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ABSTRACT 

Rates of snowmelt distributed across Emerald Lake watershed, an alpine basin 

located in the Sierra Nevada, California, were estimated for water year 1987 using 

a point snowmelt model applied to regions that were classified based on distributed 

snow water equivalence and net solar radiation (NSR). A 5-m resolution digital 

elevation model (DEM) and a 5-m classified digital terrain model of snow water 

equivalence (SWE) were resampled to coarser resolutions (25-m, 30-m, 50-m, and 

100-m) using the nearest neighbor approach. These images were used to define 

other snowmelt physical parameters and the initial state of the snowpack before 

melting. Topographic parameters calculated at 50-m and 100-m resolution 

exhibited significant differences in their histogram distribution as compared to the 

5-m OEM. The most important were variations in slope, aspect, sky view factor, 

and terrain configuration factor, which influenced radiation calculations and the 

definition of distributed parameters for snowmelt calculations. Elevations, 

however, did not change significantly from one resolution to the other. The 

distribution of topographic parameters modeled at 2S-m and 30-m, remained almost 

unchanged. Four, seven and ten classes of snow water equivalence and net solar 

radiation were combined using a band interleave process to determine the 

maximum number of combined classes. The point snowmelt model was then 

applied to these areas, which shared similar SWE and NSR characteristics, to 

obtain hourly melt rates. Modeled snowmelt rates were compared to the total daily 

discharge observed at the outlet of Emerald Lake watershed. There was good 

agreement for resolutions S-, 2S-, 30-, and SO-m but not for the 100-m OEM, as 

modeled net solar radiation was too high and water was released from the basin too 

early. Model performance using three tests (Nash-Sutcliffe criteria, sum of squares 

of the deviations and the sum of the absolute differences between observed 

discharge and computed melting) showed that the 30-m resolution OEM with 

combined classes of 7 SWE and 7 NSR provided the best snowmelt performance 
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for this distributed approach. Finally, fractional snow cover area at one month 

intervals were estimated, showing that this approach offers the potential to model 

spatially distributed snow covered area in alpine regions. 
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CHAPTER 1 

1. INTRODUCTION 

Alpine seasonally snow covered areas around the world, even though limited in 

extent, in many cases represent the major or the only source of the runoff for stream 

flow, groundwater recharge, and water supply during the spring and summer 

seasons especially on areas in the mid-latitudes [Pysklywec, et ai., 1968; Elder et 

ai., 1989; Elder et ai., 1991; Bales and Harrington, 1994; Tarboton, 1994]. In the 

western United States 70% of the water supply comes from melting snow [Zuzel 

and Cox, 1975; Chang et ai., 1987] which also constitutes the 50% of the 

streamflow in most of the areas [Rango and Itten, 1976]. Peak flows coming from 

sudden release of water from snowpacks are of great concern to public officials in 

order to plan structural or non structural works to prevent flood-related damages 

downstream of these areas [Martinec and Rango, 1992]. 

Many areas around the world rely on the water release from seasonally snow 

covered areas to satisfy an increasing demand for several uses, such as municipal 

water supply, irrigation, electricity generation, cooling systems, and recreation 

[Akan, 1984; Yang et ai., 1991]. The prediction of future release of water from 

these areas is important not only for water supply purposes, but also is an important 

hydrologic challenge in determining the timing of its release from these areas. 

Furthermore, seasonal and short-term snowmelt runoff forecasting is important 

In planning reserVOIr and mUltipurpose reservoirs operations for a reliable 

management of water resources for electric power generation, irrigation, and 

drinking water [Kumar, et ai., 1991, Mashayeki and Mahjoub, 1991]. 

Water accumulates in these seasonally snow covered areas as snow during the 

winter season. During this period, snow is subject to different internal structural 

changes, called metamorphism, due to external variations in radiation, temperature, 
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humidity, wind speed, wind direction, water vapor pressure, heat exchange at the 

snow surface and at the soil-snow interface, water seepage through the snow pack, 

and pressure gradients in the snow pack that retard the release of water until 

temperatures rise during the spring and summer seasons [Gray, 1981]. 

Many alpine snow covered areas are located in steep, irregular terrain where 

several snow-related hydrological processes take place; and these areas are 

characterized by a large degree of heterogeneity [Bales and Harrington, 1994]. 

The main processes of interest are accumulation, distribution, redistribution of the 

snow within the basin, internal changes in the snow structure, snow cover 

depletion, evapotranspiration, sublimation, snowmelt, infiltration, precipitation, and 

runoff [Gray, 1981]. 

Several studies show that patterns of snow depletion are related to patterns of 

net solar radiation around the basin [Elder, 1988]. Net solar radiation is also 

recognized as the largest source of energy available over snowfields [Olyphant, 

1981]. Snowmelt is very sensitive to differences in solar radiation, particularly in 

mountainous areas where topography plays an important influence [Dunne and 

Black, 1971]. Even though the physical process of water movement from snow 

covered areas to the streams follows known hydraulic processes of routing and 

storage, the timing of release of the water contained in the snow pack has to be 

better understood. The physical principles involved in the melting of snow have 

variously been described as empirical relations based on field observations, 

ordinary differential equation, and partial differential equations [US Corp of 

Engineers, 1956; Kuz'min, 1961; Price, 1977; Gray, 1981; Jordan 1991], but the 

results of their application to rough terrain fails because of uncertainty associated 

with the data and parameters needed, such as wind speed, wind direction, solar 

radiation, terrain configuration, sky view factor, slope, aspect, and temperature, and 

the lack of sufficient data from these usually remote areas and poorly monitorized 

basins. 
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The maximum amount of water available in a seasonally snow covered area is 

characterized by the snow water equivalence at the time of maximum 

accumulation. The basin mean snow water equivalence is defined as the amount of 

water that the snowpack holds as snow distributed over the entire basin and it IS 

defined as the product of the snow depth times the snow density [Elder. 1988]. 

For forecasting purposes it is necessary to know how the water is being released 

from the snow pack as the fall and summer seasons progress, and this is related to 

the depletion of the snow covered area. Therefore, changes in snow water 

equivalence during the melting season must be estimated, in order to accurately 

assess the discharge distribution with time during this period. 

Digital elevation models (DEM's) are being used to help model the distribution 

of factors that affect melt in snow covered areas, as well as other physical 

characteristics present during snowmelt. Such characteristics include snow water 

equi valence, net or incoming solar radiation, albedo, density, and other physical 

parameters involve in the accumulation and snowmelt processes. 

Studies are being conducted in order to understand the time and spatial 

distribution of snowmelt and the influence of the DEM resolution in the results 

[Elder et ai., 1991]. Mathematical models are available to simulate the snowmelt at 

a point and at a regional scale based on point or regional distribution of the 

variables involved [Jordan, 1991]. 

Snow water equivalence and net solar radiation represent the two most 

important variables that are generally available in an alpine basin for snowmelt 

runoff calculations. They both can be represented as distributed variables over the 

basin and have been found to be seasonally correlated. Given the distributed nature 

of both parameters it is assumed that this close relation can define the way in which 

the snow pack may react to the appropriate energy input and produce the melt. 

Combined classification of snow water equivalence and radiation distributed over 
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the basin gives as a result areas of similar physical characteristics for snowmelt 

calculations. Snow water equivalence is obtained from field measurements at 

points chosen around the basin according to a prespecified layout, in order to 

accurately estimate its content. These measured values are then defined as spatial 

distribution maps of snow water equivalence and visualized as digital terrain 

models (DTM's). The spatial distribution is obtained following ordinary hydrologic 

techniques for this kind of data, namely Thiessen interpolation [Elder, 1989]. This 

approach is based on a knowledge of the physical characteristics of the basin and 

their behavior during the snowfall season and later during the melting period. Solar 

radiation, on the other hand, can be calculated over the basin during the 

accumulation period and the melting period following existing clear-sky spectral 

radiation mathematical models that calculate direct and diffuse fluxes in 

combination with topographic calculations to determine either incident, net, and 

reflected solar radiation over snow-covered areas [Dozier, 1980; Elder et aI., 1991]. 

Bales et al. [1992] show that high resolution DEM's (5-m) do not necessarily 

give best results in terms of improving the estimates of whole watershed SWE, 

which suggests that coarser resolution digital elevation models (25-, 30-, 50-m, and 

100-m) can give results as good as the ones obtained with high resolution DEM's. 

It is also suggested that DEM resolution is not the main barrier to improve the 

estimates. It is also known that high resolution DEM's are available for only small 

areas around the world and that calculations in these DEM's require huge amounts 

of computer time and memory. 

Elder [1988] reported that a good estimate of snow water equivalence is 

obtained by using a clustering algorithm using radiation, slope, and elevation to 

identify the structure of similar groups within the basin. It also points out that a 

better way to improve the accuracy of the SWE estimates is by means of getting 

snow covered areas from satellite data and to account for redistribution effects 

[Elder et al., 1989]. 



1.1 Snow Covered Area and Snow Water Equivalence 

The amount of water available in a seasonally snow covered basin for future 

release is a function of the amount of snow that is deposited in the basin during the 

accumulation period. The timing of peak accumulation and spatial distribution of 

snow water equi valence have been recognized as primary factors in determining 

the release of water from the basin when certain climatological conditions are met. 

Several techniques are available to accurately determine the areal extent of 

snow cover areas. These techniques have evolved from the point measurements of 

snow precipitation as the traditional method of obtaining snow depth values, 

representative of a very limited area [Gray and Male, 1981]. Field work to 

determine the areal extent is done with the help of aircraft overflights. These 

techniques include flights over snow markers, snowline flights, and aerial surveys. 

Gray and Male [1981] provide a good description on techniques available to obtain 

estimates of snow cover areas using aircrafts. 

Modern techniques to determine the areal extent and patterns of snow covered 

areas include the use of low oblique areal photography [Kirnbauer et ai., 1991] to 

cover basin areas from 1 to 100 km2 and spatial resolution from 3- to IS-m [Ran go 

et ai., 1983] and almost all the satellite series launched after 1960 [Ran go and Itten, 

1976; Dhanju, 1983; Prokacheva, 1983]. These techniques depend on the cloud 

coverage over the areas of interest, which must be determined in order to have good 

estimates of the spatial distribution of snow over large areas. In alpine areas with 

cloud coverage, areal extension of snow and glaciers can be obtained by using 

mIcrowave and polarimetric sensors, which allow the snow and glacier mapping 

during the runoff period even over rugged terrain. Multipolarimetric synthetic 

aperture radar also allows determining other snow cover parameters as snow water 

equivalence, onset of snowmelt, and snow wetness [Rott and Kunzi, 1983; Shi and 

Dozier, 1992a; Shi and Dozier, 1993; Shi and Dozier, 1991]. The use of thematic 
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mapper data on an Italian alpine basin also showed the feasibility of using these 

data to determine the areal extension of snow as well as snow water equivalence 

[Rossi, et al.]. Satellite multi-spectral remote-sensing data has also been used to 

map snow and other snow characteristics over remote and inaccessible areas, also 

taking into account topographic effects and other snow related parameters (snow 

albedo, net solar radiation, and snow water equivalence), many of which are 

obtained by following field procedures at 25, 50 and 100 meters interval [Dozier 

and Marks, 1987; Dozier, 1987; Dozier, 1989; Dubayah, 1992]. Rosenthal [1993] 

designed a fully automated method that uses Landsat Thematic Mapper data to map 

snow cover and to make estimates of of the fractional snow covered area within 

each pixel. 

For regional analysis and to cover large areas, the TIROS/NOAA APT data 

have been used to determine a relation between snow covered areas and flows in 

the A'nyemaqen mountains, China [Shunying and Qunzhu, 1986]. 

Much effort has been focused on relating the areal extension of snow covered 

areas over mountainous terrain to the total water stored in the snowpack. Ferguson 

[1986] describes a parametric model for the areal distribution of SWE and its 

variation with snow covered area (SCA) from day to day and from year to year. 

Special attention must be given to the determination of snow covered areas in 

remote regions where operability during the accumulation period is difficult, 

expensive, dangerous, and time consuming and no observations are available for 

the phenomena of interest such as snow water equivalence, snow depths, density, 

and liquid water content [KlemeS, 1990]. 

Past work done on snow distribution and accumulation has been summarized by 

Bales and Harrington [1994], Rango [1993] and Elder [1988]. Elder [1988] worked 

on the spatial and temporal variation of net snow accumulation done for the 1986 

and 1987 water years in a small mountain basin (Emerald Lake watershed) and uses 
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stratified sampling techniques on areas of similar snow characteristics based on 

topographical parameters that account for variations in both accumulation and 

ablation. Remote sensing techniques were used in order to classify the basin taking 

elevation, slope, and radiation as the parameters for classification. Radiation was 

shown to be the primary factor in the distribution process, with slope and elevation 

playing a secondary role [Elder, 1988; Elder et al., 1989; Elder et al., 1991]. 

Snow distribution in alpine regions is highly variable and depends on several 

physical factors associated with the basin. Yang, et ai., [1991] show that snow 

distribution in a high alpine area of the Urumqi River in the Tianshan Mountains is 

uneven because of wind drifting, varying sublimation from the surface, and weak 

snowmelting in south-facing slopes in winter. Uneven snow accumulation may also 

be caused due to the shielding effect of topography on storm front passage 

precipitation. 

Martens [1989] reported their experience in obtaining snow water equivalence 

and other hydrometeorological parameters from remote snow cover areas in the 

Chilean Andes using Landsat and GOES data collection platforms. 

Male and Granger [1981] also found that patterns of snow accumulation and 

distribution are governed by weather conditions, especially wind, temperature, 

moisture, storm patterns, and atmospheric conditions between storms that are 

responsible for snow structure changes due to thermal variability within the 

snowpack. 

In alpine environments snow water equivalence is a variable that is not 

measured on each meteorologic station and alternatives methods for estimating its 

seasonal variation are needed. Rohrer and Lang [1990] modeled the temporal 

variation of snow water equivalence using meteorologic parameters (air 

temperature, precipitation, wind-speed, water-vapour-pressure, global radiation, 

and cloud coverage) measured at one hour intervals over a very high alpine area. 



Braun [1991] points out that snow water equivalence simulation is based on 

available meteorological data because direct measurements of SWE is not a 

standard component of meteorological stations at high altitudes and the use of 

physically-based models seem an appropriate tool for modeling SWE and other 

snow related processes at the surrounding of the station. For larger areas. 

determination of snow water equivalence is done by correlating the brightness 

temperature of snow-covered areas and the snow water equivalent by usmg 

Nimbuss-7 Scanning Multichannel Microwave Radiometer (SMMR) data 

[Hallikainen and Jolma, 1992]. The choice of the appropriate model depends 

largely on the purpose of the model and the data availability. It also compiles snow 

water equivalence studies done since 1952 and points out the necessity of statistical 

improvement in interpolation of meteorological data of high temporal resolution. 

Snow cover delineation is an important parameter during the ablation period. 

Shi and Dozier [1993] used active microwave sensors to discriminate between 

different materials. Shi developed a method based on frequency and polarization of 

the sensors of the Synthetic Aperture Radar in order to obtain the spatial 

distribution of snow. Martinec et al. [1991] used satellite mapping during the 

melting period in order to calculate the average areal snow water equivalence in 

selected regions and elevations zones. Regional snow distribution in terms of the 

areal snow water equivalence was evaluated from satellite data without any 

terrestrial calibration, which makes the method useful in un gaged snow basins. 

Kirnbauer et at. [1991] used oblique aerial photography taken at two week intervals 

in order to delineate snow boundary lines during the ablation period. Baumgartner 

et at. [1991] used NOAA-AVHRR data to determine the areal extent and temporal 

and spatial variation of the alpine snow cover. Snow cover depletion curves show 

the differences in distribution and amount of snow. Kumar et at. [1991] used 

Landsat-MSS data to determine snow cover depletion curves required for the 

Snowmelt-Runoff Model (SRM). 
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Snow water equivalence in high elevation areas was predicted by analyzing 

telemetered snow data from lower-elevation sensors [McGurk, et al. 1993]. 

Martinec and Rango [1991] used two indirect techniques to determine the total 

snow water equivalence available in a mountainous basin due to the lack of 

available field data. They used the daily total snow depth value that calculates the 

actual SWE value using an assumed initial snow density of each snow layer and a 

settling curve for the respective layers; the second method converts satellite snow 

cover information into average areal snow water equivalence values. Martinec and 

Rango [1981] determined that the maximum seasonal snow water equivalence in a 

mountain basin can be approximated by monitoring the disappearance of the 

seasonal snow cover during the melting period by means of Landsat data. 

Early studies in snow characteristics using remote sensing techniques applied to 

mountainous areas recognized the importance of discriminating different materials 

in the ground, especially those having similar spectral characteristics, such as 

differentiating snow from clouds and other surface materials [Dozier, 1987]. 

Estimation of snow physical properties is another field of interest in developing 

physically based models for snowmelt runoff. These characteristics can be 

determine by direct field measurements and estimated by remote sensing 

techniques. Two important parameters are snow surface temperature and snow 

covered area, which can be estimated from infrared radiance measurements from 

satellites or from portable field instruments [Dozier and Warren, 1982]. 

1.2 Snowmelt-Runoff Processes 

Determining the amount of water and the timing of its release from the 

snowpack given the appropriate meteorologic conditions is one of the most 

important aspects of study in snow hydrology. Snowmelt runoff processes In 

seasonally covered areas have become an interesting topic of study in both basic 

research and for operation purposes. To determine the discharge from a seasonally 
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snow covered area it IS necessary to know the rate of melting occurnng In the 

snowpack. 

Seasonally snow covered areas represent an important source of fresh water in 

many regions around the world. Accumulation of snow during winter time is 

subject to a series of changes produced by the daily variability of physical 

parameters affecting the accumulation and distribution. The snowpack, then, is 

subject to internal changes and transformations, which will later affect the 

movement of water within it. The transformation is mainly related to the formation 

of icy layers produced by the sequence of different snow storms falling over the 

basin and the change in density, surface melt layers that become frozen and buried 

by subsequent precipitation, internal freezing of melt or rain on snow events, etc. 

During the accumulation period in the Alpine regions of western U. S., the 

snowpack is subject to temperatures below freezing for most of the time. 

Occasionally temperatures rise above 0° C and some melting is produced through 

the pack. As soon as the temperature goes below 0° C, meltwater refreezes; the 

formation of channels and layers changes the physical structure of the snowpack 

and may form preferential patterns of water movement once the climatic conditions 

for melting are again met. 

The melting of a snowpack depends on the total energy available. This energy 

is the sum of several components, including both short and long wave radiation, the 

convective heat flux at the snow-air interface, the latent heat flux to produce 

sublimation, evaporation, and condensation, heat conduction from the soil to the 

snowpack, heat produce by rain water, infiltration, and the internal energy stored in 

the snowpack during the accumulation period. 

The total amount of melt water produced by a specific value of energy flux is a 

function of the latent heat of fusion, the density of the water and the fraction of ice 

in one unit of mass of wet snow. So to determine the total discharge from a 
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seasonally snow covered area, it is necessary to calculate the energy balance 

present in the snow pack before melting. The analysis of each of its components 

and the method of calculation have consumed many of the research efforts in the 

past years. 

Even though the principles behind the melting process are quite well known, 

difficulties arise from the lack of field data to determine most of the coefficients in 

order to calibrate snowmelt models and be able to accurately predict total volumes 

of melt water released from the pack. 

Many mathematical models have been developed to deal with the energy 

balance equation and calculate rates of melting water. Depending on the amount, 

type and quality of the data, these models solve the equation considering specific 

terms of the equation and their relative importance with respect to the others. 

HYDRO-17 is a snow accumulation and ablation model that uses aIr 

temperature as the sole index to energy exchange at the snow-air interface because 

it was readily available and it is the best single index to areal snow cover energy 

exchange [Anderson, 1973]. Zuzel and Cox [1975] already recognized the relative 

importance of meteorological parameters (wind, air temperature, vapor pressure, 

and net radiation) in improving snowmelt using factor analysis and regression 

analysis. The standard error of daily snowmelt could be decreased by the use of 

additional meteorologic and snowmelt data such as vapor pressure, net radiation, 

and wind in the predictive equations. The average air temperature however, is the 

best predictor of snowmelt if only one meteorological variable is available. 

In using physically based models it is necessary to understand not only the 

physics involved in the melting process but also the limitations of the model 

equations relative to the heterogeneity of the variables involved in the process 

[Beven, 1989]. The movement of water within the snowpack determines how fast 

the water may reach the ground to become runoff. Colbeck [1976] defines the 
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equations describing water movement in a dry snow cover and finds that the grain 

size of snow has a large effect on the timing of water discharge. He also points out 

that reduction in runoff after rain on dry snow is due the retention of rain by dry 

snow, which raises the snow temperature and saturates the snowpack. Dunne et al. 

[1976] and Price and Dunne [1976] describe a physically based model of the 

movement of water through a snowpack to calculate hydro graphs generated by 

diurnal waves of snowmelt on the tundra and in the boreal forest of subarctic 

Labrador. The model yielded good results, particularly in the prediction of peak 

runoff rates, though there was a slight overestimate of the lag time. 

Two critical factors that control the hydrograph, snow depth and melt rate, must 

be predicted for short time intervals. Permeability is also an important control but 

can be estimated from published values. Akan [1984] developed a physically based 

mathematical model that accounts for liquid water flow, heat conduction, and vapor 

diffusion. He showed melt in a diurnal springtime runoff over snow-covered hill 

slopes is not restricted to a thin upper layer but to the entire depth of a wet 

snowpack. Ffolliott et al. [1989] designed two models, SNOW and SNOWMELT, 

to determine snowmelt water coming from a relatively shallow and intermittent 

snowpacks. These models require only local parameters of the basin and of the 

snowpack. The driving variables are a minimum: maximum air temperatures, 

precipitation and solar radiation. 

Rango [1985] designed the Snowmelt Runoff Model (SRM), which simulates 

and forecasts daily streamflows using remote sensing input of snow cover in areas 

where snowmelt is the major runoff component. Martinec and Rango [1986] used 

simulation results from SRM to estimate snowmelt parameters such as degree-day 

factor, runoff coefficient, temperature lapse rate, critical temperature, time lag, and 

recession coefficient. SRM uses the simple degree-day approach for calculating 

snowmelt in mountain basins [Rango and Roberts, 1987]. Most of the work done 

with this model has not been in real time but rather in attempts to simulate observed 
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hydrographs [Rango, 1988]. Although there are several snowmelt-runoff models 

available few of them are truly operational tools for forecasting purposes. 

Snow melt rates depend on the amount of energy available both at the snow-air 

interface as well as the soil-snow interface. Obled and Rosse [1977] consider the 

snowpack as a closed system, considering the heat interaction at the snow-air 

interface as the only source of energy, while the melting at the soil-snow interface 

is assumed to be constant and the energy there is assumed negligible. BlOschl et al. 

[1990] discussed a short time snowmelt forecasting model for mixed rain-snowmelt 

in a high alpine basin. The input parameters for the model come from a physically 

based energy-balance approach. 

Water flow in the snowpack is also an important phenomena to be understood 

before any snow melting can be determined. Several theories have been studied in 

order to explain the movement of water within the snowpack. The most common 

one that assumes the snowpack is a granular material subject to the passage of 

water. This approach uses the classical theory of water flow in porous media, better 

known as Darcy's law. Colbeck and Anderson [1982] used the theory of gravity 

flow to represent meltwater drainage from snow covered areas even though these 

are considered to be homogeneous units. Jordan [1983] used similar equations for 

unsaturated groundwater flows and Darcy's law in order to describe melting water 

through the snowpack. He also solved the flow through a deep mature snowpack by 

using a one-dimensional, unsaturated, unsteady flow in a homogeneous, rigid, 

porous medium. 

Morris [1983] developed a deterministic, distributed snowmelt model based on 

differential equations that describe the flow of mass and energy through the 

snowpack. The model results are compared with data from a sub-Arctic basin. The 

flow of mass and energy within the snowpack is described by the equations of 

continuity, momentum and energy, and the equations of state. 
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The energy balance over the snow pack is the dominant factor in determining 

the rate of melting. Radiation in the short and long wavelength spectral intervals 

and the turbulent exchange process, both as sensible and latent heat transfer, are the 

most important exchange processes [Male and Granger, 1981]. 

Morris [1989] modeled the turbulent transfer over snow and Ice under ideal 

conditions and discussed a katabatic flow over a sloping surface. She also 

hypothesized that the catchment can be divided into compartments that can be 

treated independently as point sites in order to determine the amount of snowmelt 

in the catchment. 

Estimating the dominant terms in the energy balance equation is one of the most 

difficult questions the modeler has in snow hydrology if good field data are not 

available. The influence of radiation in the total energy budget has not been 

accurately determined. Some studies show that sensible heat inputs can be twice as 

much as the heat produced by net radiation, and are often in the range of 40% of 

net radiation [Morris, 1989]. Marks and Dozier [1992] report values of radiation of 

up to 66-90% of the total energy available for melting. 

Snowmelt models are being developed in order to increase the accuracy of the 

estimates of the rates of water release from the snowpack. Several approaches 

have been discussed in the literature, ranging from purely physical based models to 

purely stochastic models and from pure lumped models to the newer tendency for 

distributed models. A main factor in deciding the type of model that can be applied 

is meteorological information available for each case; no general snowmelt runoff 

model can be designed to satisfy all forecasting needs, but models can be rather 

specific for each hydrologic setting and basin. 

Of particular importance are those models developed for areas of rough terrain 

and with little information. In order to overcome this problem, researchers use 

empirical relationships for the processes involved in the melting of snow. That is 
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the case of Pefia and Nazarala [1987], who developed a daily snowmelt-runoff 

simulation model based on empirical relations to calculate snow and ice melt rates 

for the upper Maipo River basin in the Chilean Andes in South America. 

Distributed models have been part of hydrologic studies because they try to 

represent the spatial variability of the parameters involved in basin related studies, 

though lack of spatial information makes it difficult to fully use their power 

especially on alpine areas. Due to this constraint, two basic distributed approaches 

have been defined in the literature: conceptual distributed models and physically

based distributed models. The former defined as an intermediate model between 

the pure empirical and the pure theoretical model which provides useful results 

both efficiently and economically with the aid of parameters which have a physical 

significance and can be estimated by using current observations in input and output. 

The later on the other hand is based on theoretical considerations of the processes 

involved and in their mathematical representation [Singh, 1988]. Both 

representations depend upon the data availability as the meteorological parameters 

which are available at the station for input to the models and a rigorous 

mathematical formulation defined for the mass and energy balance which is applied 

to the distributed combined areas [Haan etal., 1982; Beven and Moore, 1992]. 

