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ABSTRACT

Scattering of, and sheltering from, incoming shortwave radiation by the
surrounding landscape, including topography, vegetation and snow, is an under-
emphasized process in snow-dominated montane catchments, especially in regions of
higher solar flux such as the southwestern United States. The sénsitivity of the
distribution of snow in space and time to different representations of these processes
has not been clearly evaluated. I have developed a single-layer distributed snow
model (DSM) that includes snow interception in the canopy and multiple
representations of sheltering and scattering of shortwave radiation. Representations of
sheltering include (1) only local controls by slope and aspect, (2) both local controls
and remote shading where distant topography may directly block the sun and restricts
the amount of visible sky, (3) both local controls and remote scattering where distant
topography reflects light onto other points, and (4) combined local controls, and
remote shading and scattering. There is no scattering when only local controls are
considered. The visible surface controls the amount of scattered light by changing the
effective landscape albedo. I have represented the effective landscape albedo as (1)
local vegetation albedo, (2) local snow albedo, and (3) a dynamic mixed albedo that
captures both the varying conditions of the canopy and the vegetative fraction.

I have applied the model to La Jara catchment (35.858°N 106.521°W) in the

Valles Caldera in the Jemez Mountains of central New Mexico. La Jara drains from



the regional topographic high, Redondo Peak, and is a fairly homogenously forest of
subaipine fir (4bies lasiocarpa). La Jara contains a wide range of slopes and aspect
with a predominantly south-southeast aspect. Nonetheless, Redondo Peak is highly
visible to most of the catchment. The radiation sheltering on the flank of Redondo
Peak, conversely, is dominated by local shadiqg (e.g., slope and aspect). Given the
homogeneity of vegetation and topographic setting, La Jara is appropriate for this
sensitivity study.

I have simulated four cases between 1 November 2004 and 5 June 2005: (1)
local controls; (2) remote controls (shading and scattéring) with vegetation landscape
albedo; (3) remote controls with snow landscape albedo; and (4) remote controls with
dynamic mixed landscape albedo. The remotely controlled case with vegetation
landscape albedo has shown few differences from the local case, implying that
scattered light compensates for the decrease in radiation f;om remote sheltering.
When using snow albedo, large deviations in the dynamics of both radiation and
snow-cover have been found. The absorbed shortwave radiation differed from -11
W/m? to +6.5 W/mZ The season maximal SWE differed by +26 cm, while the date
of maximum SWE differed from —37 days to +41 days. The total number of snow
covered days over the simulation period decreased by 40 days at most. Thus, when
snow albedo is used, almost all deviations indicate that scattered radiation far exceeds
the effects of sheltering by remote topography. When the mixed albedo was used, the
radiation and SWE were found to be nearly identical to the case when snow albedo is

used.



{
For completeness, 16 other simulations were completed. Four of these consisted

of using a uniform surface albedo of 0.6 and modeling absorbed shortwave radiation
for (1) local controls, (2) local controls and remote shading, (3) local controls and
remote scattering. Parallel simulations were completed with a snow dynamics
modeled, incorporating transient albedo. Remote shading was found to decrease the
absorbed shortwave radiation, leading to more persistent snow pack through the
simulation including snow dynamics. Remote scattering iﬁcreased the absorbed
radiation. When snow dynamics were used, this led to a less persistent snow pack.
When vegetation hillslope albedo was used, smaller, less spatially extensive increases
in absorbed radiation occurred. When snow or mixed hillslope albedo was used, the
increases in absorbed radiation were found to be of greater magnitude and covering
more catchment area. By comparing the cases incorporating both remote shading and
scattering, and the cases applying only either shading or scattering, it was clear that
the combined case was a composite of the latter cases. The hillslope representation
controlled which case was more dominant. If vegetation albedo was used, then the
combined case was closer to the shading case than the scattering-only case. If snow or
mixed albedo was used, the converse was true. It is clear that for La Jara, distant
interactions of radiation, snow, vegetation and topography are critical to consider in

regions of high radiative fluxes and rugged topography.
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CHAPTER 1: INTRODUCTION

1.1 Background and Motivation

Snowmelt from headwaters in montane regions is one of the primary sources of
usable surface water in the semiarid southwestern United States and throughout the
West (Bales et al., 2006, Rango, 2006). Changing climate, however, has caused
winter snowpacks during the late twentieth and early twenty first centuries to become
shallower and more intermittent in much of the western United States (Mote et al.,
2005). While the long-term effects of decreasing sﬂowpack in semiarid continental
basins may be foreseeable, it is necessary for water-management purposes to develop
a clear understanding of the spatial distribution of snow during both accumulation and
melt periods, and what effects different spatial and temporal patterns have on the
timing and magnitude melt-dominated spring runoff.

