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Simulation of Terrain and Forest Shelter Effects 
on Patterns of Snow Deposition, Snowmelt, and Runoff 

over a Semi-Arid Mountain Catchment 

DANNY MARKS1, ADAM WINSTRAL1, AND MARK SEYFRIED1 

ABSTRACT. In mountainous regions, topographic structure and vegetation control patterns of 
snow deposition, climate conditions, and snowmelt. A topographically distributed snow 
accumulation and melt model (ISNOBAL) was coupled to a wind field and snow redistribution 
model to simulate the development and ablation of the seasonal snowcover over a small 
mountainous catchment, the Reynolds Mountain East basin (0.38 km2) in southwestern Idaho, 
USA. The model was driven by hourly terrain and canopy corrected data grids derived from 
meteorological data from two stations located within the catchment for four water years (1986, 
1987, 1989 and 1997). In the preceding paper, Winstral and Marks (this issue) detail how terrain 
and vegetation data were used to distribute station data to simulate snow redistribution and create 
hourly images of the snowcover energy and mass balance. The catchment was divided into four 
shelter classes based on terrain and vegetation that were1 used for an analysis of how the mass and 
energy balance of the snowcover varies over the basin as a function of terrain and forest 
characteristics for each of the selected years. As shown by the simulations and verified by detailed 
point measurements and the late season areal photographs of snow covered area (SCA), in all 
years the wind-exposed areas developed thinner snowcovers and were essentially bare of snow 
prior to the onset of spring meltout in wind-sheltered areas. The meltout of the wind-sheltered drift 
and canopy-enclosed regions occurred in conjunction with the springtime increase in solar 
radiation generating the bulk of springtime runoff. Melt contributions from the drifts may continue 
into the late spring and early summer. This research uses a unique set of point and spatial 
verification data to show that a snow accumulation and ablation model, adjusted for wind 
redistribution effects, reliably simulated the topographic and vegetation influences on snow 
distribution, the energy balance, and the hydrology of snow and wind-dominated mountainous 
regions. 
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1. INTRODUCTION 

Water from melting snow is typically responsible for 80% or more of the soil moisture and 
streamflow in semi-arid mountain drainages in the western U.S. (Marks, et. al, 2001a). In these 
mountain watersheds, complex topography and heterogeneous vegetation patterns interact with 
snow deposition and climate to cause both the distribution and melting of the seasonal snowcover 
to be highly variable in space and time. Our understanding of the variability of meteorological 
conditions, snow deposition and melt as a function of topography, wind, and vegetation cover is 
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limited to a few modeling (e.g. Marks and Dozier, 1992; Marks et al., 1999b; Link and Marks, 
1999a; Woo and Giebrecht, 2000) and coupled modeling-experimental efforts (e.g. Marks et al., 
1992; Pomeroy and Dion, 1996; Davis et al., 1997; Hardy et al., 1997; Marks et al., 1998; Link 
and Marks, 1999b). 

In semi-arid mountain watersheds, the pattern of snow deposition and melt is largely a function 
of exposure or shelter by topography and vegetation, leading to the development of scour sites on 
wind exposed slopes and ridges, drift zones in the lee of wind exposed ridges, with scattered 
groves of trees in the swales and down-slope from the drift zones. To simulate snow processes and 
the generation of melt water over these areas, it is essential that topographic effects, wind scour, 
drifting and vegetation effects are accounted for (Garen et al., 1999). Marks and Winstral (2001) 
presented a detailed study comparing meteorological, snowcover, and energy balance differences 
between an exposed ridge site and a sheltered site in a grove of trees located only a few hundred 
meters apart. The point snowcover energy and mass balance model SNOBAL was driven with 
detailed meteorological data and verified with both continuous and periodic snow measurements 
collected at both sites to simulate the development and ablation of the snowcover for three water 
years2 (1984, 1992, and 1999). These verified simulations showed that large differences in snow 
deposition, the snowcover energy balance and the timing and magnitude of melt could occur over 
short distances, and that the SNOBAL model, when forced by site specific data, could accurately 
simulate these differences. 

In a further effort, Marks et al. (2001b) presented an analysis of how topography and land-cover 
interact with meteorological conditions during a rain-on-snow event. The topographically 
distributed snowcover energy and mass balance model ISNOBAL was used to simulate the 
response of the snowcover during a rain-on-snow event that occurred over a 5-day period from 
December 30, 1996 to January 3, 1997. Meteorological data from the wind exposed and canopy 
sheltered weather stations were used in a manner identical to that described by Winstral and Marks 
(this issue) to simulate hourly patterns of wind and precipitation over the catchment to drive the 
model, and snow measurements from the two sites were used to verify the results. The verification 
of this effort showed that wind, precipitation, and meteorological conditions could be effectively 
distributed over the catchment, and that the degree of vegetation and topographic shelter 
controlled the pattern of snowmelt and runoff generated during the storm. The simulation showed 
that areas of high wind exposure and low shrub vegetation (68% of the basin) lost nearly a third of 
pre-storm snow-cover and generated 76% of the storm runoff, while drift zones and areas 
sheltered by forest canopy (32% of the basin) actually increased snow water equivalent (SWE) 
during the storm by retaining and refreezing rainwater and accounted for only 24% of storm 
runoff. 

The objective of the study presented in this paper is to investigate how patterns of the 
snowcover energy balance, snow deposition and melt vary over a small head-water basin in the 
Owyhee Mountains of Idaho, USA as a function of wind exposure and canopy shelter using the 
topographically distributed snowcover energy and mass balance model ISNOBAL (Marks et al., 
1999b; Link and Marks, 1999a; Marks et al., 2001b). This will improve our understanding of how 
topographic structure and vegetation interact with snow deposition and climate to create complex 
snow distribution and melt patterns. It will also help us to define the critical land-cover parameters 
and snow and meteorological processes that must be included as we scale up from modeling small 
mountain drainages to larger watershed-scale snow simulations. 

Winstral and Marks (this issue) present a detailed analysis of how wind fields and snow 
redistribution were simulated as a function of terrain structure and vegetation. In this paper we 
extend that analysis to evaluate how topographic position and vegetation cover impact snow 

                                                 
2A water year runs from October through September, so the 1984 water year runs October, 1983 

through September, 1984.  The water year is used in the western U.S.  because most precipitation 
falls during the winter and spring months November through April.  The water year includes an 
entire annual precipitation cycle, while a calendar year would include the last part of one annual 
precipitation cycle, and the first part of the next. 
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deposition and melt by altering temporal patterns of meteorological conditions and the snowcover 
energy balance. The analysis is done over the same experimental drainage, the Reynolds Mtn. East 
(RME) catchment, within the Reynolds Creek Experimental Watershed (RCEW) (Figure 1 in 
Winstral and Marks, this issue), and is based on the snow season simulations for the three water 
years (1986, 1987, and 1989) described by Winstral and Marks (this issue), plus one additional 
water year, 1997. These years represent a range of climate conditions from windy, warm and very 
dry to cool, moist, and wet with light winds. All four years had adequate meteorlogical data to 
force the simulations, extensive periodic and continuous snow validation data, and all years but 
1997 had time-series SCA images for spatial validation. 