A vailable models are being used to understand the various processes occurring 

during snowmelt and the use of their capabilities for forecasting purposes. Such is 

the case of the Snowmelt-Runoff Model, which is being used to simulate stream 

flows during the melting season for a period of ten years in western North America 

[Rango and van Katwijk, 1990]. The approach involves defining snow cover 

depletion curves based on snow water equivalent at each elevation zone. 

Modern trends in snow hydrology are toward the use of distributed models 

instead of lumped models. This is so because hydrologists are able to obtain time 

and spatial distribution of several of the most important parameters involved in the 
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snowmelt process. Such is the case of the use of digital elevation models which 

allow the representation of physical parameters in them. Coupling DEM with 

satellite information allow researchers to put together data that is difficult to obtain 

in the field but that can be numerically modeled. Such is the case of snow water 

equivalence, snow cover area, spatial distribution of albedo, spatial distribution of 

net solar radiation, and so on. Bloschl et al. [1991 a] used a distributed model to 

select model parameters, to simulate distribution of snow cover properties, and to 

compare results with less sophisticated models used for operational purposes. 

Thermal and hydraulic state of the pack, and hourly melt water release are 

calculated as spatially distributed variables. They recognized albedo and initial 

snow water equivalence as primary factors controlling snow cover distribution. 

The same authors used a 2S-m resolution DEM to deterministically model spatially 

distributed snowmelt in an alpine basin. Energy calculations were done at the grid 

level, taking into account topographic variations of solar radiation [BlOschl et aI., 

1991b]. 

Many basins have melting from glacierized areas as a main component of the 

runoff. Determining that contribution is also an important part in the global study 

of runoff coming from mountainous areas. Pena and Nazarala [1987] used a simple 

expression to obtain daily melt as a function of air temperature, net radiation 

balance and precipitation calculating separately contribution from glacierized and 

non-glacierized areas. Oerter and Reinwarth [1990] define the melting produced at 

a glacier surface based on an energy balance model (global radiation, longwave 

radiation, air temperature, relative humidity, wind velocity, and albedo) as the input 

for a runoff model over the Oetztal Alps. Ersi [1991] simulated daily discharge 

using a multiple regression model from a high altitude glacierized basin and 

showed that snowmelt has good correlation to air temperature and vapor pressure, 

but the one coming from glacier free areas depended on precipitation. Brugman 

[1991] points out that albedo variability over glacierized areas is responsible for 
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the amount and timing of meltwater runoff as more energy IS absorbed at the 

surface. 

But better mathematical models are not necessarily the final and better solution 

for determining snowmelt runoff estimates, due in part to the modelers inability to 

completely understand the processes involved and the lack of sufficient data both in 

time and space. Leavesley [1989] points out that problems found in snowmelt 

runoff modeling are associated with physiographic and climatic conditions and with 

solution techniques. Problems common to all regions include poor definition of 

model inputs, measurement of snow related parameters for different applications 

and scales, and development of accurate short and long term snowmelt forecastings. 

1.3 Statement of the Problem 

The current research was designed to answer the following questions: 

1. Using the nearest neighbor technique what is the accuracy of digital elevation 

model scale transformations? What are the effects on the calculation of 

physical parameters when coarser and coarser DEM resolution datasets are 

used? The original 5-m DEM will be transformed to coarser resolutions, 

which may affect the calculation of physical parameters over the digital 

elevation models. The parameters calculated from the digital elevation 

models are: topographic parameters (elevation, slope, and aspect), and 

physically related parameters (solar radiation, snow water equivalence, 

snowmelt, terrain configuration factor, and sky view factor). What is the 

difference between topographic features, primarily elevation, slope, aspect 

and potential net solar radiation at differing DEM resolutions? The accuracy 

will be assessed based on the difference between topographic features, 

primarily elevation, slope, aspect and potential net solar radiation at various 

DEM resolutions 
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2. What is the distribution of "snowmelt potential" based on the combined 

classification of snow water equivalence and net solar radiation for 5-, 25-, 

30-, 50-, and 100-m resolution DEM's? Calculations using the 30-m 

resolution DEM will be done in order to assess the future use of Landsat 

Thematic Mapper and other satellite data, which will provide areal extension 

of the snow covered area and radiation information. 

3. What is the hourly snowmelt distribution when a one dimensional mass and 

energy balance equation is applied to the combined areas? A constant lapse 

rate temperature is assumed and a value of the calculated fraction of net solar 

radiation at the time of the beginning of the melting period to the variables 

that drive the system: temperature and solar radiation. How do total daily 

snowmelt rates calculated at different scales compare to the total daily 

discharge observed at the gaging station? 

4. Compare total daily snowmelt rates calculated at different scales namely 5-, 

25-, 30-, 50-, and lOO-m resolution, to the total daily discharge observed at 

the gaging station, using four statistical indices, which will provide the 

assessment of the snowmelt simulation performance. What percent snow 

cover area exists at monthly intervals? 
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CHAPTER 2 

2. METHODS 

Snow hydrology and chemistry in Emerald Lake watershed was initiated in 

1984 as part of the CaEfornia Air Resources Board's Integrated Watershed Study 

program aim to assess the current status and sensitivity of alpine areas to damage 

from acid deposition [Dozier et al., 1987]. 

To determine the variability of snowmelt around the Emerald Lake watershed 

due to changes in spatial resolution, the original 5-m DEM was transformed to 

coarser resolutions, the basin was classified into areas of like snow water 

equivalence and net solar radiation, and distributed snowmelt calculated using a 

point energy-balance model. 

DEM transformations were done usmg a resampling technique based on the 

nearest neighbor approach, which defines the new pixel elevation value as the pixel 

in the high resolution DEM which is closest to the center of the pixel in the new 

DEM. 

The total amount of snow available for melting, which is defined as the 

distributed snow water equivalence (SWE), was transformed to the coarser 

resolution using the same resampling technique. The total melt produced at the 

bottom of the snow pack was calculated using a mass and energy balance model 

[Jordan, 1991] applied to areas where the total amount of water availahle as snow 

(defined for its SWE) and net solar radiation at the time of peak accumulation were 

similar. Net solar radiation was used in the distributed approach as an index to 

classify areas in the basin, and to assign to each class a fraction of the net solar 

radiation observed at the micrometeorologic station in the basin. Point radiation 

estimates are topographically distributed over the basin considering slope, aspect, 

shading by ridges and reflection from adjacent areas [Elder, 1988; Elder et al. 
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1989; Elder et al., 1991]. 

Point snowmelt calculations were done in each individual area defined by the 

combined radiation and SWE classification, assuming that the snowpack 

characteristics within each class were the same. The point snow melt model 

SNTHERM [Jordan, 1991] was used to provide the total melt at the bottom of each 

class at an hourly time step. The total daily melting was then calculated for all 

classes and all resolutions, and their values compared with the total discharge 

(observed) at the outlet of the basin. Relative snowcover depletion patterns were 

composed to assess the distributed performance of the model. 

It is important to notice that net radiation calculated for each pixel around the 

basin was also used as one parameter for distributing SWE; other parameters were 

elevation, slope and aspect. 

The overall approach for the distributed snowmelt model is based on four 

premises. First, the high variability of the relief in an alpine basin can be classified 

according to physical criteria into terrain units. These units are composed by 

clustering of pixels that are less than the total number of pixels in the original 

DEM, where mass and point energy equations can be applied and still provide a 

good characterization of snow melt. The clustering of pixels was done by choosing 

pixels within the basin that share common snow and radiation characteristics. 

Second, the number of clustered classes is significantly less than the total number 

of pixels within the basin and still provide a realistic representation of the basin 

heterogeneity. Third, watershed-wide melt from the basin can be defined with far 

fewer points and with much coarser DEM's without losing melting definition when 

changing from finest resolutions to coarser DEM's. Fourth premise is that at some 

coarse scale, lose ability to know spatial distribution of melt in the basin need latter 

for biogeochemical modeling. 
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2.1 The Study Area: Emerald Lake Watershed 

The analysis of scale effects in determining the total melt from an alpine basin 

due to changes in spatial resolution of digital elevation models was conducted in 

the Emerald Lake watershed, located in the Marble Fork of the Kaweah River in 

Sequoia National Park, California, at 36° 35'N, 118° 40' W (Figure 2.la). 

Elevations range from 2780 m at the outlet of the lake to 3416 m at the highest 

point in the basin, Alta Peak, with a total elevation difference of 636 m [Elder, 

1988]. The total area of the basin is about 1.2 km2 of which 0.285 km2 correspond 

to Emerald Lake itself. Emerald Lake is a glacial cirque, north facing, with very 

steep cliffs at the south side and west margins (Figure 2.1 b). About 30% of the 

watershed is made up of exposed rocks, but it also includes unconsolidated clays, 

sand, gravels, and talus covering up to 50% of the basin [Tonnessen, 1991]. 20% of 

the basin is covered by poorly developed soils. Another 20% is cover by alpine and 

sub-alpine vegetation and only about 3% of the area is covered by trees. 

The water year used for this study was 1987. This year was characterized by 

lower than normal precipitation. Statewide precipitation was only 65% of the 50 

year mean for the 1987 water year. Snow surveys for this year also indicated that 

the snowpack by April 1 was just over 50% of average, and only 20% of the 

average for May 1 [Elder, 1988; Elder et al., 1991, Kattelmann and Elder, 1991; 

Dozier et aI., 1989] 

2.2 Digital Elevation Models 

Alpine areas have a high variability of elevation over short horizontal distances. 

This variability has been traditionally represented as topographic maps in which the 

main element of variability (elevation) was defined as contour lines. These maps 

show little information regarding other important attributes of the topographic data 

when used for practical hydrologic purposes, such as for modeling snow 

distribution, snowmelt, and runoff processes. 
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For modeling purposes, ancillary information has to be included in the same 

map or in a series of maps. Each variable is represented in additional maps. colors 

or new lines. That is the case of areal representation of precipitation, evaporation, 

wind direction, snow covered area, etc. This information, even though useful for 

modeling purposes, is impractical to use in the absence of fast computers due to the 

distributed nature and large amount of information. Computations using this kind 

of information could not be done manually, but rather must rely on interfacing 

geographical information system (GIS) with snowmelt models to replace manual 

interpretation and analysis. 

However, digital elevation models are not always available at the scale needed 

for a particular application; so it is necessary to rely on scale transformations using 

image processing techniques readily available in any major computer system. 

Further, transformation from high resolution DEM's to low resolution DEM's may 

produce undesirable results both in magnitude of the attributes transformed and in 

the quality of the information being produced. Subsequently, any use of the 

transformed digital elevation models may produce inaccurate results for the 

processes being investigated. 

In this study, the DEM was used to represent not only the variability of 

elevation with space and its topographic characteristics, but also the spatial and 

temporal variability of parameters involved in the snowmelt runoff process in 

alpine areas, including areal distribution of snow on the basin, spatial distribution 

of the snow water equivalence (SWE), spatial and temporal distribution of solar 

radiation, and spatial and temporal distribution of potential snowmelt. 

Calculation of terrain parameters (slope, aspect, solar radiation, SWE, 

combined areas of both SWE and solar radiation as initial condition of the 

snowpack prior to melting, terrain configuration and sky view factors) were done in 

such a way as to save computer time by the use of relatively simple but accurate 
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algorithms built within the Image Processing Workbench package (lPW) [Frew, 

1990; Dozier and Frew, 1990] 

2.2.1 Elevation. Within IPW, topographic information in the OEM is 

represented as piecewise linear quantization between the extreme values of the 

topography being mapped and the maximum N-bit representation. Integer numbers 

vary between 0 and 2N - 1. The 2N - 1 break-points, with N ~ I, match the 

corresponding values of elevation, and the mapping between the real representation 

of topography and break points uses a relation linear. 

A 12-bit 5-m linear quantization digital elevation model for the Emerald Lake 

Watershed is available [Elder, 1988; Elder, 1989]. This DEM was produced at a 5-

m resolution by stereophotogrammetry from low altitude aerial photographs 

[Dozier and Frew, 1990]. 

2.2.2 Slope and Aspect (Azimuth). The surface terrain slope at a point is 

defined by a tangent line to the terrain surface. Terrain aspect is defined as the 

azimuthal direction of the slope. Both quantities can be characterized in the same 

fashion as the elevation; that is, one can assume, a linear relation between the break 

points of the attribute and the values of the attributes. It is customary that the slope 

be stored as the sine of the tangent line at a point because the sine function more 

accurately represents small slopes [Burrough, 1992; Dozier and Frew, 1990; Frew, 

1990] 

y, 

tan S == IVz I = [( dzldx)2 + (dzldy)2] 

tan A = 

(2.1) 

(2.2) 

-dzldx and -dzldy are calculated by a simple finite difference scheme for the 

gradients in the east and west directions. 
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az Zi +I,j - ~I-I,J 
= (2.3) 

ay 2!)'h 

az Zi,j+1 - Zi,j-I 

= (2.4) 
ax 2!)'h 

2.3 Digital Elevation Model Scale Transformation 

There are several image processing techniques (nearest neighbor, bilinear 

interpolation, cubic convolution) to modify the spatial resolution of DEM's 

[Schowengerdt, 1983]. The one used in this study was the nearest neighbor 

approach, which consists of defining the new pixel size by setting a new region 

where the new required spatial resolution is defined. The idea behind is that the 

transformed DEM's may not necessarily have the same areal coverage as the 

original DEM to fit exactly the new resolution size, therefore, an adjustment to the 

image size is done. 

GRASS [Army Corps of Engineers, 1991] provides an algorithm (r.resample) to 

resample raster map layer data. The elevations in the resampled raster map are the 

same as those in the original, except that the resolution (our variables of interest: 

elevation and snow water equivalence) and extent of the new raster output map 

layer will match those of the current geographic setting. 

The current geographic region is set up based on the particular resolution 

needed. In order to keep the resolutions to even values of 25-, 30-, 50-, and 100-m, 

the new region was defined by keeping the north and west edges of the original 

image fixed and the lengths of the east and south directions were defined in such a 

way as to preserve as much as possible the location area and the areal extension of 

the study basin without compromising the areal extension of the original 5-m DEM. 

The north and west UTM coordinates are: 4,051,800 Nand 349,350 E. for the 5-m 

DEM and they are preserved for the other resolutions. 
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This operation is done by neighbor operators, which assigns the new value of 

the DEM of lower resolution as the center value of the DEM of the highest 

resolution. The nearest neighbor method of resampling transfer original data 

values, without any neighborhood operation method over the original data (median, 

mode, minimum, maximum, standard deviation, the variance, diversity. or 

interspersion) [Army Corps of Engineers, 1991 J therefore maintaining the original 

elevation values. 

A 5-m digital elevation model of the Emerald Lake watershed was available for 

this study [Elder, 1991J. The original DEM for the basin was produced at a 5-m 

resolution by stereophotogrammetry from low altitude aerial photographs [Dozier 

and Frew, 1990J. Four more coarse spatial resolutions were generated to analyze 

the scale effect based on the future application of this methodology to larger basins 

and to headwater basins in mountain regions. These basins are available in digital 

elevation models at cell size of 25-m around the study area and in others parts of 

the Earth where similar studies are being conducted. Additionally, the DEM at 

resolutions 30-, 50-, and 100-m are not odd integer numbers of the original 5-m 

DEM. 

2.4 Net Potential Solar Radiation 

Net potential solar radiation (NPSR) calculated at a point is necessary because 

we are interested in determining the relative potential radiation over the entire 

accumulation and melting seasons and over the whole basin. Radiation measured 

over one point are usually low because of cloud coverage. 

Melting and runoff processes occurring in mountainous terrains are affected by 

the topography and the topographical variation of solar radiation reaching the 

snowpack surface [Dunne and Black, 1971], such as the case of snow 

metamorphism and snowmelt during the time of accumulation and ablation [Dozier, 

et aI., 1989J. 
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Dunne and Black [1971] recognized that the melting of snow is extremely 

sensitive to solar radiation, as modified for topographical factors, especially in 

rough terrain. Munro and Young [1982] pointed out that the shortwave component 

of the solar radiation reaching the ground is the chief contributor to surface melt 

and should be considered as an important component for basin modeling. Olyphant 

[1986] recognized that net radiation acting over snowfields is the largest source of 

energy available for snow related processes on mountainous terrains, and for the 

case of the Sierras [U.S. Army Corps of Engineers, 1956; Aguado, 1985], together 

with sensible heat transfer of the snow energy balance [Male and Granger, 1981; 

Munro and Young, 1982]. Therefore it is necessary to determine the spatial and 

temporal variability of the solar radiation based on the definition of general 

atmospheric characteristics of the area surrounding Emerald Lake basin not only 

during the time of accumulation but also during the time of ablation. 

In mountainous terrain, the action of the solar radiation is magnified due to the 

action of the surrounding geography and the atmospheric characteristics. During 

the time of snow accumulation, snow is transformed from the newly fallen snow to 

the mature snow ready for release when the climatic conditions are right. 

Radiation plays an important role during the time of accumulation, providing the 

energy necessary for the internal and external transformations that take place 

during that period, i.e., metamorphism [Dozier et al., 1989]. 

But radiation is also the main factor during the melting and runoff period, 

providing the necessary energy both in the upper part of deep snow packs and in 

the lower part of shallow snow packs by the interchange of the magnitude of the 

different components of the energy balance equation [Olyphant, 1986; Warren, 

1982]. The spatial variation of energy fluxes over a mountainous basin is necessary 

in order to determine the location of melting and to estimate the timing of runoff 

from these areas [Dozier et al., 1989]. 



44 

Changes in the snow pack characteristics during both the accumulation and 

ablation periods are also influenced by cycles of freezing rain, changes in wind 

direction and magnitude, and changes in the daily cycle of minimum and maximum 

temperatures, giving the snowpack ice layers that modify its structure. 

In an alpine environment, the radiation absorbed by the snowfield is given by 

the integral distribution of the incoming solar direct and diffuse fluxes and the 

spectral reflectance [Dozier et al., 1989]: 

(2.5) 

where A is the wavelength, So is the exoatmospheric spectral flux at A on a plane 

normal to the solar beam, which is incident angle arccos 11. )ls is the cosine of the 

local illumination angle on a slope, 'to is the spectral optical depth of the 

atmosphere, FJ, is the spectral diffuse flux scattered by the atmosphere and nearby 

terrain. Rs and Rd are the spectral reflectances to direct and diffuse illumination. 

In the current work, limits of integration [AI ; 1.2] were set to [0.3 11m ; 3.0 11m] to 

include all wavelengths in the visible spectrum. 

Exoatmospheric incoming solar radiation reaching the ground must pass through 

the gaseous atmosphere, where energy is scattered, reflected, absorbed and 

transmitted. The combination of absorption and scattering is better known as 

attenuation [Slater, 1980]. The main gaseous species present in the atmosphere that 

attenuate radiation include CO2 , H20, 03' CH4 , etc. In alpine environments this 

energy is also absorbed, transmitted and reflected by the soil or snow due to the 

specific topographical characteristics of the basin. During the accumulation and 

melting seasons, the solar radiation reaching the snow is absorbed or reflected 

depending on the physical changes to the snowpack that produce metamorphism 

and melt. The scattering and absorption of solar radiation by a clear sky 



45 

atmosphere and by clouds were analyzed by a multiple-scattering model, which is a 

two-stream approximation to the radiative transfer equation. In this modeJ, the 

fundamental scattering of the atmosphere constituents (water droplets, ice crystals, 

aerosols) was calculated by the complex angular moment approximation to the Mie 

equations [Nussenzveig and Wiscombe, 1980]. 

Meador and Weaver [1980] proposed a solution to the radiative transfer 

equation [Chandrasekhar, 1960] used to calculate the multiple scattering and 

absorption of the incident solar radiation. The pair of ordinary differential equation 

IS: 

(2.6a) 

(2.6b) 

where Fi and F J, are upward and downward fluxes gIven by the following 

equations: 

21t 1 

(2.7a) 

o 0 

21t-l 

(2.7b) 

o 0 

000 is the single-scattering albedo, defined as the ratio of extinction by scattering to 

total extinction, and the y-values parameterize the scattering phase function. The 

Mie equations are used to calculate the single-scattering albedo 000 and the 

scattering asymmetric parameter g, and the y-values are functions of 000 , g, and ~o. 

The extinction efficiency as well as the number density of the scatterers is needed 



46 

in order to determine the optical depth coordinate 1". 

Solution of equations 2.6a and 2.6b requires the definition of two boundary 

conditions. First, at the top of the atmosphere there is no downward flux and at the 

bottom, optical depth 'to' the upward diffuse flux corresponds to the reflected diffuse 

and direct radiation from a horizontal surface with reflectance R o. The two 

boundary conditions are given by the following equations: 

F -1,(0) = 0 (2.8a) 

(2.8b) 

With these two boundary conditions, the two-stream equations can be solved and 

the values of F -1, and Fi can be calculated for any level within the atmosphere. 

The directional-hemispherical transmittance T through the atmosphere is given s 

by: 

T -s 

~o 
Fi('to)+~oSo e 

(2.9a) 
~oSo 

= (2.9b) 

Evaluation of the directional-hemispherical transmittance needs values of the 

extinction parameters 'to' COD' and the y values. Meador and Weaver [1980] provided 
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the expressIOns for the y values for the case of the Meador-Weaver hybrid 

approximation: 

2 
4[ l-g (l-/lo)] 

1 

"(3 = 1 __ 1_fp (/lo,/l')d /l' 
20000 

(2. lOa) 

(2.10b) 

(2.10c) 

(2.10d) 

In these equations g is the scattering asymmetry parameter, and ~o is the integral of 

the azimuthally integrated scattering function p from the incidence angle over all 

upward directions. The scattering function given by Henyey and Greenstein 

[Dozier et al. 1987] is expanded in Lagrange polynomials PI! [van de Hults, 1980, 

pp. 331-332] as follows: 

(2.11) 

n=O 

Integrating this equation to obtain "(3' the even-valued terms in the series vanish and 

the series coefficients can be computed recursively [Davis, 1965; Hochstrasser, 

1965]. 

The value of ~o can be computed from: 

(2.12) 
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where 

3g Cn + 1 
Co=-and--= 

2 Cn 

? 
g-(4n+7)(211+i) 

2(411 +3)(11 +2) 

The quantities that were not known, 'to' 000 , and g were determined based on 

standard atmospheric profiles for clear skies conditions. These values are obtained 

from the LOWTRAN7 package of the Optical! Infrared Technology Division at the 

Air Force Geophysics Laboratory developed by F. X. Kneizys, et al. [1988]. 

Atmospheric effects due to absorption and scattering under cloudless conditions are 

determined using a low resolution propagation model (LOWTRAN7) that 

calculates atmospheric transmission and background radiance within the range ° to 

50,000 em -1 with a spectral resolution of 20 em -1 [Kneizys et al., 1988]. 

For the present study, I used a LOWTRAN interface written by Ralph Dubayah 

and available at the University of California Santa Barbara, Institute for 

Computational Earth System Science (ICESS), to obtain 'to' 000 , g, and optical 

depth. 

2.5 Topographic Distribution 

2.5.1 Sky-View Factor and Terrain Configuration Factor. For alpine 

terrain, the boundary condition corresponding to the bottom of the atmosphere 

involves three fluxes: 

the direct irradiance from the sun: 

(2.13a) 

the scattered diffuse irradiance from the sky: 
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(2.13b) 

where a portion of the overlying hemisphere is obscured by terrain. and 

the direct and diffuse irradiance on the surrounding topography that is reflected to 

the point of interest: 

(2.13c) 

where, FJ- is the downward irradiance on an unobstructed horizontal surface, Vd is 

the ratio of the diffuse sky irradiance at a point to that on an unobstructed 

horizontal surface and has values between 0 and 1. It is known as the sky view 

factor. It accounts for the slope and orientation of the point and the portion of the 

overlying hemisphere visible to the point. The sky view factor on slope S with 

azimuth A is found by projecting each element of the sky onto the slope and 

integrating over the unobstructed hemisphere, i.e. from the zenith downward to the 

local horizon, through angle H Ij>' for each direction <1>. For an unobstructed 

horizontal surface, H Ij> = 1tI2. The horizon can result either from "self-shadowing" 

by the slope itself or for the influence of adjacent ridges. For the isotropic case, the 

sky view factor is given by [Dozier et ai., 1989]: 

21t 

Vd = _1_ f [cosS sin 2 H Ij> + sinScos (<»-A )(H Ij> - sinH Ij>cosH Ij»]d <» (2.14) 
2n 0 

Fi is the average irradiance reflected from the surrounding terrain. Cr is 

defined as the terrain configuration factor that includes both the anisotropy of the 

radiation and the interaction between visible areas in the field. Siegel and Howell 

[1981] developed an algorithm to solve the terrain configuration factor problem but 

the task is immense due to the fact that the calculation involves the interaction 

between one point and another visible point, but all the possible points that may 

interact with it. In contrast to the sky radiation, the isotropic hypothesis is also 
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unrealistic because considerable anisotropy results from geometric effects even if 

the surrounding terrain was a perfect black body. The net daily radiation 

calculation for this study was done using the following approximation for the 

terrain configuration factor [Dozier et aI., 19R9]: 

(2.15) 

noting that Vd for an infinitely long slope is (1 +cosS)/2. Both sky view factor and 

terrain configuration factor are calculated by using viewf in IPW. 

2.5.2 Albedo Parameterization. The spectral resolution to determine the 

atmospheric parameters is given by wavelength-average values in the visible and 

infrared parts of the spectrum, dividing it into three broad bands: visible, near 

infrared and mid infrared, with band widths of: 0.3 - 0.9 /lm, 0.9 - 1.2 /lm, and 1.2 -

3.0 /lm respectively [Dubayah et aI., 1990]. The idea was that we need to represent 

the spectral distribution of albedo in the underlying surface snow cover area. Table 

2.1 shows the values used to calculate the daily net solar radiation for the two 

seasons: snow accumulation and ablation. 

2.5.3 Daily Solar Radiation Calculation. The equations shown in the 

previous section are valid relations to determine the solar radiation striking a 

specific point at any time. In order to calculate the integrated net solar radiation 

over the length of time that the sun strikes the basin, we require to calculate the 

daily integrated radiation over the basin. This calculation was made using the IPW 

user-contributed algorithm toporad which computes daily integrated radiation over 

the topographic grid, using a two-stream atmospheric radiation model and 21-point 

Kronrod quadrature between sunrise and sunset. The input image file has a six

band image that contains the following single bands to account for the factors 

affecting radiation over a basin: elevation, slope, azimuth, sky view factor, terrain 

configuration factor, and surface albedo. Additional information for the model is 
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the atmospheric parameters just described, the wavelength range for spectral 

integration, the date, and the geographical location of the mid point in the basin. 