Many of the areas that face decreasing seasonal snow pack are in the semiarid
Southwest, which faces increasing population with rapidly diminishing water
supplies. At the same time, the dynamics of snow in the headwaters of these regions
has not been addressed by either modeling or field efforts (Bales et al., 2006). The
lack of extensive study leads to uncertainty as to what are the dominant controls on
the distribution of snow within headwater catchments. These catchments are in

mountainous terrain, which has classically been difficult to study and poorly



understood due to rugged topography and the multiple closely located and
in‘fermingled ecosystems (Bales et al., 2006). These gaps in knowledge have led to a
critical need to better understand the processes controlling the partitioning of mass
and energy in the montane headwater catchments of the semiarid Southwest.

Given equal snow fall, the partitioning of water and energy determines the
distribution of snow (Anderson, 1976). Different areas of the landscape may receive
significantly different proportions and magnitudes of snow, rain, and incoming solar
radiation. Air temperature, air pressure, wind speed and ground heat flux also control
the energy partitioning and they vary dramatically in space (Dozier, 1980; Male and
Gray, 1981; Williams and Tarboton, 1999). Vegetation and topography both have
important controls on the fluxes into or from the snowpack. For example, vegetation
increases the effective surface area from which snow can be sublimated by
intercepting it in the canopy, but also decreases the amount of solar radiation reaching
the ground and shelters areas from high winds (Gelfan et al., 2004; Pomeroy et al.,
1998).

Rugged topography can shelter the snowpack by limiting the incoming diffuse
radiation, shading snow from direct solar radiation, and decreasing wind velocities
(Dozier, 1980; Marks et al., 2002). Topographic features also can expose snow to
increased sublimation when there is an exposed ridgeline or plain with high winds,
and also can expose distant snow packs to increased incoming longwave radiation and
scattered light (Oke, 1987).

Most previous studies addressing the coupling of vegetation, topography and

snow, whether model or field based, have been conducted in the Canadian prairie and



tundra (Liston and Elder, 2006; Liston et al., 2002; Pomeroy et al., 2006; Pomeroy et
al.-, 1997; Strack et al., 2007; Sturm et al., 2005a; Sturm et al., 2001; Sturm et al.,
2005b; Tape et al., 2006), in alpine maritime settings (Hubbart et al., 2007; Storck et
al., 2002; Whitaker and Sugiyama, 2005), and the boreal forest (Brundl et al., 1999;
Gelfan et al., 2004; Harding and Pomeroy, 1996; Liston and Elder, 2006; Pomeroy
and Dion, 1996; Pomeroy et al., 2002; Pomeroy et al., 1998a; Pomeroy et al., 1998b;
Zhang et al., 2004). Other studies have examined the effects of topography on the
wind redistribution of snow in the northern portions of the semiarid Basin and Range
and continental alpine settings (Baron et al., 1998; Hiemstra et al., 2002; Hubbart et
al., 2007; Koivusalo and Kokkonen, 2002; Liston and Elder, 2006; Marks and
Winstral, 2001; Marks et al., 2002; Parviainen and Pomeroy, 2000; Pomeroy et al.,
2006; Pomeroy et al., 2002; Shamir and Georgakakos, 2006; Talbot et al., 2006;
Williams et al., 1999; Woods et al., 2006; Zappa et al., 2003). Despite increasing
SOCi;ll concerns, continental mountain basins at lower latitudes (i.e., the semiarid
Southwest) have received little attention. Given their higher exposure to solar
radiation, and the variable air temperature and relative humidity, snow cover in these
regions is shallower and more transient than in other settings (Musselman, 2006;
Rango, 2006). These regions also contain rugged mountain topography and variable
vegetation that further complicate snow dynamics (Bales et al., 2006; Rango, 2006).
To help understand snow dynamics, mathematical models have been developed
(Anderson, 1976; Hock, 2003). These mathematical models have proven able to
perform reasonably in snow-dominated regions at high latitudes (Anderson, 1976;

Gelfan et al., 2004; Hock, 2003; Lehning et al., 2006; Liston and Elder, 2006).



