance from the bole (Woo 

and Steer, 1986). 

1.1.7 - Sublimation and evaporation 

Quantifying loss due to sublimation and evaporation of intercepted snow is of great 

importance because it relates snowfall and forest cover to the snowpack available for 
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streamflow (Golding and Swanson, 1978; Schmidt et al., 1998). Estimates of sublimation 

loss of intercepted snow on coniferous canopies (in percent of total winter precipitation) 

vary widely in literature from 14 and 40% (Lundberg and Halldin, 2001), 20% (Schmidt 

et al., 1998), between 30-40% (Pomeroy and Schmidt, 1993), 20-45% (Nakai et al., 

1996), and as much as 50% (Troendle and Meiman, 1986). The average reported loss is 

approximately 30% of total snowfall. Sublimation of intercepted snow is strongly 

dependant on the frequency of precipitation (Lundberg and Koivusalo, 2003), which 

determines the duration of its exposure to the atmosphere. The canopy density indirectly 

- affects sublimation rates as it governs a tree's interception efficiency and the proportion 

of throughfall accumulating beneath the canopy. 

The pre-melt formation of tree wells in a forested environment is augmented by 

radiation-induced ablation. Faria et al. (2000) conclude that the pre-melt variance of 

SWE within boreal forest stands increases with increasing canopy density. Pre-melt 

ablation in cold continental mountainous environments is dominated by sublimation. The 

sublimation of a forest snowpack is dependent on local meteorological variables such as 

net radiation, humidity, wind speed, temperature, and precipitation type (Schmidt et al., 

1998; Gelfan et al., 2004 ). Studies have related canopy properties to the ground energy 

balance or snowmelt rates ( e.g. Yamazaki and Kondo, 1992; Hardy et al., 1995). In 

general, they found that shading of direct solar radiation by vegetation reduces 

sublimation, evaporation, and melt, resulting in decreased melt rates beneath the canopy 

than observed in the open. Golding and Swanson (1986) studied the effects of various 

clearing sizes on snow distribution at maximum accumulation in western Canada. They 

reported that SWE was 42 - 52% less in north than south sectors of circular clearings 
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when the clearing diameter was 2 - 6 times stand height. The variability in SWE 

increased with clearing size and time since the beginning of the accumulation period 

(Golding and Swanson, 1986). West (1962) used pans to estimate evaporation of snow in 

the open and under a red fir canopy in the Sierra Nevada Mountains. He noted that 

winter evaporation increased as canopy cover decreased and opening size increased. The 

author acknowledged a correlation between increased evaporation and wind speed. Later 

work by Schmidt et al. ( 1998) suggested that aspect may still affect sublimation rates of a 

sub-canopy snowpack despite being shaded by forest vegetation. Schmidt et al. (1998) 

developed a method for predicting aspect differences in sublimation of sub-canopy 

snowpacks based on readily available meteorological variables. Their work in central 

Colorado showed that a south-facing forested slope experienced sublimation rates 1.2 

times that observed on an adjacent forested north-facing slope. Work by Schmidt et al. 

(1998) supports the finding by West (1962) that snowpack evaporation from forested 

south aspects was 1.24 times that of forested north slopes. These studies of the effect of 

aspect on sublimation (and evaporation) suggest that solar energy affects the sublimation 

of a forest snowpack, despite being shaded from incident shortwave radiation. West 

(1962) and Bernier (1990) both point to reduced wind speed and turbulent exchange 

within a forest stand as the primary factor causing lesser sub-canopy evaporation than 

observed in the open. 

1.1.8 - Vegetation and its influence on the snowpack energy balance 

The low albedo of dark conifer vegetation promotes the absorption of incoming 

shortwave solar radiation by the canopy that is then reemitted in long wavelength form, 
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resulting in enhanced snowpack ablation and melt rates in close proximity to tree boles. 

Essery et al. (2004 ), in describing the competing under canopy radiative fluxes, cite 

terminology used in Ambach (1974) discussing a "radiative paradox". Their "paradox" 

involved the two competitive radiative changes that affect snowmelt at the ground surface 

as canopy density increases: vegetation attenuating the transmission of shortwave 

radiation, while enhancing longwave irradiance to the surface (Essery et al., 2004). 

Conifer canopies control the energy exchange between the canopy tops and the forest 

floor, altering the local radiation climatology and rate of turbulent energy transfer to the 

snow surface, therefore exerting control on postdepositional snow processes such as 

densification, grain growth, wetting, and refreezing (Davis et al., 1997; Link and Marks, 

1999). 

Melt rate is of primary interest from a hydrologic perspective because it determines 

the availability and volume of surface runoff and groundwater recharge. Numerous 

studies have considered the effect of forest vegetation on snowmelt. Faria et al. (2000) 

found that the spatial distribution of ablation rates within a forest stand was inversely 

correlated to the SWE distribution. That is, melt was enhanced where snowcover was 

thinnest. This is somewhat intuitive, as snowcover is known to be limited around tree 

boles, which also enhance longwave melt energy. Faria et al. (2000) cite the low albedo 

. of thin forest snowcover (Davis et al., 1997), and the advection of energy from snow-free 

surfaces to adjacent snowcover (Shook and Gray, 1997) as potential contributors to the 

negative covariance between SWE and ablation rate. The inverse relationship was 

observed to increase with decreasing canopy density. The mean spring snowmelt rate in 

dense conifer forests may be 3-5 times smaller than the rate in the open (Gelfan et al., 
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2004 ). Lower melt rates and lesser accumulation in a conifer forest compared to the open 

compete to determine snowcover duration between the two environments. Measurements 

of the effects of canopy density on snowmelt in western Canada show that forest stands 

with a canopy density between 60 and 80% had the slowest ablation rates, while lower 

forest density resulted in greater rates of ablation (Davis et al., 1997). However, in a 

study comparing various forest clearing sizes, Golding and Swanson (1978, 1986) 

reported that the lowest spring melt rates occurred in a 1 H diameter clearing, with rates 

increasing with both smaller and larger clearings. 

Results of most studies discussed in this introduction point to counterbalancing 

effects of forest vegetation on snow accumulation and ablation. From water resource and 

land management perspectives, it would be beneficial to carefully weigh the effects that 

both forested and non-forested environments have on potential meltwater inputs. Results 

from these numerous studies point to a possible region-specific optimum forest density 

whereby SWE accumulation is maximized and pre-melt ablation and spring melt is 

minimized. 

The purpose of this study was to document the effects of forest vegetation on snow 

accumulation, ablation, and potential meltwater inputs. I documented the distribution of 

snow in a sub-alpine basin representative of terrain in the seasonally snow covered 

coniferous-forested mountains of north central New Mexico, and the highlands of the 

southern Rocky Mountains. Little work has been done in the mid-latitude southern 

Rocky Mountains where cold winter air temperatures, high insolation, conifer vegetation, 
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and a moderate snowpack may compound relationships observed elsewhere. The 

heterogeneity of the snowpack in this area is largely governed by the effects of solar 

radiation, and its distribution is further complicated by variability in energetics associated 

with the vegetation. This study used a two-tiered approach to quantify the affects of 

forest vegetation on snow ablation: (a) the microscale spatial variability of snowpack 

dynamics in close proximity to an individual tree were observed during three different 

time periods; mid-winter, max accumulation, and melt; and (b) the stand-scale variability 

of the melt season in a mixed conifer forest was monitored using a network of 7 

automated depth sensors. This approach provides a unique mechanistic view of 

snowpack processes governing snow accumulation and ablation under various canopy 

conditions and at a variety of scales in a region where these snow processes are poorly 

documented. 

1.2 Study site description 

The highlands of the semi-arid Southwest differ significantly from other seasonally 

snow covered montane environments. The Southwest is a land of contrasts. The 

perennial flow of the Rio Grande promotes a verdant riparian corridor that is in sharp 

contrast to the surrounding desert landscape. A similar juxtaposition is apparent between 

the region's broad flat river basins and pronounced topography. The highest mountains 

are in the north-central part of the state, of which Wheeler Peak (4012 m) is the tallest 

summit. New Mexico is divided into three major river basins by north-south oriented 

mountain ranges and highlands that merge in southern Colorado. The eastern plains and 
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the central Rio Grande basin are separated by the northern mountains and the central 

highlands, and the basin west of the continental divide drains to the Colorado River. 

The regional climate is characterized by steep gradients in temperature and 

precipitation with elevation, abrupt wet-dry seasonal transitions, and high interannual 

variability. The highest mountains have climate characteristics similar to the Colorado 

Rockies. In these northern mountains the average annual temperature is less than 3.6°C, 

the average annual precipitation exceeds 50 cm, and the average annual snowfall 

approaches 760 cm (WRCC, 2006). However the climate in the mountains of New 

Mexico differs from the Colorado Rocky Mountains to the north because of lower 

precipitation totals, less cloud cover, and lower relative humidity. 

Vegetation in the region varies from desert scrub in the Rio Grande valley to high 

elevation sub-alpine mixed conifer forests only 20 kilometers away. Graham and Sisk 

(2002) provide a thorough description of the montane biotic communities of the 

Southwest's Colorado Plateau. Between 3000 m and treeline, lingering snowpacks keep 

the forest floor moist for much of the year and support mountaintop stands of sub-alpine 

conifer forests dominated by Engelmann spruce and sub-alpine fir. Rocky Mountain 

ponderosa pine (Pinus ponderosa var. scopulorum) is found between 1850 and 2500 m, 

and the higher elevations are typically associated with southwestern white pine (Pinus 

strobiformis), Rocky Mountain Douglas-fir, (Pseudotsuga menziesii var. glauca), Rocky 

Mountain white fir (Abies concolor var. concolor), and quaking aspen (Populus 

tremuloides) (Graham and Sisk, 2002). The vegetation between the ponderosa and sub

alpine conifer forest zones is characterized as a mixed conifer forest. Mixed conifer 

forests in the region are relatively open in nature, with density and under canopy 
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vegetation conditions varying depending on human intervention. Mixed conifer 

understories are generally dry and grassy on flat exposed terrain and on ridges, with 

closed canopy conditions and denser undergrowth in shaded ravines (Graham and Sisk, 

2002). Studies have shown that between 1962 and 1987 the area of the Southwest 

covered by mixed conifer forests has increased by 81 % (Johnson, 1994), and the average 

density of these forests has increased significantly since 1910 (Woolsey, 1910). Johnson 

(1996) cites the absence of natural fire regimes as the primary cause of the increased 

mixed conifer density. Alpine tundra communities are found at only the highest 

elevations in the Southwest, generally above 3660 meters. At 35° N, these peaks are the 

southernmost climatic alpine areas on the continent, north of the high volcanoes of 

central Mexico (Graham and Sisk, 2002). 

My research was conducted within the 89,000-acre Valles Caldera National 

Preserve (VCNP) in the Jemez Mountains, New Mexico (35° 53'N, 106° 32'W) (Figure 

1), and work was focused within the eastern drainages of Redondo and Redondito Peaks. 

Elevations range from 3431 m at the summit of Redondo Peak to 277 4 m at La Jara 

Creek stream gauge. The basin contains an upper elevation meteorological station at 

3247 m and another station 1 km south of the stream gauge at 2652 m, both are operated 

by the VCNP Trust. SNOTEL site #708 (Quemazon) is located at 2957 m 13 km to the 

east-northeast. The Valles Caldera is a geologically complex caldera, predominantly 

consisting of rhyolite and basalt bedrock. Vegetation ranges with elevation across the 

three vegetative zones discussed above and was surveyed in detail by Muldavin and 

Tonne (2003). Both Engelmann spruce and corkbark fir make up the steeper more 

shaded slopes of the highest elevations, typically forming dense closed canopies with 
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shady understories. The middle elevations of the VCNP, and the primary forest type of 

the extensive study site between 3012 and 3047 m, is a mixed conifer forest, consisting of 

Douglas-fir, white fir, blue spruce, southwestern white pine, limber pine, and ponderosa 

pine along with scattered aspens (Muldavin and Tonne, 2003). Ponderosa pine dominates 

the lowest and warmest elevations. 

The forest in the region has been selectively harvested and clear-cut numerous times 

over the past century and the web of logging roads and skid tracks and mixed tree ages 

are remnants of its history as privately owned and managed land. The presence of small 

meadows and clearings at upper elevations suggest the forest is still recovering from this 

logging activity. 

The region's principle sources of moisture are the Pacific Ocean and the Gulf of 

Mexico, 800 km to the west and southeast, respectively. Winter precipitation is caused 

by frontal storm systems originating over the Pacific Ocean on a general west-east track. 

Typically, just less than half of the 720 mm of average annual precipitation (1980-2004) 

in the Jemez Mountains falls between November and April (NRCS, 2005). The average 

mean temperature (1989-2005) for these winter months as recorded at Quemazon (2896 

m) is -2.4°C (NRCS, 2005), and the majority of winter precipitation falls as snow at the 

upper elevations. The maximum SWE for the 2004-2005 water year occurred on March 

26 and was 37.6 cm or 148% of average and the SNOTEL site recorded continuous snow 

cover for 166 days (NRCS, 2005). The remainder of precipitation falls during the few 

months of the summer monsoon season during brief, but frequent! y intense 

thunderstorms. A general southeasterly circulation pattern pulls summer moisture from 

the Gulf of Mexico into the region to fuel these storms. The eastern flank of the Jemez 
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Mountains records the greatest frequency of hail in the State as a result of surface heating 

and orographic lifting over the higher terrain (WRCC, 2006). 