The RME catchment was sub-divided into four topographic position/vegetation cover classes, 
representing zones dominated by large snow drifts, topographic and vegetation shelter from wind, 
exposure to wind, and the rest of the catchment which was neither sheltered nor exposed to wind. 
Differences in the timing and magnitude of simulated snowcover mass, snowmelt runoff, and the 
hydrologic significance of vapor flux within each of these zones are evaluated, to determine the 
effect that the degree of topographic and vegetation shelter has on catchment hydrology. 
Meteorological and precipitation differences between the four test years allow this evaluation to be 
extended over a range of conditions. Specific events of 10-15 days are selected for more detailed 
analysis of hourly energy and mass fluxes including a melt event in late winter/early spring, a 
period during peak snowmelt, and a large rain-on-snow event. During these periods, 
meteorological conditions, snowcover energy balance, the effect of vapor flux, and the 
contribution of snowmelt to surface water input in each land-cover and shelter class are analyzed 
and discussed. 

2. THE STUDY SITE 

The Reynolds Creek Experimental Watershed 
The Reynolds Creek Experimental Watershed (RCEW) was established in 1960 by the United 

States Department of Agriculture–Agricultural Research Service (USDA-ARS) as a field 
laboratory for hydrologic research to address water resource issues and validate hydrologic models 
(Robins et al., 1965). The RCEW has provided researchers data critical to addressing water 
supply, water quality and rangeland management problems in the Northwestern U.S. for the past 
40 years. Marks (2001) and Slaughter et al. (2001) present a detailed description of the RCEW 
and the USDA’s long-term data collection effort. 

Experimental Sub-Basin 
The Reynolds Mtn. East (RME) catchment (0.38 km2), a small head-water sub-basin ranging in 

elevation from 2027 m to 2137 m, was used for this study. Within this catchment meterological 
and snow data are collected at an exposed ridge site (designated as the “ridge site”) and a sheltered 
site in a grove of trees (designated as the “grove” site)(see Winstral and Marks, this issue for a 
detailed description). Mixed sagebrush, aspen, and mixed conifer are the dominant plant 
communities (see Figure 1, Winstral and Marks, this issue). About 30% of the RME catchment is 
influenced by forest canopy, (10% mixed conifer, 10% aspen, and 10% forest-sheltered sage 
(mixed sage areas that are surrounded by forested areas, or are directly downwind from forested 
areas), and 70% is mixed sagebrush. Marks et al. (2001b) reported 34% forest cover for the same 
RME catchment, based on a 30m satellite-derived vegetation classification. These minor 
differences result from classification errors, both in over-classifying the aspen coverage, and 
failing to classify gaps in the forested areas (what is now classified as "forest-sheltered sage"). The 
current vegetation map (Figure 1 in Winstral and Marks, this issue) is a higher resolution (10 m) 
product, based on a reclassification derived from digitized aerial photography. The RME sub-basin 
is described in detail, including instrumentation and measurement sites, and typical climate 
conditions in section 2, Winstral and Marks (this issue). 
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Terrain and Forest Shelter Classes 
As discussed by Winstral and Marks (this issue), terrain structure and vegetation can alter the 

wind field over the RME catchment, and will impact how snow is distributed during storms. These 
are complicated processes involving multiple interactions between storms, wind speed, the 
prevailing wind direction, terrain structure, and forest canopies. To evaluate how these 
relationships affect the timing and magnitude of snowmelt and the generation of surface water 
input (SWI), we established four classes of terrain and vegetation shelter over the RME catchment, 
based on a combination of the terrain-based shelter parameters Sx (Maximum Upwind Slope) and 
Sb (Slope Break), and expected forest canopy wind reduction (see Winstral and Marks, this issue 
for a detailed description of the Sx  and Sb  parameters). 

Table 1 presents the four shelter classes—based on the mean annual wind direction of 230°—for 
the RME catchment, along with the relative area of each, the vegetation types and relative 
coverage, and the percent of each vegetation type within the class. The drifts class, covering 9% of 
the RME catchment, represents areas where significant drifts are expected to develop. These are 
regions within the RME catchment where the slope break parameter ( Sb ) equals or exceeds 5°, 
for the mean storm wind direction of 230°. These are ideal redeposition areas immediately 
downwind of significant slope breaks, and are mostly composed of mixed sage and aspen. The 
resulting snow accumulation rates for the drifts class, at maximum redistribution, would be 150% 
and 350% that measured at the grove site for the moderate and high drift regions respectively 
based on a mean storm wind direction of 230° (sections 3.3.5 & 4.1, and Figures 3 & 4 in Winstral 
and Marks, this issue).  

Table 1: Terrain and Vegetation Shelter Classes 

Class: % RME Vegetation: % Class 
Drifts 
 
 
 
 
Sheltered 
 
 
 
 
Exposed 
 
All Else 

9% 
 
 
 
 
22% 
 
 
 
 
16% 
 
53% 

Fir 
Aspen 
Forest Sheltered 
Mixed Sage 
 
Fir 
Aspen 
Forest Sheltered 
Mixed Sage 
 
Mixed Sage 
 
Mixed Sage 

5% 
23% 
6% 
66% 
 
42% 
28% 
22% 
8% 
 
100% 
 
100% 
 

Table 1. The four terrain and vegetation shelter classes are listed, with corresponding percentage of the total 
area of the RME catchment. The classes are based on a combination of the terrain-based shelter parameters, 
and the expected forest canopy wind reduction discussed in detail in the preceding paper (Winstral and 
Marks, this issue). Also listed are the vegetation composition of each class with corresponding percentage of 
the class area. The drifts class is composed of mostly mixed sage and aspen, with a few cells of fir, while the 
sheltered is mostly forest (aspen and fir) and "forest sheltered", with a few cells of mixed sage. "Forest sheltered" 
cells are mixed sage cells that fall within or just down-wind from forested areas. The all else and exposed 
classes include no forested cells and are entirely mixed sage (see Figure 1, Winstral and Marks, this issue). 

The sheltered class, covering 22% of the RME catchment, represents areas that are either 
sheltered by topography, or directly or indirectly sheltered by forest canopy, and that are not 
included within the drifts class. These are regions within the RME catchment that are classified as 
fir or aspen, or mixed sage sheltered by fir or aspen, or where the maximum upwind slope 
parameter ( Sx ) equals or exceeds 12.0°. Snow accumulation rates within the sheltered class, at 
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maximum redistribution, vary between 80% and 100% of that measured at the grove site 
(depending on the mix of aspen and conifer) for a mean storm wind direction of 230o (see sections 
3.3.5 & 4.1, and Figures 2, 3, & 4 in Winstral and Marks, this issue). 