Currently developed and new models need to be applied to catchments in the semiarid
Sbuthwest and necessary adjustments made in order to capture the potentially
important differences from previously studies settings (e.g., boreal forest, high
latitude mountain forest, and high latitude prairie and tundra).

The following is an overview of snow processes, the implemented model and
the remainder of the thesis. The summary focuses on the experimental design and
scientific question presented in Chapter 2, but also includes an overview of ancillary
results and discussion, concluding statements and recommendations for future work

(Chapter 3), as well as a synopsis of the algorithm documentation (Appendix).

1.2 Review of Snow Processes
Before embarking into a study of the sensitivities of snow cover to variations in
radiative fluxes, it is necessary to briefly review the processes that control snow
dynamics. Figure 1.1 presents a schematic of the major fluxes, processes and states
that dominate the snow-covered landscape. These variables group into processes that
affect both snow in the canopy and snow on the ground (top-center of Fig. 1.1),
processes limited strictly to snow in the canopy (right-hand side of Fig. 1.1), and
processes related to the state of the snow pack, i.e., snow on the ground (left-hand
side of Fig. 1.1). The following material was derived from Male and Gray (1981).
The three water and energy fluxes that affect both snow on the ground and in

the canopy are incoming shortwave radiation, incoming longwave radiation and

precipitation. Incoming shortwave radiation is solar radiation in the visible and

ultraviolet bands. Geographic position, day of year, cloud cover, humidity, the

fraction of sky visible from a point, the reflected radiation from the surrounding
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Figure 1.1  Schematic of dominant mass and energy fluxes in a snow-covered
landscape. Fluxes over the entirety of schematic influence both dynamics in the
canopy and snow pack. Fluxes on a given side only affect the canopy or snow pack,
respectively.

landscape, scattering and extinction within a canopy, and the albedo (reflectivity) of
the surface control the amount of radiation absorbed by at a point. These controls exit
in all settings. In snow-covered settings, shortwave radiation behaves in specific ways
that are generally considered unimportant in other settings. The high time-varying
albedo of snow decreases the amount of absorbed shortwave radiation by a factor of 3
to 4. Because of the higher albedo, a greater amount of light is reflected from the
surface, increasing the amount of incoming radiation at other points in the landscape.
Absorbed shortwave radiation can penetrate fairly deep into the snow (~0.2 m), and,

when snow is shallow, this radiation warms the surface beneath it. This can be

especially important in areas of low albedo (i.e. rock outcrops) and in the vegetation



canopy. The warmed surface leads to lower viscosities and greater rates of mass
mévement (i.e., increased chances of avalanche and sloughing). For both the snow
pack and snow in the canopy, greater incoming shortwave radiation increases the
internal energy of the system, leading to higher snow temperatures, increased melt
and, for snow in the canopy, greater sublimation.

Incoming longwave radiation. is. the radiation coming from the sky and
landscape due to thermal emission. This is controlled by the temperature of the
emitting media (i.e., air or surface temperature) and the emissivity of the media.
Incoming longwave radiation from the surrounding land-surface can be significant
enough to lead to preferential melt, especially in regions with steep, exposed, and
dark bedrock. Even without these heterogeneities, incoming longwave radiation often
forms a large portion of the incoming energy to snow throughout the landscape.

Processes related to precipitation in snow-covered environments are also
primary drivers of snow dynamics. Snow- and rainfall are complicated in snow-
covered environments by the multiple occurring forms of precipitation. These include
not only rainfall and ‘snow’, but the many different forms of snow, freezing rain,
sleet, hail, and mist. Each of form interacts differently with existing snow and initially
forms different morphologies of snow cover. Rain-on-snow events can lead to the
formation of horizontal ice layers within a snow pack, vertical channels from the
snow surface down, among others. Rain-on-snow events can also cause large
unloading events if snow is in the canopy. If precipitation is solid phase, then it can
load the canopy with snow, and, if snow already exists in the canopy, cause both

further accumulation of snow and unloading to occur. Snow-on-snow events lead to



new stratigraphic layers of snow, often burying previously formed surface crusts and
chénging the density, permeability and morphology of buried snow.