1.3 Thesis Format 

The format of this thesis is defined by the University of Arizona Graduate College's 

Manual for Theses and Dissertations and is, therefore, subject to repetition. It includes 

an introductory chapter describing the uniqueness and relevance of this research, a 

chapter on the Present Study that briefly summarizes the findings of the manuscript 

included in Appendix A and discusses the conclusions and implications of these findings. 

Appendix A is a scientific manuscript on the effects forest vegetation on snow 

accumulation, ablation, and potential meltwater inputs, and is planned for submission to 

the journal Hydrologic Processes. The manuscript succinctly reiterates the introduction, 

conclusions, and implications presented in the body of this thesis, but it also includes 

chapters that describe the methods and discuss the results of my research. The 

manuscript addresses the following questions: 

1) How does forest vegetation affect snow accumulation? 

2) How does forest vegetation affect snow ablation? 

3) What are the potential implications on meltwater input? 
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2. PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the manuscript, 

"Quantifying the effects of forest vegetation on snow accumulation, ablation, and 

potential meltwater inputs, Valles Caldera National Preserve, NM." Appendix A 

The following is a summary of the most important findings in this paper. 

2.1 Present Study 

This paper describes the influence of forest vegetation on snow accumulation, 

ablation, and potential meltwater inputs. The main objectives were to describe the spatial 

and temporal variations of snow depth and SWE, with particular emphasis on these 

variations under three canopy conditions. The seasonal dynamics of physical snow 

properties (i.e. depth, density, grain size, crystal type, and temperature) around a solitary 

conifer tree were monitored. This approach provided insight into the effects of canopy 

interception, energy exchange, and vegetative shading on seasonal SWE accumulation, 

spring snow cover distribution patterns, and snowpack metamorphic quality. The spatial 

representativeness of our observations was checked against the snow distribution around 

15 mixed conifer trees at our study site, near the period of maximum accumulation. The 

effects of canopy condition on snow accumulation and melt rates were monitored at a 

high temporal resolution in a medium density mixed conifer forest at the study site. 

These methods provide a mechanistic view of the effects of conifer forest vegetation on 

maximum SWE yield, melt rate and timing, and potential meltwater input. 

The study location within the Valles Caldera National Preserve was chosen for three 

primary reasons; (i) its proximity to the upper elevation research site; including a network 
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of 9 ultrasonic snow depth sensors and a 35 m hi-resolution flux tower; (ii) the locations 

of the extensive tree surveys were sited in flat terrain to limit the added variability due to 

elevation or aspect; and (iii) the study was conducted within and just outside of a gauged 

watershed; the spring runoff from which was sampled for its water quality, and therefore 

measurements at the study site represent an approximation of the maximum SWE at the 

basin's upper elevations, and provide a means of partitioning snowmelt into runoff vs. 

evapotranspiration and sublimation. 

Field work was conducted during three field campaigns: 12 February, 14-15 March, 

and 16 April, 2005. Each campaign consisted of digging two 4-meter long trenches 

radiating outward from the trunk in both north and south cardinal directions. The 

trenches were dug to bare ground and the resulting snow profile characteristics 

documented. Snow density was approximated by conducting duplicate cuts using 

Snowmetrics© 1000 cm3 and 250 cm3 stainless steel density cutters at each 10 cm vertical 

increment over the entire pit depth. Each excavated snow sample was weighed with the 

cutter using an Acculab © 4 kg digital scale, the cutter weight was tared, and the mass per 

volume was documented. This density was converted to SWE by dividing by the density 

of water and multiplying by the sample depth. Snow water equivalent is reported in 

centimeters of water depth. Physical attributes of the snowpack were documented 

including crystal structure (type) and size, internal snowpack temperature, and 

stratigraphic characteristics. Profiles were conducted at 0.5, 1, 2, 3, and 4 m from the tree 

bole for each trench and the trenches were back-filled at the end of each field visit to 

preserve snowpack integrity. Subsequent trenches were stepped forward approximately 

25 cm into the undisturbed snowpack. The reasons for choosing this method of snow 
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profile were two-fold: to observe the effects of vegetation and canopy capture on the 

surrounding snowpack, and to compare the effects of direct and indirect (south and north) 

solar radiation exposure. 

Continuous snow depth measurements provided high temporal resolution 

observations of the effects of various canopy conditions on snow accumulation and 

ablation in a mixed conifer forest. A network of 9 ultrasonic snow depth sensors was 

installed on 8 March, 2005 at the study site (3047 m). However, only 7 sensors were 

operational for the '04-05 snow year. Sensors were positioned beneath three canopy 

conditions: open, fringe, and under canopy. We define open canopy conditions as having 

little to no canopy coverage and where the snowpack experiences no direct influences 

from surrounding vegetation. The fringe is also known as the canopy crown or edge and 

represents the relatively abrupt but variable transition between under canopy and open 

conditions. The fringe is characterized by partial canopy coverage and sky view, and is 

an area that receives additional snow input through mechanical removal of snow on the 

canopy. The under canopy is characterized by full canopy coverage and no sky view. 

These temporal measurements of snow depth expand our understanding of the dynamics 

of snow characteristics related to forest vegetation through periods of active 

accumulation and melt. 

Stand-scale snow surveys in cardinal directions around 15 individual trees were 

designed to evaluate the effects of vegetation size, density and solar exposure on the 

stand-scale snowpack. A survey of 15 conifer trees at the study site was conducted on 15 

March, 2005. Snow depths were measured at 0.2, 0.5, 1, 2, 4, and 6 m radially outward 

from the tree boles in N, S, E, & W cardinal directions. 
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A binary regression tree model was used to predict snow depth based on the 

relationships between four micro-scale (i.e. 10-cm resolution) canopy structure indices 

using data from the intensive field campaign surrounding 15 trees at maximum 

accumulation and vegetation-induced micro-scale spatial variability in solar radiation. 

The structure of this model will be presented herein and the results discussed in the 

following section. 

Four independent variables were used to explain snow depth distribution. Distance 

from tree bole (DTB) is the distance (in meters) that a snow depth measurement was 

made from the trunk (bole) of a surveyed tree and ranges from 0.2 - 6 meters. Distance 

to canopy edge (DTC) is the distance (in meters) of a measurement from the canopy 

fringe or edge. Negative DTC values represent under canopy measurements and positive 

values represent measurements made out in the open, beyond the canopy edge. A land 

classification scheme (Class) was developed to delineate five different near-tree snow 

accumulation environments (1-5): shaded, under canopy, fringe, partial solar exposure, 

and full solar exposure, and was introduced into the model as an independent variable. 

The fourth independent variable, an index of solar radiation (Srad), was created 

assuming clear sky conditions and applying the TOPQUAD algorithm (Dozier, 1980) 

over a three-dimensional representation of vegetation structure. Vegetation structure was 

developed by merging the coordinates of individual trees and the physical structure of 

each tree (i.e. from field measurements of tree height and canopy radii) into a 

Geographical Information System (GIS). Daily net solar radiation was calculated for 

each 10-cm pixel within the survey site by integrating projected hourly intervals of solar 
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radiation over the course of the daylight hours for the 15th day of each month of the 

accumulation season (i.e. November - March, 2005). The solar index was then created by 

taking the average of the individual radiation surfaces, therefore integrating shade 

projections throughout the accumulation season. 

2.2 Conclusions and Implications 

2.2.1 Context for Research 

In the western U.S., mountain snowpack provides up to 75% of the annual streamflow 

and groundwater recharge. This source is required to meet demands of over 60 million 

people (Bales et al., 2004), while also providing sustainability for agriculture and 

industry. A definitive link exists between seasonally snowcovered mountain catchments 

and downstream hydrologic processes. Perennial streamflow in otherwise arid or semi

arid lands is driven by and dependent upon these often distant recharge zones. Thus, 

snow accumulation and ablation processes in seasonally snowcovered montane 

environments in turn influence the hydrologic processes and interactions with ecosystems 

over more than half of the land area in the U.S. The presence of forest vegetation is 

known to have profound effects on mountain snowpack accumulation and ablation 

processes (Niederhof and Dunford, 1942; Wilm and Dunford, 1948; Golding and 

Swanson, 1978; Davis et al., 1997; Faria et al., 2000; Bales et al, 2004). Forests are also 

inherently dynamic on a scale that impacts our water resources. Large-scale die-offs due 

to fire, disease, and changing climate have impacts on downstream water quality due to 

increased erosion and sediment transport and may impact local soil moisture availability 

and future forest spatial patterns and biodiversity (Carignan et al., 2000; Graham and 
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Sisk, 2002). Additionally, changes in forest ecology from fire suppression increase forest 

density (Johnson, 1996; Edminister and Olsen, 1996), which is known to decrease snow 

water yield (Golding and Swanson, 1978; 1986). We currently lack a mechanistic 

understanding of the effects that these annual, decadal and long-term forest dynamics 

may have on the future sustainability of our water resources. 

Studies have related canopy properties to the ground energy balance or snowmelt 

rates (e.g. Yamazaki and Kondo, 1992; Hardy et al., 1995). In general, they found that 

shading of direct solar radiation by vegetation reduces sublimation, evaporation, and 

melt, resulting in decreased melt rates beneath the canopy than observed in the open. 

Conversely, dark conifer vegetation absorbs incident shortwave energy, enhancing the 

transmission of long wavelength ablation-inducing radiation (Price and Dunne, 1976; 

Essery et al., 2004). The two processes (enhanced shading and near-tree ablation) 

compete to determine the ultimate fate of the snowpack. 

The Valles Caldera National Preserve in north-central New Mexico provides a unique 

setting for a snow-vegetation study. This mountainous forested region rises above semi

arid and arid deserts and accumulates a continuous winter snowpack, the runoff from 

which feeds the over-allocated Rio Grande. The region's southerly latitude (35°N) 

results in greater incoming solar energy than more northerly study locations. This study 

is unique in its scope to address the effects of forest vegetation on potential meltwater 

inputs and timing in a region where solar radiation plays a significant role in the seasonal 

snowpack mass and energy balance. Our approach scaffolds the development of a 

mechanistic understanding of snowpack processes governing snow accumulation and 
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ablation under various canopy conditions and at a variety of scales in a region and 

climate where these snow processes are poorly documented. 

2.2.2 Impacts of Conifer Vegetation on Snow Accumulation and Distribution 

Temporal and spatial observations of snow accumulation and distribution quantified 

several differences between under canopy, fringe, and open canopy conditions. In 

general, the effects of conifer trees on the snowpack were observed to be a function of 

tree size and canopy diameter. On average, depth and density measured two weeks prior 

to maximum accumulation showed that under canopy SWE was 47% less than in the 

open (p<0.01). Depth increased non-linearly outward from the tree boles to a distance 

equal to the canopy radii. Larger trees with greater canopy radii had a more pronounced 

effect on the snowpack than smaller trees. Small trees with canopy radii less than 2 m 

and large trees with 4 m canopy radii had 39 and 67% less SWE beneath the canopy than 

in the open, respectively. Our data indicate that the variability increases with tree size 

and support the finding of Faria et al. (2000) that the pre-melt variance of SWE within 

boreal forest stands increases with canopy density. 

The distribution of pre-melt SWE around conifer vegetation is known to be a result 

of differential accumulation patterns due to canopy interception of snowfall, and post

depositional metamorphism and ablation in proximity to the tree bole (Sturm, 1992). 

Canopy interception may be approximated by comparing SWE measurements conducted 

in clearings to those conducted under canopy conditions (Lundberg and Koivusalo, 

2003). We observed a range of canopy interception estimates using both automated and 

manual monitoring techniques of multiple and single storm events and estimates 
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converge on 44% of total precipitation (SWE). This is a significant portion of the 47% 

difference between under canopy and open SWE around individual trees. 

This study was not specifically designed to partition interception and post

depositional, pre-melt ablation. However, we are able to infer ablation (sublimation) due 

to vegetative energy exchange through microscale observations of snowpack properties. 

Snow grain size and density were inversely correlated with distance from the tree bole. 

Indications of ablation nearest the tree bole are evident in the snow density and grain size 

distribution. An inverse correlation between grain size and density was observed, with 

grain size largest nearest the tree bole and decreasing with distance from the bole. 

Metamorphism of snow crystals in close proximity to the tree bole, a product of energy 

exchange, resulted in the formation of near-surface faceted crystals (up to 4.5 mm in 

diameter). Observations suggest that radiation energy (in long wavelength form) is 

primarily radiating outward from the tree bole, and not the overlying canopy itself. Our 

findings suggest that forest canopy cover may not always result in enhanced ablation, but 

with sufficient distance from the tree bole canopy cover may reduce ablation by 

providing shade from incoming solar radiation. Density was observed to peak at the 

canopy fringe. The fringe receives additional input from the mechanical removal of snow 

captured by the canopy, and while the fringe did not always have more SWE than the 

open, the snow density suggests an enhanced compaction process is occurring at the 

fringe. 
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2.2.3 Canopy Effects on the Timing and Rate of Snowmelt 

We observed a distinct (statistically significant) average difference between shaded 

(northern) and exposed (southern) sides of 15 individual conifer trees. The north sides of 

trees had 18.3% (p=0.17), 26.8% (p=0.07), and 24.6% (p=0.01) more SWE under 

canopy, at the fringe, and in the open, respectively, than south sides of trees. We 

attribute the differences to variable exposure to incident solar radiation. Analysis of 

snowpack stratigraphy on north and south aspects of a conifer tree show that the 

snowpack at 4 m from the tree bole on both aspects was not saturated, suggesting that the 

significant difference in the open may be largely due to sublimation and not melt. 