The exposed class, covering 16% of the RME catchment, represents areas of mixed sage with 
significant wind exposure, and a high likelihood of wind scouring snow. These are regions within 
the RME catchment that are not forested or forest-sheltered, where the slope break parameter 
( Sb ) is less than 5.0°, and the maximum upwind slope parameter ( Sx ) is less than or equal to 
0.0°. Resulting accumulation rates for the exposed class, at maximum redistribution, will be 55% 
of grove site accumulation for a mean storm wind direction of 230°° (see section 3.3.5, 4.1, and 
Figures 2, 3, & 4 in Winstral and Marks, this issue).  

The all else class, 53% of the RME catchment, represents areas of mixed sage which are not 
classified as drifts, sheltered, or exposed. The resulting accumulation rates for the all else class, at 
maximum redistribution, will be between 55% and 99% of grove site accumulation (depending on 
terrain shelter) for the mean storm wind direction of 230°. No forested areas occur within either 
the exposed or all else classes. Because Sx  and Sb , and resulting accumulation rates are 
recalculated for the actual wind direction during individual storms and updated throughout the 
season as the accumulating snowcover modifies the terrain, the accumulation rates applied to each 
shelter class may vary from that listed above. Figure 1 shows how the shelter classes are 
distributed over the RME catchment. 

 
Figure 1: Map of the RME catchment, showing elevation contours, the location of the ridge and grove 
meteorological measurement sites, the RME weir, and the four terrain and vegetation shelter classes. 
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3. MODEL DESCRIPTION 

In a seasonal snowcover, snow is thermodynamically unstable, undergoing continuous 
metamorphism until it melts and becomes runoff during spring (Colbeck, 1982). These 
metamorphic changes and final melting are driven by temperature and vapor density gradients 
within the snowcover, which are caused by heat exchange at the snow surface and at the snow-soil 
interface (Colbeck et al., 1979; Male and Granger, 1981). In general, the energy balance of a 
snowcover is expressed as: 

∆Q = Rn + H + LvE + G + M 
where ∆Q is change in snowcover energy, and Rn, H, LvE, G, and M are net radiative, sensible, 
latent, conductive, and advective (from the addition of mass) energy fluxes (all terms are in W 
m-2). In thermal equilibrium, ∆Q = 0; a negative energy balance (∆Q < 0) will cool the snowcover, 
increasing its "cold content"3, while a positive energy balance (∆Q > 0) will add energy to the 
snowcover. The snowcover cannot be warmer than 0.0oC, and melt cannot occur in significant 
amounts until the entire snowcover has reached this temperature. Once the entire snowcover is 
isothermal at 0.0°C, positive values of ∆Q must result in melt. 

A topographically distributed snowcover energy and mass balance model, ISNOBAL, 
developed by Marks et al. (1999), was used for the analysis presented in this paper. The 
ISNOBAL model was designed to be run over a digital elevation model (DEM) grid, solving the 
snowcover energy and mass balance at each DEM grid-cell. ISNOBAL uses initial conditions 
describing topographic structure, surface roughness, and climate measurement heights, with 
climate and precipitation forcing data to predict the development of, melting, and runoff from the 
snowcover. The state and forcing variables are presented in Table 2. ISNOBAL is based on the 
work of Anderson (1976) who showed that it was possible to simulate the energy and mass 
balance of a snowcover, and is similar to other multi-layer snowcover energy balance models such 
as SNTHERM (Jordan, 1991) and SHAW (Simultaneous Heat and Water) (Flerchinger et al., 
1994). ISNOBAL, however, uses a simpler representation of the snowcover, which is more easily 
applied to sites with limited data on snowcover structure and temperature. The approach was 
designed so that the model could be distributed over a grid representation of a watershed, and is 
similar to that used by the UEB model (Tarboton and Luce, 1996; Luce et al., 1998), except that 
the snowcover is represented by two layers rather than one. 

 Table 2: State variables predicted by, and forcing variables required by ISNOBAL 

State Variables: Forcing Variables: 
Snow Depth (m) Net Solar Radiation (W m–2) 
Snow Density (kg m–3) Incoming Thermal Radiation (W m–2) 
Snow Surface Layer Temperature (°C) Air Temperature (°C) 
Average Snow Cover Temperature (°C) Vapor Pressure (Pa) 
Average Snow Liquid Water Content (%) Wind Speed (m s–1) 
 Soil Temperature (°C) 
 Precipitation Mass & Temperature (mm, °C) 

Table 2. State variables predicted by and forcing variables required by the ISNOBAL snow model. Units are 
listed after each parameter. Each forcing variable must be an image, or grid of values matching the DEM grid 
over which the model is run, and each state variable is predicted over the same grid. For this experiment, 
hourly values for the nine month simulation period (October through June) were required, resulting in 6551 
images for each input or output parameter. 

                                                 
3“Cold content” is the amount of energy in J m-2 required to bring it to 0.0oC; in the model it is 

represented as a negative quantity, such that as energy is added to the snowcover, the magnitude 
(though not the value) of the cold content is reduced.  Melt cannot occur until the cold content is 0. 
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The model approximates the snow cover as being composed of two layers, a surface fixed-
thickness active layer and a lower layer. The model solves for the temperature (°C) and specific 
mass (kg m–2) or depth of water equivalent per unit area (mm) for each layer. Melt is computed in 
either layer when the accumulated energy exceeds the "cold content" or when the "cold content" is 
greater than 0.0. Runoff from the base of the snowcover is estimated when the accumulated melt 
and liquid water content exceed a specified threshold. The six energy and three mass flux images4, 
and four snow condition images output by the model at each time-step are listed in Table 3. 

Table 3: Additional Output Variables Predicted by ISNOBAL 

Energy Flux Images: 
Rn 
H 
LvE 
G 
M 
∆Q 

net all-wave radiation (W m–2) 
sensible heat exchange (W m–2) 
latent heat exchange (W m–2) 
snow/soil heat exchange (W m–2) 
advected heat from precipitation (W m–2) 
sum of energy balance terms for snowcover (W m–2) 

Mass Flux Images: 
 evaporation (mm H2O, or kg m–2) 

melt (mm H2O, or kg m–2) 
surface water input (SWI) (mm H2O, or kg m–2) 

Snow Condition Images: 
 snowcover cold content 

 (energy required to bring snowpack temperature to 273.16 °K) ( J m–2) 
specific mass of snowcover (SWE) (mm H2O, or kg m–2) 
temperature of lower layer (oC) 
lower layer thickness (m) 

Table 3. A partial list of additional output variables predicted by ISNOBAL. Each of these is output as an 
image or grid matching the DEM grid over which the model is run. For this experiment, output was hourly 
over the 9 months of the simulation, resulting in 6551 images for each output variable. 