The IPW user-contributed algorithm toporad was used to calculate the 

topographic distribution of solar radiation at a single time, using input beam and 

diffuse radiation calculations supplied by elevrad that calculates values for beam 

and diffuse radiation as a function of elevation. 

2.6 Snow Water Equivalence 

One of the most important properties of snow in alpine environments is the 

snow water equivalence (SWE), defined as the depth of water at a point that would 

result if the snow were melted. Point SWE estimates are determined by the ratio of 

the vertically integrated snow density over the total snow depth over the mean 

density of water: 

z 

SWE=---- (2.16) 

-3 where Pz is the density of the snow layer (kg m ), Pw is the density of water 

(kg m -3), z' is the depth of the snow sample at the point of interest (m), and z is the 

depth of the snow pack at the point of interest (m). 

The mean density is: 

SWE 
P = Pw--

z 
(2.17) 

The spatial distribution of the snow water equivalence is governed by the processes 

that control the snow accumulation and redistribution. Snow depth is controlled by 

both accumulation and ablation. On a large scale these processes are controlled by 

meteorological patterns and major terrain features, and on a small scale by 
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redistribution due to wind and terrain. new fallen snow properties, and local 

climatic conditions. 

Methods to estimate the spatial and time variation of SWE are based on the 

spatial and temporal variability of both snow depth and density. In order to 

estimate the spatial variation of SWE, sampling points around the study area were 

measured [Elder et aI., 1991]. The idea was when more points were sampled, the 

accuracy of the estimate of the SWE improved. In turn this will reflect in a better 

estimate of the total volume of water stored as snow in a specific point of time. 

Better estimates of the spatial distribution of SWE was obtained by combining, 

remote sensing and areal photography to estimate the snow covered area, and 

modeled using regression three classification to distribute the SWE to all points in 

the basin based on specific terrain characteristics that can be modeled such as 

elevation, slope, orientation, radiation, albedo, and influence of surrounding terrain 

and sky. 

Kelly Elder provided the 5-m classified distributed SWE into 4, 7 and 10 

classes, which were based on his field work done to collect snow depth and density 

measurements and in a model he developed to determine the spatial distribution of 

SWE using the incoming radiation images provided by the author. Snow covered 

area was incorporated from a supervised classification of 20-m resolution SPOT 

imagery, rectified and rescaled to the S-m Emerald Lake DEM. All SWE images 

were for water year 1987 and correspond to the date of peak accumulation [Bales et 

al., 1992; Elder etal., 1995]. 

2.7 Combined Classification of SWE and NSR 

Snowmelt calculations using high resolution digital elevation models have the 

disadvantage that they are time consuming if a detailed mass and energy balance 

calculation is done at each individual grid cell. One way to make the calculation 

manageable is to use relative simple energy-balance model [Marks and Dozier, 
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1992]. A second approach, and the one presented in the present work is to classify 

the basin into "similar" areas and make the calculations only for each class. I used 

a simple distributed approach with SWE and NSR to classify the basin and thus 

decrease the number of areas where I applied mass and energy balance principles 

and still obtain good estimates of the rates of melt coming from areas of rough 

terrain. 

The distributed approach suggested in this study considers the heterogeneity of 

the distribution of both SWE and NSR as the prime elements in the melting process 

due to the variability of the topography in mountainous areas. 

Definition of the cluster areas for both SWE and NSR was based on the spatial 

distribution of both parameters. The April 1 spatial histogram distribution of net 

solar radiation was divided into an equal number of intervals. April 1 was used 

because it was assumed as the time of peak accumulation. Before combining SWE 

and NPSR, I first classified the NPSR image for April 1 into the same number of 

classes as for SWE, namely 4,7, and 10. The classification of the NPSR image was 

done by dividing the April 1 NPSR histogram into 4, 7, and 10 equal intervals for 

the radiation values, and grouping the radiation values within each of those 

intervals. The mean value for each interval is the NPSR value, which is 

representative of the radiation class used in the distributed modeling. 

To define the areas with both common SWE and NSR we followed a simple 

band interleave approach. The interleave process provided pixels that have areas 

of the same SWE and the same amount of radiation. The number of SWE-NSR 

clusters was defined by the total number of classes in which both SWE and NSR 

have being defined. As an example, if we define 4 SWE class and 4 NSR classes, 

we will have up to 16 combined classes of SWE and NSR. However, since some 

SWE or NSR are relatively small or not existent at all, the total number of 

combined classes was less than the maximum. This is intuitive since NSR for the 
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accumulation period prior to April 1 was used in classifying SWE. The number of 

combined classes can still be reduced if we combine areas that are smaller than a 

threshold with adjacent classes. 

This combined classification gives us the spatial distribution of both the SWE 

and NSR during the accumulation period previous to the beginning of the melting 

period. This can be considered the initial state of the snowpack over which the 

initial conditions of the environment should be applied to start the melting 

calculations. 

Additionally, once the SWE-NSR combined classes were defined, the mean 

elevation of these classes can be obtained to account for the variation of 

temperature from class to class due to the elevation difference between classes. 

SWE was determined for the accumulation period (December - April). Net 

potential solar radiation was used because it provided the temporal variation of one 

of the physical parameters involved in the accumulation period. Elder [1989] 

recognized that the net potential solar radiation over the basin is the single most 

important parameter in defining the spatial distribution of snow in the basin besides 

the amount of snow accumulated during winter. 

2.8 Point Snowmelt Calculations 

Once the areas where the mass and energy balance equations are to be applied, 

it is necessary to estimate the model parameters and inputs. The previous section 

defined areas around the basin where the distributed radiation and temperature will 

be used for modeling melt. This is the definition of the distribution of snowmelt 

parameters to be considered in determining the total melt coming from the basin. 

The point snow melt calculation was done on each of these individual areas, where 

both snow and energy were available for melt. It was assumed that all variables 

and parameters within these areas are homogeneous regarding the snow content. 
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Point snowmelt calculations were done hourly in each combined class and the 

results of the total melt at the bottom of the snowpack were summed to obtain the 

total hourly melt in the basin. 

2.8.1 Energy Balance Relationships. Snow is a porous medium that is 

characterized by the solid (ice) matrix and the interstitial system of voids around 

the matrix. The flow equations can, therefore, be described by porous media theory 

with special considerations due to the particular nature of water flow in an ICY 

matrix composed of ice, air and liquid water [Colbeck and Anderson, 1982]. 

Melting of snow is considered as an energy process that is a function of the 

input-output relation of energy into the snowpack as a consequence of the exchange 

of heat between the snowpack and the surrounding environment [Kuz'min, 1961]. 

The heat necessary to melt a certain amount of snow is measured by the latent heat 

of fusion of ice, with heat supplied by several hydrometeorologic processes. 

The energy available for melting in the snowpack is defined from the energy 

balance equation, which is applied to a control volume of snow whose upper and 

lower boundaries are defined by the air-snow interface and the ground-snow 

interface respectively. This equation can be written as [Male and Gray, 198 I ; 

Dozier et ai., 1987]: 

(2. I 8) 

where L1Q is the energy change in the snow cover, Rx is the net radiative energy 

flux, H is the sensible energy flux, LuE is the latent heat, G is the conductive heat 

flux, and M is the advective energy flux. 

For equilibrium conditions in the snowpack, the change in snowpack energy 

will be zero. A negative value indicates that the snow pack is cooling and therefore 

may freeze. A positive change in snowpack energy will warm the pack and 

therefore melting will occur. 
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Some of the terms in Equation 2.18 operate at different levels within the 

snowpack and its environment. Net long-wave radiation and convective heat 

transfer processes operate at the air-snow interface. The short-wave radiation 

exchange is strongest at the surface even though some penetrates in the upper 

millimeters of the snowpack. 

A brief description of the terms In Equation 2.18 is gIven here, as an 

introduction to the more detailed description given in the manual for SNTHERM, 

the one dimensional melting model used in the current work [Jordan, 1991]. 

2.8.2 Net Solar Radiation at the Air-Snow Interface. The net all-wave 

radiation at a point is defined as the incident spectral irradiance less the spectral 

excitance integrated over all wavelengths [Dozier et aI., 1987]: 

R = /-E 
/l x (2.19) 

expressed in Wm-2 

In this expression, R/l is the net all-wave radiation, I is the incident all-wave 

irradiance, and Ex is the all-wave excitance. The irradiance term includes direct 

and diffuse solar radiation and long wave radiation emitted from the atmosphere. 

Excitance includes both reflected and emitted radiation from the surface. At 

Emerald Lake watershed incident solar radiation measured at the lake station near 

the base of the watershed is used. 

The spatial distribution of the incident solar radiation measured at the station in 

each of the combined classes is done by defining the ratio between the average net 

solar radiation calculated on April 1 in the classes over the calculated net solar 

radiation at the station and the same day and multiplying by the observed value at 

the station. This ratio then becomes a net potential radiation index that is applied 

to the radiation terms used in the point snowmelt model. 
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Net solar radiation is separated into two solar and one thermal spectral band. 

Solar radiation in the range 0.3 - 3.0 ~m is absorbed and scattered by the ground 

but not emitted. In the case of snow cover areas, both absorption and scattering are 

functions of wavelength, incidence angle, and the physical characteristics of the 

snow. Net potential solar radiation to be used as the index for the distributed 

modeling of snowmelt in Emerald Lake was done following the approach given by 

Dozier [1987] and a slightly variation of the albedo parameterization described by 

Marshall and Warren [1987] to account for a more accurate description of the 

variability of the albedo in the range 0.3 - 3.0 ~m, as already explained in section 

2.5.2. 

Thermal radiation is effectively defined in the range 3.5 to 50 ~m. It is 

absorbed and emitted without considerable scattering. The net thermal radiation 

can be calculated from [Dozier et ai., 1987] 

(2.20) 

where, Rn,lw is the net thermal radiation in W m -2, ltv.; is the thermal irradiance in 

Wm -2, Es is the surface emissivity (- 0.99), 0' is the Stefan-Boltzmann Constant 

(5.6697 x 1O-8Wm-2K-l, and Ts is the surface temperature in degrees Kelvin. 

Many researchers have put considerable efforts to model thermal irradiance 

from the atmosphere especially for estimating atmospheric emissivity under clear 

sky conditions [Idso and Jackson, 1969; Marks and Dozier, 1979; Satterlund, 1979; 

Idso, 1981; Kimball and Idso, 1982]. The influence of topography and variation of 

atmospheric emissivity with air pressure as a function of elevation was taken into 

account by Marks and Dozier [1979] in calculating longwave radiation. 

Net all-wave radiation can be obtained as the sum of net solar and net thermal 

radiation. Dozier et at. [1987] show that thermal and solar radiation make up 

approximately equal parts of the radiation balance. In assessing the importance of 
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the radiation terms in the energy balance equation to drive the main snow events 

(snowfall, snow metamorphism, redistribution, and snow melt), thermal radiation 

dominates early in the snow season and solar radiation dominates during the 

melting period [Dozier et al. 1987]. 

2.8.3 Sensible and Latent Heat Flux. During the snow season, energy 

induced transfer by turbulence at the snow surface is also important, after radiation, 

which seasonally dominates. Momentum, heat and water vapor at the air-snow 

interface are complicated forms of energy and not easily measured in a natural 

environment. The data required to calculate are difficult to measure at a point 

because of their stochastic nature. Due to these processes acting over the air-snow 

interface there exist not only a significant energy transfer due to turbulence 

exchange but also a significant loss of mass occurs. For bulk transfer near the snow 

surface these relations can be used [Siegel and Howell, 1981; Dozier et al.; 1987]: 

(2.21 ) 

and 

(2.22) 

where: 

H is the sensible heat exchange in (Wm -2), L1JE is the latent heat exchange in 

(Wm-2), p is the air density in kg m -3, Cp is the specific heat of dry air at constant 

pressure (1005 Jkg -I K-1), KH and Kw are the heat and water vapor bulk transfer 

coefficients, Ts and Ta are the surface and air potential temperature in degrees 

Kelvin, L1J is latent heat of vaporization (~ 2.5XI06Jkg -I), and qs and q are the 

specific humidities at the surface and at the air. 

KH and Kw are functions of surface and air temperature, air humidity, wind 

distribution and the surface roughness around the basin and they vary both 



59 

temporally and spatially. 

Hand LuE can have a significant impact on the energy balance budget over a 

snowcover area because their magnitude can be large over a snow surface. 

Calculated sublimation and evaporation accounted for the loss of up to 25% of the 

snowfall [Dozier et al., 1987] This seems to be a general trend of lost of snow water 

equivalence in that site during the snow season. 

2.8.4 Conduction and Advected Heat Transfer. In relation to the overall 

energy balance for snow melt, natural convection is unlikely to occur due to the 

layered nature of the snow and the presence of melt water in the pores and their 

influence can be ignored. For a homogeneous snowpack layer, the heat flow is 

given for the one dimensional case as: 

where: 

dT 
G =K-

dz 
(2.23) 

G is the conductive heat flux, K the thermal conductivity given in Jrn-1K-1s-1, T 

the temperature in degrees Kelvin, and z the snow layer thickness in meters. 

Heat transfer at the soil-snow interface can be calculated under the assumption 

that the temperature there is the same, and represent two homogeneous layers in 

contact with each other. The heat transfer that occurs between the snow-ground 

interface can be determined if both snow and ground temperature are known 

[Dozier et at., 1987]. The expression for the heat transfer is given as: 

(2.24) 
K z +K z eg s./ es ,/ g 

where: 
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Tg and Ts.l are the ground and snow temperatures in degrees Kelvin. Ked and 

Keg are the snow and soil layer effective thermal conductivity given in Jm-1K-1s-1. 

and zs,1 and Zg are the snow and ground thickness given in meters. 

Rain or snow falling over the snowcover produces advected heat transfer from 

the rain water movement through the snow and its magnitude is a function of both 

the amount of precipitation fallen and the temperature difference between the rain 

and the snowpack. The expression for the advected heat transfer is [Siegel and 

Howell; 1981]: 

(2.25) 

where: 

C is the specific heat of precipitation in (J kg -IK-I), Ppp is the precipitation 
p-p 

density in kgm-3, zpp is the amount of precipitation fallen in meters, and (Tpp-Ts) is 

the average temperature difference between the snow cover and the precipitation in 

degrees Kelvin. 

During precipitation, the temperature difference is not large and the advection is 

controlled by the amount of precipitation falling over the snow cover, which is 

defined as the rain density time the precipitation depth. 

The specific heat of both ice and water are a function of their temperature and 

are given by the following equation [Siegel and Howell; 1981]: 

C p ice = 104.360+7 .369Tice (2.26) 

(2.27) 

where: 

C p_ice and C p_w are the specific heat of ice and water respectively in (Jkg-1K-1), 

-I -I 
Cp_w,melt is the specific heat of water at 273.16K (4217.7 Jkg K ), and T ice and Til' 
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are the ice and water temperature in degrees Kelvin. 

2.9 The SNTHERM Model 

The description of the method used in determining the total melt in Emerald 

Lake watershed is given in the Special Report 657 of the U. S. Army Cold Regions 

Research and Engineering Laboratory, by Rachel Jordan: A One-Dimensional 

Temperature Modelfor a Snowcover: Technical Documentation for SNTHERM.89. 

This model predicts temperature profiles within strata of snow and frozen soil 

and it is intended to be applied in seasonally cover areas for winter and spring 

conditions. It can be used under a wide variety of meteorologic conditions such as 

snowfall, rainfall, freeze-thaw cycles, and transitions between bare and snow

covered ground. This model was chosen because it is primary intended for low

level water flow and accounts for spring runoff conditions. It is efficient in 

computation procedures and very flexible in considering several layers of soils. 

Given that the approach used in this study is to consider the combined classes of 

SWE and net solar radiation as homogeneous layers of snow with a unique value of 

SWE in each class, the use of a one dimensional model seems appropriate 

considering the areal extension of this basin and the availability of meteorologic 

data as well as a control point for discharge. Sntherm considers each control 

volume within of both snow and soil as uniform layers, which are subject to both 

mass and energy conservation equations. 

The initial state of the system is given by the areas of combined classification 

noted above; and the initial conditions for the set of mass and energy equations are 

given by the meteorologic conditions at the air-snow interface. The main variables 

to define the initial conditions are: ambient temperature, relative humidity, wind 

speed, incoming and reflected solar radiation, incoming longwave radiation, 

information on cloud coverage, and precipitation. 
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The radiation factor in the snowmelt model was obtained by dividing the mean 

solar radiation value in each of the radiation classes by the calculated NPSR value 

at the location site of the meteorologic station, which represents a fraction of the 

incoming solar radiation, net solar radiation, and incoming all wave radiation to be 

used in the melting calculation. Its value will be one in this location. 

Even though the model includes an algorithm to calculate solar radiation, it also 

allows use of data; in the present application, data from the study basin were used. 

The model requires initial temperature profiles for both the snowpack and the soil 

that reflect the initial state of the pack before melting starts. 

The data provided to the model come from several studies done at this 

watershed during the water year 1987 (October 1, 1986 to September 31 1987) 

[Dozier et at., 1987]. 

The model provides melting rates both at the top and at the bottom of the snow 

pack. This rate multiplied by the total combined area provides the total hourly melt 

coming from the specific combined class. 

For those parameters that are not possible to be obtained from the Emerald Lake 

study area, the values developed by Jordan [1991] during model testing were used. 

Table 2.2 shows the parameters used in the point snowmelt model. 

The meteorologic data used in the melting simulation are given as time series 

for the simulation period for water year 1987, Figures 2.2 and 2.3. 



TABLE 2.1. Albedo parameterization. 

Range of wavelength Albedo at Albedo at 
(11m) accumulation ablation 

0.30-0.90 
1.00-1.10 
1.20-3.00 

0.95 
0.45 
0.10 

0.70 
0.35 
0.05 
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TABLE 2.2. Snowmelt parameters used in Sntherm. 

Parameter Value Unit 

Snow Density 348 kgm 
-3 

Snow Grain Size 0.003 mm 
Temperature Lapse Rate -4.0 °Kkm 

-1 

Soil Temperature Gradient -1 °Kkm 
-1 

Number of Soil Nodes 5 
Number of Snow Nodes Variable 
Snow Depth Variable m 
Elevation Station 2813 m.a.s.l. 
Barometric Pressure 990. mb 
Near IR Estinction Coefficient 400. 
Snow Albedo 0.75 
Irreducible Water 
Saturation for snow 0.04 
Air Temperature Height 5.0 m 
Wind Speed Height 5.0 m 
Relative Humidity 
Height 5.0 m 
Snow Roughness 0.00001 m 
Turbulent Smith Number 0.7 
Turbulent Prandtl Number 1.0 
Windless Convection coefficient 
for Latent Heat 2.0 
Windless Convection coefficient 
for Latent Heat 2.0 
Fractional Humidity Relative 
to Saturated State 1.0 
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Figure 2.1 a. Sequoia National Park, California. 
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Figure 2.2. Temperature, relative humidity, and wind speed, Emerald Lake 

watershed. WY 1987. 
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CHAPTER 3 

3. RESULTS 

3.1 Scale Transformation of Digital Elevation Models 

Figure 3.1 shows the 5-m DEM of Emerald Lake watershed and Figure 3.2 

depicts the DEM defined at 25-, 30-, 50-, and 100-m resolution. The lowest values 

in the basin are for the lake area (black areas in all DEM's), while the highest 

points of the basin are located toward the southeast side of the DEM's (white areas 

in all DEM's). These figures clearly show that areas at the highest points of the 

basin decrease in values in going to coarser DEM's. From these DEM's it is 

possible to determine the number of cells in each new DEM; the basin area for each 

resolution was determined by multiplying the number of cells times the pixel area. 

Table 3.1 shows the area values for all resolutions. 

As pointed out in the Chapter 2, other important physical parameters of the 

basin and related terrain, atmospheric and radiation calculations were performed 

and the results are represented as digital terrain models. They are: slope, aspect, 

sky view factor, and terrain configuration factor. Figures 3.3 and 3.4 show the 

DTM's corresponding to slope for the DEM's of 5- to IOO-m. Flat areas are 

represented as dark and steep areas are represented as white. Most of the steepest 

areas are located in the south walls of the basin but they flatten as the resolution 

gets coarser. 

Figures 3.5 and 3.6 are the DTM's for aspect for the DEM's of 5- to IOO-m. 

Dark areas show slopes facing south, southeastern and southwestern, while white 

and light areas show areas facing north, northeastern and northwestern. 
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Figures 3.7 and 3.8 show the DTM's of the sky view factor for the DEM's of 5-

to 100-m. Sky view factor represents the ratio of the diffuse sky irradiance to that 

on an unobstructed horizontal surface. Dark areas represent areas with little or 

none diffuse contribution and they are generally spread near the steepest areas of 

the basin, which are affected mainly by the high ridges. 

Figures 3.9 and 3.10 are the DTM's representing the terrain configuration factor 

for the DEM's of 5- to 100-m. Black areas in the DTM's show little interaction of 

the surrounding terrain; therefore the contribution of the nearby terrain is 

minimum. Once again, the steep areas in Emerald Lake watershed received little 

contribution from nearby terrain. 

To assess the accuracy of the nearest neighbor approach in the elevation 

transformation, the frequency distribution of elevation, slope, aspect, sky view 

factor, and terrain configuration factor were calculated for all resolutions. Due to 

the large number of pixels in the 5-m DEM and for the sake of clarity, the 

distributed population was divided into 25 bins. This allows one to more easily see 

the distribution of the topographic attributes in the basin for the different 

resolutions. Figures 3.11 through 3.15 show the frequency distribution for 

elevation, slope, aspect, sky view factor, and terrain configuration factor 

respectively. The frequency distribution of elevation (Figure 3.11) clearly shows 

the location of the lake at all resolutions and how the pixels of high elevation 

values disappear as the resolution gets coarser. At 100-m resolution, the 

distribution fluctuates at lower elevation values, which produce a step like 

cumulative distribution, like in Figure 3.16. 
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The frequency distribution of slope (Figure 3.12) at 5-m resolution is a bell-like 

distribution. However, for resolutions greater than 25-m this becomes skewed and 

the cumulative frequency distributions (Figure 3.17) show stair like features. The 

steepest slopes disappeared as the resolution gets coarser though values of the 

steepest slopes at the 100-m DEM show an increase in relative frequency. 

The frequency distribution of aspect shows that south, northeastern and 

southwestern facing slopes tended to disappear as the DEM resolution became 

coarser (Figures 3.13 and 3.18) especially for the 100-m DEM, which also shows a 

very strong stairlike behavior.. 

Sky view factor and terrain configuration factor present a peculiar 

characteristic. As the resolution gets coarser the relative frequency of values of 

around 0.7 for SVF, and 0.2 for TCF, increases. Minimum values of SVF increased 

up to 0.5 in the 100-m DEM (Figure 3.14) while the maximum value of TCF 

decreases up to 0.35 for the same resolution (Figure 3.15). Their cumulative 

frequency do not present stairlike behavior (Figures 3.19 and 3.20) for resolution 5-

to 50-m but for the 100-m DEM. 

Table 3.1 shows the mam characteristics of the digital elevation models at 

different cell sizes: total basin area, elevation, slope, and aspect. Watershed area at 

25- and 100-m resolutions had the greatest difference with respect to the 5-m DEM, 

1 % and 1.6%, respectively. None of the differences in watershed area at different 

cell sizes were significant. 

The maximum elevation decreased from 3,414 in the 5-m DEM to 3,332 meters 

in the 100-m resolution DEM, representing an 82 m drop in a watershed with 616 m 

of relief. The difference for the other resolutions was less than 30 m. The 
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minimum values remained constant because the lake is the lowest elevation in the 

basin. 

3.2 Net Potential Solar Radiation Calculations 

3.2.1 Atmospheric Characteristics. Calculations of net solar radiation over 

Emerald Lake basin required as a starting point the determination of the general 

characteristics of the atmosphere that the solar beam had to cross before hitting the 

ground. 

Table 3.2 shows the spectral values for total optical depth, single scattering 

albedo, scattering asymmetry parameter, and transmittance within the range 0.3 /lm 

and 3.0 /lm. 

Figure 3.21 shows the spectral distribution of total optical depth, single 

scattering albedo, scattering asymmetry parameter, and transmittance. 

Spectral values given in Figure 3.21 were used to calculate the total daily 

radiation reaching the basin by using toporad provided by IPW, which calculates 

the topographic distribution of solar radiation at a single time, using input beam and 

diffuse radiation calculations supplied by elevrad. The following quantities vary 

over the image: beam and diffuse irradiance, local illumination angle, sky view 

factor, terrain configuration factor, and surface albedo. The daily integrated 

radiation around the basin uses the two-stream atmospheric radiation model and the 

21-point Kronrod quadrature between sunrise and sunset. The input image file has 

six bands in this order: elevation, slope, azimuth, sky view factor, terrain 

configuration factor, surface albedo. All these parameters were already calculated 

following the methods of Chapter 2. Surface albedo, however, has not been 
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mentioned yet. Snow surface albedo is highly variable depending on the age of the 

snow. Meador and Weaver [1980], studied the distribution of snow surface albedo 

as a function of grain size, solar incidence angle and define a great variety of 

albedo curves that can be used in this study. The present study used Reflectance of 

substrate for the case of Emerald Lake was divided into three bands: 0.7 for the 

range 0.3 - 0.9 !lm; 0.35 for the range 0.9 - 1.1 11m and 0.05 for the range 1.1 - 3.0 

!lm [Bales et ai., 1992]. 

Total daily net solar radiation was calculated at IS-day intervals. Shorter 

intervals, e. g. weekly, do not have a major impact in the total radiation being 

calculated [Bales, et a!., 1992]. Solar radiation was calculated from December to 

July to cover both seasons: snow accumulation and melting. 

3.2.2 Daily Solar Radiation Calculation. Daily solar radiation was 

calculated following the two-stream approach described in Chapter 2. 