Incident solar radiation is documented to enhance pre-melt ablation (Packer 1962; Luce 

et al., 1998). 

Micro- and tree-scale snowpack dynamics around a solitary 15-m spruce tree 

recorded at three time periods: mid-winter, max accumulation, and melt support the 

finding that ablation is less on shaded north sides of trees and enhanced on south sides. 

We found that maximum SWE occurs as much as one month earlier than the 2005 basin 

average of 27 March on the tree's entire south aspect and in close proximity (within 2 m) 

to the tree bole on both tree aspects. Additionally, maximum accumulation occurs nearly 

one month later than the basin average on the shaded north side of the tree, even beneath 

the canopy. Snowmelt was enhanced and snowcover duration was minimized in close 

proximity to the tree bole and where the snowpack is exposed to incident solar radiation. 

Our findings at the tree-scale are that shading and distance from the tree bole (2 m and 

beyond) greatly reduce the melt rate and extend the snow covered season than was 

observed closer to the tree and on exposed south aspects. 
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The effect of vegetative shading is more apparent at the forest-stand scale. Average 

melt rates monitored by the network of automated depth sensors were 46% and 54% 

greater at the fringe and in the open, respectively, than under canopy. The shaded under 

canopy snowpack experienced lower melt rates than the open conditions. The combined 

effect of limited snow accumulation and low melt rates beneath a conifer canopy resulted 

in snowcover duration equal to the deeper but faster melting open snowpack. 

The apparent, but admittedly arbitrary, inverse correlation between snow depth and 

melt rate suggests that forest vegetation has opposing affects on a snowpack. Conifer 

trees limit SWE accumulation through canopy interception, while concomitantly the 

shade provided by the presence of these trees reduces sublimation and melt rates, 

effectively prolonging snow cover and sustaining meltwater inputs to the local and 

downstream hydrologic systems. In addition, energy exchange between the tree and the 

snowpack nearest the tree bole results in ablation and the reduction of accumulated SWE. 

Despite the long-lasting under canopy snowpack, the snow nearest the tree bole was 

observed to be the first to melt out. We conclude that shaded openings found in a 

medium density conifer forest may enhance snow accumulation and prolong the melt 

rate. 

2.2.4 Binary Regression Tree Model Results 

The model deviance was minimized and the coefficient of determination, R 2, was 

optimized using a regression tree with 10 terminal nodes. The optimal regression tree 

model incorporating the four independent variables achieved an R2 of 0.54. Distance to 

canopy edge (DTC) was the most important descriptor of snow distribution. The solar 

radiation index was most important for samples within 1 m of the edge of the canopy. In 
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some cases, increased solar radiation was associated with greater snow depths as solar 

radiation increases with distance from tree canopy but snowfall interception decreases. 

For locations outside the canopy fringe (DTC > 1), distance to bole (DTB) was the next 

most important variable with increasing DTB resulting in lower snow depths. 

Our application of a binary regression tree model is unique· in that no previous studies 

have shown the importance of detailed vegetation and related parameters ( e.g. distance 

from tree, distance from canopy edge, solar radiation, and land classifications). 

Our application of modeled microscale vegetation-induced variability in solar radiation to 

a binary regression tree model is the first of its kind, and as such explains the 

significantly improved snow depth I vegetation correlation relative to previous works. 

Henceforth, the results presented here should motivate future application of detailed 

vegetation data in snow distribution models. In this regard, detailed vegetation data from 

a variety of remotely sensed measurement techniques (e.g. LIDAR) may have utility in 

snow distribution modeling. 

2.2.5 Implications in a Changing Environment 

The presence of forest vegetation has been shown to reduce snow water yield 

(Hibbert, 1967) by limiting the amount of snow lost to canopy interception and 

subsequent sublimation. However, Hibbert (1967) further concluded that the response to 

treatment is highly variable and, for the most part, unpredictable. Competing systems of 

processes have been identified to govern the effects of conifer forest vegetation on snow 

accumulation and ablation. The generalization that forest vegetation limits snowpack 
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accumulation ignores the benefits of shade cover that a forest can supply to a montane 

snowpack. Shade cover significantly delays maximum SWE accumulation and the 

initialization of melt that otherwise occurs in the exposed open. Furthermore, shade 

cover significantly reduces the melt rate observed in the open. Kattleman et al. (1983) 

suggested that forest management can increase SWE yield, using selective harvesting 

methods, and delay snowmelt, by optimizing clearing size and orientation. The study 

further suggested that delaying streamflow is perhaps the greatest contribution watershed 

management can make to meeting future water demands (Kattleman et al., 1983). 

Under natural conditions, mixed conifer forests found between 2440 and 3050 m 

elevations in the southern Rocky Mountains exhibit relatively open stand structures with 

limited undergrowth (Graham and Sisk, 2002). But more than a century of fire 

suppression has facilitated the development of dense sapling understories, with 

regeneration becoming dominated by the more fire-sensitive Douglas-fir and white fir, 

otherwise found at higher elevations. Fir species have relatively brittle and short 

branches and thus prefer to grow close together to protect the stand from wind and heavy 

snow (Graham and Sisk, 2002). Unnaturally dense mixed conifer forests are at greater 

risk of large fires and dead branches and downed logs may contribute to outbreaks of 

bark beetles (Ehnstrom, 2001 ). 

Edminister and Olsen (1996) suggest that forest thinning can reduce stand density 

and, equally important, can remove or reduce lower canopy layers and thus reduce the 

likelihood of crown fire. Especially if done in irregular patterns and in various size areas, 

thinning can reduce homogeneity and enhance spatial and structural diversity (Edminister 

and Olsen, 1996). Decreasing forest density reduces the canopy area, thus decreasing 
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canopy interception and resulting in increased SWE yield. However, a canopy threshold 

may exist where canopy cover ·and shade potential are optimized. Golding and Swanson 

(1978, 1986), in a study in Alberta, Canada, addressed the effects of clearing size on 

snow accumulation and melt. Their conclusions showed highest accumulation in clearing 

sizes as small as 1/.i to 1 H (where H represents stand height). Concomitantly, spring melt 

rates were also lowest in 1 H clearings. There is potential for mixed conifer forests in the 

Southwest to maintain, under appropriate management regimes, a density that permits 

spacing equal to or greater than 1/.i to 1 H. It is believed that maintaining an optimum 

forest density could benefit the natural ecosystem as well as sustain the input to 

downstream hydrologic processes by increasing snow accumulation, cover duration, and 

prolonging melt inputs. 

Among the numerous influences of seasonally snow-covered forests on water 

supply, the most important is its effect on SWE yield and snow melt. Openings or 

clearings enhance the accumulation of snow, whereas shade prolongs the melt rate. 

Obtaining an optimum forest density whereas accumulation and melt rates are optimized 

has implications on the catchment, basin, and downstream hydrologic processes. The 

potential environmental, ecological, and hydrologic benefits of a prolonged snowmelt are 

many. Increased evapotranspiration due to the longer availability of soil moisture could 

benefit the sustainability of the catchment ecosystem. A prolonged release of meltwater, 

rather than a short-lived high-volume pulse, would increase infiltration volume and depth 

and possibly enhance groundwater recharge. Dampening the initial meltwater pulse 

could improve stream water quality by buffering and prolonging the flow of the spring 

freshet, reducing erosion and sediment transport. Reducing the snowmelt rate could also 
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sustain downstream flow well into the summer season, benefiting the environment and 

downstream hydrologic processes as well as easing the strain placed on rivers by 

agriculture, especially critical in the Southwest. 
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APPENDIX A- QUANTIFYING THE EFFECTS OF FOREST VEGETATION ON 

SNOW ACCUMULATION, ABLATION, AND POTENTIAL MELTW ATER INPUTS, 

VALLES CALDERA NATIONAL PRESERVE, NM, USA. 
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ABSTRACT 

We quantified the effects of forest vegetation on snow accumulation and ablation in a 

lower I mid-latitude montane environment. Detailed snowpit analyses and ultrasonic 

snow depth sensors indicated forest vegetation affected snowcover both through physical 

interception and through mediating energy fluxes. At maximum accumulation, canopy 

interception resulted in a 47% reduction of under canopy SWE. Conversely, shade cover 

resulted in 24.6% more SWE in the open on the north sides of trees than the exposed 

south sides. Spring melt rates were 54% greater in the open than beneath the canopy. 

We found that vegetative shading may delay maximum SWE accumulation by up to three 

weeks and greatly increase snow cover duration by minimizing ablation rates. Binary 

regression tree models indicated strong correlation (R2 = 0.54) between micro-scale (i.e. 

10-cm resolution) canopy structure indices and snow depth, suggesting that future 

remotely sensed vegetation data may improve snow distribution models. 

Key Words: snow, accumulation, ablation, vegetation, forest density, binary regression. 
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INTRODUCTION 

Snowpack in the seasonally snow-covered mountains of the western U.S. is the primary 

source of streamflow and groundwater recharge. Snowmelt represents the dominant 

control on the timing and magnitude of spring runoff events and is necessary for the 

sustainability of riparian ecosystems, agricultural industries, and municipalities (Bales et 

al., in press). Our ability to accurately quantify the water volume stored in these montane 

snowpacks, measured in snow water equivalent (SWE), is becoming critical as the 

demand for water in the western U.S. increases. Complex spatial and temporal 

heterogeneity of snow accumulation, SWE distribution, and melt processes due to 

variabilities in local energy climates, vegetation, and topography complicate attempts to 

quantify and model snow distribution (Molotch and Bales, 2006; Elder et al., 1991). 

Much of the seasonally snow-covered montane land in the U.S. is forested. Forest 

vegetation is known to have profound effects on the accumulation and ablation processes 

of mountain snowpack, and changes in vegetation can be expected to have large, but 

unquanitfied impacts on potential meltwater input. Large-scale die-offs due to fire, 

disease, and changing climate may affect downstream water quality due to increased 

erosion and sediment transport and may impact local soil moisture availability and future 

forest spatial patterns and biodiversity (Carignan et al., 2000; Graham and Sisk, 2002). 

Additionally, changes in forest ecology from fire suppression have increased forest 

density (Johnson, 1996; Edminister and Olsen, 1996), which is known to decrease snow 

water yield (Golding and Swanson, 1978, 1986; Kattleman, 1983). We currently lack a 

mechanistic understanding of the effects of vegetation on snow distribution necessary to 
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address the impacts of these annual, decadal and long-term forest dynamics on water 

resources; such understanding is needed to guide resource management decisions. 

Studies at the catchment scale have revealed the general response of hydrological 

processes to reductions of forest cover. For example, Hibbert ( 1967) showed that 

reduction of forest cover increases water yield and Kattleman (1983) showed that the 

timing and duration of snowmelt-induced runoff is highly sensitive to forest cover 

properties. Complimenting these catchment-scale works are those that have explored 

micro-scale variability in snow I vegetation interactions. Controls of forest canopy on 

snowpack I atmosphere radiative and turbulent transfer have been well documented (e.g. 

Price and Dunne, 1976; Hardy et al., 1997; Link and Marks, 1999; Woo and Giesbrecht, 

2000; Gelfan et al., 2004). Similarly, the effects of vegetation on snow accumulation 

have been extensively evaluated (e.g. Niederhof and Dunford, 1942; Wilm and Dunford, 

1948; Golding and Swanson, 1978, 1986; Davis et al., 1997; Faria et al., 2000; Nui and 

Yang, 2004). Transferability between these catchment- and micro-scale studies remains 

a pressing issue as improved parameterizations of snow-vegetation interactions are 

needed at the basin scale (Garen and Marks, 2004). 

Previous studies have extended field observations to the catchment-scale using 

regression tree snow depth models (Erxleben et al., 2002; Molotch et al., 2005). These 

studies revealed strong correlations between snow depth and both elevation and terrain

induced variability in solar radiation. Vegetation properties, however, played only a 

tertiary role in explaining the distribution of snow depth (Erxleben et al., 2002; Molotch 

& Bales, 2006); detailed analyses of vegetation structure I snow depth relationships were 

not performed in these studies due to lack of micro-scale vegetation data. Similar efforts 
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that explore detailed vegetation information are needed to fully realize the statistical 

relationships between vegetation properties and snow accumulation. 

The lack of transferability between point, basin and continental scale studies 

motivates field based studies in a variety of climates. Limited work has been conducted 

in low- to mid-latitude southern Rocky Mountain climates where cold winter air 

temperatures, relatively high solar zenith angles, conifer vegetation, and a moderate 

snowpack may compound relationships observed elsewhere. In particular, vegetative 

shading of incident solar radiation may play a more important role in altering snow 

accumulation and melt rates than has been previously documented at higher latitudes. 