A detailed description of the equations solved within the model is presented by Marks et al., 
(1999), who used ISNOBAL to simulate the development and melting of the seasonal snowcover 
over mountainous regions of California, Idaho and Utah. ISNOBAL was also used by Link and 
Marks (1999) to simulate the dynamics of the snowcover beneath boreal forest canopies in 
northern Canada. The software and a detailed description of the model are available from Marks et 
al., (1999). 

4. THE SIMULATION WATER YEARS 

Four water years were selected for the snowcover simulations: 1986, 1987, 1989, and 1997. The 
details of how these simulations were set up, including validation and verification in both point 
and spatial domains for the first three years are presented in the preceding paper (see Winstral and 
Marks, this issue). In this paper we present an analysis of how the information from a spatially 
distributed simulation of snow deposition and re-deposition, the snowcover energy balance, 
snowmelt, and runoff can be used to improve our understanding of the catchment water balance 
under different meteorological conditions. 

Snowfall dominates precipitation in all years. However, during warm, dry drought years, such as 
1987, even a small amount of rain can be significant. During warm, wet years, such as 1997, 
rainfall can be a significant component of total precipitation. In all but the 1987 drought year, total 
                                                 

4An image is defined as a grid of data values, with each grid cell, or pixel, corresponding to a 
input DEM cell. 
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precipitation was approximately the same proportion of stream discharge. Figure 2 presents 
cumulative total precipitation and rain for each of the four water years (October through July). 
Snowfall and rainfall were distinguished by the measured dew point temperature during the event. 

 
Figure 2: Cumulative seasonal precipitation (mm), 1986, 1987, 1989, and 1997 water years (October 1 
through July 1) showing rain and total precipitation. 

The first three water years (1986, 1987, and 1989) were selected because a series of late-season 
digital photography was available for tracking SCA depletion and the location of drift sites. These 
were used for verification of the snowcover simulations (see Winstral and Marks, this issue), The 
1986 water year was an above average snow year in which the April 1 SWE measured in the 
catchment was 122% of average, and stream discharge from the RME catchment on July 1 was 
152% of average. In general during the snow season air temperature, humidity and wind were 
about average, with a cool and snowy spring (see Figure 2a). Of the 1179 mm of total October 
through July precipitation, only 113 mm (10%) fell as rain, and most of this fell in fall, or early 
winter.  

The 1987 water year was a drought year in which SWE on April 1 was only 54% of average, 
and stream discharge from the RME catchment on July 1 was only 40% of average. Though, 
during the snow season, wind speed was about average, air temperatures were 2–4°C warmer, 
while humidity was just below average. This created large dew point temperature depressions (Ta–
Tdpt; a strong indicator of evaporative demand) throughout the snow season. The result was that 
1987 showed one of the two largest snow season evaporative demands of the 20 year period of 
record (1983–2002). Of the 606 mm of total October through July precipitation, 160 mm (26%) 
fell as rain. 62 mm of this rain fell in June, after the snowcover had melted (see Figure 2b). 

The 1989 water year was an above average snow year in which the April 1 SWE was 136% of 
average, and stream discharge from the RME catchment by July 1 was 128% of average. During 
the snow season wind speed was below, humidity was just above and air temperature was close to 
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average creating a lower than average dew point temperature depression. Temperatures were 2–
3°C warmer than normal during spring, with almost no precipitation. Of the 994 mm of total 
October through July precipitation, only 107 mm (11%) fell as rain. Most of the rain fell during 
fall prior to the development of the snowcover (see Figure 2c).  

The fourth water year (1997) was selected because it was a warm, wet snowy year, that included 
a significant amount of rainfall and several large rain-on-snow events (see Marks et al., 2001b). 
Temperature, humidity and wind were above average resulting in the smallest dew point 
temperature depressions and the smallest evaporative demand recorded during the 20 year period 
of record. Though April 1 SWE was only 123% of average, stream discharge from the RME 
catchment by July 1 was 158% of average because rain made a significant contribution to runoff 
and streamflow. Of the 1217 mm of total October through July precipitation, 343 mm (28%) fell 
as rain. A quarter of this rainfall occurred during a single rain-on-snow event at the end of 
January, with most of the rest falling during several other large rainfall events during May and 
June (see Figure 2d). 

Figure 3 presents both daily and cumulative simulated SWI and measured stream discharge, and 
simulated and measured SWE for the 1997 snow season. This information is presented for 
comparison to Figures 5, 7, & 8 in Winstral and Marks (this issue). The effect of fall and winter 
rain-on-snow events on the generation of SWI and stream discharge are clearly shown in Figures 
3a & 3b, while Figure 3c illustrates how well simulated SWE matches measured SWE at the grove 
site. 

 
Figure 3: Daily and cumulative simulated surface water input (SWI) and measured stream discharge (Q) (m3 s–1), 
and simulated and measured SWE (mm) at the grove site for the 1997 snow season (October to July). 

5. SIMULATED PATTERNS OF SWE, SWI AND VAPOR FLUX 

Patterns of snow cover mass, surface water input (SWI) (snowmelt runoff plus rain), and 
snowcover vapor flux were simulated hourly for each of the simulation years. Using the terrain 
and vegetation shelter classes presented in section 2 above, Figure 4 presents simulated and 
measured April 1 SWE, simulated shelter class average SWE, cumulative snow season (October 
through June) SWI and total snow season vapor flux by shelter class. (Note: negative vapor flux 
indicates evaporation from the snowcover; positive vapor flux indicates condensation to the 
snowcover.) SWE is evaluated on April 1 because historically that is the date of peak SWE (see 
Marks, et al., 2001a). Figure 4a presents simulated area normalized catchment April 1 SWE 
storage broken down by shelter class for each year. These totals are compared to snow pillow 
measured SWE at the grove site to illustrate that a typical snow measurement site may not 
represent mean catchment SWE. In all years measured April 1 SWE exceeds the simulated mean 
value for the catchment. While the drifts and sheltered classes represent only 31% of the 
catchment, the simulations shows them holding more than 50% of the catchment SWE. Figure 4b 
presents average simulated within class SWE on April 1 for each year. When not normalized by 
class area, simulated SWE in the drifts class is about twice that in the sheltered class, which is 
about twice that in the all else class. In all years the exposed class holds little SWE on April 1. 

Figure 4c presents cumulative July 1 simulated SWI by shelter class and measured stream 
discharge through the RME weir. As with SWE, in all years the drifts and sheltered classes 
account for far more of the catchment SWI (40–50%) than the 31% of catchment area they 
represent. In all years, but the 1987 drought year, measured discharge is 80–90% of simulated 
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SWI. In 1987, however, discharge is only 46% of simulated SWI probably because a significant 
portion of available SWI went to soil moisture recharge and evaporation (Flerchinger and Cooley, 
2000). Figure 4d presents simulated catchment total snow surface vapor flux by shelter class for 
each simulation year. In all years vapor flux is evaporative and away from the snow surface, but it 
is much more so in 1986 and 1987. 