The dynamics of snow in the canopy are very complicated. They fall into three
categories: loading the canopy with snow, transformations of snow in the canopy and
unloading the canopy. The process of loading the canopy is complex. Individual snow
flakes interact with other snow flakes, individual leaves and clusters of leaves, and
branches. Once snow begins to settle into trees, then crystal to crystal interactions
occur. If snow already is in the canopy, then the change in surface roughness from the
bare branches and leaves may be significant. The orientation of individual branches
may affect their ability to gain snow. In addition, vegetation varies considerably from
plant to plant, stand to stand, forest to forest.

Once snow is established in the canopy, then wind, changes in air temperature,
shortwave radiation, longwave radiation emitted from the sky, distant landscape and
the tree itself, and additional precipitation all change the state of intercepted snow.
Surface crusts can form, as well as weak fluid layers at the branch-snow interface.
Sublimation is thought to be a large loss (up to 15% of the seasons snow pack).
Traditionally, sublimation, or latent heat flux from solid to vapor phase, is strictly a
function of relative humidity, atmospheric pressure, surface roughness and wind
speed. Given the difficulties in calculating an exact energy balance in the canopy,
sublimation from the canopy is conceptualized as a combination of the traditional
form (vapor pressure gradients and turbulent mixing driving phase transitions) and

available energy from shortwave radiation. Given the complexities of extinction and



absorption of shortwave radiation, as well as the complex micrometeorology of
caﬁopies, this basic conceptualization of ‘available energy’ appears reasonable.

Snow does not remain in the canopy for very long periods of time. After being
captured by the vegetation, it is either sublimated or unloaded. The problem of
unloading from the canopy is challenging. Individual branches are unique both in the
physical characteristics, but also in their orientation in space with respect to both
gravity and wind. High winds, rainfall, exposure to the sun, and aging of the snow all
lead to branches sloughing off the intercepted snow.

Once the snow reaches the ground, a variety of processes occur that transform it
until it eventually melts or sublimates. The internal energy, temperature and phase
gradients, internal structure, mass and history all determine the state and response of
the snow pack. For example, if there is a refrozen crust at the surface, this will limit
air circulation and water infiltration from penetrating deeper into the pack. A buried
or frozen ice layer in the pack can stop infiltration of rain water, but the ice layer
itself is a manifestation of the history of the snow pack; either water infiltrated and
froze or a surface ice cru§t (formed by melt or wind-packing) was buried by a large
snow event. |

Other states of the snow pack include are layers that have undergone either
equi-temperature metamorphism or have metamorphosed to hoar. Equi-temperature
metamorphism is the transformation of ice from pointed and edged crystals to nearly
spherical and fairly uniformly sized crystals. This occurs as the ice surface minimizes
surface area in the presence of air and water vapor. Hoar occurs in areas with

persistent gradients in water vapor pressure. As water is sublimated from the ice, it is



passed down gradient (generally, upward from near the ground surface) ‘hand-to-
hénd’, i.e., from crystal to crystal. The loss of water leads to low density snow with
individual crystals that have become faceted in a step-like pattern. In many snow
packs in the Squthwest, with depths of less than 2 m, the snow pack consists of hoar
at the base of the pack, alternating and variably aged layers of ice and equi-
temperature metamorphosed snow in the interior and a wind- and melt- hardened ice
crust at the surface.

There are several sources of mass and energy for a snow pack. Neglecting
avalanches, precipitation and unloading from a canopy are the primary sources of
water. Snow is often is transported by the wind and can be very significant. Exposed
ridgelines will generally have thinner snow packs, while sheltered areas downwind
will have more snow, often with a looser, less dense structure than in snow pack
formed strictly by precipitation. Vegetation serves to shelter snow from winds. Wind
also forces turbulent heat exhange, both latent (from variation in relative humidity)
and sensible (from variation in temperature). Turbulent heat exhange can either add
or subtract heat from the snow pack, depending on the relative states of the
atmosphere and the snow surface. Snow emits longwave thermal radiation and has a
very high emmissivity. Outgoing longwave radiation is a major loss of energy for the
snow pack, but is usually of the same order as incoming longwave radiation. Most
energy exchange occurs within the top 10 cm of the snow pack, and melt water
generally forms within the surface layer and percolates down. Ground heat flux

driven by temperature gradients can be a large flux early in the season if the shallow



subsurface is very warm or cold, but is often assumed to be negligible after the snow
pac*;k is established.