The objective of this research is to improve understanding of relationships between 

snow accumulation and melt distribution, and vegetation properties in a mid I lower 

latitude sub-alpine forest in northern New Mexico. We used a three-tiered approach to 

reveal the effects of forest vegetation on snow accumulation and ablation: (a) monitoring 

microscale spatial variability of snowpack properties surrounding an individual tree 

during the accumulation and melt season; (b) observation of stand-scale variability in 

snowmelt rates using a network of 7 automated snow depth sensors deployed in sub

canopy and open areas; and ( c) development of a regression tree snow depth model from 

an intensive field campaign surrounding 15 trees at maximum accumulation and 

vegetation-induced micro-scale spatial variability in solar radiation. 
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STUDY AREA 

Research was conducted within the 89,000-acre Valles Caldera National Preserve 

(VCNP) in the Jemez Mountains, New Mexico (35° 53'N, 106° 32'W) (Figure 1), and 

work was focused within the eastern drainages of Redondo and Redondito Peaks. The 

region provides a unique setting for a snow-vegetation study. This mountainous forested 

environment rises above semi-arid and arid deserts where it accumulates a continuous 

winter snowpack, the runoff from which feeds the over-allocated Rio Grande. 

Additionally, the region's southerly latitude results in greater incoming solar energy than 

more northerly study locations. Elevations of focus range from 3431 mat the summit of 

Redondo Peak to 2774 mat La Jara Creek stream gauge. SNOTEL site #708 

(Quemazon) is located at 2957 m 13 km to the east-northeast. Our extensive study site is 

located between 3012 and 3047 min a mixed conifer forest of variable density. The 

Valles Caldera is a geologically complex caldera, predominantly consisting of rhyolite 

and basalt bedrock. The primary forest type of the study site is a mixed conifer forest, 

consisting of Douglas fir, white fir, blue spruce, southwestern white pine, limber pine, 

and ponderosa pine along with scattered aspens (Muldavin and Tonne, 2003). 

The region's principal sources of moisture are the Pacific Ocean and the Gulf of 

Mexico, 800 km to the west and southeast, respectively. Winter precipitation is 

dominated by frontal storm systems originating over the Pacific Ocean on a general west

east track. Typically, just less than half of the 720 mm of average annual precipitation 

(1980-2004) in the Jemez Mountains falls between November and April. The average 

mean temperature (1989-2005) for these winter months as recorded at Quemazon (2896 
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m) is -2.4°C, and the majority of winter precipitation falls as snow at the upper 

elevations. The maximum SWE for the 2004-2005 water year occurred on March 26 and 

was 37.6 cm or 148% of average and the SNOTEL site recorded continuous snow cover 

for 166 days (www.wcc.nrcs.usda.gov/snotel). The remainder of annual precipitation 

falls during the few months of the summer monsoon season during brief but frequently 

intense thunderstorms. 
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FIELD METHODS 

We monitored snow accumulation and ablation processes using three primary data 

collection methods (Table 1 ): (i) extensive micro-scale snow pit observations of physical 

snow characteristics in north and south directions outward from a solitary spruce tree, (ii) 

high temporal resolution of snow depth dynamics under three different canopy conditions 

in a medium density mixed conifer forest using a network of 7 ultrasonic snow depth 

sensors, and (iii) stand-scale snow distribution in all four cardinal directions around 15 

conifer trees within and on the periphery of a 0.5 km2 sparsely-forested meadow at 

maximum accumulation. 

Field work was conducted at the extensive snow pit plot during three field 

campaigns: 12 February, 14-15 March, and 16 April, 2005, and represent snow 

conditions at mid-winter, max accumulation, and melt, respectively. The studied tree was 

a 15 m-tall solitary spruce with a 3.1 m canopy radius. Each campaign consisted of 

digging two 4-meter long trenches radiating outward from the tree bole in both north and 

south cardinal directions. The trenches were dug to bare ground and the resulting snow 

profile characteristics documented. Snow density was approximated by conducting 

duplicate cuts using Snowmetrics© 1000 cm3 and 250 cm3 stainless steel density cutters at 

each 10 cm vertical increment over the entire pit depth. Excavated snow samples were 

weighed with the cutter using an Acculab © 4 kg digital scale, the cutter weights were 

tared, and the mass per volume was documented. This density was converted to SWE by 

dividing by the density of water (1 g/cm3
) and multiplying by the sample depth. Snow 

water equivalent is reported in centimeters of water depth. Physical attributes of the 
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exposed snowpack were documented including crystal structure (type) and size, internal 

snowpack temperature, and stratigraphic characteristics. Profiles were conducted at 0.5, 

1, 2, 3, and 4 m from the tree bole on both north and south sides and the trenches were 

back-filled at the end of each field visit to preserve snowpack integrity. The north and 

south transect walls were dug to face east and west, respectively, to avoid any disturbance 

from incident solar radiation during excavation and observation, and visits were timed 

accordingly to minimize this disturbance. Subsequent trenches were stepped forward 

approximately 25 cm into the undisturbed snowpack. The reasons for choosing this 

method of snow profile were two-fold: to observe the effects of vegetation and canopy 

capture on the surrounding snowpack, and to compare the effects of direct and indirect 

(south and north) solar radiation exposure. 

Continuous snow depth measurements provided high temporal resolution 

observations of the effects of various canopy conditions on snow accumulation and 

ablation in a mixed conifer forest. A network of 7 ultrasonic snow depth sensors was 

installed on 8 March, 2005 at the study site (3047 m). Sensors were positioned beneath 

three canopy conditions: open, fringe, and under canopy. The open and under canopy 

conditions were monitored by 2 sensors each, and the fringe by 3 sensors. We define 

open canopy conditions as having little to no canopy coverage and where the snowpack 

experiences no direct influences from surrounding vegetation. The fringe is also referred 

to in the literature as the canopy crown or edge and represents the relatively abrupt but 

variable transition between under canopy and open conditions. The fringe is 

characterized by partial canopy coverage and sky view, and is an area that receives 

additional snow input through mechanical removal (sloughing) of snow on the canopy. 
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The under canopy is characterized by full canopy coverage and no sky view. Depth 

sensor records were converted to SWE by adjusting for the observed difference in new 

snow density between a snowfall event at our site (304 7 m) and at the Quemazon 

SNOTEL site (2896 m). On average, the observed under canopy, fringe, and open 

densities at our site were 92, 97 and 95 percent of the density recorded by SNOTEL, 

respectively. These temporal measurements of snow depth expand our understanding of 

the dynamics of snow characteristics related to forest vegetation through periods of active 

accumulation and melt. 

Stand-scale snow surveys around 15 individual trees (15 - 20 m tall) were designed to 

evaluate the effects of vegetation size, tree proximity, and solar exposure on the stand

scale (i.e. 0.5 km2
) snowpack. A survey of 15 conifer trees in a 0.5 km2 sparsely-forested 

meadow at the study site was conducted on 15 March, 2005. Trees were divided into two 

general size classes; large ( canopy radii equal to 4 m) and small ( canopy radii less than 2 

m). Snow depths were measured at 0.2, 0.5, 1, 2, 4, and 6 m radially outward from the 

tree boles in N, S, E, & W cardinal directions. Snow depths around individual trees were 

normalized to remove variability in the comparison of the two canopy sizes. Snow depth 

was normalized for each tree size by dividing depths by the mean snow depth measured 

at the furthest distance from the boles. Normalized snow depth is only presented when 

comparing the distribution around the two tree sizes, and otherwise actual depth values 

are used. 
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MODELING METHODS 

Binary regression trees 

Binary regression tree models predict dependent variables (i.e. snow depth) using a 

non-linear hierarchical method based on relationships between the dependent variable 

and a host of independent variables (Molotch et al., 2004). The often non-linear 

relationship between snow depth and independent variables makes the use of a binary 

regression tree an attractive modeling option, and its application and accuracy in 

predicting snow depth has been presented by many (e.g. Elder et al., 1995, 1998; Balk 

and Elder, 2000; Molotch et al., 2004). Data sets are binned into increasingly 

homogeneous subsets using binary recursive partitioning. The model introduced herein 

uses four independent variables to predict snow depth - described in the next section. 

The regression tree was built to over-fit the data as described in Chambers and Hastie 

(1993). Model deviance versus number of terminal nodes was calculated by averaging 

100 iterations of IO-fold cross-validation procedures. Regression tree sizes that 

minimized model deviation were examined further. The regression trees were then 

grown with the number of terminal nodes restricted to all integer values between 2 and 30 

and the resulting coefficient of determination, R 2, values were plotted versus number of 

terminal nodes (Molotch et al., 2004 ). The tree model that resulted in the lowest 

deviance and highest R2 was selected as the best model. A detailed description of binary 

regression tree fitting procedures can be found in Breiman et al. (1984 ), and in-depth 

descriptions of their applications to snow depth are given in Elder et al. (1995, 1998) and 

Balk and Elder (2000). 
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Independent variables 

Four independent variables were used to explain snow depth distribution (Table 2). 

Distance from tree bole (DTB) is the distance (in meters) that a snow depth measurement 

was made from the trunk (bole) of a surveyed tree and ranges from 0.2 - 6 meters. 

Distance to canopy edge (DTC) is the distance (in meters) of a measurement from the 

canopy fringe or edge. Negative DTC values represent under canopy measurements and 

positive values represent measurements made out in the open, beyond the canopy edge. 

A land classification scheme (Class) was developed to delineate five different near-tree 

snow accumulation environments (1-5): shaded, under canopy, fringe, partial solar 

exposure, and full solar exposure, and was introduced into the model as an independent 

variable. 

The fourth independent variable, an index of solar radiation (Srad), was created 

assuming clear sky conditions and applying the TOPQUAD algorithm (Dozier, 1980) 

over a three-dimensional representation of vegetation structure (Figure 2). Vegetation 

structure was developed by merging the coordinates of individual trees and the physical 

structure of each tree (i.e. from field measurements of tree height and canopy radii) into a 

Geographical Information System (GIS). Daily net solar radiation was calculated for 

each 10-cm pixel within the survey site by integrating projected hourly intervals of solar 

radiation over the course of the daylight hours for the 15th day of each month of the 

accumulation season (i.e. November - March, 2005). The solar index was then created by 

taking the average of the individual radiation surfaces, therefore integrating shade 

projections throughout the accumulation season (Figure 2). 
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RESULTS 

Field Results 

Results from the stand-scale survey of snow distribution around 15 conifer trees indicated 

that depth increased non-linearly outward from the tree boles to a distance approximately 

equal to the canopy radii (Figure 3). Tree size had an appreciable effect on the difference 

between open and under canopy SWE, with large trees having a more pronounced effect 

on the snowpack than smaller trees. Small trees with canopy radii less than 2 m and large 

trees with 4 m canopy radii had 39% and 67% less SWE beneath the canopy than in the 

open, respectively (Figure 3). The stand-scale snow survey data plotted in Figure 3 

indicate that the snow depth variability increased with canopy density and support the 

finding of Faria et al. (2000) that the pre-melt variance of SWE increases with canopy 

density. The distribution further showed that on 15 March the north sides of trees had 

18.3% (p=0.17), 26.8% (p=0.07), and 24.6% (p=0.01) more SWE than south sides of 

trees in under canopy, fringe, and open locations, respectively (Figure 4). We attribute 

the SWE differences to variable exposure to direct solar radiation. The persistence of a 

considerable cold content (-2°C at 0.9 m below the snow surface) and feathery, bladed 

depth hoar crystals in the pack on 15 March suggest that the observed differences were 

primarily due to sublimation and not melt. 

Results of the extensive snowpit analyses conducted outward in north and south 

directions from the bole of a solitary conifer tree indicate that close to maximum 

accumulation, under canopy SWE was 44% (p<0.01) less than the SWE in the open and 

SWE at the fringe was slightly higher (7.8%) than SWE in the open, but the difference 

was not significant (p=0.42) (Figure 5). During the same time period, snow grain size 
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and density were inversely correlated with distance from the tree bole on the north side of 

the tree (Figure 6). Indications of ablation nearest the tree bole are evident in the 

observed inverse correlation between snow grain size and density, with enhanced grain 

size nearest the tree bole and decreasing with distance from the bole. Measurements 

made on the south side and at 0.5 m on the north side were excluded from Figure 6 

because the presence of ground ice overlain by fresh snow obscured the density and grain 

size signatures observed where the snowpack was sufficiently intact. Metamorphism of 

snow crystals in close proximity to the tree bole (within 1 meter), a product of energy 

exchange, resulted in the formation of faceted crystals (up to 4.5 mm in diameter) in the 

near-surface and at depth. 

On average throughout the site, using both manual and automated measurement 

techniques, under canopy SWE was 47% less than in the open (p<0.01) (Figure 5a,b). 

Comparisons of storm event SWE measurements conducted in clearings to those 

conducted under canopy conditions indicated that canopy interception reduced snow 

accumulation by 44% (Table 3), representing a significant portion of the 47% difference 

between under canopy and open SWE observed around individual trees. 

Snowpit observations made in February, March, and April indicate reduced ablation 

rates on the north side of the tree (Figure 7). Maximum SWE on the south side of the tree 

occurred as much as one month earlier than the north side. Snowcover duration was 

minimized in close proximity to the tree bole. Automated snow depth sensors indicated 

that average melt rates were 46% and 54% greater at the fringe and in the open, 

respectively, than under canopy (Figure 8). The combined effect of limited snow 
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accumulation and lower melt rates beneath a conifer canopy resulted in snowcover 

duration equal to the deeper but faster melting open snowpack (Figure 8). 