 
Figure 4: Snow water equivalent (SWE), surface water input (SWI) and snowcover vapor flux by terrain and 
vegetation shelter class. Area normalized values are in mm H2O over the catchment, within class average 
values are in mm H2O over the shelter class, and measured SWE at the grove site is in mm H2O over the 
snow pillow. Figure 4a presents the area normalized catchment April 1 SWE contribution by shelter class 
compared to measured SWE by snow pillow on April 1 for each water year. Measured SWE represents the 
typical snow measurement that would be considered representative of the RME catchment, though this 
comparison shows that the measured value over estimates SWE in all years. The 20 year average April 1 
snow pillow SWE (540 mm) is shown by the black line. Figure 4b presents the average within shelter class 
SWE on April 1 for each water year. Figure 4c presents area normalized cumulative July 1 simulated surface 
water input (SWI) by shelter class, and measured stream discharge from the RME weir. Percentages show the 
proportion of discharge to SWI. The 40 year average cumulative July 1 discharge (538 mm) shown by black 
line. Figure 4d presents the area normalized total simulated snow surface evaporation or condensation by 
shelter class. Percentages within the columns show the simulated vapor flux proportion of the SWI generated 
within that class for each year. Percentages below the columns indicate the proportion of vapor flux to 
measured stream discharge. 

Figure 5 presents simulated monthly distributions of SWI and vapor flux for the 1989, as an 
example of simulated patterns over the RME catchment. Values are in mm H2O over each of the 
3762 10x10 m cells that represent the RME catchment. Accumulated values of SWI and vapor 
flux for each of the nine months of the snow season (October through June) were computed from 
the 6551 hourly images. 
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Figure 5: Monthly total surface water input (SWI) and vapor flux, 1989 snow season (mm H2O). Figure 5a 
presents nine monthly images (October through June) showing the distribution of total SWI over the RME 
catchment. Figure 5b presents monthly images showing the distribution of total vapor flux (evaporation or 
condensation) over the RME catchment. All values are in mm H2O.events  
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Figure 5a shows how simulated patterns of SWI change during the snow season, illustrating the 
early melting of "exposed" regions, the late season contribution of “drift” regions and the 
influence of rain in producing SWI over the catchment even when the catchment is partially 
snowcovered. SWI is produced in all months but October, during the 1989 water year. November 
rain contributed to the generation of SWI by melting a significant amount of snow and producing 
two spikes in SWI. From December through April, SWI is produced first in "exposed" areas, and 
then in the "all else" region of the catchment, and finally in "sheltered" areas. The production of 
SWI from "drifts" regions is small until May, but by June nearly all the SWI is from "drift" 
regions. As summarized in Figures 4a and 4b, and illustrated by Figure 5a, the largest contribution 
to the season total SWI comes from "drift" and "sheltered" regions, and the smallest contribution 
comes from the "exposed" regions. 

Figure 5b shows how simulated patterns of vapor flux change during the snow season, 
illustrating how topographic or canopy shelter influence turbulent flux from the snowcover. As 
shown in Figure 4d, just under 12 mm of evaporation was simulated during the 1989 water year, 
due to low winds and modest humidities. The highest magnitude evaporative fluxes occur in 
March and April, over the snowcovered exposed regions that are least protected from wind. 
Extensive condensation occurring in December, January and February was the result of mixed 
rain/snow events. The highest magnitude condensing fluxes occur in January during a mixed 
rain-snow event, and in June over the drift areas. Though it was dry in June, dew point 
temperatures were above 0°C, and condensation occurred on the drift areas as these were the only 
snow covered portions of the catchment. 

The seasonal total flux shows that the largest evaporative losses were in the wind exposed 
regions, and over the terrain and forest sheltered areas that had snowcover for most of the nine 
month period of the snow season. Seasonally, modest condensation occurred over some regions of 
the all else class within the catchment. In general, vapor flux is not significant within the drift 
areas. 

Figure 6 shows simulated bi-weekly SWE, total SWI and vapor flux for the four water years by 
shelter class. All values are in mm H2O over the basin. Figures 6a through 6d present simulated 
SWE for each of the four water years. Simulated 1986 SWE begins in October and persists until 
mid-June, while in 1987 SWE is substantially less, beginning in November with meltout by early 
April. 1989 SWE begins in November and is essentially depleted by the end of May, and 1997 
SWE begins in December and is gone by mid-May. In all years the exposed class contains little or 
no SWE, and what is there is depleted much earlier than in the other shelter classes. The exposed 
class is depleted of SWE by early April in water years 1986, 1987 and 1997, and by mid-March in 
1987. The drifts class is last to be depleted of SWE in all four years. 

Figures 6e through 6h present area normalized simulated bi-weekly SWI for the four water 
years by shelter class. During 1987, the peak SWI occurs in late April, while during 1989 and 
1997 it occurs in early May. During 1986 peak SWI occurs in late May and early June. Simulated 
SWI shows early winter melt events in all four years. These are associated with mixed rain/snow 
events, and for water years 1986, 1987 and 1989, are limited to early season melt conditions. For 
these years simulated SWI shows typical snowmelt form, with most of the precipitation falling 
between October and April as snow, and most of the runoff occurring between April and July. 

During 1997, however, rain was a more significant component of seasonal precipitation (343 
mm of rain out of 1217 mm of total precipitation; see Figure 2d). Though the simulations show an 
early May peak in SWI, it is of smaller magnitude, compared to 1986 or 1989 which had similar 
SWI totals for the snow season (see Figure 4c). As is illustrated in Figures 3a & 3b during 1997 
nearly 40% of the snow season SWI is generated from October to February. 

In all four years, when snowmelt is the primary source for SWI, the contribution to SWI ends 
first from the exposed class and last from the drifts class. The exposed class contributes snowmelt 
to late winter or early spring SWI, but exposed class SWE is generally depleted before the SWI 
peak, while the drifts class doesn't begin to contribute snowmelt until the SWI peak. The SWI 
peak occurs when the drifts, sheltered and all else classes are actively contributing. In all years but 
1987 the drifts class is responsible for most, if not all the SWI in late May, June and July. This 
pattern was also evident during 1987 through the melt-out of the snowcover in early May. 
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However, nearly all the SWI from May and June resulted from 150 mm of spring rain (see Figure 
2b). As shown in Figure 6f, during May and June of 1987, after the snowcover is depleted, SWI is 
from rain, and is proportional to class areas. 

 
Figure 6: Bi-weekly area normalized snow water equivalent (SWE), surface water input (SWI), and evaporation or 
condensation by terrain and vegetation shelter class. All values are in mm H2O over the catchment. 