Calculation are done in 28 spectral bands of width 0.1 !lm, and into three albedo 

bands according to Table 3.2. The radiation images correspond to the dates 

December 1 through July 15. Figures 3.22 to 3.31 show the areal distribution of net 

potential solar radiation for these dates for DTM's of 5-, 25-, 30-, 50-, and 100-m 

resolution. Radiation values around the basin increased basin wide as the 

accumulation season progressed. It can be seen that during the whole simulation 

period the southern facing slopes of the basin received more radiation than those 

facing north. From December 1 to February 1 the spatial distribution of daily net 

solar radiation varied little, but starting February 15 south facing slopes started 

getting more radiation than did north facing slopes. 
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Figures 3.32 to 3.41 show the frequency distribution of net potential solar 

radiation from December 1, 1986 to April 15, 1987 for DEMs of 5-, 25-, 30-, 50-, 

and 100-m resolution. The frequency distributions of daily net solar radiation for 

the period December 1 to February I vary slightly. After February 15, the peak of 

the distribution shifts from low values of NSR toward high values. It is important 

to notice how as the time progresses, areas of the basin that received little radiation 

at the beginning of the accumulation season start to receive more radiation as 

spring approaches especially areas located north and north east. It is also important 

to notice how the high values of daily NSR reaching some points in the basin 

decreased slightly with time. By March 1 the basin tends to receive a uniform 

amount of radiation which is seen in Figure 3.30 and 3.40 when the net solar 

radiation distribution flattens. One important point to emphasis is that certain areas 

of the basin, those with the steepest slopes, present the lower amount of radiation at 

resolution 5- to 50-m resolutions but they seem to receive more radiation when 

modeling at 100-m resolution. Figures 3.32 to 3.41 show that the frequency 

distribution of NSR at IOO-m resolution presents the highest frequency values for 

minimum values of radiation especially after February 15 and additionally the 

minimum values have increase their values. The distribution of net solar radiation 

for April 1 and 15 (Figures 3.40 and 3.41) have shifted to high values and the 

relative frequency of those values increase as the DEM's become coarser. 

3.3 Snow Water Equivalence 

Digital terrain models for the spatial distribution of snow water equivalence 

already classified into 4, 7, and 10 classes were provided by Kelly Elder at a scale 

of 5-m. The procedure for the classification is explained in his M. S. thesis [Elder, 

1989] but with slight modifications to include snow cover areas obtained from 
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satellite observations [Harrington et al., 1995] and the incoming solar radiation 

images obtained in this study, which provide the time dependent component of 

snow accumulation for the classification procedure used as describe in Methods 

section 2.6. 

DTM's of SWE at different resolutions were obtained by using the same scale 

transformation used in the elevation DEM transformation. The total SWE at 

different resolutions is given in Table 3.3. This table shows that even though the 

average SWE in the basin should be constant for all resolutions no matter the 

number of classes used, some differences exist within the 5-m SWE DTM and 

among the other resolutions, the largest being for the 100-m SWE DTM. These are 

due to the SWE DTM transformation scheme used and this effect is maximum 

(7.5%) for the lO-class 100-m DTM. For the 100-m DTM and 7 classes the 

percentage change in SWE is 7.1 % Other changes in total SWE reach values not 

larger than 2.3% for the case of 4 classes and 100-m DTM. Decrease in total SWE 

occurs for the case of the 50-m resolution DTM, when the percent change in total 

SWE is 3.2% with respect to the original 5-m SWE DTM classified in 10 classes. 

Minimum percentage changes in SWE occurred for the 4-class 25-m and 30-m 

DTM's with 0.03% and 0.3% respectively. 

Figures 3.42 through 3.44 show SWE images for all resolutions and number of 

classes 4, 7, and 10. Figure 3.42 shows the distribution of SWE in 4 classes (35, 58, 

73, and 99 cm) at all DTM resolutions. Snow-free areas are represented by black 

areas, and are located in the steepest areas of the basin and at the lake; the lightest 

values correspond to the high values of SWE (99 cm.). It is important to notice that 

the highest SWE occurs below ridges of the basin due to the redistribution of snow 

fell during the storm events from the steepest areas. 
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Figure 3.43 shows the distribution of SWE in 7 classes (35, 58, 62, 69, 92. 110. 

and 114 cm). Again, the two highest values of SWE (110 and 114 cm) occurs below 

the steepest areas of the basin. 

Figure 3.44 shows the distribution of SWE in 10 classes (35,49,52,62,71,73, 

76,92, 110, and 114 cm). The three highest values of SWE (92, 110, and 114 cm) 

occur below the steepest areas of the basin. 

3.4 Combined Classification of SWE and NSR 

As described in Chapter 2, defining the initial state of the snowpack before 

melting is done by a simple approach of combining the two major elements 

involved in the melting process: water availability stored as snow, and the major 

component of the energy available to produce the melting. It has been shown that 

net solar radiation is the most important component to produce melt, therefore we 

are interested in using these variables in the distributed approach around the basin 

to determine the contribution to melting of each individual area and their 

contribution to the total melting coming from the basin. 

Figure 3.40 shows the frequency distribution of NPSR corresponding to April 1. 

Table 3.4 shows the mean value for each radiation class in each of the resolutions 

considered in this study. Figure 3.45 shows the variability of the mean NPSR for 

each of the classes in which the April 1 image was classified. 

The values of the mean NSR at each class for 5-, 25-, and 30-m DEMs show 

that they are very similar, but for resolutions of 50- and 100-m, these values are 

higher and thus may affect hourly melting patterns and total daily melt. 
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The initial state of the snowpack, that is, the combined value of both water 

available in meters of SWE plus the fraction of radiation that each of the classes 

has before melting, are given in Figures 3.46 to 3.48, for resolutions 5- to 100-m 

and for classified SWE and NPSR of 4, 7, and 10 classes, respectively. The class 

number in these figures correspond to Tables 3.5 to 3.9 with black corresponding to 

class 1 and white corresponding to the maximum class number in each 

classification. 

As mention in section 2.7, this combined classification of SWE and NPSR also 

provides the mean elevation of each of these combined classes that will help in 

determining the temperature that should be applied to all classes due to the lapse 

rate temperature. Tables 3.5 to 3.9 show the distribution of classes for SWE and 

NPSR, the number of class, the SWE in that class, the fraction of radiation to be 

applied to the radiation parameters, the area per combined class, and the mean 

elevation per combined class. 

A graphical representation of the variability of SWE with mean elevation in 

each combined class, and the variability of the fraction of net solar radiation with 

elevation also in each combined class, can be seen in Figures 3.49 to 3.54. This 

information provides the means to understand how the mean elevation at each 

combined class is distributed for each SWE class and each net solar radiation class 

defined by the fraction of net solar radiation. 

Figure 3.49 shows the variability of SWE in meters to the mean elevation on 

each class for all resolutions for the combined classification of 4 SWE classes and 4 

NSR classes. The combined classification in the 100-m DEM provided the lowest 

mean elevation (2,850 and 2,900 m) with SWE of 0.35 and 0.58 m. The combined 
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classification in the 25-m DEM and 100-m DEM provide the highest mean 

elevation (3,300 and 3320 m) for values of SWE of 0.35 and 0.99 m. For the 

remaining combined classes the mean elevation was between 3,000 and 3.200 m. 

Figure 3.50 shows SWE versus mean elevation variability for the combined 

classification of 7 SWE classes and 7 NSR combined classes, where the elevation 

values spread more widely than for the 4x4 combined classification. The mean 

elevation varied from 2,870 m to 3,330 m. Figure 3.51 shows SWE versus mean 

elevation variability for the combined classification of 10 SWE classes and 10 NSR 

classes, where the elevation values spread even further apart that for the two 

previous combined classifications. The mean elevation varies from the lake 

elevation to values as high as the maximum values of the elevation in the basin. 

The effect of the fraction of net solar radiation (taking as one at the location of 

the meteorologic station) over the mean elevation in each combined SWE-NSR 

class can be seen in Figures 3.52 to 3.54. 

Figure 3.52 shows how the largest values of the fraction correspond to the 100-

m DEM for all combined classifications. For the 4x4 SWE-NSR combined 

classification the largest values of the ratio correspond to the 100-m DEM with 

values as high as 1.4 and 1.6, which seem to produce large amounts of melting 

when applied to the radiation input variables. On the other hand, we also see areas 

of the basin subject to very low fractions, which in turn will delay the melting from 

those areas. These low-radiation areas are present in all resolutions except for the 

1 OO-m DEM which have very high values of net solar radiation. 

Figure 3.53 shows the relation between mean elevation and fraction of NSR for 

the 7x7 SWE-NSR combined classification. Even though the range of mean 
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elevation values remain similar to the 4x4 SWE-NSR case, the fractions scatter 

even more than in the previous case. The high values of the fraction got even 

higher for the 100-m DEM. Some areas of the basin have fractions as high as 1.70, 

significantly affecting the radiation applied to the snowmelt model. This figure also 

shows that the low fractions of NSR go even lower than those in the 4x4 SWE NSR 

case. The fraction goes down to 0.16, which makes some areas around the basin 

almost insensitive to energy and not much melt will be produced there. 

The lOxlO SWE-NSR combined classification shows a more widely spread 

relation between the fraction of NSR and elevation. Again, areas in the basin are 

subject to very high fractions, mainly in the 100-m DEM, which will produce a fast 

melting. The fraction of NSR also tends to have very low values, which will delay 

the water released from the basin. Finally, Figure 3.54 shows the distribution of the 

fraction of net solar radiation and mean class elevation for the lOx 10 SWE-NSR 

combined classification. Values for both parameters are widely spread in the graph, 

with high values of the fraction over 1.2 for the 100-m DEM. Some areas at all 

resolutions are subject to high values of the fraction, which will produce a faster 

release of water from the basin, and therefore a faster depletion of the snow pack. 

Other areas, however, have low values of the fraction which will delay the release 

of water from the basin. 

3.5 Point Snowmelt Calculations 

The daily melting was obtained by adding the hourly melting for any specified 

day in each of the combined classes. This was done to compare the total daily melt 

from the snow pack to the total daily discharge at the outlet of the basin. Figures 

3.55 to 3.59 show the daily melt at the bottom of the snow pack compared with the 
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discharge observed at the outlet of the lake. These figures correspond to the daily 

melting at the bottom of the snow pack on the 5-, 25-, 30-, 50-, and 100-m DEM. 

Each figure shows the melting histogram from the bottom of the snow pack 

calculated on the three combined classification used in this study, namely: 4x4, 7x7, 

and lOx 10 SWE-NSR, plotted together to the total daily discharge observed. 

Figure 3.55 shows the total melt coming from the bottom of the snowpack 

plotted against the discharge at the gaging station. For all combined classes, the 

melting follows the same pattern. The model predicts a faster melting than 

indicated by the discharge at the beginning of the simulation period, until 

approximately day 115. Then the general pattern of melt follows the pattern of 

discharge, with some periods of slow melt around day 140. At the end of the 

simulation period, the melting follows the discharge but is above it in magnitude. 

Figures 3.56 and 3.57 show the melting for simulation over the 25- and 30-m 

DEM's. The melt at the beginning of the simulation gets closer to the discharge but 

at the end of the simulation the snow melts faster. The simulation at 50-m 

resolution (Figure 3.58) shows that the snow melts quickly at the beginning of the 

simulation until day 115. Later the melting adjusts well to the discharge especially 

after day of year 145. Snowmelt at the 100-m resolution occurs earlier in the 

simulation period and faster because the fractions of net solar radiation are very 

high. 

Figures 3.60 to 3.64 show the cumulative melt at the bottom of the snow pack 

plotted with the cumulative discharge at the outlet of Emerald Lake watershed. 

These figures correspond to the total daily melt shown in Figures 3.55 to 3.59, 

respectively. There is not a major difference between the simulations, in each of 

the combined classified areas, but there is with the observed discharge. This is so 
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because the cumulative histograms represent two hydrologic processes closely 

related but with a major difference: the melting water has not been routed through 

the watershed. 

Routing of melted water was not considered in this study because it was beyond 

the scope of this work. We were interested in defining ways of better estimating 

rates of melting water from alpine regions. The small size of the basin, the fact that 

the soil coverage is negligible and that the response of the basin to melt is 

relatively fast made the comparison of basin wide melting to observed discharge 

enough as to understand the behavior of the basin to both input: snow and energy. 
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TABLE 3.1. Topographic characteristics of Emerald Lake watershed. 

Value at stated resolution, m 
Characteristics 5 25 30 50 100 

., 
Watershed area( km-) 1.201 1.189 1.200 1.195 1.220 
Absolute % difference 1.0 0.1 0.5 1.6 
Number of cells 48048 1903 1333 478 122 

Maximum values 
Elevation (m) 3414 3401 3404 3386 3332 
Slope( degrees) 85 72 69 58 45 

Minimum values 
Elevation (m) 2798 2800 2800 2800 2800 
Slope(degrees) 0.0 0.0 0.0 0.0 1.6 

Mean values 
Elevation (m) 3048 3046 3046 3045 3046 
Slope( degrees) 29.8 29.3 29.2 28.6 26.5 
Aspect(deg. W from N) 5.7 20.4 20.6 29.8 31.4 

Standard deviation 
Elevation (m) 139 138 138 137 136 
Slope( degrees) 0.2 0.2 0.2 0.2 0.1 
Aspect(deg. W from N) 3.628 1.545 1.531 1.428 1.177 

Coefficient of variation 
Elevation 0.046 0.045 0.045 0.045 0.045 
Slope 0.007 0.007 0.007 0.007 0.004 
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TABLE 3.2. Spectral values for total optical depth, single scattering albedo, scattering 
asymmetry parameter, and transmittance. 

Wavelength Total optical Single scattering Scattering asymmetry transmittance 
depth albedo parameter 

11m m 

3.000 0.217 0.003 0.355 0.805 
2.900 0.310 0.004 0.718 1.466 
2.800 4.446 0.001 0.459 0.276 
2.700 8.112 0.001 0.494 0.000 
2.600 4.671 0.001 0.477 0.029 
2.500 0.478 0.006 0.585 0.878 
2.400 0.123 0.029 0.582 1.321 
2.300 0.080 0.051 0.542 1.381 
2.200 0.041 0.463 0.581 1.442 
2.100 0.110 0.430 0.518 1.224 
2.000 0.231 0.040 0.579 1.149 
1.900 1.045 0.003 0.520 0.547 
1.800 0.319 0.105 0.590 0.917 
1.700 0.040 0.800 0.535 1.199 
1.600 0.043 0.807 0.524 1.200 
1.500 0.132 0.477 0.525 1.072 
1.400 0.835 0.011 0.524 0.571 
1.300 0.095 0.454 0.516 1.049 
1.200 0.071 0.740 0.482 1.052 
1.100 0.163 0.487 0.472 0.940 
1.000 0.069 0.890 0.432 1.021 
0.900 0.103 0.709 0.416 0.963 
0.800 0.121 0.885 0.354 0.948 
0.700 0.103 0.781 0.296 0.944 
0.600 0.151 0.616 0.229 0.888 
0.500 0.186 0.907 0.165 0.850 
0.400 0.346 0.999 0.096 0.721 
0.300 1.371 0.629 0.048 0.375 
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TABLE 3.3. Snow water equivalence (m\ 
SWE at stated resolution 

Classes 5 25 30 50 100 
4 710000 709800 712100 694600 726500 
7 717300 719500 719000 695300 768400 
10 716200 717300 718400 693000 770300 



85 

-~ 

TABLE 3.4. Mean radiation value in each radiation class (Wm -). 

Values at stated resolution, m 

Number of 
Radiation Class 
Classes Number 5 25 30 50 100 

4 12.9 16.8 17.2 23.6 40.1 
2 39.6 40.2 40.2 44.9 5704 
3 63.9 64.3 64.0 67.5 74.9 
4 81.5 81.3 80.8 8204 8804 

7 1 6.7 9.3 lOA 17.7 36.3 
2 2204 23.5 23.9 29.6 45.7 
3 36.5 3704 37.3 41.9 55.8 
4 51.1 51.3 51.3 54.3 65.1 
5 66.3 65.6 64.1 66.9 75.1 
6 79.3 79.2 77.9 79.3 84.0 
7 8904 89.3 87.9 89.1 91.3 

10 1 404 6.0 7.7 15.2 3404 
2 1504 16.9 16.5 24.0 3804 
3 2504 26.3 27.0 32.9 44.6 
4 3504 36.3 37.1 41.8 51.7 
5 45.8 45.8 4604 50.6 59.0 
6 54.0 55.9 56.3 5904 65.6 
7 65.6 65.6 65.8 68.2 71.1 
8 75.2 75.6 76.1 77.7 ·79.0 
9 84.5 8404 84.9 85.9 84.8 
10 92.2 92.0 9204 93.0 91.3 
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TABLE 3.5. Combined classification of SWE and NPSR for a 5-m DEM 

Number of Class SWE Fraction Area Mean 
classes number of NPSR in class elevation .., 

(m) (m-) (masl) 

4 0.35 1.04 13150 3029.7 
2 0.35 1.32 177300 3023.5 
3 0.58 0.64 575 3102.5 
4 0.58 1.04 157550 3041.2 
5 0.58 1.32 118550 3048.2 
6 0.73 0.21 77000 3105.8 
7 0.73 0.64 140500 3009.1 
8 0.73 1.04 179650 3004.5 
9 0.73 1.32 7900 2987.1 

10 0.99 0.21 8850 3097.0 
11 0.99 0.64 77275 3048.9 
12 0.99 1.04 95125 3104.9 
13 0.99 1.32 7825 3152.9 

7 1 0.35 1.08 5425 3059.9 
2 0.35 1.29 98925 3021.8 
3 0.35 1.45 86100 3024.1 
4 0.58 0.59 175 3210.7 
5 0.58 0.83 7175 3079.1 
6 0.58 1.08 1 10500 3048.7 
7 0.58 1.29 144275 3031.8 
8 0.58 1.45 14550 3117.7 
9 0.62 0.11 175 3267.3 

10 0.62 0.36 75 3089.9 
11 0.62 0.59 4100 3052.2 
12 0.62 0.83 20500 3073.2 
13 0.62 1.08 11175 3072.9 
14 0.62 1.29 1025 3173.4 
15 0.62 1.45 25 3311.7 
16 0.69 0.11 12325 3201.4 
17 0.69 0.36 20900 3041.6 
18 0.69 0.59 63600 3017.2 
19 0.69 0.83 122875 3012.9 
20 0.69 1.08 96600 2983.9 
21 0.69 1.29 14450 2967.7 
22 0.69 1.45 125 3021.4 
23 0.92 0.11 100 3261.6 
24 0.92 0.59 2975 2983.6 
25 0.92 0.83 24400 3043.3 
26 0.92 1.08 37050 3106.8 
27 0.92 1.29 7825 3130.4 
28 0.92 1.45 200 3247.5 
29 1.10 0.11 29025 3127.8 
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Number of Class SWE Fraction Area Mean 
classes number of NPSR in class elevation 

" (m) (m-) (masl) 
30 l.10 0.36 29175 3059.3 
31 1.10 0.59 14475 3044.8 
32 l.10 0.83 1500 3025.2 
33 1.14 O. 11 3275 3 I 31.5 
34 1.14 0.36 9125 3058.0 
35 1.14 0.59 31350 3075.7 
36 l.14 0.83 28925 3095.6 
37 1.14 1.08 6225 3 I 25.5 
38 1.14 1.29 550 3200.3 

10 1 0.35 1.50 41375 3022.7 
2 0.35 0.88 50 3097.2 
3 0.35 1.06 3000 3068.4 
4 0.35 1.22 36100 3002.2 
5 0.35 1.37 109925 3030.3 
6 0.49 0.07 25 2826.2 
7 0.49 0.25 50 2823.7 
8 0.49 0.41 600 2812.8 
9 0.49 0.58 1350 2816.3 

10 0.49 0.74 4600 2816.9 
11 0.49 0.88 2825 2817.3 
12 0.49 1.06 7950 2815.8 
13 0.49 1.22 2875 2815.2 
14 0.52 1.50 1975 3034.6 
15 0.52 0.58 75 3 I 72.9 
16 0.52 0.74 3025 3058.0 
17 0.52 0.88 5500 3041.1 
18 0.52 1.06 65375 3025.1 
19 0.52 1.22 91400 3010.5 
20 0.52 1.37 49075 3057.8 
21 0.62 0.07 175 3267.3 
22 0.62 0.41 100 3061.9 
23 0.62 0.58 1950 2995.2 
24 0.62 0.74 20475 3066.8 
25 0.62 0.88 3250 3106.7 
26 0.62 1.06 9675 3079.3 
27 0.62 1.22 1275 3151.5 
28 0.62 1.37 175 3287.8 
29 0.71 0.07 9850 3213.9 
30 0.71 1.50 25 2959.8 
31 0.71 0.25 7375 3112.8 
32 0.71 0.41 18675 3034.1 
33 0.71 0.58 45175 3008.5 
34 0.71 0.74 118225 3024.9 
35 0.71 0.88 18200 3020.0 
36 0.71 1.06 70900 2998.9 



TABLE 3.5. - Continued. 88 

Number of Class SWE Fraction Area Mean 
classes number of NPSR in class elevation 

~ 

(m) (m-) (mas!) 

37 0.71 1.22 19000 3024.1 
38 0.71 1.37 3175 3029.8 
39 0.73 1.50 1125 3274.9 
40 0.73 0.74 275 3329.2 
41 0.73 0.88 525 3308.9 
42 0.73 1.06 4650 3308.2 
43 0.73 1.22 12050 3269.9 
44 0.73 1.37 14825 3266A 
45 0.76 1.50 150 3039.8 
46 0.76 0.74 150 2904.6 
47 0.76 0.88 500 2920A 
48 0.76 1.06 10300 2900.2 
49 0.76 1.22 13425 2880.8 
50 0.76 1.37 2150 2940.1 
51 0.92 0.07 100 3261.6 
52 0.92 1.50 75 3275.7 
53 0.92 0.58 1400 2990.8 
54 0.92 0.74 20125 3035.5 
55 0.92 0.88 9600 3045.9 
56 0.92 1.06 21650 3048.7 
57 0.92 1.22 15450 3194.8 
58 0.92 1.37 4150 3194.6 
59 1.10 0.07 19900 3146.5 
60 1.10 0.25 20075 3077.1 
61 1.10 OAI 19700 3055.3 
62 1.10 0.58 12225 :10:14.3 
63 1.10 0.74 2275 3069.5 
64 1.14 0.07 2125 3155.5 
65 1.14 0.25 2950 3083.6 
66 1.14 OA1 9175 3045.2 
67 1.14 0.58 21925 3078.1 
68 1.14 0.74 35575 3092.2 
69 1.14 0.88 1425 :1106.0 
70 1.14 1.06 5075 3122.2 
71 1.14 1.22 1025 3195.8 
72 1.14 1.37 175 3177 .0 
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TABLE 3.6. Combined classification of SWE and NPSR for a 25-m OEM 

Number of Class SWE Fraction Area Mean 
classes number of NPSR in class elevation 

~ 

(m) (m-) (masl) 

4 1 0.35 0.56 1875 3306.5 
2 0.35 0.90 8125 3075.7 
3 0.35 1.13 180625 3019.0 
4 0.58 0.56 3125 3193.5 
5 0.58 0.90 139375 3015.5 
6 0.58 1.13 135000 3076.0 
7 0.73 0.23 50000 3139.3 
8 0.73 0.56 150625 3025.5 
9 0.73 0.90 196875 2989.2 

10 0.73 1.13 3750 3119.9 
11 0.99 0.23 6250 3126.2 
12 0.99 0.56 65000 3054.4 
13 0.99 0.90 111250 3092.2 
14 0.99 1.13 5625 3192.1 

7 1 0.35 0.52 1250 3265.5 
2 0.35 0.72 1250 3283.4 
3 0.35 0.92 4375 3088.6 
4 0.35 1.10 101875 3024.6 
5 0.35 1.25 81875 3012.9 
6 0.58 0.52 1250 3153.7 
7 0.58 0.72 3750 3147.7 
8 0.58 0.92 89375 2985.4 
9 0.58 1.10 174375 3074.1 

10 0.58 1.25 8750 3075.2 
11 0.62 0.52 1875 3059.9 
12 0.62 0.72 16250 3056.7 
13 0.62 0.92 16875 3076.1 
14 0.62 1.10 1875 3096.8 
15 0.69 0.13 6250 3276.5 
16 0.69 0.33 15625 3130.7 
17 0.69 0.52 60625 3005.0 
18 0.69 0.72 106250 3005.5 
19 0.69 0.92 128750 2984.9 
20 0.69 l.10 6875 3068.1 
21 0.92 0.52 2500 3003.5 
22 0.92 0.72 21250 2972.5 
23 0.92 0.92 26875 3098.7 
24 0.92 1.10 16250 3216.4 
25 1.10 0.13 9375 3177.3 
26 1.10 0.33 30625 3081.7 
27 1.10 0.52 26875 3037.4 
28 1.10 0.72 10000 3077.5 



TABLE 3.6. - Continued. 90 

Number of Class SWE Fraction Area Mean 
classes number of NPSR in class elevation 

7 

(m) (m-) (mas) 

29 1.14 0.13 )250 3192.2 
30 1.14 0.33 7500 3093.8 
31 1.14 0.52 21250 3056.7 
32 1.14 0.72 44375 3088.3 
33 1.14 0.92 8750 3134.3 
34 1.14 1.10 1250 3268.0 

10 0.35 1.28 40625 3008.6 
2 0.35 0.37 625 3381.0 
3 0.35 0.64 1250 3269.3 
4 0.35 0.78 625 3178.1 
5 0.35 0.92 1875 3064.2 
6 0.35 1.05 34375 3043.1 
7 0.35 1.18 111250 3017.9 
8 0.49 0.51 625 2828.8 
9 0.49 0.64 2500 2815.9 

10 0.49 0.78 3125 2816.5 
11 0.49 0.92 11875 2813.6 
12 0.49 1.05 2500 2816.6 
13 0.52 1.28 1250 3025.3 
14 0.52 0.51 625 3108.8 
15 0.52 0.64 1875 3160.9 
16 0.52 0.78 3750 3074.9 
17 0.52 0.92 41875 2996.4 
18 0.52 1.05 121250 3034.0 
19 0.52 l.18 50000 3023.0 
20 0.62 0.51 1250 3093.4 
21 0.62 0.64 13750 3063.2 
22 0.62 0.78 8125 3044.6 
23 0.62 0.92 10625 3079.0 
24 0.62 l.05 3125 3100.0 
25 0.71 0.08 3750 3284.3 
26 0.71 0.24 6250 3234.6 
27 0.71 0.37 13125 3117 .7 
28 0.71 0.51 41250 2983.7 
29 0.71 0.64 95000 3024.0 
30 0.71 0.78 52500 2999.5 
31 0.71 0.92 81875 3010.8 
32 0.71 l.05 9375 3024.9 
33 0.71 l.18 625 3352.8 
34 0.73 0.64 1250 3388.7 
35 0.73 0.92 625 3350.2 
36 0.73 l.05 17500 3263.9 
37 0.73 l.l8 15000 3282.2 
38 0.76 0.64 625 2972.6 
39 0.76 0.78 625 2851.9 
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Number of Class SWE Fraction Area Mean 
classes number of NPSR in class elevation 

') 

(m) (m-) (masl) 

40 0.76 0.92 16875 2892.5 
41 0.76 1.05 3125 2865.8 
42 0.76 1.18 1250 3008.6 
43 0.92 0.51 1250 3071.5 
44 0.92 0.64 14375 2975.1 
45 0.92 0.78 12500 2997.4 
46 0.92 0.92 18125 3074.4 
47 0.92 1.05 19375 3225.8 
48 0.92 1.18 1250 3134.5 
49 1.10 0.08 5625 3210.9 
50 1.10 0.24 14375 3138.0 
51 1.10 0.37 23125 3045.9 
52 1.10 0.51 19375 3023.8 
53 1.10 0.64 13125 3085.2 
54 1.10 0.78 1250 3106.2 
55 1.14 0.08 625 3121.6 
56 1.14 0.24 4375 3138.5 
57 1.14 0.37 5625 3039.1 
58 1.14 0.51 11875 3040.9 
59 1.14 0.64 48125 3085.4 
60 1.14 0.78 6250 3111.3 
61 1.14 0.92 6250 3167.6 
62 1.14 1.05 1250 3268.0 
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TABLE 3.7. Combined classification of SWE and NPSR for a 30-m DEM 

Number of Class SWE Fraction Area Mean 
classes number of NPSR in class elevation 

(m) (m2) (mas!) 