Binary regression tree model 

Figure 9 shows the correlation between measured snow depth and the modeled solar 

radiation index (Figure 2) using data collected during the snow depth survey of 15 conifer 

trees. Data included in the regression shown in Figure 9 were measured beyond the 

canopy edge to ensure that snow depths and radiation indices were unaffected by 

overlying canopy coverage. Data that did not meet this criterion were excluded (Groups 

1 and 2 in Figure 9). Additionally, data from 3 small trees on the periphery of the 

surveyed meadow where excluded (Group 3 in Figure 9) because this region was 

determined to be an area of preferential accumulation (16% greater snow depth). A 

significant (p<0.01, n=39, R2=0.53) negative correlation is observed indicating that the 

greatest snow depths occur in the shade and suggesting that exposure to solar radiation 

limits snow depth. 

Model deviance was minimized and the coefficient of determination, R 2, was optimized 

using a regression tree with 10 terminal nodes (Figure lOa,b ). The optimal regression 

tree model incorporating the four independent variables is shown in Figure 11 and 

achieved an R2 of 0.54. The values at the end of each tree branch are the mean values of 

all samples satisfying the splitting criteria for that node. Distance to canopy edge (DTC) 

was the most important descriptor of snow distribution as indicated by the presence of the 

variable in the first criteria split of the tree. Subsequent splits on the solar radiation index 
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indicate that variability in this variable was most important for samples within 1 m of the 

edge of the canopy; initial node split on DTC value equal to 1 with all subsequent splits 

on solar radiation (Figure 11 ). In some cases, increased solar radiation was associated 

with greater snow depths as solar radiation increases with distance from tree canopy but 

snowfall interception decreases. For locations outside the canopy fringe (DTC > 1 ), 

distance to bole (DTB) was the next most important variable with increasing DTB 

resulting in lower snow depths. 
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DISCUSSION 

Forest vegetation has long been known to reduce basin snow water yield ( e.g. Hibbert, 

1967; McMinn and Hewlett, 1975) and the primary factor responsible, especially in 

conifer forests, is canopy interception, which can capture as much as 60% of cumulative 

snowfall (Hedstrom and Pomeroy, 1998). Our observations show an interception average 

of approximately 44%. A large portion of intercepted snow, especially in drier 

continental locations, is sublimated to the atmosphere and 'lost' from a catchment-based 

water balance perspective. The result of canopy interception is a non-linear increase of 

snow depth with distance from the tree out to a distance approximately equal to the 

canopy radius (Sturm, 1992). There were no indications of wind redistribution or scour 

at our field site during the 3 field visits in February, March, and April. However, wind 

has been shown to significantly affect the distribution of snow around trees (Pomeroy et 

al., 1998) and we can not rule out its influence on our observed distributions. We did 

record 16% greater snow depth around 3 trees located on the perimeter of the surveyed 

meadow; a possible effect of prevailing wind direction as suggested by Golding and 

Swanson (1978). 

In summary, we observed the highest SWE values in the open, 1 m beyond the canopy 

(47% more SWE than under canopy) near the period of maximum accumulation. Based 

on our observations of greater SWE in openings, beyond the influence of the canopy, we 

determine that vegetation limits the accumulation of a montane snowpack. 

Ablation was partitioned into pre-melt and melt-season ablation processes. Our 

February and March observations of snowpack profiles revealed an under-saturated 
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snowpack suggesting that any pre-melt ablation was due primarily to sublimation and not 

melt. Snowpack ablation was greatest in areas receiving high incident solar radiation and 

was reduced in areas shaded from direct solar radiation. Conversely, vegetation also 

caused ablation through long wavelength energy exchange between the tree bole and 

surrounding snowpack. The presence of vegetation was observed to have counteracting 

effects on ablation. Near-tree energy exchange induces ablation and melt in close 

proximity to the tree bole, while shade provided by the tree reduces insolation and limits 

ablation beyond the canopy cover. We observed increased grain size, a result of energy

induced metamorphism, out to 1 m from the tree bole on the north side of the tree, 

suggesting that ablation is predominantly focused to a relatively small distance from the 

tree bole. However, snowpit stratigraphy indicated enhanced metamorphism occurred 

beneath the canopy on the entire south side of the tree in March, despite being shaded 

from direct solar radiation, and by 16 April the under canopy snowcover on the south side 

had complete} y melted out. 

Our application of binary regression tree models is unique in that no previous 

studies have shown the importance of detailed vegetation and related parameters (e.g. 

distance from tree, distance from canopy edge, solar radiation, and land classifications). 

The regression tree model fit (R2 of 0.54) of this research is encouraging despite a 

relatively small dataset. Model fit was greater than the results of Erxleben et al. (2002) 

(average R2 
= 0.25), most likely due to our inclusion of a more comprehensive collection 

of vegetation-related independent variables. Our application of modeled microscale 

vegetation-induced variability in solar radiation to a binary regression tree model is the 

first of its kind, and as such explains the significantly improved snow depth I vegetation 
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correlation relative to previous works. Furthermore, our results are comparable to 

previous works in un-forested terrain where relationships between independent and 

dependent variables are well established (e.g. Balk and Elder 2000 - R2 = 0.5). 

Henceforth, the results presented here should motivate future application of detailed 

vegetation data in snow distribution models. In this regard, detailed vegetation data from 

a variety of remotely sensed measurement techniques (e.g. LIDAR) may have utility in 

snow distribution modeling. 

The area over which the model is run is relatively small compared to previous 

applications. Elder (1995) applied a IO-node regression tree to sub-basins of the 

Tokopah Basin, CA, ranging in size from 0.69 to 1.78 km2 in area, yielded R2 values 

ranging from 0.6 to 0.8. The R2 value of 0.54 obtained over our 0.5 km2 study area is 

therefore considered to be similar to the results of Elder (1995). Future efforts are needed 

to evaluate the transferability of the regression tree model developed here to other 

physiographic and climatic regimes. 
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CONCLUSIONS 

Detailed snowpit analyses, snow depth surveys, and ultrasonic snow depth sensors 

indicated forest vegetation significantly affected snow accumulation and ablation. At 

maximum accumulation, canopy interception resulted in a 47% reduction of under 

canopy SWE and shade cover resulted in 24.6% more SWE in the open on the north sides 

of trees. Spring melt rates were 54% greater in the open than beneath the canopy. We 

found that vegetative shading may delay the basin average maximum SWE accumulation 

by as much as one month and greatly increase snow cover duration by minimizing 

snowmelt rates. Additionally, we documented an inverse correlation between grain size 

and density with distance from the tree bole, indicating enhanced near-tree ablation. 

Statistical models relating micro-scale vegetation properties, solar radiation, and snow 

depth indicated that future acquisition of detailed vegetation data from remote sensing 

may substantially improve predictability of snow distribution in sub-alpine forests. 

71 



ACKNOWLEDGEMENTS 

The cooperation of the Valles Caldera National Preserve was essential to this study and is 

greatly appreciated. Numerous volunteers and the 2005 University of Arizona snow 

hydrology class members provided the field assistance that made this project possible. 

Funding was supported by the Center for the Sustainability of semi-Arid Hydrology and 

Riparian Areas (SARRA) under the Science and Technology Center Program of the 

National Science Foundation (NSF). 

72 



REFERENCES 

Balk, B., and Elder, K. (2000). Combining binary decision tree and geostatistical methods 
to estimate snow distribution in a mountain watershed. Water Resour. Res., 36(1): 13-26. 

Breiman, L., Friedman, J., Olshen, R., Stone, C. (1984). Classification and Regression 
Trees. Wadsworth and Brooks: Pacific Grove, Ca; 358. 

Carignan, R., D' Arey, P., and Lamontagne, S. (2000). Comparative impacts of fire and 
forest harvesting on water quality in boreal shield lakes. Can. J. Fish. Aquat. Sci. 57(2): 
105-117. 

Chambers, J.M., and Hastie, T.J. (1993). Statistical models in S. Chapman and Hall: 
London, UK, 608. 

Davis, R.E., Hardy, J.P., Ni, W., Woodcock, C., McKenzie, J.C. Jordan, R., Li, X., 
(1997). Variation of snowcover ablation in the boreal forest: a sensitivity study on the 
effects of conifer canopy. J. Geophysical Research 102(D24): 29389 - 29395. 

Dozier J. (1980). A clear-sky spectral solar radiation model for snow-covered 
mountainous terrain. Water Resour. Res., 16, 709-718. 

Edminster, C., and Olsen., W.K., (1996). Conference on Adaptive Ecosystem Restoration 
and Management: Restoration of Cordilleran Conifer Landscapes of North America. 
General Technical Report RM-GTR-278. (62-68). 

Elder, K., Dozier, J., and Michaelson, J., (1991). Snow accumulation and distribution in 
an alpine watershed, Water Resour. Res., 27, 1541-1552. 

Elder K. (1995). Snow distribution in alpine watersheds. Ph.D. dissertation, 309 pp., 
Univ. of Calif., Santa Barbara. 

Elder K, Michaelsen J, Dozier J. (1995). Small basin modeling of snow water 
equivalence using binary regression tree methods. Biogeochemistry of Seasonally Snow
Covered Catchments, edited by K.A. Tonnessen et al., IAHS Puhl., 228: 129-139. 

Elder K, Rosenthal W, Davis RE. (1998). Estimating the spatial distribution of snow 
water equivalence in a montane watershed. Hydrol Process., 12: 1793-1808. 

Erxleben, J., Elder, K., Davis, R., (2002). Comparison of spatial interpolation methods 
for estimating snow distribution in the Colorado Rocky Mountains. H ydrol. Process. 16, 
3627-3649. 

Faria D.A., Pomeroy J.W., Essery, R.L.H., (2000). Effect of covariance between ablation 
and snow water equivalent on depletion of snow-covered area in a forest. HydroL 
Process. 14: 2683-2695. 

73 



Garen, D.C., and Marks, D., (2004). Accounting for vegetation effects in spatially 
distributed snowmelt modeling. American Geophysical Union, Spring Meeting 2004. 
2004AGUSM.C33A..02G. 

Grahame, J.D. and Sisk, T.D., ed. (2002). Canyons, cultures and environmental change: 
An introduction to the land-use history of the Colorado Plateau. Online: 4/18/06, 
http://www.cpluhna.nau.edu/. 

Gelfan, A.N., Pomeroy, J.W., Kuchment, L.S., (2004). Modeling forest cover influences 
on·snow accumulation, sublimation, and melt. Journal of Hydrometeorology, 5, 785-803. 

Golding, D.L., Swanson, R.H., (1978). Snow accumulation and melt in small forest 
openings in Alberta, Can. J. For. Res., 8(4), 380-388. 

Golding, D.L., Swanson, R.H., (1986). Snow distribution patterns in clearings and 
adjacent forest. Water Resour. Res., 22(13) 1931-1940. 

Hardy, J.P., Davis, R.E., Jordan, R., Li, X., Woodcock, C., Ni, W., McKenzie, J.C. 
(1997). Snow ablation modeling at the stand scale in a boreal jack pine forest. J. 
Geophysical Research 102(D24): 29397 - 29405. 

Hedstrom, N.R., Pomeroy, J.W., (1998). Measurements and modeling of snow 
interception in the boreal forest. Hydrol. Process. 12: 1611-1625. 

Hibbert, A.R., (1967). Forest treatment effects on water yield. In: W.E. Sopper and H.W. 
Lull (Editors), Int. Symp. For. Hydrol., Pergamon, Oxford, 813 pp. 

Johnson, M.A., (1996). Changed Southwest Forests: Resource Effects and Management 
Remedies. In Proceedings of the 1996 Society of American Foresters Convention, 
Albuquerque, NM. 

Kattelmann, RC; Berg, NH; Rector, J., (1983). Potential for Increasing Streamflow from 
Sierra Nevada Watersheds. Water Resources Bulletin, 19(3), 395-402. 

Link, T., Marks, D., (1999). Distributed simulation of snowcover mass- and energy
balance in the boreal forest. Hydrol. Process. 13(14-15), 2439-2452. 

McMinn, W. and Hewlett, J.D., (1975). First-year water yield increase after forest 
cutting: an alternative model. J. For., 73(10): 654-655. 

Molotch, N.P., and R.C. Bales, (2006). Comparison of ground-based and airborne snow
surface albedo parameterizations in an alpine watershed: impact on snowpack mass 
balance, Water Resources Research. 

74 



Molotch, N.P., Bales, R.C., Colee, M.T., and Dozier, J. (2005). Estimating the spatial 
distribution of snow water equivalent in an alpine basin using binary regression tree 
models: the impact of digital elevation data and independent variable selection, 
Hydrological Processes, doi: 10.1002/hyp.5586. 

Molotch, N.P., Colee, M.T., Bales, R.C., Dozier, J., (2004). Estimating the spatial 
distribution of snow water equivalent in an alpine basin using binary regression tree 
models: the impact of digital elevation data and independent variable selection. Hydrol. 
Process., 18, 0- 0. DOI: 10.1002/hyp.5586 

Muldavin, E., and Tonne, P., (2003). A Vegetation Survey and Preliminary Ecological 
Assessment of Valles Caldera National Preserve, New Mexico. Submitted in partial 
fulfillment of Cooperative Agreement No. 01CRAG0014 between the University of New 
Mexico and the U.S. Geological Survey, Biological Resources. 