Figures 6i through 6l present simulated bi-weekly snowcover vapor flux for the four water years 
by shelter class. 1986 and 1987 are dominated by evaporation, while 1989 and 1997 show a mix of 
condensation and evaporation. The contribution to vapor flux comes primarily from the exposed 
and all else classes, until late spring when limited snowcover and warmer temperatures increase 
the contribution from the sheltered class. During 1989 below average wind speeds and higher 
humidities limited the magnitude of simulated vapor flux, but during 1997, with above average 
wind speeds and high humidity, a mix of evaporation and condensation events offset the effect of 
either. 
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6. SHELTER CLASS AND THE GENERATION OF SNOWMELT AND SWI 

The interaction between terrain and forest shelter, climate, precipitation, patterns of snow 
deposition and the timing and magnitude of melt is very complex. In this section we present a 
graphical description of climate, energy exchange, snowmelt, and the generation of SWI during 
three types of snow season conditions. To capture the contrast between mid-winter melt, peak 
spring melt, and winter rain-on-snow events, time periods during the 1986, 1989, and 1997 snow 
seasons were selected. These three examples illustrate how the snowmelt processes change 
throughout the snow season. All values are hourly averages or totals. Meteorological data from the 
two climate stations within the RME catchment (ridge and grove sites) were used to generate the 
hourly forcing images for the simulations. Turbulent fluxes are the sum of sensible (H) and latent 
heat (LvE) exchanges, net all-wave radiation (Rn) is the sum of net solar and net thermal radiation, 
and cold content is the amount of energy needed to bring the snowcover to the melting 
temperature (0°C). Energy, snowcover cold content and snowmelt are average values for snow 
covered cells within each shelter class. SWI and stream discharge are in mm H2O over the RME 
catchment. 

Figure 7 presents mid-winter melt conditions and simulation results for late February and early 
March, 1986. During this period the simulation shows that melt energy came primarily from 
turbulent exchanges during the two precipitation events. Figure 8 presents peak spring melt 
conditions and simulation results for mid-April 1989. During this period the simulation shows that 
melt energy is primarily from net radiation. Figure 9 presents conditions during a large winter 
rain-on-snow event with simulation results for January, 1997. During this event the simulation 
shows that melt energy comes primarily from turbulent exchanges that cause condensation on the 
snow surface both during and between precipitation events.  

Figure 7 presents hourly measured values for meteorological conditions, with simulated 
snowcover energy exchange, snowmelt, and the generation of SWI during a period of mid-winter 
melt that occurred over 15 days from February 23 to March 10, 1986. The period includes two 
precipitation events, both of which were warm, wet snow events with a small amount of rain at the 
end of the first and at the beginning of the second. Both events included hourly average winds in 
excess of 15 m s–1 at the ridge site and 5 m s–1 at the grove site for a day or more. Air temperatures 
were above freezing during most of the 15-day period. The wind data from the period from 1AM 
to 6AM on March 9, when the wind speeds at both sites drop suddenly to zero and then jump back 
up to 15 m s–1 at the ridge and 5 m s–1 at the grove, are suspicious but are supported by data from 
other wind measurement sites in the area (Figure 7a). 

The first precipitation event was almost all snow (58.8 mm snow, 0.1 mm rain5), but dew point 
temperatures were near 0.0°C, increasing to just above freezing as the storm ended early February 
24. This was followed by almost 11 days of warm, dry, sunny conditions, with low wind speeds. 
On March 7 the winds began to increase and the temperature began to drop as the second 
precipitation event began. Starting as rain, it quickly turned to snow by evening of March 7. The 
second precipitation event included 0.22 mm rain and 44.6 mm snow. 

During the first precipitation event the simulation showed that net radiation was close to zero, 
but due to the high winds, turbulent fluxes were large. Both H and LvE were positive, as was the 
vapor flux. The condensation that occurred transferred a significant amount of energy to the 
snowcover. The snowcover cold content decreased to zero, and isothermal conditions were 
maintained through February 25. A substantial amount of snowmelt was generated, as was some 
SWI (Figures 7b, 7c, 7d, & 7e). Note that in Figure 7d the values for cold content are averages 
over each shelter class. Even though the average cold content may be less than zero, some melt 
may occur within the class. 

 

                                                 
5Snow/rain precipitation proportions were determined by the dew point temperature during the 

events.  A dew point temperature <= 0C indicated snow. 
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Figure 7: Mid-winter melt event, February 23–March 10, 1986 snow season. Figure 7a presents measured 
temperature, wind, and precipitation measured at the grove and ridge sites. Figure 7b presents the area 
averaged sum of the simulated turbulent fluxes (H + LvE) by shelter class. Figure 7c presents simulated net 
allwave radiation at the snow surface. Figure 7d presents area averaged simulated snowmelt and snowcover 
cold content by shelter class. Figure 7e presents catchment average SWI and measured stream discharge. 
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Between the two precipitation events, from February 26 through March 6, conditions were clear 
and dry with low winds. Averaged over the period between storms, the turbulent fluxes and net 
radiation had a slight diurnal pattern but were small, with snowcover cold content showing the same 
basic pattern. The small amount of mid-day snowmelt was re-frozen at night and almost no SWI was 
generated.During the second precipitation event, net radiation was again close to zero. In the early 
stages of the event on March 8, very high wind speeds and high humidities resulted in large positive 
turbulent fluxes, and a significant condensation event. During March 8 the sum of H + LvE reached 
nearly 300 W m–2 over the exposed class, resulting in significant snowmelt, and the generation of a 
substantial SWI. The calm period in the early morning hours of March 9 coincided with cooler air 
temperatures and a substantial drop in humidity. Turbulent fluxes for March 9-10 were smaller in 
magnitude because H and LvE were of about equal magnitude, but opposite sign. 

It is noteworthy that streamflow did not respond to the initial precipitation event, but there was a 
substantial response to the condensation event on March 8. Throughout this period, the generation 
of snowmelt and SWI can be directly attributed to large, positive turbulent fluxes, caused by high 
winds and high humidities. Net radiation is of low magnitude (+/-100 W m–2), with small daytime 
positive values, and larger negative nighttime values during clear periods and of small magnitude, 
basically near zero during cloudy conditions. Net radiation is cooling the snowcover during clear 
conditions and not a significant factor during cloudy conditions when melt is produced. 

Because turbulent fluxes are the primary source of energy for melt, a significant portion of the 
melt and SWI comes from the most exposed areas of the RME catchment, represented by the 
exposed and all else shelter classes. This is illustrated by the wind speed differences between the 
grove and ridge sites, as the grove site is within the sheltered class. Though the exposed and all 
else shelter classes lose more energy to net radiation during the calm, clear periods, the magnitude 
is low, the effect is quickly lost during the warm precipitation events when net radiation is 
minimized, and large inputs of energy from turbulent fluxes occur. The drifts and sheltered classes 
generated less than one third of the melt and only 10% of the SWI during this period. 