4 1 0.35 0.56 900 3178.1 
2 0.35 0.89 6300 2944.7 
3 0.35 1.12 178200 3020.2 
4 0.58 0.56 4500 3065.1 
5 0.58 0.89 145800 3017.6 
6 0.58 1.12 142200 3069.2 
7 0.73 0.24 35100 3170.5 
8 0.73 0.56 171900 3030.6 
9 0.73 0.89 197100 2999.3 

10 0.73 1.12 7200 3054.2 
11 0.99 0.24 6300 3079.8 
12 0.99 0.56 58500 3061.2 
13 0.99 0.89 110700 3081.6 
14 0.99 1.12 3600 3174.9 

7 1 0.35 0.52 900 3178.1 
2 0.35 0.89 3600 2938.6 
3 0.35 1.08 79200 3028.0 
4 0.35 1.22 101700 3012.4 
5 0.58 0.52 2700 3088.2 
6 0.58 0.71 7200 3121.9 
7 0.58 0.89 81000 2985.0 
8 0.58 1.08 189000 3064.7 
9 0.58 1.22 12600 3044.9 

10 0.62 0.33 1800 3065.1 
11 0.62 0.52 4500 3071.3 
12 0.62 0.71 13500 3063.4 
13 0.62 0.89 17100 3080.8 
14 0.62 1.08 2700 3202.1 
15 0.69 0.14 5400 3284.7 
16 0.69 0.33 10800 3137.9 
17 0.69 0.52 68400 3020.1 
18 0.69 0.71 100800 3015.7 
19 0.69 0.89 131400 2992.2 
20 0.69 1.08 18000 3032.9 
21 0.92 0.52 900 2890.4 
22 0.92 0.71 20700 2982.5 
23 0.92 0.89 26100 3057.8 
24 0.92 1.08 17100 3186.8 
25 1.10 0.14 8100 3218.9 
26 1.10 0.33 25200 3050.4 
27 1.10 0.52 36900 3067.3 
28 1.10 0.71 5400 3070.7 
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Number of Class SWE Fraction Area Mean 
classes number of NPSR in class elevation 

~ 

(m) (m-) (masl) 

29 1.10 0.89 900 3026.6 
30 1.14 0.14 900 3255.2 
31 1.14 0.33 5400 3053.1 
32 1.14 0.52 16200 3053.8 
33 1.14 0.71 35100 3083.1 
34 1.14 0.89 14400 3105.4 
35 1.14 1.08 2700 3173.0 

10 1 0.35 0.52 900 3178.1 
2 0.35 0.89 3600 2938.6 
3 0.35 1.08 79200 3028.0 
4 0.35 1.22 101700 3012.4 
5 0.58 0.52 2700 3088.2 
6 0.58 0.71 7200 3121.9 
7 0.58 0.89 81000 2985.0 
8 0.58 1.08 189000 3064.7 
9 0.58 1.22 12600 3044.9 

10 0.62 0.33 1800 3065.1 
11 0.62 0.52 4500 3071.3 
12 0.62 0.71 13500 3063.4 
13 0.62 0.89 17100 3080.8 
14 0.62 1.08 2700 3202.1 
15 0.69 0.14 5400 3284.7 
16 0.69 0.33 10800 3137.9 
17 0.69 0.52 68400 3020.1 
18 0.69 0.71 100800 3015.7 
19 0.69 0.89 131400 2992.2 
20 0.69 1.08 18000 3032.9 
21 0.92 0.52 900 2890.4 
22 0.92 0.71 20700 2982.5 
23 0.92 0.89 26100 3057.8 
24 0.92 1.08 17100 3186.8 
25 1.10 0.14 8100 3218.9 
26 1.10 0.33 25200 3050.4 
27 1.10 0.52 36900 3067.3 
28 1.10 0.71 5400 3070.7 
29 1.10 0.89 900 3026.6 
30 1.14 0.14 900 3255.2 
31 1.14 0.33 5400 3053.1 
32 1.14 0.52 16200 3053.9 
33 1.14 0.71 35100 3083.1 
34 1.14 0.89 14400 3105.4 
35 1.14 1.08 2700 3173.0 
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TABLE 3.8. Combined classification of SWE and NPSR for a 50-m DEM 

Number of Class SWE Fraction Area Mean 
classes number of NPSR in class elevation 

J 

(m) (m-) (masl) (m) 

4 0.35 1.00 20000 3069.3 
2 0.35 1.22 170000 3012.5 
3 0.58 0.67 7500 3046.3 
4 0.58 1.00 130000 2998.4 
5 0.58 1.22 135000 3082.3 
6 0.73 0.35 12500 3163.7 
7 0.73 0.67 150000 3021.7 
8 0.73 1.00 190000 3011.3 
9 0.73 1.22 10000 2968.1 

10 0.99 0.35 2500 3185.8 
11 0.99 0.67 67500 3020.0 
12 0.99 1.00 117500 3094.0 
13 0.99 1.22 20000 3188.1 

7 1 0.35 0.80 2500 3178.1 
2 0.35 0.99 7500 3089.9 
3 0.35 1.17 82500 3017.5 
4 0.35 l.32 97500 3009.6 
5 0.58 0.80 17500 3067.3 
6 0.58 0.99 70000 2947.9 
7 0.58 1.17 165000 3079.2 
8 0.58 1.32 20000 3032.0 
9 0.62 0.62 5000 3086.9 

10 0.62 0.80 2500 3160.1 
11 0.62 0.99 20000 3085.7 
12 0.62 1.17 12500 3158.1 
13 0.69 0.26 2500 3283.4 
14 0.69 0.44 7500 3080.5 
15 0.69 0.62 42500 2948.3 
16 0.69 0.80 92500 2999.5 
17 0.69 0.99 135000 3018.9 
18 0.69 1.17 25000 2956.2 
19 0.92 0.62 5000 2936.7 
20 0.92 0.80 25000 3027.1 
21 0.92 0.99 27500 3069.1 
22 0.92 1.17 27500 3162.2 
23 1.10 0.44 10000 3177.5 
24 l.1O 0.62 30000 3110.7 
25 1.10 0.80 12500 3112.9 
26 l.10 0.99 5000 3018.9 
27 1.14 0.44 5000 3148.6 
28 1.14 0.62 22500 3039.4 
29 1.14 0.80 30000 3000.0 
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Number of Class SWE Fraction Area Mean 
classes number ofNPSR in class elevation 

') 

(m) (m-) (masl) (m) 

30 1.14 0.99 22500 3139.3 
31 1.14 1.17 2500 3244.9 

10 1 0.35 1.38 25000 3014.5 
2 0.35 0.88 2500 3178.1 
3 0.35 1.01 7500 3089.9 
4 0.35 1.15 30000 3005.0 
5 0.35 1.27 125000 3015.0 
6 0.49 0.75 2500 2826.2 
7 0.49 1.01 10000 2818.5 
8 0.49 1.15 5000 2804.4 
9 0.49 1.27 2500 2808.2 

10 0.52 1.38 2500 3095.9 
II 0.52 0.75 7500 3046.3 
12 0.52 0.88 7500 3126.7 
13 0.52 1.01 37500 2967.8 
14 0.52 1.15 112500 3031.9 
15 0.52 1.27 50000 3048.5 
16 0.62 0.62 5000 3086.9 
17 0.62 0.88 12500 3106.7 
18 0.62 1.01 7500 3060.8 
19 0.62 1.15 15000 3153.3 
20 0.71 0.22 2500 3283.4 
21 0.71 0.49 10000 3030.4 
22 0.71 0.62 30000 ?949.1 
23 0.71 0.75 65000 2996.0 
24 0.71 0.88 75000 3018.7 
25 0.71 1.01 80000 3033.6 
26 0.71 1.15 20000 3028.8 
27 0.71 1.27 2500 3137.0 
28 0.73 1.01 2500 3386.2 
29 0.73 1.15 17500 3282.3 
30 0.73 1.27 7500 3262.9 
31 0.76 0.88 5000 2882.7 
32 0.76 1.01 22500 2893.6 
33 0.92 0.62 2500 2993.2 
34 0.92 0.75 17500 3016.7 
35 0.92 0.88 17500 3021.4 
36 0.92 1.01 17500 3053.0 
37 0.92 1.15 25000 3179.2 
38 0.92 1.27 5000 3133.2 
39 1.10 0.36 2500 3060.0 
40 1.10 0.49 15000 3182.8 
41 1.10 0.62 17500 3062.2 
42 1.10 0.75 17500 3144.4 
43 1.10 0.88 2500 3013.7 
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Number of Class SWE Fraction Area Mean 
classes number of NPSR in class elevation 

1 

(m) (m~) (masl) (m) 
44 1.10 1.01 2500 3024.0 
45 1.14 0.36 2500 3185.8 
46 1.14 0.49 2500 3111.3 
47 1.14 0.62 17500 3024.0 
48 1.14 0.75 20000 2997.0 
49 1.14 0.88 22500 3050.8 
50 1.14 1.01 15000 3167.8 
51 1.14 1.15 2500 3244.9 
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TABLE 3.9. Combined classification of SWE and NPSR for a 1 OO-m OEM 

Number of Class SWE Fraction Area Mean 
classes number of NPSR in class elevation 

? 
(m) (m-) (mas!) (m) 

4 1 0.35 l.38 10000 2854.5 
2 0.35 1.62 140000 3012.8 
3 0.58 l.05 10000 2898.1 
4 0.58 1.38 120000 3077 .1 
5 0.58 1.62 180000 3015.4 
6 0.73 1.05 ]50000 2993.4 
7 0.73 1.38 280000 3012.5 
8 0.73 1.62 30000 3146.4 
9 0.99 l.05 50000 3069.2 

10 0.99 1.38 100000 3141.4 
] 1 0.99 l.62 10000 3324.5 

7 0.35 1.54 50000 3014.8 
2 0.35 l.68 100000 2996.0 
3 0.58 1.20 20000 3004.7 
4 0.58 1.38 80000 3061.6 
5 0.58 1.54 180000 3036.7 
6 0.58 1.68 30000 2979.5 
7 0.62 1.38 10000 J 144.7 
8 0.62 1.68 10000 3324.5 
9 0.69 1.02 20000 3017.6 

10 0.69 l.20 120000 2975.2 
11 0.69 1.38 150000 3006.5 
12 0.69 1.54 30000 3003.5 
13 0.69 l.68 10000 3257.8 
14 0.92 1.20 10000 3106.2 
15 0.92 1.38 20000 3135.7 
]6 1.10 l.02 50000 2958.8 
17 1.10 l.20 30000 3018.0 
18 1.10 1.38 30000 3125.9 
19 l.1O 1.54 20000 3180.7 
20 1.l4 1.02 20000 3049.7 
21 1.14 1.20 30000 3062.5 
22 1.14 1.38 50000 3140.6 
23 1.14 1.54 10000 3247.5 

10 1 0.35 1.68 100000 2996.0 
2 0.35 1.56 50000 3014.8 
3 0.49 1.20 10000 2805.7 
4 0.49 1.45 10000 2810.8 
5 0.52 1.68 20000 2962.4 
6 0.52 1.31 30000 3095.9 
7 0.52 1.45 50000 2976.2 
8 0.52 1.56 130000 3038.6 
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Number of Class SWE Fraction Area Mean 
classes number of NPSR in class elevation 

(m) (m2) (masl) (m) 

9 0.62 1.68 10000 3324.5 
10 0.62 1.45 10000 3144.7 
11 0.71 1.68 10000 3257.8 
12 0.71 1.08 40000 2984.8 
13 0.71 1.20 50000 3019.4 
14 0.71 1.31 130000 3002.3 
15 0.71 1.45 50000 3030.7 
16 0.71 1.56 30000 3003.5 
17 0.73 1.45 10000 3332.2 
18 0.73 1.56 20000 3256.5 
19 0.76 1.68 10000 3013.3 
20 0.76 1.20 10000 2898.1 
21 0.76 1.31 10000 2957.2 
22 0.76 1.56 20000 2895.6 
23 0.92 1.20 10000 3106.2 
24 0.92 1.45 20000 3135.7 
25 l.l0 0.95 10000 2905.8 
26 l.l0 1.08 40000 2972.0 
27 1.10 1.20 10000 3113.9 
28 1.10 1.31 40000 3023.4 
29 1.10 1.45 10000 3224.4 
30 1.10 1.56 20000 3180.7 
31 1.14 0.95 10000 3111.3 
32 1.14 1.08 10000 2988.0 
33 l.l4 1.20 20000 3070.2 
34 1.14 1.31 30000 3191.0 
35 1.14 1.45 30000 3059.1 
36 1.14 1.56 10000 3247.5 
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Figure 3.1. 5-m digital elevation model, Emerald Lake watershed. 
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Figure 3.2. 25-, 30-, 50-, and l()()-m digital elevation models, Emerald Lake 

watershed. 
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Figure 3.3. 5-m digital terrain model of slope, Emerald Lake watershed. 
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Figure 3.4. 25-, 30-, 50-, and l00-m digital terrain model of slope, Emerald Lake 

watershed. 
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Figure 3.5. 5-m digital terrain model of aspect, Emerald Lake watershed. 
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Figure 3.6. 25-, 30-, 50-, and lOO-m digital terrain model of aspect, Emerald Lake 

watershed. 
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Figure 3.7. 5-m digital terrain model of sky view factor, Emerald Lake watershed. 
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Figure 3.8. 25-, 30-, 50-, and lOO-m digital terrain model of sky view factor, Emerald 

Lake watershed. 
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Figure 3.9. 5-m Digital terrain model of terrain configuration factor, Emerald Lake 

watershed. 
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Figure 3.10.25-, 30-, 50-, and 100-m digital terrain model of terrain Configuration 

factor, Emerald Lake watershed. 
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Figure 3.11. Frequency distribution of elevation. 
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Figure 3.13. Frequency distribution of aspect. 
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Figure 3.14. Frequency distribution of sky view factor. 



~ 
u z 
w 
::J 
0 w 
II: u.. 

113 

0.20 .---~-~~---.---~---.,---~~-~--,-------

0.10 

0.10 

0.00 

0.10 

0.00 

0.10 

0.10 

5-m 

25-m 

30-m 

SO-m 

100-m 

1 
I 

I 
~ 

0.00 Ll-l.L.....l.L.....LL.ll-lJ...---1L.Ll.L...l.l...-.ll..-1L...l.L...L_-'---~_~~_-'--~_~~_---1 

0.0 0.2 0.4 0.6 0.8 
TERRAIN CONFIGURATION FACTOR 

Figure 3.15. Frequency distribution of terrain configuration factor. 
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Figure 3.22. Areal distribution of net potential solar radiation, December 1. 
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Figure 3.23. Areal distribution of net potential solar radiation, December 15. 
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Figure 3.24. Areal distribution of net potential solar radiation, January 1. 
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Figure 3.25. Areal distribution of net potential solar radiation, January 15. 



124 

5- m 25 - m 

30- m 50 - m 

100 - m 

Figure 3.26. Areal distribution of net potential solar radiation, February 1. 
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Figure 3.27. Areal distribution of net potential solar radiation, February 15. 
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Figure 3.28. Areal distribution of net potential solar radiation, March 1. 
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Figure 3.29. Areal distribution of net potential solar radiation, March 15. 
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Figure 3.30. Areal distribution of net potential solar radiation, April 1. 
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Figure 3.31. Areal distribution of net potential solar radiation, April 15. 
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Figure 3.33. Frequency distribution of net potential solar radiation, December 15. 
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Figure 3.35. Frequency distribution of net potential solar radiation, January 15. 



134 

0.20 S-m 

0.10 

0.00 

0.20 2S-m 

0.10 

0.00 

~ 
() 

0.20 30-m z 
w 
=> a 

0.10 w 
a: 
u.. 

0.00 

0.20 SO-m 

0.10 

0.00 

0.20 100-m 

0.10 

0.00 
0 20 40 60 80 

NET SOLAR RADIATION (Wm-2) 

Figure 3.36. Frequency distribution of net potential solar radiation, February 1_ 
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Figure 3.37_ Frequency distribution of net potential solar radiation, February 15. 
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Figure 3.38. Frequency distribution of net potential solar radiation, March 1. 
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Figure 3.39. Frequency distribution of net potential solar radiation, March 15. 
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Figure 3.40. Frequency distribution of net potential solar radiation, April 1. 
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Figure 3.41. Frequency distribution of net potential solar radiation, April 15. 
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Figure 3.42. Snow water equivalence terrain models, 4 classes. 
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Figure 3.43. Snow water equivalence terrain models, 7 classes. 
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Figure 3.44. Snow water equivalence terrain models, 10 classes. 
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Figure 3.46. Combined classification of 4 SWE classes and 4 NPSR 
classes. Dark areas are low SWE low NSR, white areas are high SWE 
high NSR. 
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Figure 3.47. Combined classification of 7 SWE classes and 7 NPSR 
classes. Dark areas are low SWE low NSR, white areas are high SWE 
high NSR. 
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Figure 3.48. Combined classification of 10 SWE classes and 10 NPSR 
classes. Dark areas are low SWE low NSR, white areas are high SWE 
high NSR. 
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CHAPTER 4 

4. DISCUSSION 

4.1 Information at Different Scales 

The nearest neighbor approach provided the digital transformation of the 

original 5-m DEM to the coarser resolutions of 25-, 30-, 50-, and 100-m; and other 

important topographic parameters related to snowmelt calculations in alpine areas 

were calculated at these scales. This approach was used because the resolutions of 

30-, 50-, and 1 aO-m are not an odd number of the original 5-m DEM, which may be 

suitable to be used with other sampling techniques such as assigning the mean 

value of the pixels, the mode value, etc. The nearest neighbor approach defines the 

new pixel value at the coarser resolution DEM from the pixel value in the highest 

resolution DEM that is closer to the center of the new pixel location. 

Even though the focus is on distributed SWE and NSR to define the total melt 

around the basin, a brief description of the main characteristics of the transformed 

digital terrain models given in Chapter 2 will be useful in order to understand the 

influence of these parameters on the algorithm to calculate distributed snowmelt. 

4.1.1 Elevation. Emerald Lake watershed is an alpine basin characterized by its 

highly variable relief. For an area of just 1.2 km2 the total relief change between 

the outlet of the basin and its highest point (Alta Peak) is 616 m for the 5-m DEM 

while the difference in elevation for resolutions 25-, 30-, 50-, and 100-m DEMs are: 

601 m, 604 m, 586 m, and 532 m respectively, which represents respective 

decreases in elevation of 2.5%, 2.1 %, 5.0%, and 13.8%, comparing the coarser 

DEM's to the 5-m DEM. An important feature observed due to the scale 
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transformation is that the transformation used does not change the minimum value 

of elevation in the DEM's that corresponds to the lake. During the resampling 

process, the areal extension of the lake is such that allows to that elevation to keep 

unchanged for all resolutions. 

The mean elevation for Emerald Lake watershed is 3,048 m.a.s.l. for the 5-m 

DEM, while for 25-, 30-, 50-, and 100-m DEM's the means are: 3,046,3,046, 3,045. 

and 3,046 m.a.s.l. respectively. This small change in mean basin elevation is 

clearly shown in Figure 3.17 where all cumulative frequency distributions for 

elevation pass almost over the same point. It is also worthwhile to notice that the 

cumulative frequency distribution for all resolutions go through approximately the 

same line, fairly representing the elevation distribution from the high resolution 

DEM to the coarser DEM, although some loss in the maximum values is observed. 

The standard deviation of elevation remained almost constant (Table 3.1); therefore 

the frequency distribution of elevation remained approximately the same for all 

resolutions. This can be seen in Figure 3.16 where the cumulative distribution of 

elevation follows the same line for all resolutions. The coefficient of variation 

(standard deviation divided by the mean) for elevation remained relatively constant 

showing that the resampling method kept the distribution values around the original 

digital elevation model. In addition, even though the cumulative distributions 

follow the same pattern for all five resolutions, the 100-m DEM presents a stairstep 

effect that is caused by the loss of elevation values in going from a high resolution 

DEM towards the coarser resolution DEM's. This can be seen in the frequency 

distribution of elevation (Figure 3.12), where all but the lOO-m DEM changes its 

relative frequency more erratically than do the other DEM's (Figure 3.12 for 5-, 

25-, 30-, and 50-m). Moreover, Figure 3.12 shows that in the 100-m DEM the 
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fraction of elevation values over 3,200 meters IS greater than In the finer-grid 

DEM's. 

4.1.2 Slope. The cumulative frequency distribution of slope shows it to be more 

sensitive to the change in pixel size than the cumulative distribution of elevation 

for this steep basin (Figure 3.18). For resolutions other than the 5-m DEM all the 

slopes change significantly, especially over a slope of 22°. This is more 

pronounced in the steepest parts of the basin, while the flattest part of the basin 

remain almost unchanged. 

The mean slopes for the different resolutions are as follows: 30.9° for the 5-m 

DEM; 30.3° for the 2S-m DEM; 30.1 ° for the 30-m DEM, 29.2° for the SO-m DEM; 

and 26.9° for the 100-m DEM. These changes represent the following percentage 

decrease in mean slope with respect to the 5-m DEM: 2%, 3%, S%, and 13% (for 

2S-, 30-, SO-, and IOO-m DEM's, respectively). 

The most marked decrease in slope is shown in its maximum value, where the 

steepest slope in the S-m DEM decrease from 84.9° to 44.6° in the 100-m DEM, 

representing a 48% reduction in steepness. The percent reductions in maximum 

slope for other resolutions are as follows: 16% for the 2S-m DEM, 19% for the 30-

m DEM, and 32. % for the SO-m DEM. 

The minimum value of the slope in this basin is represented mainly for 

horizontal slopes in the ground and in the lake which has a value of 0° at all 

resolutions except at the IOO-m DEM where its value is 1.6°. 

In general terms, even though the maximum values of slope in the basin 

decrease in value, the cumulative distributions, as the grid size gets coarser, tend to 
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steepen in certain parts of the basin. 

It also can be noticed that for DEM resolutions of 50- and IOO-m the cumulative 

distribution of slope shows a stairstep effect produced by the noise in the relative 

frequency distribution. This effect is more pronounced in the 1 OO-m DEM. 

4.1.3 Aspect. The distribution of aspect around Emerald Lake watershed also is 

sensitive to the change in grid size. 

The mean orientation on the 5-m DEM was 5.7° west of north. This orientation 

changed to 31.4° west of north for the IOO-m DEM. For 25-,30-, and 50-m DEMs 

the mean aspect values are: 20.4°, 20.6°, and 29.8° west of north, respectively. The 

south, southeastern and southwestern facing slopes tended to disappear as the DEM 

resolution became coarser, especially for the 100-m DEM (Figure 3.14). 

Figure 3.19 shows that at 5-m resolution the DEM presents a whole range of 

orientations around the basin but as the DEM becomes coarser, some areas, 

especially those facing southeast and southwest, disappear. This suggests that 

hydrologic processes in which there is a contribution of aspect (such as solar 

radiation) may be affected for the lack of representation at those resolutions. 

It is also important to notice how the cumulative distribution of aspect becomes 

strongly irregular and has stairstep features when the DEM resolution is greater 

than 50-m. 

4.1.4 Sky-View Factor. This characteristic shows the most severe change 

when modeling over large pixel sizes over mountainous regions. It represents the 

ratio of the diffuse sky irradiance acting over a point to that on an unobstructed 

horizontal surface. Minimum values of this attribute vary significantly from the 5-
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m DEM to the 100-m DEM. The minimum values are as follows: 0.004 for the 5-m 

DEM, 0.15 for the 25-m DEM, 0.17 for the 30-m DEM, 0.26 for the 50-m DEM, and 

0.5 for the 100-m DEM. The maximum values vary as follows: 1, 0.992, 0.996, 

0.968,0.992 for the 5-,25-,30-,50-, and 100-m DEM's respectively. With respect 

to the basinwide mean value for sky view factor, these changes are as follows: 0.61 

for the 5-m DEM, 0.65 for the 25-m DEM, 0.66 for the 30-m DEM, 0.70 for the 50-

m DEM, and 0.76 for the 100-m DEM. As seen in Figure 3.20, the contribution of 

diffuse irradiance from the sky is important because its mean value increases in 

7.6% for the 25-m DEM, 9.3% for the 30-m DEM, 14.6% for the 50-m DEM, and 

25.1 % for the 100-m DEM in relation to the sky view factor at 5-m resolution, 

therefore affecting the contribution of diffuse radiation from the sky to the 

calculation of net solar radiation at these scales. 

4.1.5 Terrain Configuration Factor. The frequency distribution of the TCF 

is done by using Equation 3.15, which determines the contribution of direct and 

diffuse radiation to the total radiation striking a particular point in the basin from 

surrounding terrain (Figures 3.13 and 3.21). 