Niederhof, H.; Dunford, G. (1942). The Effect of Openings in a Young Lodgepole Pine 
Forest on the Storage and Melting of Snow. Journal of Forestry. 40(10): 802-804. 

Niu, G.Y., and Yang, Z.L., (2004): The effects of canopy processes on snow surface 
energy and mass balances. J. of Geophysical Research, 109, D23111, 
doi: 10.1029/2004JD004884. 

NRCS. (2004). Natural Resources Conservation Service, SNOTEL Data and Products. 
Online: http://www.wcc.nrcs.usda.gov/snotel/ 

Pomeroy, J.W., Parviainen, J., Hedstrom, N., Gray, D.M., (1998). Coupled modeling of 
forest snow interception and sublimation. Hydrol. Process. 12(15), 2317-2337. 

Price, A.J., Dunne, T.D., (1976). Energy balance computations on snowmelt in a 
subarctic area. Water Resources Research 12: 686-694. 

Sturm, M., (1992). Snow distribution and heat flow in the taiga. J. Arctic and Alpine 
Res., 24(2), 145-152. 

Wilm, H.G. Dunford, E.G., (1948). Effect of timber cutting on water available for stream 
flow from a lodgepole pine forest. United States Department of Agriculture, Technical 
Bulletin No. 968. 

Woo, M.K., and Giesbrecht, M.A., (2000). Simulation of snowmelt in a subarctic spruce 
woodland. Water Resour. Res., 22(6), 864-868. 

75 



APPENDIX B - STRATIGRAPHIC ANALYISIS OF NEAR-TREE SNOWPACK 

CHARACTERISTICS, VALLES CALDERA NATIONAL PRESERVE, NM, USA. 
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1. Introduction and Methods 

A solitary 15 m blue spruce on the periphery of a large meadow at the study site 

(3012 m) was chosen to be the focus of an extensive manually-conducted measurement 

campaign. Field work was conducted on: 12 February, 14-15 March, and 16 April, 2005, 

to represent snow conditions at mid-winter, max accumulation, and during melt, 

respectively. Each campaign consisted of digging two 4-meter long trenches radiating 

outward from the tree bole in both north and south cardinal directions. The trenches were 

dug to bare ground and the resulting snow profile characteristics documented. Snow 

density was approximated by conducting duplicate cuts using Snowmetrics© 1000 cm3 

and 250 cm3 stainless steel density cutters at each 10 cm vertical increment over the 

entire pit depth. Each excavated snow sample was weighed with the cutter using an 

Acculab © 4 kg digital scale, the cutter weight was tared, and the mass per volume was 

documented. This density was converted to SWE by dividing by the density of water 

(1000g/m3
) and multiplying by the sample depth (10 cm). Snow water equivalent is 

reported in centimeters of water depth. Physical attributes of the exposed snowpack were 

documented including crystal structure (type) and size, internal snowpack temperature, 

and stratigraphic characteristics. Profiles were conducted at 0.5, 1, 2, 3, and 4 m from the 

tree bole for each trench and the trenches were back-filled at the end of each field visit to 

preserve snowpack integrity. The tree had a 3.1 m canopy radius and the trunk 

circumference at breast height was 2.56 meters. Profile locations outward from the tree 

bole were determined based on the tree ' s canopy structure. Profiles conducted at 0.5, 1, 

and 2 meters from the tree bole were located beneath the canopy and thus represented 

under canopy snow conditions. Measurements and observations at 3 meters from the 
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bole were located at the canopy fringe, the transitional zone between under canopy and 

open conditions. The fringe receives additional input by mechanical removal ( or 

sloughing) of intercepted snow on the canopy. The measurements at 4 m from the bole 

represent open conditions beyond the direct influence of the canopy, thus we would not 

expect canopy interception to occur beyond 3 meters. However, shade cast by the 

presence of the tree limits incident solar radiation on the north aspect and thus the 4 m 

north measurement represents a shaded open snowpack, whereas the south aspect at 3 and 

4 m receives full sun exposure. Additionally, incident solar radiation on the south side of 

the tree exposes the south under canopy to a greater energy flux than the shaded north 

aspect. 

The north and south transect walls were dug to face east and west, respectively, to 

avoid any disturbance from incident solar radiation during excavation and observation, 

and visits were timed accordingly to minimize this disturbance. Subsequent trenches 

were stepped forward approximate! y 25 cm into the undisturbed snowpack. The reasons 

for choosing this method of snow profile were two-fold: to observe the effects of 

vegetation and canopy capture on the surrounding snowpack, and to compare the effects 

of direct and indirect (south and north) solar radiation exposure. 
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2. Discussion 

2.1 12 February, 2005 

The snow season leading up to the initial snowpack analysis conducted in mid

February, 2005 was characterized by a relatively dry November and December with 

frequent snowstorms occurring from the end of December through February on 

approximately 10-day cycles, as determined by the meteorological station located above 

the site at 3247 meters. The Quemazon SNOTEL station at 2896 m, 13 km to the east

northeast of the site, recorded continuous snow coverage beginning 14 November, 2004. 

Temperatures did vary significantly in December. Daytime highs approached l 7°C on 12 

December and the following week nighttime low temperatures reached -26°C. A cold 

and snowy first half of January was followed by a warm and dry period from 15 - 26 

January when daytime highs often reached l 5°C. A cool storm cycle returned through 

the 12 February field visit, but daytime temperatures still managed to occasionally climb 

above freezing. Knowledge of the weather conditions preceding the first field visit can 

be used to understand the structural development of the observed stratigraphy. 

2.1.1 0.5 meters from the bole 

Figure 15 shows the stratigraphy in both north and south directions at 0.5 m from 

the tree bole. The ground ice on the south aspect overlain by facets may be a product of 

the mid-December warmth. The overlying rounds are likely from the first major storm 

cycle that occurred at the end of December and into mid-January, that then underwent 

metamorphic deformation (rounding) during the mid-January warm dry period. The top 

6-10 cm of the snowpack was characterized by density fresh snow (22-24 % ) that fell in 
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early February during a cooler (near-freezing) storm cycle. The significant differences 

between north and south aspects at 0.5 m from the tree bole were the presence of ground 

ice and the deep facet layer on the south aspect, whereas the north aspect only exhibited 

slight facet formation at the ground-snowpack interface. 

2.1.2 1.0 meter from the bole 

Figure 16 shows the 12 February snowpack at 1.0 m from the tree bole. The 

ground ice layer is present on the south aspect, a product of the warm December 

temperatures. The absence of this layer on the north aspect suggests that incident solar 

radiation on the southern canopy is capable of driving the snow energy balance even 

beneath a conifer canopy. The same layering that was observed at 0.5 mis apparent, but 

more pronounced with distance from the tree (Figure 16). The difference in snow depth 

between the two aspects was surprising. If we compare snowpack layers, we observe that 

the difference was from the late December and early January storm cycle and may be 

attributed to high winds associated with a large (3.23 cm SWE) snow event on 29-30 

December, 2004 accompanied by wind in excess of 10 mis. 

2.1.3 2.0 meters from the bole 

The snowpack crystal type was observed on the north aspect and not the south 

because of loss of daylight. Ice crust layers were observed on the north aspect at 2 m 

(Figure 17). These layers were not present closer to the bole. The two layers (at 26 cm 

and 48 cm from the ground) seem to correspond with the two warm periods (mid

December and mid-January, respectively) and could have resulted from either meltwater 
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drip from intercepted snow in the canopy or a sharp temperature transition to colder air 

temperatures causing the wet surface snow to freeze into a thin crust before being buried 

by subsequent snowfall. 

2.1.4 3.0 and 4.0 meters from the bole (north aspect) 

The snowpack at 3 and 4 meters from the tree bole on the north aspect was 

predominantly composed of rounded grains, with little evidence of melt/freeze or ice 

crust layers (Figure 18). This suggests that the energy exchange inferred by enhanced 

under canopy metamorphism is not effecting the snowpack at 3 and 4 meters from the 

bole. However, a deep (10-13 cm) layer of depth hoar was observed at the ground-snow 

interface. This facet layer may be attributable to the December warmth, or possibly an 

early season snowfall accumulating on a warm ground surface. 

2.2 14-15 March, 2005 

The season's second field visit was conducted on 14-15 March and represents the 

snowpack structure close to (within 10 days) of the basin average maximum 

accumulation. The weather between the February and March dates was cold (sub

freezing) and relatively dry (only 2 snow events over 3 weeks) until 7-13 March, when 

daytime temperatures climbed to between 6 and 14 °C. This period resulted in a 2 cm 

SWE loss at the 2896 m SNOTEL site, the first melt of the season. However, our higher 

elevation at 3012 m may not have experienced the same degree of melt. An analysis of 

the snowpack profile outward from the bole suggests melt occurred in the closest 
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proximity to the tree bole, whereas the snowpack densities at 4 meters did not indicate 

that melt had occurred (the snowpack at 4 m was not saturated, or 'ripe'). 

The north and south aspect profiles were conducted on two different days due to 

lack of time. The north transect was conducted on 14 March and the south transect 

conducted the next morning. However, a large storm event (the largest of the season) 

resulted in - 25 cm of snow overnight. This resulted in more new snow being recorded 

on the south aspect than the north. Comparisons presented and discussed in detail in my 

thesis were be made by removing the 25 cm new snow depth and the resulting SWE 

difference from the south aspect. 

2.2.1 0.5 meters from the bole 

Evidence of melting was observed nearest the tree bole on the south aspect. The 

trend of increased ablation in proximity to the bole on south aspects held throughout the 

season. The snowpack on the south side had melted to right down to the ground ice layer 

that was also observed in February, and the layer had increased in thickness by 1 cm. On 

the north side, where the snowpack was still intact, the primary crystal structure was a 

mixture of both rounds and facets (Figure 19). 

2.2.2 1 meter from the bole 

The snowpack at 1 meter was significant! y different than the snowpack half a 

meter closer to the bole. The older snow stratigraphy was apparent on the south aspect, 

although it was very close to saturation. The snow on the north aspect had not progressed 
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to melt/freeze yet, although I did document a presence of some grain sintering suggestive 

of melt. The ice layer was still present on the south aspect (Figure 20). 

2.2.3 2.0 meters from the bole 

Again, the snowpack on the south side of the tree at 2 m from the bole showed 

indications of greater metamorphism than the north (Figure 21 ). The 34 cm of facets at 

the ground surface on the south aspect were much denser than is typical of faceted 

crystals. It is likely that this layer was composed of sintered melt/freeze crystals that 

were exposed to a significant vapor pressure gradient, resulting in the formation of large, 

feathery facets that composed nearly half of the snowpack on the south aspect. 

2.2.4 3 meters from the bole 

The snowpack at 3 m on both aspects is characterized by a deep layer of faceted 

grains from the ground surface up to 34 cm (Figure 22). The thickness of this faceted 

layer doubled in the month since the February observations. Crust layers in the top 

portion of the snowpack on both aspects may be attributed to the early March warmth. 

The 3 m distance is the canopy fringe, where sloughing or melt drip of intercepted snow 

could have formed these crust layers during a period of warmer temperatures. 

2.2.5 4.0 meters from the bole 

The snow stratigraphy at 4 meters from the tree bole (Figure 23) was the most 

complex of the season. The complexity was greater on the north aspect. Three distinct 

ice layers were observed in the upper half of the snowpack profile. The same ice layers 
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were not present on the south side of the tree. It is uncertain why these crust layers 

formed on the north aspect and not on the south. The relatively dense (35%) snowpack at 

4 meters and the various degrees of metamorphism suggest the snowpack was not far 

from saturation, but the lower density facet layer at the base did not show signs of 

sintering or deformation that might accompany the presence of free water. 

2.3 16 April, 2005 

The storm that accompanied the March field visit dropped 34 cm of new, low 

density (9%) snow. This was the largest storm event of the season. Following this storm, 

daytime temperatures remained low (18-day average high temperature of 0.9°C) until the 

first of April through the 16 April field visit (16-day average high temperature of 9.9°C). 

Despite high April daytime temperatures, low temperatures still dropped below freezing, 

limiting the melt. Regardless, the 16 days of warm temperatures and strong New Mexico 

sun was sufficient to melt up to 28 cm of SWE on the south aspect. The south transect 

had no snow cover to 3.5 meters from the tree bole on 16 April, while the snowpack on 

the north actually increased SWE. Figure 24 shows the distribution of SWE around the 

north aspect. The south aspect is not shown, but 12.5 cm SWE was recorded at 4 meters. 