Figure 8 presents hourly measured values for meteorological conditions, with simulated 
snowcover energy exchange, snowmelt, and the generation of SWI during a period of peak spring 
snowmelt that occurred over 10 days from April 14 to 24, 1989. Conditions were clear and dry 
with air temperatures well above freezing during all but the last day of the period. Nighttime low 
temperatures exceed 5°C on most nights and exceed 10°C on April 14 and 15. Humidities and 
wind speeds were modest and condensation did not occur in significant amounts. Average hourly 
winds did not exceed 7 m s–1 at the ridge site and 3.5 m s–1 at the grove site, and dew point 
temperatures did not exceed 0.0°C. There was no significant precipitation (Figure 8a). 

The simulation showed that net radiation was significantly larger in magnitude than shown in 
Figure 7c for the early spring conditions. During the day there is little difference between shelter 
classes in net radiation, though there is some difference at night, with the more exposed classes 
being more negative. Turbulent fluxes are positive but of lower magnitude than net radiation. 
Wind speed differences caused more turbulent energy to be transferred to the exposed areas than 
to the more sheltered areas (Figures 8b & 8c). 

The snowcover cold content is negative during most nights except April 15 and 16, and 21, 
which were cloudy. Isothermal conditions and significant snowmelt occur during the day 
throughout the period. There is little difference in the generation of snowmelt between the shelter 
classes. Significant SWI is generated during the day, with a corresponding response in increased 
streamflow (Figures 8d & 8e). 

The conditions shown in Figure 8 are typical of peak spring melt in the RME catchment. Sun 
angles are high and net radiation is the primary source of energy for melt. There are no significant 
differences in daytime net radiation between the shelter classes because increased thermal 
radiation in sheltered areas balances solar shading, though at night sheltered areas cool less than 
exposed areas. Consequently all shelter classes contribute to the generation of melt and SWI. 
Though there are differences in the magnitude of turbulent fluxes between the exposed and all else 
classes and the sheltered and drifts classes, these occur only during the day and are small (10-25 
W m–2). They are offset by the exposed and all else classes losing more net radiation at night than 
the drifts and sheltered classes. 
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Figure 8: Peak spring snowmelt, April 14–24, 1989 snow season. Figure 8a presents measured 
temperature, wind, and precipitation measured at the grove and ridge sites. Figure 8b presents the 
area averaged sum of the simulated turbulent fluxes (H + LvE) by shelter class. Figure 8c presents 
simulated net allwave radiation at the snow surface. Figure 8d presents area averaged simulated 
snowmelt and snowcover cold content by shelter class. Figure 8e presents catchment average SWI 
and measured stream discharge. 
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Figure 9: Winter rain-on-snow (ROS) event, December 28–January 6, 1997 snow season. Figure 9a presents 
measured temperature, wind, and precipitation measured at the grove and ridge sites. Figure 9b presents the 
area averaged sum of the simulated turbulent fluxes (H + LvE) by shelter class. Figure 9c presents simulated 
net allwave radiation at the snow surface. Figure 9d presents area averaged simulated snowmelt and snowcover 
cold content by shelter class. Figure 9e presents catchment average SWI and measured stream discharge. 
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Figure 9 presents hourly measured values for climate, with simulated snowcover energy 
exchange, snowmelt, and the generation of SWI during a large rain-on-snow (ROS) event that 
occurred over the RME catchment during a 9 day period from December 28, 1996, through 
January 6, 1997 (WY 1997). This event caused extensive flooding throughout Idaho and the 
northwestern U.S. A detailed discussion of the effects this event had on the RME catchment is 
presented by Marks et al. (2001). Precipitation fell almost continuously during the first 8 days of 
the period, with 81 mm of total precipitation, nearly all of it rain. Conditions were warm, very 
humid, and very windy throughout the storm. Air temperatures were above freezing day and night 
from December 30 through January 3, until the storm passed and it became cooler. Though the 
daytime high temperatures seldom reached 5°C, the humidity was also very high, with dewpoint 
temperatures that closely tracked the air temperature. Average hourly wind speeds exceeded 20 m 
s–1 at the ridge site and 8 m s–1 at the grove site for several periods during the December 30 to 
January 2 storm (Figure 9a). 

The simulation showed that from December 30 to January 2 turbulent fluxes were very large, 
with both H and LvE being positive. The largest turbulent fluxes occurred over the exposed and all 
else classes, but fluxes were also large over the drifts and sheltered classes. It is noteworthy that 
the scale (0-400) on Figure 9b is twice that of Figures 7b & 8b (0-200). Net radiation during this 
period is of low magnitude and almost never positive, dropping to a minimum of around –100 W 
m–2 at night and reaching just above 0 W m–2 during the day (Figures 9b & 9c). 

Snowcover cold content rises to zero on December 30 and maintains an isothermal state until 
January 3. Snowmelt closely matches turbulent fluxes in both timing and magnitude. Most of the 
melt is produced within the exposed and all else classes. On December 30 the exposed class held 
86 mm of SWE and the all else class held 261 mm of SWE. By January 2 the exposed class was 
snow free and the all else class had lost 85 mm of SWE. In contrast the drifts and sheltered classes 
actually increased snow water equivalent (SWE) during the storm by retaining and refreezing 
rainwater. By January 3 temperatures and humidities began to drop. Condensation switched to 
evaporation and the rain turned to snow. This is illustrated by Figure 9b, which shows a significant 
drop in turbulent flux on January 3 when H and LvE, though still of high magnitude, cancelled 
each other because they were of opposite sign (Figures 9b, 9c, & 9d). 

The generation of SWI closely matches the timing and magnitude of snowmelt. During the 
event, 145 mm of SWI were generated over the RME catchment. Of this, 67 mm was rain that was 
converted directly to SWI by ISNOBAL. The exposed and all else classes generated 78% of the 
storm SWI, while the drifts and sheltered classes generated the remaining 22%. Stream discharge 
increased from 0.2 mm on December 30, to 12 mm, 26 mm, 14 mm, and 9 mm on January 1, 2, 3, 
and 4. Over 120 mm of discharge flowed through the RME weir during January, 1997. Average 
January discharge for the RME catchment is just over 3 mm.  