The minimum values for the terrain contribution were as follows: 0 for the 5-m 

DEM, 0.004 for the 25-m DEM, 0.004 for the 30-m DEM, 0.02 for the 50-m DEM, 

and 0.008 for the 100-m DEM. The maximum values for the terrain contribution 

were as follows: 0.7, 0.6, 0.6, 0.5, and 0.4 for the resolution 5- to 100-m, 

respectively. 

For the basinwide mean terrain contribution, the decrease in mean value is as 

follows: 0.31,0.27,0.26,0.23, and 0.18 for resolutions 5- to 100-m. These values 

represent the following percentage reduction in terrain contribution: 12.6%, 15.4%, 
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23.9%, and 41.0% for resolutions 2S-, 30-, SO-, and 100-m. 

4.1.6 Net Solar Radiation. Even though the radiation calculations were done 

for the accumulation period in order to define the distribution of snow water 

equivalence around the basin, the present analysis is done only for the total net 

solar radiation for April 1, 1987. This date was taken as the date to define the 

initial state of the snowpack before melting and to define the fraction of net solar 

radiation to be used as the distributed parameter to define the initial condition of 

the snowpack before melting. 

It is important to realize that both minimum and maximum values of radiation 

are being modified as we change the pixel resolution (Figure 3.41). The minimum 

values changed as follows: 0.01 Wm-2 for the S-m DEM, 1.2 Wm-2 for the 2S-m 

DEM, 2.1 Wm-2 for the 30-m DEM, 10.4 Wm-2 for the SO-m DEM, and 30.7 Wm-2 

for the IOO-m DEM. 

The maximum values decrease as follows: 102.0 Wm-2 for the S-m DEM, 99.3 

Wm-2 for the 2S-m DEM, 100.0 Wm-2 for the 30-m DEM, 9S.9 Wm-2 for the SO-m 

DEM, and 94.2 Wm-2 for the 100-m DEM. 

The mean net solar radiation for April 1, 1987 is as follows: S8.9 Wm-2 for the 

S-m DEM, 60.7 Wm-2 for the 2S-m DEM, 60.6 Wm-2 for the 30-m DEM, 62.S 

Wm-2 for the SO-m DEM, and 6S.S Wm-2 for the 100-m DEM. The percent 

increase in mean net solar radiation for April 1 is as follows: 3.1 %,2.9%,6.1 %, and 

11.2% when increasing the pixel size to 2S-, 30-, SO-, and 100-m respectively. 

It is also important to see how the values of relative frequency of NSR for the 

same NSR value increases as the grid size increases. The maximum relative 



]69 

frequency values for NSR at the 5-m resolution reach 0.08, it remains at around 

0.11 for resolutions 25-, 30- and 50-m, and goes up to 0.] 6 for the 1 OO-m DEM. 

Figure 3.1] shows that the relative frequency of elevation remain approximately 

constant in the modal value (0.08). For the case of the slope the relative frequency 

values increase as the resolution decreases from 0.11 at 5-m DEM to 0.19 at the 

100-m resolution (Figure 3.12). For aspect, the relative frequency remains almost 

unchanged except for the areas facing northeast in which the change goes from 

0.09 for the 5-m DEM to 0.18 at the 100-m resolution (Figure 3.13). 

Sky view factor also shows an increment in values of relative frequency when 

the DEM gets coarser. This unimodal distribution increases its relative frequency 

value from 0.1 at 5-m resolution to up to 0.19 for the 100-m DEM. It is also 

important to notice that relative frequency values for SVF values closer to 1 

increase (Figure 3.14). Terrain configuration factor also presents an increase in 

relative frequency values from 0.1 in the 5-m DEM up to 0.18 in the 100-m DEM 

(Figure 3.15). From the different variables analyzed, we can see that the increment 

in net solar radiation when we increase the pixel size is related to the increment of 

the effect in both sky view factor [Dubayah, 1990] and terrain configuration factor 

plus the topographic effects of slope and aspect [Dubayah, 1989]. 

4.1. 7 Relations between parameters calculated over DTM's. The 

influence of the change in grid size has allowed us to understand the changes that 

the different topographic elements involved in the radiation calculation underwent 

when the original pixel size was changed. It is also important to assess the 

relations between parameters that are being determined over the DTM's. Because 

radiation is the variable used to distribute the meteorologic parameters around the 
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basin, a short analysis of the relation between radiation and the other elements 

involved will be done. This is accomplished by defining scatter plots that show the 

relation between the different parameters pixel by pixel. The relation between 

radiation and elevation, slope, aspect, SVF, and TCF will be explained in order to 

assess the influence of topographic features in the radiation over Emerald lake 

watershed. However, knowing that both slope and aspect play an important role in 

radiation calculations, their relation will be described first. 

4.1. 7.1 Slope versus Aspect. The 5-m DEM scattergram for slope and aspect 

(Figure 4.1) shows that there are a variety of combinations of slopes and aspects 

around the basin. However, slopes of around 40° to 50° face in all directions 

except south and southeast. The steepest slopes in the basin face north, northwest 

and northeast. Flatter areas in the basin, up to 40°, show a remarkable symmetric 

pattern except for areas with slopes facing south and southeast. This pattern seems 

to be due to the horse-shoe like shape presented at the lower part of the basin until 

that elevation. 

At 25- and 30-m resolution (Figures 4.2a and 4.2b) there is still a fair 

representation of all slopes and aspects but the loss of steepness and orientation is 

noticeable for slopes greater than 70° and orientations facing south, southeast and 

southwest. Southeastern facing slopes disappear from these DEMs. The symmetry 

pattern, even though still present, has lost its continuity, especially on those areas 

facing southeast, east and some in the southwest. The horse-shoe like shape 

presented at higher resolution becomes wider extended at lower resolutions. 

For 50- and 100-m resolutions (Figures 4.2c and 4.2d) most of the steep areas 

and their respective orientations have vanished. The symmetric patterns observed 
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for higher resolution DEM's also have disappeared. In the 100-m DEM slopes and 

orientations have concentrated in two main groups. One is in the range of 10 to 

45°, mainly facing northeast. The second one is in the range 5 to 45° with slopes 

facing southwest, west and northwest. 

4.1.7.2 Elevation versus Net Solar Radiation. Figures 4.3 and 4.4 a, b, c, and d 

show no apparent relation between net solar radiation and elevation at all 

resolutions, even though a concentration of radiation for values of 50, 65, and 80 

Wm-2 can be seen at all ranges of elevation for the 5-m DEM. This trend is not 

clear in the coarser resolutions where a lack of relationships is observed. 

These figures (4.3 and 4.4) show that there is a slight tendency of radiation to 

decrease as we go up in elevation but we realized that as the resolution gets 

coarser, this tendency tended to be less severe. This is so because the effect of 

steep areas over areas located in the valley that obscure the action of radiation 

coming to the basin. 

4.1.7.3 Slope versus Net Solar Radiation. These variables presented a stronger 

linear relationship. Figures 4.5 and 4.6 a, b, c, and d show that as the slope gets 

steeper the amount of net solar radiation decreases. There is a large concentration 

of values around 30° for the slope and 60 Wm-2 for the net solar radiation at the 5-

m scale. 

The linear relations for all the resolution are as follows: NSRs = 0.989 SLOPEs 

+ 89.38 for the 5-m DEM with a correlation coefficient of -0.64, which means that 

the values of net solar radiation decrease with increase in slope. NSR2s = -1.113 

SLOPE2S + 94.39 for the 25-m DEM with a correlation coefficient of -0.70, NSR30 

= -1.1187 SLOPE30 + 94.23 for the 30-m DEM with a correlation coefficient of 
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-0.70, NSRso = -I.1288 SLOPEso + 95.416 for the 50-m DEM with a correlation 

coefficient of -0.69, and NSR IOO = -1.1075 SLOPE IOO + 95.31 I for the 100-m DEM 

with a correlation coefficient of -0.65. 

The increase in the slope of the relationship also shows that as the DEM 

resolutions get coarser the amount of radiation on steeper slopes increases slightly. 

4.I.7.4 Aspect versus Net Solar Radiation. So far, the most interesting relation 

between topographic parameters and net solar radiation is given by the relation 

between aspect and net solar radiation for April I, 1987. The points are located in a 

scatter plot with a bell shape as a limit for all resolutions (Figure 4.7 and 4.8 a, b, c, 

and d) and provides an insight of the distribution of net solar radiation around the 

basin for the day used as index for the initial state of the snowpack before melting. 

These plots show that areas in the DEM that have opposite facing (E-W) directions 

get about the same amount of net solar radiation in a particular day. The relation is 

symmetrical around the south facing direction and moving toward north from east 

and west directions. Slopes facing south received the most radiation and the 

intensity decreases as we go north towards east and west. Slopes facing north 

received the least radiation and radiation increases as the slope face toward east 

and west. At 5-m DEM several pixels received little radiation, especially those 

pixels whose slopes faced northeast and northwest. 

The loss of radiation at different scales other than the 5-m DEM is more severe. 

For the 25- and 30-m DEM (Figures 4.8a and 4.8b) the areal distribution of net 

solar radiation is similar. The maximum radiation values are over the south and 

southwest facing slopes. 



173 

At 50- and IOO-m DEM's, the aspect-NSR relation keeps its symmetry but 

because some of the areas at these resolution have disappeared, radiation at these 

areas is not existent. At a IOO-m resolution the net solar radiation is concentrated 

in east and northeast facing slopes with values between 30 and 80 Wm-2 and in 

southwest to northwestern facing slopes with radiation values between 30 and 95 

Wm-2 . 

4.1.7.5 Sky View Factor versus Net Solar Radiation. These two parameters show a 

linear relationship. Radiation values increase as the sky view factor increases for 

all resolutions (Figures 4.9 and 4.10 a, b, c, and d). It is clear that as the DEM gets 

coarser, the high values of the sky view factor plays a more important role in 

calculation of net solar radiation. Net solar radiation calculated at coarser 

resolutions obtained a major contribution from the sky. The linear relations for all 

the resolution are: NSR5 = 96.76SVF5 + 0.074 for the 5-m DEM with a correlation 

coefficient of 0.77, NSR25 = 103.47SVF25 - 7.015 for the 25-m DEM with a 

correlation coefficient of 0.76, NSR30 = 102.99SVF3o - 7.807 for the 30-m DEM 

with a correlation coefficient of 0.74, NSR50 = 100.813SVF5o - 7.697 for the 50-m 

DEM with a correlation coefficient of -0.69, and NSR lOO = 95.443SVFlOO - 7.085 

for the 100-m DEM with a correlation coefficient of 0.663. 

4.1.7.6 Terrain Configuration Factor versus Net Solar Radiation. Contributions to 

net solar radiation from surrounding terrain shows a decrease in magnitude as the 

terrain configuration factor increases in magnitude (Figures 4.11 and 4.12 a, b, c, 

and d). It is also important to notice that, as the resolution gets coarser, the 

maximum values of this factor decreases. 



174 

The linear relations for all resolutions for terrain configuration factor and net 

solar radiation are as follows: NSRs = -139.994TCFs + 101.59 for the 5-m DEM 

with a correlation coefficient of -0.75, NSR2S = -126.55TCF2S + 94.40 for the 25-m 

DEM with a correlation coefficient of -0.66, NSR30 = -122.94TCF30 + 92.37 for the 

30-m DEM with a correlation coefficient of -0.63, NSRso = -11O.57TCFso + 88.15 

for the 50-m DEM with a correlation coefficient of -0.58, and NSRIQO = 

-103.05TCFIQO + 84.023 for the 100-m DEM with a correlation coefficient of 

-0.565. 

Net solar radiation modeled at 50-m and 100-m resolution produces high values 

of the mean net solar radiation at each radiation class (Figure 3.45). This will have 

an impact when defining the fraction of net solar radiation in modeling distributed 

snowmelt. Therefore, it will be necessary to account for the increase in mean class 

radiation at low resolution DEM's by affecting the fraction of solar radiation by a 

correction factor that should be defined based on the loose or gain of radiation 

values at each resolution DEM as a function of the different topographic parameters 

involved in the radiation calculation factor. 

4.2 Snowmelt Performance 

4.2.1 Snowmelt in each combined class. To evaluate the snowmelt 

performance at the basin level, an analysis at the class level will be done to 

understand the spatial distribution of melt around the basin. 

It is important to notice that the combined classification of both SWE and NSR 

provided the distributed input for snowmelt in the basin. The snowmelt in each 

class represents the contribution to the total melt basinwide. The melting of snow 

in these areas is produced by the energy balance in which the fraction of net solar 
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radiation between the calculated mean net solar radiation at the class over the 

calculated NSR at the pixel where the station is located is applied to the radiation 

variables observed at the station. The lapse rate temperature due to the mean 

elevation of these classes is used to define the temperature distribution on the 

combined areas. The temperature observed at the meteorologic station is taken as 

the base temperature that will be used by the lapse rate based on the difference of 

elevation between the mean elevation of the combined area and the elevation of the 

meteorological station. High values of the fraction of NSR mean faster release of 

melt water from some areas while low values of this fraction produces, a delay in 

the release of melt water as a contribution to the total melt. 

Figures 4.13 to 4.15 show that the melt contribution of some classified areas in 

the basin to the total melt are minor and therefore the computational time for the 

total estimate of the basin wide melting could be reduced by re-classifying those 

small areas to other classes. The problem arises when defining the classes to which 

they should move to and the definition of a valid criteria. 

Figure 4.13 shows the distribution of melting per combined class of SWE-NSR 

for the case of 4 classes of SWE and 4 classes of NSR and all resolutions. The 

number of class correspond to the class number given in Tables 3.6 to 3.10 for 4 

classes of SWE and 4 classes of NSR. Given that the SWE digital terrain models 

come from the same 5-m DEM, the values of SWE in each class do not change. 

Figure 4.13 shows that melting from areas of the same SWE content are very 

similar for resolutions of 5- to 50-m. Each SWE class produces a pulse of melt, 

which is seen in Figure 4.13. For the 4 SWE and 4 NSR combined classification, 

the distribution of melt has 4 peaks, each one corresponding to one value of SWE 
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(35, 58, 73, and 99 cm of SWE). The closest agreement is gIven between 

distribution of melt between the 25-m DEM and the 30-m DEM even though a close 

look at DEM's of 5- to 50-m shows that the distribution of melt is similar for all of 

them. Melting with the 100-m DEM shows that the melt coming from the areas 

with 0.58 and 0.73 m of SWE present a much faster response to the melting due to 

the fact that the fraction of NSR is much larger than for the other resolutions. 

For the case of the combined classification of 7 SWE classes and 7 NSR classes, 

the melting process from areas sharing the same amount of SWE is similar in all of 

them (Figure 4.14). This figure presents also 7 peaks corresponding to the SWE 

values. The similarity of the melt distribution is more remarkable for the case of 

the 25- and 30-m DEM's, where the distribution of melt coming from areas of the 

same SWE are similar. For the 50- and 100-m DEM's, the number of combined 

classes decrease but the contribution of melt from some areas with 1.10 and 1.14 m 

of SWE increases. 

Figure 4.15 shows the distribution of melt for the case of the combined 

classification of 10 SWE classes and 10 NSR classes. It presents 10 pulses of melt 

corresponding to 10 SWE values in the combined classification. For the 5-m DEM 

the number of combined classes is high (72) and many of these classes provide little 

or no contribution to the total melt around the basin mainly because some areas are 

small and the fraction of net solar radiation is also small. Combined classes with 

35, 52, 71 and 114 cm of SWE are the major contributors to the total basin melt for 

the 5-m DEM and classes with 35, 52, 71, 92, 110 and 114 cm of SWE for the 25-

and 30-m DEMs. For the 50-m DEM all classes but the one with 49 cm of SWE 

contribute to the total melt. The left shift of the melting over the 100-m DEM is 

due to the fast melt produced by the high values of the net solar radiation fraction. 



177 

4.2.2 Statistical Evaluation. The mam objective of this study was to 

evaluate the scale effects in determining snowmelt rates from alpine areas. The 

information available for comparison purposes is the total daily discharge at the 

gaging station. No data on melting at different areas of the basin was available. It 

is worthwhile noticing that the parameters in the snowmelt model did not change 

when modeling at different resolutions. We are interested in defining the accuracy 

of the snowmelt estimate when modeling snowmelt over different DEM's 

resolutions rather than in defining the best parameters in the point snowmelt model 

used in the distributed approach. It is of main interest, therefore, to see how the 

simulated snowmelt histogram whether or not improves its performance by 

changing the DEM spatial resolution and determine which resolution presents the 

best performance. The criteria used try to determine how close the calculated 

snowmelt histogram is from the observed discharge without considering any 

particular feature of the histogram such as peak values and so on, but only in 

preserving the mass balance and the shape. Several methods are available to define 

model parameters (moments, cumulants, incomplete means, probability weight, 

maximum likelihood estimation, least squares, optimization techniques, etc.) but 

they are applicable when defining intrinsic model parameters [Singh, 1988]. Grid 

size is not such a parameter in the snowmelt model itself, therefore, methods of 

parameter estimation are not applicable for this case, but just a mean of defining the 

performance of the snowmelt model with different initial state of the snowpack. 

Four statistical criteria were used to assess the performance of the distributed 

snowmelt model to compare it to the total daily discharge: 

1) the Nash-Sutcliffe [Martinec 1989] coefficient given by: 
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n 

LCQi-Mi)2 
R2 = 1 __ i=_l ___ _ 

n , 2 
LCQi-Q ) 

(4.1 ) 

i=l 

2) the sum of squares of deviations given by: 

n 
F = L (Qi-Mi)2 (4.2) 

i=1 

3) the sum of relative differences raised to the power a given as: 

n [Q. - M'l Q F = L I a I 

i=l Qi 
(4.3) 

and 

4) the sum of the absolute differences, given as: 

n 
F = L I Qi-Mi I (4.4) 

i= I 

where 

Qi is the total daily discharge at the station, 

Q is the average measured discharge during the melting period, 

Mi is the total daily melting around the basin, and 

n is the total number of days of the simulation [Singh, 1988]. 

Table 4.1 shows the value of the Nash-Sutcliffe coefficients for all resolutions 

and for the different SWE-NSR combined classes. This table shows that the 30-m 
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DEM has the highest value of R2, which shows that compared with the other 

resolutions, it has the best performance of all. The R 2 for the 25-m DEM also 

shows similar values, but slightly lower than for the 30-m DEM. The value of R2 

for 30-m resolution and 7 classes of SWE and 7 classes of NSR shows the highest 

value of all R2 meaning that its performance is the best (Figures 3.56 and 3.57). 

Snowmelt simulation at the 100-m resolution failed to produce reasonable 

results because the high fraction of net solar radiation made the model produce a 

very fast melt at the beginning of the melting season and the differences at the 

beginning of the melting period are large. This was because the simulated values 

of radiation around the station failed to closely reproduce the values that DEM's at 

25-, 30-, and 50-m did. This effect gave NSR that was too high for the 100-m DEM 

as compared to the other resolutions. 

In general, it is important to mention that the low values for R 2 were produced 

because we are not comparing the amount of snowmelt produced for the model at 

the station with the discharge at the same point but just the rate of total melting 

around the basin as an index of the total runoff that this melt will produce. 

The second statistical criteria used is the one given by equation 4.2 the Sum of 

Squares of the Deviations. The values for the Sum of Squares of the Deviations is 

given in Table 4.1. The lowest values of this difference corresponds to the 30-m 

DEM and 7x7 SWE-NSR combined classification. The next lower values 

corresponds to the 25-m DEM and 4x4 SWE-NSR combined classification. It is 

possible to see that the changes around the 25-m and 30-m DEM are small. 

To assess the degree of bias produced by the simulated melt, we calculate the 

percentage bias between the total daily observed discharge and the total daily melt. 
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The expression for the percentage bias (or Sum of Relative Differences Raised to 

the Power a with a= 1, as given by Singh, 1988) is given by equation 4.3 which 

places equal emphasis on all values of the melt and discharge. This is a normalized 

version of the sum of the differences between the measured discharge and the 

calculated melt. Table 4.1 shows the values of the objective function for all study 

cases. The values in this table are close to zero for the case of the 2S-m DEM and 

4x4 SWE-NSR combined classification. The next closest value to zero is for the 

30-m DEM and again for the 4x4 SWE-NSR combined classification. Negative 

values show that the model overestimates the melt rate while positive values 

underestimate the melting. A values of zero means a perfect match between 

measured discharge and calculated melt. 

Finally, the sum of the absolute differences is calculated using equation 4.4. 

Reduction of the objective function value means a reduction in the area between 

the observed discharge and calculated melt which places less emphasis on large 

values of the calculated melt [Singh, 1988]. Table 4.1 shows the objective function 

values in which the minimum value is reached for the 30-m DEM and 7x7 SWE

NSR combined classification. The next lowest value corresponds to the melting 

simulated over the 50-m DEM 4x4 SWE-NSR combined classification. 

4.3 Spatially distributed analysis of seA 

An important parameter to be determined during both the accumulation period 

and the melting season is the distribution of the snow cover area (SeA) around the 

basin. At the beginning of the simulation period, the snow cover area is defined by 

the area in the basin with snow water equivalence values. The percent of the basin 

that is snow covered before the simulation period is shown in Table 4.2 for 4 
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classes of SWE and 4 classes of NSR, 7 classes of SWE and 7 classes of NSR and 

10 classes of SWE and 10 classes of NSR for day of year 60. Figure 4.16 shows the 

SCA for day of year 60 for resolutions 5-, 25-, 30-, 50-, and 100-m for 4 classes of 

SWE and 4 classes of NSR. 

To determine how the snow cover varies during the melting period at different 

DEM resolutions, the percent of the basin cover with snow is calculated at 30 days 

interval. Table 4.2 shows these percents for days of year 90, 120, 150, and 180. 

At day of year 90, which corresponds approximately the time of peak 

accumulation, the percent snow cover in the basin is the same as for day of year 60. 

This is so, because day of year 90 still corresponds to the time of accumulation and 

no significant melting has occurred. By day of year 120, simulation in the 25- and 

30-m DEM still remain with the original values of percentage snow cover. 

Simulation in DEM's of 5-, 50-, and 100-m, show that 73.6%, 72.2%, and 61.5% of 

the basin remains snow covered. As mentioned in Chapter 2, the 100-m DEM 

produced the faster release of water from the basin. At day of year 150, simulation 

at 5-, 25-, and 30-m DEM's produce similar percent coverage (62.1 %, 61.7%, and 

61.8%) while snow cover for the 50- and 100-m DEM's is reduced more rapidly 

(46.2% and 24.6%). By day of year 180 simulation in the 25- and 30-m DEM 

produce similar results (23.1 % and 22.7%) but simulation at resolution 5-, 50-, and 

100-m produced SCA of 13.8%,6.9%, and 0%. 

Table 4.2 shows the percent of snow covered area for 7 SWE - 7 NSR combined 

classes for the same resolution presented before. Snowmelt simulation for the 

combined classification of 7 SWE and 7 NSR classes, show that by day of day 150, 

the percent of snow cover is significantly smaller than for the simulation at 
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combined classification of 4 SWE and 4 NSR but comparatively similar for the 

simulation done with 10 SWE and 10 NSR classes (Table 4.2). 

Figure 4.17 shows the distribution of snow cover around the basin for day of 

year 150 for 4 classes of SWE and 4 classes of NSR. The patterns of snow cover at 

this day are similar for all resolutions except for the case of the 100-m DEM which 

presents the highest values of snow-free areas as compared with the other 

resolutions. This is explained by the fact that simulation of snowmelt over the 

100-m DEM is subject to high values of the net solar radiation factor, which 

produce, consequently, a faster release of water from the basin. 
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TABLE 4.1. Coefficients for statistical validation. 

Number of Number of 
SWE NSR Resolution, m 
classes classes 5 25 30 50 100 

Nash-Sutcliffe R 2 coefficient 

4 4 0.272 0.469 0.461 0.402 -2.228 
7 7 0.236 0.469 0.491 0.391 -1.949 
10 10 0.267 0.439 0.471 0.379 -1.988 

Sum of squares of deviations x 109 

4 4 1.880 1.370 1.393 1.545 6.787 
7 7 1.973 1.372 1.314 1.574 6.288 
10 10 1.892 1.449 1.367 1.603 6.512 

Sum of relative differences 

4 4 -4.177 0.322 1.892 16.633 -56.186 
7 7 -15.188 -5.923 -5.020 3.551 -56.461 
10 10 -16.347 -12.519 -8.742 4.201 -55.023 

Sum of the absolute differences 

4 4 346286 303909 306178 297470 609023 
7 7 366264 309292 297393 308502 592238 
10 10 367012 325508 310193 307704 619623 
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TABLE 4.2. Percent of snow cover area. 
Resolution, m 

DOY 5 25 30 50 100 

4 SWE -4 NSR 

60 88.4 88.9 89.1 86.4 88.5 
90 88.4 88.9 89.1 86.6 88.5 

120 73.6 88.9 89.1 72.1 61.5 
150 62.2 61.7 61.8 46.2 24.6 
180 13.8 23.1 22.7 6.9 0.00 

7 SWE-7 NSR 

60 88.4 88.9 89.1 86.4 88.5 
90 88.4 88.9 89.1 86.6 88.5 

120 73.0 82.0 80.6 78.2 73.8 
150 48.8 57.7 56.9 52.1 26.9 
180 15.1 20.1 19.0 10.5 0.0 

10 SWE - 10 NSR 

60 88.4 88.9 89.1 86.4 88.5 
90 88.4 88.9 89.1 86.4 88.5 

120 72.6 85.5 89.1 73.4 63.1 
150 49.0 57.4 58.4 50.0 23.8 
180 19.1 19.9 18.5 9.2 0.0 
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CHAPTER 5 

5. SUMMARY AND CONCLUSIONS 

Snowmelt rates coming from an alpine basin have been analyzed for Emerald 

Lake watershed in the Sierra Nevada, California, for the water year 1987 using 5 

different DEM resolutions. The approach used a combined classification algorithm 

for snow water equivalence and net solar radiation, and a point snowmelt model 

acting over each of these combined classes to calculate the rates of melt. 

This study has addressed four major points related to snow melt calculations 

that can be applied to alpine areas where distribution of physical parameters vary 

both in space and time. The first point examines digital elevation model 

transformations. The second point relates to defining areas where mass and energy 

principles are applied to obtain the snowmelt rates and the definition of available 

SWE. The third point defines hourly and daily snowmelt rates both at the SWE

NSR combined classification level and basin wide. The forth evaluates the melting 

performance with respect to the observed discharge and definition of percent snow 

cover areas. 