In contrast, 37.7 cm of SWE was recorded on the north aspect. The comparison of the 

melt rates on the two aspects sheds light on the importance of vegetative shading in this 

lower mid-latitude environment. 
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APPENDIX C - CATCHMENT-SCALE SNOW SURVEY, 14 MARCH, 2005, 

VALLES CALDERA NATIONAL PRESERVE, NM. 
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INTRODUCTION and METHODS 

An extensive twelve-person field survey was conducted in the catchment adjacent 

to the study area on 14 March, 2005. The 3.77 km2 La Jara Creek watershed (Figure 1) 

was chosen to best represent the region's range of elevation, aspect, and vegetation 

coverage. A similar but less comprehensive field survey was conducted in the spring of 

2004 during a relatively low snow year. The field date of the 2005 survey were within 10 

days of the period of peak annual snow depth and, based on nearby SNOTEL 

observations, within two weeks of the seasonal maximum SWE. Therefore, the observed 

trends and distributions can be assumed to closely represent those of the 2004 - 2005 

annual maximum SWE. Five depth transects were conducted, each by contouring along a 

predetermined elevation. Transect locations were chosen to best represent the different 

elevations and aspects of the watershed. Transect lengths ranged from tens of meters to 

just under 1 kilometer. Coordinates of transect starting locations, direction of travel, and 

slope aspect were documented. Snow depths were measured across a range of elevation 

(311 m), aspect (NINE and S/SW) and vegetation density to independently evaluate the 

effects of these factors on maximum snow accumulation. 
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RESULTS and DISCUSSION 

The SWE of a winter snowpack in this mid-latitude forested montane environment is 

highly variable and poorly explained by the regional SNOTEL elevation regression 

(Figure 25). Other single factors such as terrain aspect (Figure 26) or proximity to 

vegetation (Figure 27) do not fully explain the disparity. This suggests that complex 

interactions of processes drive the local variability of snow accumulation and ablation. 

Analyses of catchment-wide survey data show that while trends are apparent, the increase 

in SWE due to elevation was not significant (R2=0.48, p=0.21) (Figure 25), and removing 

measurements made on S/SW aspects did not significantly improve (R2=0.66, p=0.19) 

the relationship (Figure 26). However, snow measurements from NINE aspects, 

excluding the sub-canopy, (i.e. areas of preferential accumulation) more closely match 

the SNOTEL SWE prediction (Figure 27). The catchment SWE only approached the 

basin average (SNOTEL) SWE when variables such as south aspects and trees were 

removed, suggesting that the regional SNOTEL sites are located in areas of preferential 

accumulation (northerly aspects, beyond the influence of a forest canopy) and thus may 

not accurately represent the basin average SWE. 

Trees were observed to have the greatest influence on catchment SWE. I refer to 

the 'open' measurements as being 'interspaced' . This cano~y condition varies from the 

'open' conditions discussed within my thesis. Interspaced refers to the general presence 

of a high and well-spaced over-canopy. Surveyors did not record forest characteristics, 

only whether or not they were measuring beneath a dense canopy. A dense canopy is 

referred to as 'sub-canopy' and is the same as the 'under canopy' term used within my 
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thesis. Sub-canopy SWE represented 44% less than interspaced SWE on north/northeast 

aspects (Figure 28). This average effect of vegetation was more pronounced on 

south/southwest aspects where sub-canopy SWE was in excess of 50% of interspaced 

SWE (Figure 29). Forest vegetation was observed to have the greatest effect on the more 

exposed and steeper upper elevation transect (3128 m) where sub-canopy SWE was 79% 

less than was measured under interspaced forest conditions. Enhanced solar radiation on 

f 

south-southwest aspects and on steeper, exposed terrain is likely enhancing ablation rates 

in proximity to the tree boles and canopy. Snowpit profiles on the south side of a conifer 

tree in flat terrain showed greater ablation rates beneath the canopy than on the north side 

of the tree bole. Solar insolation-induced ablation may explain the difference between 

canopy effects observed on the two aspects. Figure 30 shows the histogram of the 

catchment survey data. The trees are highlighted in the histogram and illustrate the 

significant effect a forest canopy can have on decreasing SWE through the process of 

canopy interception. 

The variables documented to affect SWE in La Jara catchment were elevation, 

aspect, and vegetation. The freeware GeoDa, a surprisingly robust spatial statistical 

analyst package, was used to explore the data (available online: 

https://www.geoda.uiuc.edu). An ordinary least squares regression was developed to 

help explain the SWE distribution. The model output is displayed in Table 4. Six-

hundred and forty-four measurements and four variables were included in the model. 

The proportion of the explained variation, R2
, was 0.67. The regression coefficients for 

each of the five variables, in order of significance were: Vegetation (-12.06), Aspect (-

7.21), Elevation (0.04), and Northing (-0.005). The northing (or northness) variable was 
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included because it has been shown to help explain SWE distribution, however, it only 

slightly increased the regression R2 and the near zero coefficient suggests it does not 

explain much of the variability. The t-statistic calculated for each variable provides 

insight on how reasonable our SWE prediction (regression hypothesis) is based on the 

performance of a variable (Table 4). The negative t-statistic for the vegetation variable (-

22) suggests that our predicted values are too large ( over-prediction of SWE). Similarly, 

aspect had a negative t-statistic (-18.7), suggesting that we were over-predicting SWE, 

assumedly on south-southwest aspects. Conversely, the t-statistic calculated for elevation 

(11.4) suggests that the regression is under-predicting SWE based on elevation. These t

statistics and the low R 2 imply that an appropriate weighting scheme could improve the 

model performance. However, neither an inverse distance weight (IDW) or a nearest 

neighbor weighting scheme improved model performance. The seemingly random 

distribution of vegetation recorded during the survey complicates the development of an 

appropriate weighting scheme. 

In conclusion, vegetation was observed to have the greatest effect on SWE 

distribution in the catchment, and a simple, 4-variable ordinary least squares regression 

did not fully explain the observed variability (0.67 R2). One explanation for the model's 

poor performance is that the data exhibit a high degree of heteroskedasticity. This is 

indicated in the large Breusch-Pagan test statistic in Table 4, but is also observable in the 

data themselves. SWE was observed to be greatest in the open on the highest elevation 

transect, however, vegetation also had the greatest effect on SWE at this elevation 

resulting in the catchment's lowest SWE occurring with the catchment's highest SWE. 

As SWE increases, the variability increases indirectly as a function of solar exposure; in 
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the case of the 3128 m transect slope may be included as an additional variable to explain 

the added SWE variability. A weighted least squares weighting scheme is typically used 

to account for heteroskedasticity, but the significance of the correlation coefficients 

dropped significantly, and did not sufficiently remove all the observed heteroskedasticity. 
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APPENDIX D - TABLES 

Table 1. Description of study site measurements and methods. 

Date of record 

Ultrasonic snow 8 March - 16 May, 2005 
depth sensors 

Extensive 12 Feb, 14-15 Mar, 16 April, 2005 
tree plot 

Tree 15 March, 2005 
Survey 

Data description 

Snow depth ( 15-minute return intervals) 
beneath three canopy conditions: 

open, fringe, under canopy 

Depth, density, crystal type, grain size, snowpack 
temperature, distance from bole, stratigraphy on N 

and S sides recorded at 0.5, 1, 2, 3, 4 meters from bole 

Snow depth 4 m outward from 15 conifer 
trees in N, S, E, and W cardinal directions 
recorded at 0.2, 0.5, 1, 2, 4, 6 meters from boles 

Table 2: List of binary regression tree model variables used to estimate the spatial 
distribution of snow depth in a sparsely forested sub-alpine meadow. 

Dependent Variable Mean Max Min Std. Dev. n 
Snow depth (cm) 69.1 151 6.3 35.2 298 
Independent Variables 

Distance to tree bole DTB (m) 2.0 6 0.2 1.8 298 
Distance to canopy edge DTC (m) -1. 7 2 -3.8 1.9 298 
Land classification scheme Class 2.4 5 1.0 0.8 298 
Solar radiation index Srad (W/m2

) 104 164 6.3 35.2 85 
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Table 3: Summary of snowfall data used to approximate canopy interception 
(interception/precipitation). 

Manual Measurements n Depth (Std dev) SWE (Std dev) 

Large Storm Event (3.3 cm SWE) 
Under Canopy 3 
Fringe 1 
Open 1 

31(1.5) 
34 
38 

2.9(0.1) 
3.3 
3.7 

% Canopy Interception 18.4% (p=0.05) 21.6% (p<0.01) 
Depth Sensor Measurements 

Large Storm Event (3.3 cm SWE) 
Under Canopy 2 19 (6.1) 1. 7 (0.2) 
Fringe 3 26 (8. 7) 2.6 (0. 9) 
Open 2 34 (4.0) 3.3 (0.6) 
% Canopy Interception 44.1% (p=0.08) 48.5% (p=0.07) 

Mean of 6 Events (excluding large storm event) 
Under Canopy 12 25 (8.8) 
Fringe 18 26 (5. 7) 
Open 12 70 (4.6) 
0/o Canopy Interception 64.3°/o (p=0.21) 

3.5 (1.5) 
3.7(0.9) 
5.8 (0.8) 

39.7% (p=0.06) 

Note: Canopy interception is estimated by comparing new snowfall accumulating 
beneath the canopy to how much accumulates in the open allows us to estimate canopy 
interception. 
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Table 4: Regression summary of output: Ordinary least squares estimation 

Dependent Variable : SWE Number of Observations: 644 
Mean dependent var : 20.9865 Number of Variables: 5 
S.D. dependent var : 8.81523 Degrees of Freedom: 639 

R-squared : 0.670217 F-statistic : 324.659 
Adjusted R-squared : 0.668153 Prob(F-statistic) : 0 
Sum squared residual: 16503.7 Log likelihood: -1958.25 
Sigma-square : 25.8274 Akaike info criterion: 3926.5 
S.E. of regression : 5.08207 Schwarz criterion : 3948.84 
Sigma-square ML : 25.6269 
S.E of regression ML: 5.0623 

Variable Coefficient Std.Error t-Statistic Probability 

CONSTANT 18892.12 3359.009 5.624315 0.0000 
ELEVATION 0.03712924 0.00326642 11.36695 0.0000 
NORTHING -0.00477687 0.0008477338 -5.63487 0.0000 

ASPECT -7.205083 0.385673 -18.68184 0.0000 
TREE -12.05943 0.5475546 -22.02416 0.0000 

REGRESSION DIAGNOSTICS 
MULTICOLLINEARITY CONDITION NUMBER 47301.11 
TEST ON NORMALITY OF ERRORS 
TEST DF VALUE PROB 
Jarque-Bera 2 6.302259 0.0428038 

DIAGNOSTICS FOR HETEROSKEDASTICITY 
RANDOM COEFFICIENTS 
TEST DF VALUE PROB 
Breusch-Pagan test 4 34.08946 0.0000007 
Koenker-Bassett test 4 44.94881 0.0000000 
SPECIFICATION ROBUST TEST 
TEST DF VALUE PROB 
White 14 NIA NIA 

COEFFICIENTS VARIANCE MATRIX 
CONSTANT ELEVATION NORTHING 

11282938.97 8.966423 -2.847541 
8.966423 

-2.847541 
-876.641885 
19.986850 

0.000011 
-0.000002 
-0.000501 
-0.000128 

-0.000002 
0.000001 
0.000221 

-0.000005 

ASPECT 
-876.641885 

-0.000501 
0.000221 
0.148744 
-0.010643 

TREE 
19.986850 
-0.000128 
-0.000005 
-0.010643 
0.299816 
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Table 5: Snow depth distribution in 4 cardinal directions, at 0.2, 0.5, 1, 2, 4, and 6 meter 
distances from the boles of 15 conifer trees. x = measurement not recorded 

0.2m O.Sm lm 2m 4m 6m 

Small Trees (canopy radii <2 m) 
N 82 101 109 126 140 X 

94 107 107 120 130 X 

70 74 118 102 89 X 

s 86 103 102 124 130 X 

96 110 106 107 126 X 

61 71 117 119 127 X 

E 88 99 99 103 127 X 

103 102 110 134 142 X 

71 80 110 123 136 X 

w 101 113 118 133 142 X 

77 89 104 118 X X 

70 87 105 114 111 X 

Clumped Trees (multiple trunks; canopy radii 2-3 m) 
N 57 54 46 62 91 108 

71 100 104 118 53 110 
55 74 81 92 143 108 
31 43 55 58 86 X 

X X X X 49 X 

s 56 55 44 53 38 60 
70 74 81 20 59 60 
61 65 75 74 52 57 
26 37 50 73 77 90 
X X X 51 93 89 
X X X X X 92 

E 29 29 42 48 63 85 
55 55 56 64 113 92 
68 59 88 92 105 90 
51 62 62 75 72 136 
33 42 43 37 34 137 
X X X X X 143 

w 34 36 31 38 57 95 
58 59 57 65 76 91 
70 89 98 103 105 90 
29 71 73 70 88 X 

41 40 54 60 56 X 

Large Trees (canopy radii 4 m) 
N 12 23 36 57 92 111 

15 25 40 43 82 111 
6 21 25 45 90 113 
14 21 41 51 96 X 

45 55 98 123 151 X 

30 61 80 121 135 X 

s 25 33 29 31 51 104 
7 15 24 40 90 104 
17 24 29 16 100 103 
27 33 43 44 49 X 

29 35 48 54 133 X 

X 28 50 79 94 X 

E 27 27 30 42 70 102 
20 20 36 23 39 100 
21 21 35 37 48 101 
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22 22 27 39 58 X 

58 58 71 107 114 X 

44 44 60 90 89 X 

w 8 18 20 23 61 95 
14 19 14 28 91 95 
18 24 20 27 50 95 
15 30 40 23 76 X 

44 29 79 90 132 X 

32 57 78 103 143 X 

Table 6: Snow density values measured manually on 15 March, 2005 under three 
canopy conditions: under canopy (0.5, 1, and 2 m from bole), fringe (3 m from bole), and 
open (4 m from the bole). These density values were used to calculate SWE for this date. 