Melt dynamics are complicated by the fact that melt water often refreezes
deeper in the snow pack, leading to the formation of ice layers of low permeability to
both air and water flow. This can cause perched flow and preferential flow into
portions of the pack. Also, the formation of air columns also occurs, allowing
preferential flow paths to form within the snow pack. Once melt reaches the land
surface, it either infiltrates or runs off. Where frozen soils occur, permeability
decreases as the pore spaces of the soil are filled with ice. In snow-dominated
mountain settings, the soils often are shallow and the groundwater tables are often

shallow, leading to saturated conditions.

1.3 Summary of Implemented Model

In order to examine the effects of radiation-topography-vegetation-snow
interactions, a model is required that incorporates the controls of solar radiation. After
a review of the current distributed and point snow cover models (see section 2.2), |
have implemented a simple model. It consists of an energy balance snow pack model
with a single layer adopted from Tarboton and Luce (1996) and Wigmosta et al.
(1994). The model physics neglect blowing snow, bulk movement and shallow
ground heat flux.

Vegetative controls on snow cover are accounted for in several aspects of the
model. Vegetation is represented in the radiation scheme, where the algorithm used to
compute scattering and absorption from the canopy is taken from Wilson and Gallant

(2000). Vegetation is accounted for in the computation of wind speeds and turbulent
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heat fluxes from Strack et al. (2004) and Wigmosta et al. (1994). The model also
ref)resents snow interception by the canopy, and the specific algorithm is taken from
Liston and Elder (2006) and Pomeroy et al. (1998). Topographic shading from local
topography (i.e., slope and aspect interacting with the position of the sun) is
computed as in Wilson and Gallant (2000). Shading and scattering from distant
surfaces is computed using the algorithm of Dozier and Frew (1990). Four
representations of topographic controls on radiation are implemented in the model.
The base case only considers local control. The other three cases incorporate shading
and scattered radiation from distant features, but vary in the representation of the
albedo of the distant surfaces used to calculate the scattered component. One case
uses vegetation albedo as the distant albedo. The others use snow albedo, which
changes with surface age, and a dynamic mixed vegetation-snow albedo that depends
on the existence of snow in the canopy.

The snow model was added as a module of an existing distributed rainfall-
runoff model, the TIN-based Real time Integrated Basin Simulator (tRIBS) (Ivanov et
al., 2004; Vivoni et al., 2007). Snow melt is partitioned between infiltration and
runoff by the existing tRIBS model, and subsequently routed along hillslopes,

through streams and into the subsurface according to Ivanov et al. (2004).

1.4 Overview of Thesis
This thesis (1) demonstrates the importance of terrain scattered radiation and the
significance of correctly representing the albedo of distant slopes; and (2) introduces

and documents the developed distributed snow model (DSM).
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The first chapter is this introduction, where a brief overview of the societal need
f01; studies of snow cover in the semiarid Southwest and a description of the model
are given. I also introduce the scientific question being addressed.

The second chapter has been written in paper format for submission to the
Ecohydrology special issue Mountain Ecohydrology: Quantifying the Role of
Vegetation in the Water Balance of Montane Catchments. The paper focuses on the
relative controls of local and remote topographic sheltering from incoming radiation,
and the effects of different representations of terrain-scattered radiation on the
spatiotemporal distribution of snow in La Jara catchment. Given that this chapter has
been submitted as a paper, | have changed from the singular first person suitable to
theses to the plural first person used to acknowledge the co-authors. All other
chapters are written in singular first person.