1. The original 5-m digital elevation model was transformed to coarser 

resolutions by using the nearest neighbor approach. Distribution of elevation 

for the coarser resolutions shows that there is no significant variation in 

elevation values among the different resolutions. In addition, the algorithm 

used is adequate for elevation transformation even though a stairstep effect is 

observed at 100-m resolution. Relative frequency values of elevation for 5-, 

25-, 30-, and 50-m resolution remain almost unchanged but decrease in 



203 

maximum elevation values. At 100-m resolution, however, the distribution 

tend to become uniform around the mean value and at the maximum, where 

the relative frequency has increased. Mean elevation values remain almost 

constant at all resolutions, however, elevation values at high altitudes 

decrease in magnitude as the grid size gets larger. The minimum elevation at 

all resolutions remain constant because the lake is located at that elevation 

and its extension is such that values at that elevation are not changed by the 

transformation used. 

Other topographic and physical parameters modeled on the transformed 

DEM's show significant variation in mean, maximum, minimum and in their 

frequency distribution. For the case of minimum values, sky view factor and 

radiation show significant reductions from the values modeled at 5-m 

resolution. Maximum values decrease in elevation, slope, and terrain 

configuration factor. For the mean values, changes are observed in slope, 

aspect, sky view factor, terrain configuration factor, and net solar radiation at 

the day of peak accumulation. Cumulative frequency distribution of 

topographic parameters for 25-m and 30-m resolution DTM's show little 

variation. 

Slope seems to be the most sensitive topographic parameter to changes in 

spatial resolution using the nearest neighbor approach. Frequency 

distributions for slope show a significant increment in their values as the 

resolution becomes coarser. Even though the basin loses the steeper areas as 

the resolution becomes coarser, the same slope from resolution to resolution, 

increases its frequency making the basin look steeper especially on those 

areas close to the boundaries of the basin and the ridges. Minimum values, 
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located at the lake level, keep their steepness constant for all resolutions 

except for the 100-m DTM, which has a minimum value of 1.6°. 

Mean orientation of the basin changes from an almost north direction for 

the 5-m DEM to a north west direction at 100-m resolution and it varies in 

between these directions for the cases of 25-, 30- and 50-m DEM's. Slopes 

facing south, southeast and southwest tended to disappear as the gird size 

increases so hydrologic processes in which aspect constitutes one element 

may be affected due to the lack of representation. 

The sky view factor also undergoes severe changes as the DEM resolution 

becomes coarser. Minimum values increase by as much as 50% for DEM's of 

5-m resolution to the 100-m resolution, while maximum values remain almost 

unchanged. Mean contribution of diffuse irradiance from the sky goes up to 

25.1 % in the 100-m resolution DEM. 

Opposite effect to the one just described, occurs for terrain configuration 

factor when minimum values remain unchanged, while maximum values 

decrease by as much as 50% for the IOO-m DEM with respect to the original 

5-m DEM. Mean values of the contribution of direct and diffuse radiation to 

the total radiation striking a point, decrease by 41 % for the IOO-m DEM in 

relation to the 5-m DEM. Minimum values increase by as much as 30%, 

while maximum values decrease in up to 6%. Mean values increase up to 

11.2% for resolution IOO-m in relation with the 5-m DEM. 

Net solar radiation (NSR) on April 1, modeled over the topographic grid 

also shows variation in minimum, maximum mean, and relative frequency 

values. The increase in relative frequency values when gomg from fine 
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resolution DEM's to coarse resolution DEM's, show that basin wide, Emerald 

Lake watershed receives more radiation. The importance of this effect was 

observed in the contribution of NSR to the combined classification algorithm. 

Fractions of NSR are large when modeling distributed snowmelt at coarser 

resolutions. 

Among the variables that contribute to the definition of net solar radiation 

pixel by pixel and at different resolutions are elevation with a slight decrease 

in radiation with increase in altitudes, a stronger decrease in net solar 

radiation with an increase in steepness of slopes, an increase in NSR with 

increase in contribution of diffuse irradiance from the sky, and a decrease in 

net solar radiation due to an increase in direct and diffuse radiation from 

surrounding terrain. A symmetric effect with respect to the south facing 

slopes is observed for the net solar radiation and aspect relationship when net 

solar radiation increases on slopes that face north moving toward east and 

west. Minimum radiation is observed in north facing slopes although this 

effect decrease strongly as the DEM resolution becomes coarser. 

In general, relative frequency values for all modeled topographic 

parameters increase as the resolution of the DEM's becomes coarser. No 

attempt has been made to mathematically define the partial contribution of 

each of these variables with respect to total net solar radiation. 

2. A combined classification algorithm using two physical parameters (snow 

water equivalence and net solar radiation) was used to classified snow 

covered areas in the basin. These areas share similar snow water equivalence 

and net solar radiation values. This classification allows us to determine the 
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distribution and amount of snow water equivalence available for melting 

within the basin in each class. 

The combined classification is done USIng a band interleave process 

between the SWE images classified in 4, 7 and 10 classes and the NSR 

images also classified in the same number of classes. Snowmelt calculations 

done over a small number of homogeneous areas, represent the real 

heterogeneous situation in the basin, and provide adequate representation of 

the melting rates in alpine areas. Due to the distributed nature SWE and 

NSR, the algorithm was designed to determine the melting rates. This is 

termed a physically distributed model because it is based on the exact 

physical representation of radiation around the basin. Moreover, solar 

radiation is used both as the time dependent variable to classify the snow 

water equivalence and as an index to distribute meteorologic observations 

available at the meteorological station. This is done because the net solar 

radiation is the single most important variable in the energy equation for 

melting. The distribution and amount of SWE around the basin is being 

affected by the transformation technique used. Percent increase by as much 

as 7.5% is registered for the 100-m DTM and 10 classes of SWE. Percent 

decrease of up to 3.2% occurs for the 50-m DTM and 10 classes of SWE and 

10 classes of NSR. Minor changes occur for the 25-m and 30-m resolution 

DTM's, with percent changes no greater than 0.3%. 

3. Once the distribution of snow water equivalence around the basin was known 

over the combined classes, mass and energy balance principles were applied 

to each of the combined classes to obtain hourly rates of melting at the 

bottom of the snowpack. Melt coming from different combined classes was 
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added to determine the total hourly melt from the basin. This procedure was 

used at all resolutions to evaluate the performance of the DEM's when a point 

snow melt model was used over these classified areas. The number of 

classified areas varies from 13 for the case of 4 SWE and 4 NSR 

classification, to 32 for the case of 7 SWE and 7 NSR and a maximum of 72 

classes for the classification of 10 classes of both SWE and NSR. This, 

however, represents a very small number of areas, compared with the number 

of pixels available in each of the DEM's. 

The distribution of daily snowmelt at different resolutions coming from 

the combined areas present a pulse effect coming from each of the snow 

water equivalence areas. Similar distribution of melt pulses was observed for 

snowmelt simulation at 25-m and 30-m resolution DEM's. Some combined 

classes show small contribution to the total melt because of their limited areal 

extension or possibly due to the small fraction of net solar radiation acting 

over those classes. These classes could be reclassified to account for 

neighboring classes subject to different fraction of net solar radiation but the 

same SWE value was kept to avoid changes in mass balance, therefore the 

number of classified classes could further be reduced. 

4. A statistical criteria was used to evaluate the distributed approach at different 

DEM resolutions when calculating snowmelt over Emerald Lake basin as 

compared with the discharge at the gaging station. Using the Nash-Sutcliffe 

criteria, the best performance for melting is given by the combined 

classification of 7 SWE classes with 7 NSR classes for the 30-m DEM. The 

sum of the squares of the deviations between observed discharge and 

modeled melt also shows that the 7 SWE and 7 NSR classification at the 30-m 
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resolution has the best performance. The sum of the relative differences 

between observed discharge and melt however shows that the 4 SWE and 4 

NSR combined classification in the 25 m DEM, provides the best results as 

compared to the total daily discharge. Finally, the sum of the absolute 

differences between observed discharge and computed melting shows again 

that the 7 SWE and 7 NSR combined classification in the 30 m DEM has the 

best performance of all. 

Even though this approach has given estimates of melting rates distributed 

over the basin, the low value of the statistical indices shows that the overall 

performance of the distributed model, following only SWE and NSR as 

criteria for classification, is not the optimum. Further analysis is needed in 

order to determine whether optimizing this approach by considering the same 

classification procedure at different elevation zones or hydrologic subunit or 

the use of additional variables as parameters for classification would improve 

results. 

The present work shows that it is possible to use only SWE and NSR as 

spatial and temporal variables for classification though results are not 

comparable to actual snowmelt rates because of lack of field data on rates of 

snowmelt. Adding a routing procedure to the melting rates from each of the 

combined classes may bring the rates of snowmelt provided in this study 

closer to the observed discharge in the Emerald Lake outlet. Having 

determined snowmelt at the bottom of the snowpack guarantees that the total 

mass of snow melted is going to the basin outlet. However, snow at different 

combined classes melts at different rates and are simply added at each time 

step without considering the distance of each class to the outlet and the time 
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required for the melt from each class to get there. Snowmelt from these 

combined areas have different lag times and therefore a melt observed at any 

specific time does not necessarily represent the amount of runoff observed at 

that time. 

The distributed snow cover area analysis show promise as a potential tool 

to compare results among the different resolutions based on the percent snow 

cover at certain time intervals if other methods and databases were available, 

such as areal photography or classified remote sensing images for the study 

area. Even though the histograms show lag times greater than one day, this 

seems unreasonable given the small size of Emerald Lake watershed; 

however, some days in the simulation may be subject to lag times greater than 

one day of the meteorologic conditions dictate so. 
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Appendix A 
DISTRIBUTED APPROACH TO MODELING SNOW;'v1ELT Rt:NOFF IN 
ALPINE CA TCHML'ITS 

Roger BALESa, Keily ELDERb md Remigio GALARRAGA l 

~De?:lrtment of Hydrology and Water Resources. Univ. of Anzona. USA 
I)Center for Remote Sensing md Environmental Optics. Univ. of California. Santa 
Barbara. USA 

ADSTRACT 

We are currently developing m <lppro:lch to modeling spatially distributed snowmelt 
runoff md chemistry in alpine c:ltdunents using only topographic data. distributed snow
depth information. md paine r:ldi:ltion me:lSU~ments. The initial applic:ltion is at the 
small-watershed sc:J.1e. using data from Emernld-la1ce watershed (120 ha) in the Sierra 
Nevada. It is our bypothesis th:lt m alpine w<ltershed c:m be classified <lccording to 
physic:Jl criteria into telT:lin units. which constrains the number of nodes whe~ a point 
mass and energy b:Jlance model would need to be run. and still provide a re:1listic 
characteriza.tion. The nwnber of temin units obtained is significantly less than the number 
of grid nodes of the digital-elevation model used in generating the ciassific:ltion. The same 
approach is then being applied to larger sc:ties involving an aggregation of he:l.dw<lter 
c:ltchments. 

First. subc:l1Chments th:lt drain to the major and minor guaged inflows a~ delinc:lted 
and divided into two elevation zones. For Emerald. resulting subc:ltchments average about 
12 ha in are:L. Next. we calculate distributed net potential soiar radi:ltion accumulated for 
the period prior to snowmelt Since (Qt:Jl downwelling radiation is a function of visibility, 
visibility is used as l parameter to m:ltch calculations with pyranometer values. Net solar 
radiation is then distributed over the basin based on terrain geometry. 81ch subc:ltchmem 
is classified into three to four classes based on the accumulated r:1diation. Subc:ltchments 
are divided into classes of snow surplus or deficit based on deviations about the me:ln for 
that catchment. from snow-survey data Four to five ciasses are defined within e:lch 
subcatehmenc. We then assign e:lch radiation class within a subc:ltChment l value for net 
potential snow accumulation. 

One of our immediate applic:ttions for this classification is to simuiate the spati:!l 
distribution of snowmelt runoff and chemistry for incegnlted hydrochemic:ti modeling of 
alpine c:l1Chments. 

Key words: Snowmelt Runoff. Snowmelt Modeling, Alpine Hydrology 

1. INTRODUCTION 

Seasonally snow~ove~d a~:lS of the E:Irth's mountain ranges a~ important 
components of the global hydrologic cycle. Although their a~:l is limited. snowpncl<s in 
these areas account for the major source of the runoff for stream now md groundwater 
~charge over wide areas of the mid-latitudes. 

For determining the hydrologic response of se:lSon:!lly snow-cove~d alpine 
c:ltchments to global change. and the effect on ~gional w:lter resources. one wants to work 
at largest sc:Jle fe:lSible in order to keep c:Jlculations to a minimum. One aiso needs to 
match the sc:Jle of snow-distribution. snowmelt md runoff calcui:ltions to th:lt of lvaii:lblc 
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data. For ell::unple. Llndsat md other high-resolution satellite images have 30-m to 60-m 
pixels. On the other hand. when looking at the hydrochemical response one needs to 
consider the scale of biogeochemical heterogeneity in the c~hment when representing 
snow distribution. melt md runoff. For example. infonnation on soil·mapping units. 
hydrologic subc:ltchments md biologic:illy sensitive SU'e:lIIlS may be available It scales of 
5-25 m. 

Though use of energy-blll:tnce principles off~ l physic:illy morc·re:tlistic approach 
md m improved p~iction for snoWl'ack conditions llld melt over a watershed. we lack 
effective spatially-distributed snowmelt models capable of handling the complex terrain and 
providing process-level simulations IDo%U!r. 1987; Leavesie,. 1989). Str.ltegies to reduce 
the computational complexity of this problem have either: i) segmented the terrain into a 
few simple units. such as elevation classes. then run a detailed simulation of the snow; or 
ii) simplified the energy-budget c:llculations. then run the simulation over many points. 
such as the nodes of a digital elevation model (DEM). In the first C:l.Se the modeling 
approach assumes that the processes in the snow dominate over the terr:lin-alntrolled 
variations. while in the second c:J.SC the converse is true. Much progress has been made 
recently in modeling the vari:uion of solar radiation over comple."t terrain [~.g. DubayaJt et 
ai. 1990]. and modeling the energy llld mass balance of a snow cover at a point [e.g. 
Jordan. 1991]. 

Topography is a primary factor controlling the spatial llld temporal variations of 
snow metamorphism and melt. The distribution of snow in alpine are:lS is related to 
patterns of net solar radiation. but also depends strongly on processes that redistribute the 
snow [EltUr et al .. 1989. 199I]. The distribution of snow within a basin is a necessary 
variable to improve energy and mass transfer models applied in snow-covered areas 
because the distribution is irregular and the energy exchange rateS are nontmifonn. Solar 
radiation may be the dominant component in the surface energy exchange over. alpine snow 
fields [Zuzel and Cox. 19751. Turbulent exchanges of sensible and latent heat may be 
important under some conditions. but they are frequently of opposite sign during the melt" 
season and almost always have fluxes of much lower magnirudes than radiation [Mark; and 
Dorier. 1991]. Thermal radiation is also lower in magnirude than the solar flux. and 
exhibits lower variation than the other components. 

Our overall approach to describing snowmelt runoff is based on three premises. First 
is that an alpine watershed can be classified according to physic:ll criteria into termin units. 
which constrains the number of nodes where a point mass- and energy-balance model will 
need to be run. md still provide a realistic characterization. Second. the number of termin 
units obtained ottained will be significantly less than the number of grid nodes of the DEM 
used in genemtir.g the cl.a.ssific:ltion. and still provide a realistic characterization. Third. 
estimation of w<lIet!lhed-wide snowmelt runoff can be done with far fewer grid points and a 
much-coarser D E...'f than needed to drive a regional hydrochemic:1i model. That is. 
different scales ~ be needed for a given catChment to meet water-resources versus 
environmental-assessment objectives. 

The work :l:poned in this paper addresses three issues in this overnll approach. and 
builds on the conceptual description presented previously. First is to develop a method for 
distributing snowmelt to the subcatchment sc:lle. using only topogr.rphic data. distributed 
snow-water-equi-va!ence information. and point-radiation me:lSUtement!. Second is to 
determine the l~ scale at which these calculations can be done without loss of 
infonnation aboc:t catchment snow cover and runoff. TIlird is to determine the smallest 



number of snow-water-equiv:ll.ence and i.1diation classes that em be used to estimate 
snowmelt :11 the sc:lle of a high-resOlution digit:1.l-eievation model. 

2. METHODS 

2.1 Study Site 

The study was conducted in the Emerald-lake watershed. Sequoia National Pari<:. 
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California. U.S.A. at 36'3S'N. 118°40'W. Elevations range from 2800 to 3416 m, a total 
relief of 636 m. Total watershed area is about 120 ha, of which 2.85 ha are lalee surface. 
TIle basin is a north facing, glacially scoured cirque, flanked by ncarly vertic:ll. cliffs on thc 
south and west margins (Figure 1). A broad range of slopes and aspectS are represented. 
The basin is steep wiLh a mean slope angle of 31 degrees. The lack of soil has resulted in 
limited herbaceous or woody vegetation. The topography and physiography are typical of a 
small alpine watershed in the southern Sierra Nevada. 

2.2 Field Methods 

Field work as conducted near the date of maximum snow accumulation. from 17 to 
19 April. 1987. This year was marked by lower than nonna.! precipitation. Statewide 
precipitation was 65 percent of the 50-year mean for the 1987 water year. and estimates for 
the Sierr.l Nevada were even lower. Emerald-Ialce basin received a maximum snow water 
equivalence (SWE) of 0.49 m by 9 March. Little melt or ablation occurred between 9 
March and the survey period and is not relevant to the results presented in this study. 

S~ -:ay be expressed as the snow depth multiplied by the percent density of the 
mow. Therefore, variability in both depth and density must be measured for evaluations of 
SWE distribution. Snow depth was measu~ by probing the snowpack wilh portable 
aluminum poles capable of measuring up to 10-m depths. Sample locations were located 

by randomly sampling the coordinates of a 15-m grid registered to a 5-m DEM of the 
basin. A total of 224 points were sampled for depth. At each location the survey tcam. 
recorded snow depth at the point, as weU as depths 4 m away in the four cardinal 
directions. The Jive depths were then averaged to minimize loc:ll. variation. Snow pitS 
were dug at selected sites throughout the watershed to obtain density proliles. Locations 
were chosen to give a range of exposures and elevations characteristic of the basin. The 
density sampler is a wedge-shaped cutter 200-mm long, 100-mm wide, and 100-mm high 
giving a lOOO-mL volume. Continuous density profIles were taJcen in lOO-mm incn:ments 
in each pit. Snow-covered area (SCA) was estimated from oblique photographs obtained 
during the surveys and throughout the melt season. The rugged basin topography allowed 
us to get adequate views of nearly the entire watershed from opposing ridges. 

2.3 Modeling Methods 

The analyses were QlTied out in a UNIX environment using the GRASS Geogrnphic 
Information System (GIS) software and the Image Processing Workbench (IPW) for the 
image an:ll.ysis and manipulation. Similar results were obtained with bolh software 
packages. Statistical analyses of the results were obtained using S statistical software. 

Our Jirst step was to partition the basin into zones of similar snow accumulation. 
Three parameters - elevation, slope. and solar imdiance - were chosen because they 



represent physically based parameters that affect accumulation and ablation of snow. The 
radiation image used in the classific:ltion was the sum of the integrnted daily nct solar 
radiation calculated for cie:lr sky conditions [Dozil!r. 1980], for the 15th of eoch month 
from December through April. Elevations were taken directly from the OEM. and slopes 
were generated from the OEM. TI1e basin was divided into these zones in a two step 
process. Coregistered values of radiation. slope. and elevation were clustered to identify 
the structure of similar groups within the basin. The entire basin was then classi lied using 
a maximum-likelihood classifier based on the statistics generated from the clustered 
subimages [Richards. 19861. A more~etailed description of the par:uneter interactions with 
snow accumulation is given in Elder, et al. [1991]. 

We carried this exercise out by partitioning the basin into three and four classes. at a 
horizontal grid resolution of 5 to 100 m. To obtain OEM's at four resolutions (5. 25. 50. 
and 100 m). we averaged the 5-m DEM over the corresponding grid. then resampled to lhe 
larger grid sizes. Slopes were calculated from the resampled DE.i.V1's to obtain slope 
images at the corresponding scales. For the SWE-distribution calculations. the 5-m 
radiation image was resampled to the larger grid sizes and was not recalculated for these 
scales. 

Oustering and classification are not rigorous statistical techniques. and formal 
statistical approaches for validating results do not yet exist. TI1e results in this study have 
been evaluated qualitatively by our intimate knowledge of the basin and observed snow 
distribution. and quantitatively by two methods. Fim. a single classification AJ.'l'OV A was 
used where the null hypotheses for the ANOVA was stated as: there is not difference 
between the mean SWE of the groups identified in the classification. If the null hypothesis 
is accepted. similar infonnation can be found in more than one class and a poor 
classification has resulted. Reje1:tion of the null hypothesis shows that the classes contain 
different infonnation or represent different populations. which is the desired result 
Second. standard errors (SE) from the classifications were compared to the basin-wide data. 
Tn any classification auempt the SE should be reduced for the classified groups when 
compared to the whole data set. but a significant reduction in SE suggests a successful 
classification. 

For radiation classific:1tion. we calculated net-potential solar rndiation at semi
monthly intervals for the period December 15 to April 1. Doing the calcuiations at weekly 
intervals had no effect on the season:llly integrated values; but there was a small difference 
in spatially distributed radiation when using only monthly values. Radiation calculations 
were spectrally distributed in 25 bands over the wavelengths 0.35-3.0 1J.IIl. Albedo of the 
snow was set in ~ bands (0.35~.9, 0.9-1.1. 1.1-3.0). Atmospheric parameters 
estimated from the LOWTRAN7 model [Knl!i:ys et ai. 1988J were used for input to a 
two-stream approximation to the radiative-transfer equation to obtain total downwelling 
radiation. and the diffuse and direct components [Ml!atior and Weaver. 1980]. 

Ten subc:uc:unents that drnin to the major and minor guaged inflows to the lake were 
deline:1ted and divided into elevation zones (Figure 2). Net solar radi:1tion over the basin. 
was distributed into each subcatchment. Subcatchments were divided into classes of snow 
surplus or deficit based on deviations about the me:m for that area. again from basin-wide 
d:1ta 
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3. RESULTS 

Watershed area at the 25-m, 50-m and lOO-m scaies was within 1 ha of the 5-m 
value (120 hal. and differed by only 4 ha at a 200-m scale (Table 1). Figure 3 illustrates 
elevation classified into four bands. The average difference between the 5-m versus 
coarser-resolution are:lS in each band were under 3 percent for the 25-m and 50-m 
resolutions. but were greater than 6 percent for the l00-m and 200-m resolutions (Table 1). 

Figure 4a shows the results of the classification into similar SVIE zones at a 5-m grid 
size with four classes. In all cases (5-lOOm resolutions: 3 or 4 cl:lsses) the classifications 
at the 5-m scale were significant at the 95-percent confidence level. and half were 
significant at the 98-percent level. based on the ANOVA's. Standard-error reductions 
ranged between 9 and 14 percent. with an average reduction of 11 percent. further 
indic:lting that the classific:ltions improved the estimates of total SVIE. There was no 
significant difference in the St:ltistic:1i results between different grid resolutions. In general. 
classifiC:ltion results based on the ANOV A and SE evaluations improved slightly with more 
classes. However. comput:ltionai costs increase rapidly with an increased number of 
classes. 

Snow-covered area was estimated for each of the grid resolutions by resampling the 
5 m SCA mask to the larger grid sizes and computing the area covered by snow. The 
change in SeA with chooging sC:lle is shown in Figure 5, where sC:lies of 5. 25. 50 and 
100 m are displayed. Table 1 shows that there is very little difference between the 

different resolutions. All of the resolutions showed a slight increase in SCA with a 
maximum of 2.5 percent in the 100 m case. 

SWE volume was also calculated for each of the classifications at each of the 
resolutions (Table I). Results of the four-class SWE distributions at all four sc:1ies are 
shown in Figure 4. Basin SWE was calculated from the classified images by multiplying 
the within-zone measured mean SWE by the calculated zone area and summing all the 
values for the basin. For comparison. we will take the me:l11 value of all the estim<ltes as 
our "best" estimate. Table 1 :jhows the percent differences of ~ch estimate from this 
"best" estimate of 745.400 m . Most of the differences are small. with an average absolute 
difference of 2.4 percent. a minimum of 0.6 percent. and a maximum of 5.1 percent 
difference. 

In estimating SWE distribution for snowmelt-modeling purposes. computational 
efficiency is an imponant issue. Snowmelt modeling in rugged terrain has the potential for 
great computational costs bec.:1Use of the gre:u variability in snow distribution. energy 
inputs. and subbasin boundaries. Table I shows the number of cells found within the basin 
at different grid resolutions. The difference between the representation of the basin at a 5-
m and a 100-m grid size is about two orders of magnirude. There is a 2.S-fold increase in 
the total number of cells between the 25-m and 5-m resolutions alone. and close to 100-
fold increase between the 50-m and 5-m -grid sizes. 

We W<lnt to be able to minimize the number of discrete units for which we need to 
run a spatially-distributed snowmelt model in a basin. We therefore need to minimi7.e the 
number of discrete SWE arell..'! for input into the model while maintaining as much 
definition in the distribution as possible. Table I also shows the number of discrete SWE 
units found in the basin based on the number of classes and the horizont:1l grid resolution. 
There is close to an order-of-magnirude difference the number of groups in both cases 
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between the 5-m and 25-m grid sizes. A funher incIe:lSe in grid size decre:lSes the number 
of groups by a half to a third each time for the 50-m and l00-m grid scales. The 
difference between the 5-m and lOO-m scales is marked. r.mging between a 45- and 50-fold 
reduction in total numbers. 

Basin-wide rndi:llion in four classes. for the period December 15 through April i is 
shown on Figure 6. Oasses are equally spaced between lhe minimum and maximum 
rndiation coming into basin. giving about 40 percent of the b:lSin area in each of the two 
lowest classes. and less man 2 percent in the highest class (Figure 7 and Table 1). At the 
two later dates illustr.lted on Figure 7. lhe radiation pattern shifts so mere are fewer are:lS 
receiving little radiation. and the relative classification shifts toward the middle two classes. 

Combining the SWE and rndiation images gives 12 combined classes for snowmelt 
ea1culations (Figure 8). Three of these areas have less than 0.2 ha of area. leaving nine 
classes. The essential pattern of snowmelt progressing from southwest-facing to nonh
facing slopes is retained at the coarser scales. 