Density measurements (g/cm3
) 

Open: 0.254 

0.250 

Fringe: 0.275 

0.287 

Under Canopy: 0.275 

0.222 

0.154 

0.270 

0.222 

0.152 

Average std dev 

0.252 0.003 

0.282 0.008 

0.216 0.054 
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APPENDIX E - FIGURES 

Figure I 
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Figure 1: Study site within the Valles Caldera National Preserve, NM, showing locations 
of the extensive tree survey location and the network of ultrasonic snow depth sensors. 
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Figure 2: The solar radiation index showing shade projections from the 15 surveyed 
trees. 
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Figure 3: 
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Figure 3: Distribution of normalized snow depth in all 4 cardinal directions around (a) 3 
small trees with radii of less than 2 m, and (b) 6 large trees with 4 m radii. Symbols 
represent the upper and lower bounds ( 1 stand. dev.) of the mean values. The canopy 
structure was used to divide measurements into three canopy conditions: under canopy, 
fringe, and open. 
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Figure 4: The distribution of SWE measured on 15 March, 2005 under canopy (north; 
n=42, south; n=41), at the fringe (north; n=13, south; n=l4), and in the open (north; 
n=15, south; n=20) on North and South aspects of 15 conifer trees. Symbols represent 
the upper and lower variability (1 stand. dev.) of the mean values. 
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Figure 5 
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Figure 5a,b: Snow water equivalent under three different canopy conditions on 15 March 
estimated (a) using depth values from the network of 7 ultrasonic depth sensors, and (b) 
during an extensive manual snowpit excavation outward from the trunk of the solitary 
spruce tree. 
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Figure 6: Snow density and grain size distribution of the snowpack, measured on 15 
March, 2005 on the north side of a 15 m-tall spruce tree with a 3.1 m canopy radius. 
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Figure 7 
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Figure 7: Temporal and spatial SWE variation over a three month period around an 
individual spruce tree at the Valles Caldera study site. Obvious differences in snowpack 
accumulation and ablation are evident between North (a) and South (b) sides of the tree. 
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Figure 8: Snow ablation under three different canopy conditions from maximum 
accumulation (DOY 86) to melt out as measured by the network of 7 ultrasonic snow 
depth sensors. 
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Figure 9: 
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Figure 9: Measured snow depth versus the modeled solar radiation index developed for 
use in the binary regression tree model. The snow depth of excluded data points in the 
regression were influenced by the vegetation canopy ( canopy edge - Groups 1 and 2) or 
the geography of the meadow (western edge of meadow - Group 3). 
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Figure 10: Model deviance (a) and coefficient of determination (R2
) (b) versus number 

of terminal nodes for the regression tree snow depth model. Independent variables 
included a solar radiation index (Srad), distance to tree bole (DTB ), distance to canopy 
edge (DTC), and a land classification index (CLASS). 
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Figure 11 
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Figure 11: Regression tree model with snow depth ( cm) as the dependent variable and a 
solar radiation index (Srad), distance to tree bole (DTB), distance to canopy edge (DTC), 
and classification type (Class) as independent variables. The values at the end of each 
tree branch are the mean values of all samples satisfying the splitting criteria for that 
node. 
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Figure 12 
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Figure 12: Physical snow characteristics documented on 12 February, 2005 at 0.5 meters from the tree bole (trunk) on both north 
(left) and south (right) aspects of a 15 m-tall spruce tree. Greater snow grain deformation and even ground ice was observed on the 
south aspect. Greater metamorphism observed on this southern aspect suggests enhanced energy exchange between the tree bole and 
the snowpack. The 14 cm more snow recorded on the southern aspect than the north aspect may be attributed to high winds associated 
with a large (3.23 cm SWE) snow event on 29-30 December, 2004 accompanied by wind in excess of 10 mis. 
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Figure 13 
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Figure 13: Physical snow characteristics documented on 12 February, 2005 at 1.0 meter from the tree bole (trunk) on both north (left) 
and south (right) aspects of a 15 m-tall spruce tree. Again, greater snow grain deformation and ground ice was observed on the south 
aspect. Greater metamorphism observed on this southern aspect suggests enhanced energy exchange between the tree bole or 
overlying canopy and the snowpack. Greater snow depth recorded on the southern aspect than the north aspect may be attributed to 
high winds associated with a large (3.23 cm SWE) snow event on 29-30 December, 2004 accompanied by wind in excess of 10 mis. 
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Figure 14 
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Figure 14: Crust layers were only observed at 2 m from the bole on this date. Advanced facet development on the north 
aspect was first observed at 2 m from the bole, whereas the south aspect had advanced facets at 0.5 m. The presences of both depth 
hoar and melt crusts at 2 m on the north aspect indicate high energy exchange at this under canopy location. Ground ice was absent on 
the south aspect at this distance from the bole. The snow type at 2 and 3 meters on south aspect was not documented on 12 February 
due to loss of daylight, however depth and density were documented out to 3 meters. 
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Figure 15: The snowpack characteristics documented at both 3 and 4 meters from the tree bole on the north aspect are illustrated in 
this figure. Snow type on the south aspect was not documented at 3 meters, and a lack of daylight hours prevented a profile from 
being conducted at 4 m on the south aspect. The 3 meter location represents the canopy fringe, while the 4 meter location is 
characterized as an open condition. The snowpack at these distances were predominantly composed of rounded grains with depth 
hoar. 
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Figure 16 
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Figure 16: Snowpack stratigraphy from 14 March (north aspect, left) and 15 March (south aspect, right) at 0.5 meters. Significant 
differences between the north and south aspects are due to a large storm event overnight that resulted in - 25 cm more new snow being 
recorded on the south aspect than the north. Comparisons presented and discussed in detail within my thesis were be made by 
removing the 25 cm new snow depth and resulting SWE difference from the south aspect. Of particular interest on 15 March is the 
new snow directly overlying 5 cm of ground ice closest to the tree bole (0.5 m). Ground ice was not observed on the north aspect, 
which suggests that melt occurred in close proximity to the tree bole between the 12 February and 14 March field visits. 
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Figure 17 
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Figure 17: Evidence of metamorphism in the form of melt/freeze crusts and facets to the ground were observed beneath the 14 March 
new snow cover. The south aspect had a 4 cm ground ice layer and only 2 cm of advanced facet growth overlying this ice, whereas 
the north aspect had 10 cm of advanced facet development to the ground/snow interface. The presence of both melt/freeze and 
facteted crystals suggest a period of warmth followed by either a subsequent cold snap or high diurnal temperature variations (i.e. 
clear, cold nights) in order to provide the vapor pressure gradient necessary for facet growth. Metamorphism due to above-freezing 
daytime temperatures was observed to be enhanced beneath the canopy and reduced with distance from the bole and on north aspects. 
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Figure 18 

110 

100 

80 

70 

f so 
"U 

§ 

a 50 - ~ , , , , , , , , , 
E 

t 
c3 

Valles Caldera National Preserve, NM 
Snow Pit Stratigraphy 

14. March, 2005 
North Aspect , 2.0 m from Trunk 

30 -Iv v v v v v v v 0 v 0 v 0 v 0 v 0 v 0 v 0 o~' 0 

20 1t,• ... ,· ... ,11,,·,,11,,11,,11,,,._.>.<,"<>11,,11<.,11<.,11<;1 < >" 

10 

I 

K::8] F11cets 

~ Rounds 

• Ice/Crust 

LlJ Melt/Freeze 

EZ2! New Snow 

0 .02 0 .06 0 .10 0 .14 0 .18 0 .22 0.26 0.30 0 .34 0 .38 0.42 0 .46 0.50 
Dens ity (g/cm 3) 

110 

100 

80 b , , , , , , 

1 so 

t 
G) 
0 

Valles Caldera National Preserve, NM 
Snow Pit Stratigraphy 

15, March , 2005 
South Aspect, 2.0 m from Trunk 

JQ p I > I > I ) I ) i > I > i > t ) I ) t > i > i > I > i > i > l > 1 >'a 

20 

18:=:8 Facets rn Rounds 

• Ice/Crust 

~ Mell/Freeze 

~New Snow 

10 p O O O O O O O O O O O O O O O O O D ~ 

xxxxxxxxxxxxxxxxxx 
I 

0 .02 0 .06 0 .1 0 0 .14 0 .18 0 .22 0 .26 0.30 0.34 0 .38 0.42 0 .46 0 .50 
Densny (g/cm3) 

Figure 18: The snowpack at 2 m from the bole was less impacted by the warm temperatures in late February and early March 
(daytime highs near 10°C for two days) than was observed closer to the tree bole. However, facet development was more 
pronounced at 2 m than it was closer to the tree bole. Facet growth on the south aspect was significantly more than on the north. 
The difference may be attributed to the south aspect of the tree receiving greater solar radiation than the north. 
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Figure 19: The snow stratigraphy on 14 and 15 March on north and south aspects, respectively, showed high levels of metamorphic 
deformation. Three distinct processes were apparent in these trenches; near-surface and depth facet development of the bottom 30 cm 
of the snowpack, melt-freeze sintering (constructive metamorphism), and surface facet development. The snowpack at 3 meters was 
exposed to the atmosphere and so may have experienced a larger range in temperature. After the warm spell, the heat (vapor) 
exchange between the storage in the melt-freeze layers and a cold atmosphere permitted the development of surface hoar (facets), 
which were then covered by a fresh snow layer. Surface facet formation was limited on the south aspect, presumably because of the 
underlying melt-freeze crusts, which can limit vapor exchange. 
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Figure 20 
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Figure 20: The snowpack structure at 4 m from the tree bole on 14 and 15 March. A mix of rounds and melt/freeze crystals 
composed the upper portions of the snowpack on both aspects. The snowpack within 15 - 30 cm of the ground had significant facet 
development. Ice crust layers were present on the north aspect that were not observed on the south aspect. 
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Figure 21 
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Figure 21: Illustration of the snowpack stratigraphy on 16 April. There was no snow to 1 meter out on the north aspect, so profile 
measurements and observations were made at 1.7 m, 2.5 m, 3.5 m, and 4 meters. The south aspect had no snow to 3.5 meters, and less 
than 30 cm of snow depth at 4 meters. For this reason, only the north aspect snow profiles are presented. The snow on 16 April had 
progressed far into the melt season and the snow crystal type maintained uniformity. Despite being well into the melt season and there 
being next to no snow on the south aspect, the north aspect at 3 .5 and 4 m had the more SWE than was recorded in March. The 
influence of shade plays a prominent role in prolonging snow cover duration and sustaining meltwater inputs by decreasing melt rates. 
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Figure 22: 
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Figure 22: Study site within the Valles Caldera National Preserve, NM, showing locations of 
the extensive tree survey location, network of ultrasonic snow depth sensors, and catchment 
snow survey transects. 
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Figure 23 
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Figure 23: Catchment survey data from 14 March, 2005 illustrating the high variability of 
SWE and the increasing trend with elevation. The dashed line is the regional average 
SWE/elevation trend line (regional prediction) from 9 SNOTEL stations within 100 km of 
the VCNP. The SWE in this catchment is highly variable and not well-represented by the 
regional trend. 
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Figure 24: Catchment survey data excluding measurements made on south/southwest 
aspects. The SWE on north/northeast aspects was closer to the SWE predicted using the 
regional trend, but still fell short of the prediction and the variability remained large. 
Removing observations from the S/SW aspects increased the R2 from 0.46 to 0.66, but the 
trend remained insignificant (p=0.19). 
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Figure 25 
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Figure 25: Mean catchment SWE on NINE Aspects beyond tree canopies at 2947 m (n=60), 
3023 m (n=121), and 3128 m (n=77). Removing sub-canopy SWE measurements and those 
taken on S/SW aspects produced a closer resemblance to the regional trend predicted by 
SNOTEL. This suggests that SNOTEL sites in the region are over-predicting SWE by not 
accounting for the natural variability due to aspect and the presence of vegetation. 
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Figure 26: Survey measurements made on north/northeast aspects. The measurements were 
separated into interspaced and sub-canopy measurements. A significant difference was 
observed between the SWE measured beneath a tree canopy and SWE under interspaced 
conditions. On north aspects, sub-canopy SWE represents 44% less SWE than measured 
under interspaced conditions. 
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Figure 27 
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Figure 27: Catchment SWE at three elevations measured on south/southwest aspects. South 
aspect sub-canopy SWE represents more than 50% of measured interspaced SWE. The 
greatest difference was observed on the highest elevation transect, where sub-canopy SWE 
was 79% less than SWE measured under interspaced conditions. 

Figure 28 

165 

127 

4 
SWE 

D selected features 

2.2 : 8.1143 

• 8.1143 : 14 .029 

14 .029 : 19.943 

19.943 : 25 .857 

D 25 .857 : 31.771 

31.771 : 37 .686 

. 37 .686 : 43 .6 

Figure 28: Histogram of catchment SWE. Measurements made beneath a tree canopy are 
selected (highlighted). The mean under canopy SWE was between 8 and 14 cm. 
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