7. DISCUSSION 

The analysis presented in this paper is based on the premise that, as shown in the preceding 
paper (Winstral and Marks, this issue) for the 1986, 1987, and 1989 snow seasons, and in this 
paper for the 1997 snow season, simulated patterns of snow deposition and simulated timing and 
magnitude of both snowmelt and the generation of SWI are reliable and accurate. Previous efforts 
have shown that point and spatial simulations using the SNOBAL model are accurate, and reliable 
over a broad range of conditions (see Marks, et al., 1998 & 1999b; Link and Marks, 1999a & 
1999b), and simulations over the RME catchment have shown accurate point simulations for 
several snow seasons (Marks and Winstral, 2001), and a reliable spatial simulation of a rain-on-
snow event during the 1997 snow season (Marks, et al., 2001). The analysis presented here, 
however, involves the spatial simulation of four complete snow seasons representing a range of 
snow and climate conditions. Verification of the energy balance parameters simulated by the 
model is difficult and probably not realistic, but verification of the simulated mass balance is 
possible, if adequate measurements of SWE, snow covered area (SCA), and stream discharge are 
available. If the simulated mass balance is reasonable, then we have confidence that the simulated 
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energy balance parameters are also reasonable, particularly if, as in this study, we can verify the 
mass balance over a variety of different conditions. 

This study was possible because for the RME catchment, we were fortunate to have, for the 
1986, 1987 and 1989 snow seasons, a time-series of digital photography data on late season snow 
cover extent, along with the regularly collected bi-weekly snow course data and continuous snow 
pillow data. Point verification of model performance was done by extracting simulated SWE 
values from the grid cell representing the snow pillow location (the grove site) and applying a 
standard test, the Nash–Sutcliffe model efficiency test (see Nash and Sutcliffe, 1970) to evaluate 
model performance at that site during each of the four simulation years. The Nash–Sutcliffe 
coefficient was 0.96, 0.91, 0.95, and 0.94 for the 1986, 1987, 1989, and 1997 snow seasons 
respectively. Simulated patterns of late season snowcover, primarily late laying drifts, agree very 
well with time-series aerial photographs in 1986, 1987, and 1989 (Winstral and Marks, this issue, 
Figures 5, 7, & 8). The model accurately simulated spatial patterns of snow deposition and melt 
for the drift areas, and point values of SWE and snowmelt within the sheltered class at the grove 
site. We are therefore confident that we are reliably simulating patterns of snow deposition and the 
timing and magnitude of melt and runoff over the whole RME catchment. 

Though the terrain and vegetation shelter classes were based on the average storm wind 
direction (230o), and a simple vegetation distinction (forested), they adequately separated patterns 
of snow deposition and melt. Shelter classes showed distinct differences in SWE, SWI and vapor 
flux in all four years despite the range of climate and precipitation conditions. In general, the 
simulations showed that the more exposed classes held less SWE by area, and were depleted of 
snow earlier than the more sheltered classes. Though the exposed class represented 16% of the 
RME catchment area, simulated SWE was less than 5% of the RME catchment total in all years, 
while the drifts class, representing only 9% of the catchment area, held around 25% of the 
simulated SWE for the catchment. Simulated snowcover depletion occurred first from the exposed 
class and last from the drifts class in all years. In general, the source of winter and early spring 
SWI were the exposed and all else classes, while the source of late spring SWI was the sheltered 
and drifts classes. In a wind-dominated mountain catchment like RME, wind exposed areas, with 
no trees, catch less snow and melt earlier. Drift areas, on the other hand, not only hold large 
amounts of snow, but melt later, providing a source for late season SWI. Because forest sheltered 
areas within the RME catchment consist of sparse, open forest canopy they do not appreciably 
reduce precipitation by interception and provide only a modest increased thermal input to the 
snowcover to offset the solar shading. These sheltered areas are therefore able to increase SWE 
storage and delay the generation of SWI primarily by reducing wind and turbulent fluxes. 

The magnitude and direction (evaporation or condensation) of simulated vapor flux during the 
snow season was very much dependent on temperature, humidity, and most significantly, wind 
during the snow season. As shown in Figure 6, when winds are above average, such as in 1986, 
1987, and 1997, the magnitude of vapor flux will be large, and when winds are below average, 
such as in 1989, vapor flux will be low. If humidities and temperatures are low, such as in 1986, 
1987, and 1989, vapor flux will be dominated by evaporation, but if humidities and temperatures 
are high, such as in 1997, condensation will occur as often as evaporation, and the net vapor flux 
will be close to zero. Simulated evaporation from the snowcover varied from close to nothing in 
1997, to around 40 mm of water in 1986 and 1987. The significance of this vapor loss varied from 
a few percent of streamflow in 1989 and 1997, to 5% of streamflow in 1986, and 17% of 
streamflow in 1987. During drought conditions, such as occurred during the 1987 snow season, 
evaporation can have a significant impact on the hydrology of wind-dominated mountain 
catchments. Of the 39 mm of simulated evaporation from the snowcover in the RME catchment, 
nearly 29 mm was lost from the exposed and all else classes during the 1987 snow season. If 150 
mm of rain had not fallen during June, 1987, after the depletion of the snowcover, this evaporative 
loss would have contributed to perhaps the worst drought on record. 

The simulations illustrate how the primary source of energy for snowmelt changes through the 
snow season. In winter and early spring, when sun angles are low, and days are short, the 
simulations showed that the primary source of energy for melt comes from turbulent fluxes H and 
LvE. During peak melt in mid to late spring, when sun angles are higher and days are longer, the 
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simulations showed that the primary source of energy for melt is more likely to be from net 
radiation than from turbulent fluxes. During winter and early spring, the simulations show that the 
contribution to snowmelt from each of the shelter classes is distinct, with exposed areas 
contributing most of the melt to SWI. However, during peak melt, the simulations show that the 
contribution to snowmelt is more uniform, with all areas contributing melt to SWI. Late spring 
melt contribution to SWI is limited to drifts and sheltered areas where there is still snowcover. 

8. CONCLUSIONS 

The analysis presented in the preceding paper (Winstral and Marks, this issue) and in this paper 
validates at a point, and over the catchment, the use of the ISNOBAL physically based, 
topographically distributed snow model to simulate the development and ablation of the 
snowcover over the RME catchment for four snow seasons. Because the simulation results are 
reliable over the range of meteorological and precipitation conditions which occurred during these 
years, we are confident that the model is robust, and that the energy balance parameters simulated 
by the model are also reliable. These simulations illustrate how, when coupled to a wind and snow 
redistribution model, ISNOBAL can be used to investigate how topographic and vegetation shelter 
from wind and radiation influences both the development and ablation of the seasonal snow cover. 
These influences are particularly significant in wind-dominated, mountain catchments, like RME 
where terrain and vegetation provide varying degrees of shelter from wind and radiation resulting 
in dramatic differences in snow deposition and melt. The RME catchment is typical of much of the 
semi-arid mountains of the Northwest and Great Basin regions of the US where water is limited, 
and snow is the primary form of precipitation. In these regions it is important to have a suite of 
wind, snow redistribution, and snowcover models that simulate snowmelt processes during winter 
and early spring, when condensation and rain-on-snow events can cause sudden and very rapid 
melt. The models and research, with extensive verification and validation data, presented illustrate 
how landcover, terrain, meteorological conditions, and snowcover information can be combined 
with physically based, spatially distributed models to improve the simulation of snow deposition 
and ablation in mountainous regions. 
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