Funher classifying the combined 5-m image by hydrologic subbasin gives 3 to 8 
snowmelt classes (area> 0.2 ha) in each subbasin. Table 2 indicates me total area and 
individual areas of each per subbasin. 

4. CONCLUSIONS 
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These results have several important implications for snow cover and snowmelt 
modeling. Based on me SCA results. it appears that Landsat TM imagery may be perfectly 
adequate at a 30-m resolution for snow cover mapping purposes. even in rugged alpine 
topography. This result is important because it suggests that conventional. easily obtainable 
imagery may be suitable for snow modeling. 

The ~all differences in SWE volume between the different grid resolutions used in 
this srudy suggests that high resolution DEM's are not necessary for accurate total SWE 
estimateS in alpine termin. This result also has important implications because 5-m OEM's 
are available for :m extremely small ponion of the enrth and they are expensive to produce. 
In the United States 30-m resolution is the best available for much of the country. and 50-
m grid size is the best available for much of me world. If we can use SO-m DE.:.\1·s 
without compromising our results significantly. there is the potential [0 apply spatially 
distributed snowmelt models to many regions where cost prohibits obtaining high resolution 
terrain data. Simulations of actual runoff from snowmelt models must be performed to 
detennine the vaedity of our results. 

This rese:lIQ was supported in part by a grant from NASA under the Eanh
Observing-Syste::l (EOS) progr.un; and in part by the University of California Water 
Research Center. Tharilcs to J. Dozier and J. Frew for assistance in setting up .algorithms 
for extending the TJJW c.,lculations. 
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Table 1. Results of calculations at different grid scales. 

Value at stated gnd rc::soluuon (m) 
Result 5 2S 50 100 
Waunhd. area. ha. 120 110 119 121 
NumbO' afcw itt wQurwd 4048 1922 4TI 121 

Ar~ pO' ell!V. clQS3 v~. 5·". imtzge. 24-d= ave .• % diff. 1.3 2.5 6.6 

Snow-covcred area ~ha 109.3 109.9 110.8 112 
% diCe. from 5-m 0.5 1.3 2..5 

Calculated toral watenhl!d. SWE 3 classes 749900 713300 754000 161600 
volume., mJ 4 clases 758100 707500 756000 762700 
Diff. in calculaud SWF. v~. mean 3 classes .0.6 .4.3 1.2 2.2 
urimaJe (745,400 '"\ pe1'C/!IU 4 classes 1.7 -5.1 104 2.3 

Number af dLrcrete nvc graup~ 3 classes 692 92 31 15 
4 classes 1043 96 59 21 

Watershed area. per radiation class. ha Class 1 (low) 47.2 46.3 49.3 45.0 
Class 2 44.6 46.3 41.3 51.0 
Class 3 26.3 27.3 26.5 n.o 
Class 4 (high) 2.0 1.6 2.3 2.0 



Table 2. Arc:1 of c:lch snow/r:ldialion class per subbasin. a 

Cclls per subbuUt {one cell IS 2.S m-) 

Clasa 1 2 3 4 ~ 6 7 8 9 10 11 Tow 
0 94 61 88 137 122 1374 397 40 608 975 - 3996 
1 209 80 49 137 1 27 1 91 69 12 - 776 
2 - - - - 13 44 - - - - - 67 
3 1560 1566 2167 1864 - 4 S - 78 178 70 1492 
.5 3 36 346 1404 614 189 14 - 18 146 - 2830 
6 1:14 547 1197 303 - 24 34 - 177 786 985 4327 
8 55 210 1731 2415 831 1695 959 - 1333 1403 - 10632 
9 1 11 37 16 - 316 832 189 354 m - 1979 
10 - 1 30 264 44 156 115 11 2:35 296 - 1352 
11 13 75 311 75 SO 2387 1547 457 1168 1740 - 78S3 
12 - - - 202 445 2908 941 S 653 587 - ~741 

Tow 2209 2j81 5956 7017 2160 9724 ~44S 793 4753 6346 105S 48045 .. 
"ClUHI ",1ft order of me1unl. Clus 0 tS no snovr, c:lus 1 IS least snow, most r:Idiation; class 12 IS 

most mow. 1eat ndiacion. 

1. Shnded relief map of Emerald-lake 
watershed. Note that the basi~ which 
is outlined by the while bo1Dldary. 
drains to the lalee on the northwest side. 

2. Hydrologic subbmins in Emerald-lake 
watershed. 
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3. Elevation images for Emerald-lake 
watershed. in four classes ~t scales of 
5-200 m. C~lculations done using 
IPW . 
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4. Bnsin-wide $WE for 1987. in four 
classes. one of which is no snow. <It 

four grid scaJes. A vt:r.lge v:llues for 
the classes ~ 0.43 m. 0.69 m and 0.92 
m for the dark. medium ~nd light grey. 
respectively. Lightest shade is no 
mow. 



5. Snow~ove::d 3re:1 irrulge for Emer.l1d
lake WQt:'~~ed, at sales of 5-100 m. 
B ~k ~= 'NelS snow covered on 17-19 
April, the .!:!Les of tbe snow survey; 
il'Cy :lre:l. ..... :lS not snow covered.. 
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6. Basin-wide r:1diation. integr.lted from 
Dec. 15 (0 Apr. 1. in four classes. 
Light are:l is most mdi61tion; dark ate:l 

is le:lSt mdiution. 
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8. Combined snow-water equivalence and 
r:.tdiation cl:lSSific:ltion on whole 
wuterShed. Result is 12 classes. White 
is no snow. Dnrkest is 1c:lSt snow. 
most mdiruion: lightest is most snow. 
te:1St mdiation. 
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El presente trabajo, determina los efectos producidos en el dlculo de radiacion solar 
neta sobre un mapa digital de elevaci6n. al cambiar el tamaiio de la celda mediante la 
tecnica del Vecino mas Cercano (Nearest Neighbor). Los resultados son imponantes en 
zonas de cobenura nival estacional en regiones montaiiosas, como es el caso de la cuenca 
del Glaciar Echaurren en Chile. ya que permite definir la variabilidad de parametros 
hidro16gicos que pueden ser modelados en mapas digitales de elevaci6n. Ademas, se puede 
hacer una estimaci6n de los cambios en estas variables al modificar la resolucion espacial 
del mapa digital de elevaci6n original. Este estudio es parte de la modelaci6n distribuida 
del derretimiento y escurrimiento proveniente de cuencas de montaiia, en el cual el caIculo 
de radiacion es imponante en la definicion de las condiciones iniciales del manto nival 
previo al derretimiento. 

ABSTRACT 

The Nearest Neighbor Approach for resampling is used on a Digital Elevation Model 
(DEM) in order to assess the effects of changing the spatial resolution of the DEM in 
calculating net solar radiation over the Echaurren Glacier Watershed in Chile. Results 
presented herein for the case of snow cover areas in mountainous areas show of being of 
great significance. It allows to determine the variability of hidrologic parameters that can be 
modeled on DEMs. It also allows to make estimates of changes in these variables when the 
spatial resolution of the DEM is changed. This study is pan of the distributed snowmelt
runoff modeling in mountainous regions, to define the initial conditions of the snowpack 
before melting. 
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INTRODUCCION 

El crecimiento poblacional alrededor del planeta y la consecuente creciente demanda de 
agua para satisfacer necesidades humanas, han hecho que los planificadores de este vital 
elemento, busquen otras fuentes de abastecimiento. Muchas regiones en el mundo dependen 
para su abastecimiento, del escurrimiento superficial de deshielos, principalmente en las 
zonas de latitud media, como el caso del area de Santiago de Chile, las cuales estan sujetas 
a una epoca de acumulaci6n durante el invierno y a un periodo de descongelamiento y 
escurrimiento durante la primavera y verano. Algunas areas se abastecen exclusivamente 
de los deshielos, principalmente en la primavera, cuando el derretimiento viene a ser la 
unica fuente de agua fresca para satisfacer todas las demandas de agua potable, riego, y en 
muchos casos para recreaci6n. 

Las entidades encargadas de la estimaci6n de volumenes de agua almacenada como 
nieve en areas de cobertura nival estacional, basan sus estimaciones en trabajos de campo, 
mediante mediciones de lineas de nieve, nivometrias, las misrpas que incluyen mediciones 
de densidad, profundidad de nieve, estimaci6n de la cobertura espacial de la nieve. Estos 
estimativos estas sujetos a errores debido a las extremas condiciones de trabajo a las que el 
personal de campo esui sujeto durante las campanas en el terreno. 

El advenimiento de las tecnicas de Sensores Remotos y de los Sistemas de Informaci6n 
Geograficos (SlG), que permiten obtener informaci6n de cobertura nival en forma repetitiva 
sobre una misma area durante todo el ano y su anaIisis digital posterior, han proporcionado 
a los investigadores y planificadores de herramientas practicas para el analisis y 
procesamiento de imagenes satelitarias; y ademas, ha permitido el desarrollo de algoritmos 
para calcular caracteristicas fisicas de los procesos involucrados en fen6menos 
hidro16gicos, especialmente en lugares con acceso dificil y arriesgado, como es el caso de la 
Cordillera de los Andes. 

La flexibildad de los SIG, ha permitido no solo el analisis de informacion topografica en 
forma digital, sino que tambien ha facilitado la modelaci6n de fen6menos ffsicos presentes 
en el cicio hidro16gico, permitiendo que sea factible modelar complejos sistemas 
hidro16gicos, tales como los presentes en zonas de montana. Avances imponantes se han 
realizado en la modelaci6n de la precipitaci6n en forma de nieve (Bloschl et al., 1991a, 
Bloschl et al., 1991b), en la modelaci6n de radiaci6n solar en condiciones de cielo 
despejado, en la estimaci6n del contenido de agua en el paquete de nieve como una funci6n 
de las diferentes variables presentes durante el proceso de acumulaci6n (Elder et aI, 1991). 
Estos uitimos incluyen: radiaci6n solar, velocidad y direcci6n del viento, temperatura, 
humedad ralativa, cobertura nival, presi6n de vapor, y redistribuci6n de la nieve debido a 
condiciones topograficas de cada cuenca. 

La topograffa digital para la Cuenca del Glaciar Echaurren se encuentra disponihle en 
una resolucion espacial de 5 metros, la que ha side transformada a resoluciones mas gruesas 
mediante el uso de paquetes de SlG, tales como el Geographical Resources Analysis 
Support System, GRASS, y ellmage Processing Workbench, IPW (USCERL, 1991; Frew, 
1990). La digitalizaci6n inicial fue realizada en ARCIINFO 6.0. IPW ademas tiene una 
serie de programas que permiten, no solo la manipulacion topografica, sino la modelaci6n 
de procesos fisicos a nivel de celda digital. 

1 
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LA CUENCA DEL ECHAURREN NORTE 

La cuenca del Glaciar Echaurren None esta loealizada al este de Santiago, Chile, allado 
oeste de la Cordillera de los Andes, a 33° 34 ' de Latitud Sur, y 70° 08 ' de Longitud Oeste 
y penenece a la cuenca del Rio Maipo. Esta cuenca andina tiene un area aproximada de 
4,3km2. Su punto mas alto es la cumbre del Echaurren None con 4.200 metros de elevaci6n 
sobre el nivel del mar, y su punto mas bajo esta a 2.800 metros. En este punto, la Direccion 
General de Aguas (DGA) de Chile mantiene una estacion de aforo desde 1976. Tambien se 
encuentra en operacion una estacion automatic a de coleccion de datos meteorol6gicos, a 
una elevaci6n de 3.800 msnm, la que viene operando desde 1982. 

La pane superior de la cuenca la compone un grupo de tres circos de granito y roea 
volcanica. Dos de ellos conforman paredes muy escarpadas (de origen volcanico) y uno 
presenta una cuchilla muy afilada. Su eje principal esta dirigido en direccion suroeste 
noreste y tiene una longitud aproximada de 1,2 Km. con un ancho medio de 0,4 Km. El 
espesor del glaciar existente ha side estimado entre un minima de 15 metros y un maximo 
de "50 metros. 

La maxima diferencia de nivel en este glaciar es de alrededor de 190 metros, en el cual 
el 45% de su masa total esta distribuida entre las elevaciones de 3.650 y 3.880 metros. El 
93% de su area tiene una variacion de la pendiente promedio de entre 15° a 30° y el 7% 
restante del glaciar, esta constituida de pendientes mayores al 30° cayendo desde el circo: 
Alrededor del 90% del circo, esta cubieno con hielo y nieve y, el 10% restante, esta 
constituido de las paredes del circa y dep6sitos morrenicos que tienden a fragmentarlo en 
dos secciones importantes. La pane inferior de la cuenca es un circo mayor dirigido hacia 
el suroeste. La vegetacion es escasa y se encuentra sobre las morrenas glaciares de la pane 
inferior de la cuenca. Un pequeno glaciar esta loealizado en este circo. 

El penodo de acumulaci6n de nieve en esta cuenca, se produce aproximadamente entre 
los meses de Abril y Septiembre; y generalmente, la maxima acumulacion oeurre en este 
ultimo meso Durante este penodo, la cuenca esta cubiena de nieve en un 90%. En la 
primavera y el verano, la DGA mide un campo de balizas sobre el glaciar a intervalos de 
aproximadamente 40 dias. En dicho campo, se controla la ablacion de la nieve a traves de 
las mediciones del descenso del manto nival y de la densidad de la pane superior del manto 
de nieve. Durante las campanas de campo, se ha estimado la ablaci6n diaria del manto 
nival sobre la base de las lecturas tomadas en las estacas. Los valores de densidad se 
estiman entre 0,4 gr em -3 a 0,5 gr em -3. Las temperaturas medias del manto nival varian 
entre -2,6° C a -7,9° C. Mediante el uso del Almohadon de Nieve (Snow Pillow) loealizado 
en las cercanias de la estaci6n meteorologica, se ha llegado a estimar que el equivalente de 
agua en la nieve varia entre los 1.000 y los 2.000 rom de agua. La precipitacion anual 
media en la cuenca es de alrededor de 2.000 rom (Puig y Valdivia, 1977; Pefia et al., 1984). 

METODOS 

Mapas Digitaies de Elevacl6n: 

A fin de realizar un amilisis de los efectos de escala en el calculo de la Radiacion Solar 
Neta (RSN), fue necesario la transformacion del Mapa Digital de Elevacion (OEM) 
originalmente digitalizado de una onofotocana del sector del Embalse del Yeso a escala 
1:10.000, con curvas de nivel cada 10 metros. La informacion digitalizada en ARC/INFO, 
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fue transformada a informacion rasterizada que fuera utilizable par los paquetes de 
procesamiento de imagenes disponibles en el sistema de computaci6n del Departamento de 
Hidrologia de la Universidad de Arizona: GRASS e IPW. 

El DEM original tiene una resoluci6n espacial de 5 metros (Figura I-A). GRASS e IPW 
permiten el calculo de parametros topograficos tales como: elevaci6n, pendiente, y 
orientaci6n. 

A tin de realizar el calculo de radiaci6n a otras esc alas, fue necesario transformar el 
DEM original mediante simples manipulaciones de los mapas rasterizados. El cambia de 
resoluci6n espacial de 5 metros a 25. 30. 50. Y 100 metros, se obtiene al mantener los bordes 
norte y oeste del mapa original inalterados y cambiando la regi6n del nuevo mapa de tal 
forma de permitir la coincidencia de las celdas a la nueva resoluci6n, y detinir las nuevas 
celdas exactamente a las resoluciones requeridas. La transformaci6n de esc ala se 10 realiza 
mediante la tecnica denominada: el Vecino mas Cercano (the Nearest Neighbor), el mismo 
que permite asignar a la nueva resoluci6n el valor de la celda del mapa de resolucien mas 
tina que esta mas cercano al centro de la celda de resoluci6n mas gruesa. Esta simple 
transformaci6n permite obtener los nuevos mapas digitales, los cuales mantienen una 
distribuci6n de elevaci6n muy similar para todas las resoluciones. Sin embargo. dado que la 
nueva resolud6n se obtiene escogiendo un solo valor del DEM de mas tina resoluci6n, se 
puede notar que un buen porcentaje de los valores de elevaci6n reales se pierden. La 
diferencia de valores de elevaci6n puede llegar a ser muy grande entre el OEM original y 
los OEM transformados. EL calculo de los parametros topograticos se realiza siguiendo 
procedimientos muy comunes en SIG. (Burrough. 1989; GRASS Users Manual, 1991; Frew, 
1990; Dozier and Frew, 1990) 

Radiaci6n Solar Neta 

Los Mapas Digitales de Elevaci6n, son elementos ampliamente utilizados en: el calculo 
de radiaci6n solar neta y de radiaci6n de onda larga para su uso en modelos climaticos de 
super£icie y en la interpretaci6n de informaci6n de sensores remotos y parametros 
topograficos para ser utilizados en modelos hidrol6gicos (Dozier and Frew, 1990; Dubayah, 
1992). 

El modelar la Radiaci6n Solar Neta sobre un OEM, requiere de la estimaci6n de 
parametros atmosfericos que representen las condiciones medias imperantes durante el 
periodo de modelaci6n. En el caso del Glaciar Echaurren. estamos interesados en la 
modelacien de la radiaci6n solar neta durante el periodo de acumulaci6n de nieve ya que 
este es un factor principal en los procesos de acumuIaci6n y distribuci6n de nieve. 
Adicionalmente, se asume que las condiciones de nubosidad en la cuenca, corresponden a 
las de cielo despejado, en raz6n de que no existen datos respecto a la cobertura de nubes 
para los was de modelaci6n, (Elder, 1988) y ademas que es el indicador mas sensible en 
zonas de coberturas nivales sujetas a diferentes condiciones termicas (Dubayah 1992, 
Dubayah, 1990; Kneizys et aI., 1987). Un estudio similar realizado para la Cuenca del Lago 
Esmeralda en la Sierra Nevada en California, EEUU (Emerald Lake), demostr61a viabilidad 
del uso de la modeIaci6n numerica para el caso de Ia modeIaci6n de radiaci6n solar neta, al 
comparar los valores modelados con aquellos observados en el radi6metro, correspondiente 
a la misma localizaci6n geografica. Estos resultados animaron al uso de la misma tecnica 
para el caso del Echaurren (Harrington et aI, 1992). 
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El espectro de radiaci6n solar que alcanza una celda en el DEM, liene tres cornponentes 
que son dependientes de las condiciones lopognificas de la cuenca y de las condiciones 
atrnosfericas sobre esta. Estos componentes son: la irradiancia directa del Sol, irradiancia 
difusa del cielo y la irradiancia difusa y directa debido al efecto del terre no circundante. 

Los efectos atmosfericos debidos a absorci6n y dispersion para condiciones de cielo 
despejado sobre el Echaurren, son determinadas mediante el uso de un modelo de 
propagaci6n de baja resoluci6n que calcula la transmitancia atmosferica y la radiancia de 
fondo (background radiance) en una amplia gama de longitudes de onda (0 a 50.000 cm -1) a 
una resolucion de 20cm-1 • 

EI calculo de la radiacion se 10 hace en la malIa del DEM siguiendo el Modelo de 
Radiacion Atmosferica de Flujo Doble (Two-Stream Approximation) que permite tomar en 
cuenta las condiciones atmosfericas imperantes en la cuenca y los parametros fisicos de la 
misma (Meador and Weaver, 1980): elevacion, pendiente, orientacion, factor de 
configuracion del terreno, factor de contribucion del cielo circundante a la celda y albedo 
de la superficie. El calculo se realiza a intervalos de 15 was, el dia primero y quince de 
cada mes y esta basado en la integracion de la radiaci6n solar desde el amanecer al 
anochecer en cada celda del DEM y durante el periodo de interes. De entre los parametros 
atmosfericos podemos mencionar: profundidad optic a a la altura de observacion, albedo de 
dispersion simple, parametro asimetrico de dispersion, (optical depth, single-scattering 
albedo, y scattering asymmetry parameter, respectivamente en Ingles). El analisis de 
radiacion se realiza sobre la radiacion solar neta promedio considerada en el tiempo de 
estudio. 

RESULTADOS 

La Tabla 1 muestra el area, el porcentaje de diferencia con respecto al mapa digital 
original de 5 metros de resoluci6n para el caso de las resoluciones de 25, 30, 50 Y de 100 
metros de tamano de celda y el numero de celdas digitales presente en cada DEM. Las 
Figuras 1,2 y 3 muestran el Mapa Digital de Elevaci6n, Mapa Digital de Pendientes y el 
Mapa Digital de Orientacion de la cuenca del Echaurren, asi como la distribucion 
acumulada de esas variables para cada resolucion. 

El cambio de resoluci6n mediante la tecnica del Vecino mas Cercano produce una 
distribucion de elevacion que proporciona valores de esta variable muy similares en todas 
las resoluciones hasta valores de 3.300 msnm. Sin embargo los valores de la distribucion 
por sobre esta elevacion, se yen disminuidos, pero s610 para mapas digitales de 50 y 100 
metros (Figura I-F). La orientacion por su parte tiende a suavisar su distribuci6n con 
respecto al DEM original de 5 metros el cual muestra una distribuci6n en escalera en todas 
las direcciones a excepcion de Ia direccion norte, noroeste, y oeste (Figura 2-F). Para el 
caso de las resoluciones diferentes de 5 y 25 metros, las direcciones de las pendientes norte 
y noroeste, desaparecen. Para el caso de la distribuci6n de la pendiente se puede netar que 
en las zonas planas de la cuenca, la distribucion permanece relativamente inalterada, pero 
una vez que el sene de la pendiente supera valores de 0.1, la pendiente decrece 
considerablemente con el incremento en el tamano de la celda y los valores de pendiente en 
las zonas mas escarpadas desaparecen (Figura 3-F). Las Tablas 2,3 y 4 muestran los valores 
maximos, minimos y medios para elevaci6n, pendiente y orientaci6n. 
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Tabla 1. Area de la Cuenca del Echaurren a Oiferentes Resoluciones 

Resoluci6n 5 25 30 50 100 

AreaClcm2 ) 4.324 4.322 4.322 4.318 4.350 
% Oiferencia 0.00 0.05 0.05 0.138 0.60 
Celdas en la Cuenca 172962 6915 4802 1727 435 

Tabla 2. Valores Maximos para Elevaci6n. Pendiente y Orientaci6n. 

Resoluci6n 5 25 30 50 100 
Elevaci6n (m) 4190 4190 4190 4190 4190 
Pendiente(a) 0.6784 0.3804 0.3490 0.3059 0.2471 
Orientaci6n(b) 3.11705 3.11705 3.11705 3.11705 3.0925 

Tabla 3. Valores Mfnimos para Elevaci6n. Pendiente y Orientaci6n. 

Resoluci6n 5 25 30 50 100 
Elevaei6n (m) 2937.1 2937.1 2937.1 2937.1 2942.6 
Pendiente(a) 0.0 0.0 0.0 0.0118 0.0078 
Orientaci6nCb) -3.1416 -3.1416 -3.1416 -3.1416 -3.1416 

Tabla 4. Valores Medios para Elevaci6n. Pendiente y Orientaci6n. 

Resoluci6n 5 25 30 50 100 
Elevaci6n (m) 3553.9 3554.4 3552.2 3553.7 3573.7 
Pendiente(a) 0.1201 0.1159 0.1149 0.1117 0.1040 
Orientaci6n( b) 1.0183 1.0964 1.1149 1.1397 1.2271 

a) Los valores de la pendiente son almacenados como el seno trigonometrico de la pendiente 
cuantificado entre 0 y 1. 

b) Los valores del orientacion estan expresados en radianes desde el sur, cuantificado sobre -1t .•• 

1t con valores negativos hacia el oeste y valores positivos hacia el este. 

Las Figuras 4A a 4E muestran los mapas digitales de la distribuci6n de Radiaci6n Solar 
Neta Promedio sobre el OEM a varias resoluciones. La Figura 4-F muestra la distribuci6n 
de radiaei6n solar neta promedio en la cuenca. calculada individualmente en cada 
resoluci6n manteniendo las mismas condiciones de calculo para cada una de ellas. Se 
puede ver que los valores del promedio de la radiaci6n solar neta se concentran entre 
30Wm-2 y 70Wm-2 para todas las resoluciones. a excepci6n de aquella correspondiente a la 
resoluci6n mas fina de 5 metros. La Tabla 5 muestra los valores maximos, minimos y 
medios para la radiaci6n neta. Claramente los valores minimos y maximos sufren la mayor 
variabilidad en tanto que los valores medios permanecen casi constantes para todas las 
resoluciones. Esto se explica debido en parte a dos aspectos importantes. Por un lado la 
p6rdida de las pendientes mas escarpadas. y por otro lado debido a la p6rdida del 
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orientaci6n en los lugares pIanos de la cuenca. 

Tabla 5. Valores Maximos, Minimos y Medios de Radiaci6n Solar Neta Promedio (Wm-2). 

Resoluci6n(m) 5 25 30 50 100 

Valores Maximos 81.8290 71.1651 69.6721 66.9675 62.8320 
Valores Mlnimos 1.3645 16.3809 12.8817 19.4322 33.2901 
Valores Medios 50.1449 50.2950 50.3197 50.3646 50.5106 

CONCLUSIONES 

Los resultados de la transformacion de escala mediate la tecnica del Vecino mas 
Cercano, presenta el inconveniente de restringir la determinaci6n de la nueva elevaci6n a 
un valor tinieo; el que esta mas cerea del centro de la celda de Menor resoluci6n. 

Existen muchas implicaciones en cuanto al calculo de radiacion solar para modelos 
distributivos de derretimiento y escurrimiento en cuencas de montana. La principal esta en 
cuanto a la perdida de resoluci6n de los valores de la radiaci6n principalmente en los 
valores extremos. A medida que se aumenta la resolucion espacial de la celda del DEM~ 
existen areas de la cuenca que reciben Menor radiaci6n (aquellas con valores altos), 10 cual 
significa que existen areas de menor contribucion al escurrimiento superficial total, en tanto 
que existen otras areas de la cuenca sujetas a mayor radiaci6n (aquellas con valores bajos) y 
que consecuentemente podrian contribuir a un mayor escurrimiento superficial. 

Los valores de radiacion neta reportados para DEMs de 30 metros de resoluci6n podrian 
ser comparados con aquellos valores que pudieran obtenerse de informacion proveniente de 
los satelites Landsat TM, dado que estan expresados en la misma resolucion espacial del 
tamaiio de la celda. 
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