In the second chapter, I introduce the study area, La Jara catchment in the
Valles Caldera of the Jemez Mountains, NM; review existing approaches to snow
cover modeling; provide a detailed description of the implemented DSM; clarify the
usefulness of the DSM through point comparison of simulated and measured snow
water equivalent (SWE) at the Quemazon SNOTEL station; and describe the
discretization and domain representation of the study area and period (1 November
2004 through 5 June 2005). I then present our results from four simulations. The first
simulation, which is taken as the base case, considers only local topographic effects
on incoming shortwave radiation. It does not account for shading or scattering of
radiation from distant slopes. The latter three simulations all account for remote

interactions of radiation, topography, snow and vegetation. All three treat shading
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similarly. The difference between the three remotely sheltered cases is in the
representation of the albedo of distant slopes, (i.e., effective hillslope or landscape
albedo). The first case treats the effective landscape albedo as a static vegetation
albedo. The second case uses snow albedo and the last case dynamically varies the
landscape élbeao, depending on the existence of snow in the canopy and the
vegetative fraction.

The results of these simulations are presented examine (1) the distribution of
diffuse, direct and total incoming radiation (Section 2.4.1); (2) the distribution of
maximum SWE (Section 2.4.2); (3) the spatial distributions of the duration that points
are snow-covered (Section 2.4.3); and (4) spatial distribution of the day of year in
2005 that peak SWE occurred (Section 2.4.3). These results are synthesized and
discussed, focusing on the changes in the spatial and temporal snow dynamics in La
Jara and the potential scientific implications (Section 2.5). Finally, the results are
summarized (Section 2.6).

Ancillary results of a further sixteen (16) simulations where the radiation
scheme is examined in greater detail are provided in Chapter 3. Here, the importance
of controls of remote vegetation and topography on reflected shortwave radiation
from distant slopes is emphasized. In addition, Chapter 3 presents a detailed summary
of the work and recommendations for future studies.

The Appendix documents the numerical implementation of the DSM. Included
in the appendix is explicit documentation of the new algorithms developed,

adjustments made to the existing tRIBS code, additions to the user manual and
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existing documentation, and enumeration of recommended changes to both the DSM

module.
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CHAPTER II: EFFECTS OF VEGETATATION, ALBEDO, AND RADIATION
SHELTERING ON THE DISTRIBUTION OF SNOW IN THE VALLES
CALDERA, NEW MEXICO

2.1 Abstract

The effects of radiation scattering and sheltering on snow distributions are
poorly understood in montane regions of the southwestern United States. To examine
this, we develop a single-layer distributed snow model that includes canopy
interception and radiation scattering and sheltering. In our simulations, we distinguish
between local and remote radiation controls. This allows us to vary the representation
of the effective albedo of the surrounding terrain from a vegetated (< 0.2) to a snow-
covered landscape (0.4-0.8), which will increase the amount of scattered shortwave
radiation. The variation of the landscape albedo changes the amount of scattered
shortwave radiation. We examine the impact this has on snow accumulation and melt.
The distributed model is applied to La Jara catchment in the Valles Caldera, New
Mexico, during the 2004 to 2005 winter season. Results indicate that when the
landscape albedo is controlled by vegetation, little change is seen in observables (e.g.,
absorbed radiation, peak snow water equivalent (SWE)). This implies that increases

from scattered light are nearly equal to the losses of absorbed shortwave radiation
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from remote sheltering. In contrast, when the landscape albedo is controlled by snow,
there are large deviations in the spatiotemporal distributions of shortwave radiation
and SWE due to scattered radiation exceeding the sheltering effects of remote
topography. To capture the temporal variation of the albedo of the surrounding
landscape, we propose a dynamic method that accounts for snow interception in
vegetation canopies. Our study results indicate that remote interactions of radiation,
vegetation and topography are critical to consider in snow ecohydrological studies in

regions with high solar flux and rugged topography.

2.2 Introduction

Spring snowmelt is the primary source of surface water for the western United
States (Bales et al., 2006), where it is used for drinking water, agriculture and riparian
ecosystems. Infiltrating snowmelt is also a major source of plant-available water for
local ecosystems during the subsequent growing season. Extensive vegetation
changes are occurring in the mountain headwaters of these regions with potential
consequences on water availability (Allen and Breshears, 1998). At relatively low
mid-latitudes of the region (~35°N), such as the semiarid Southwest, higher solar
radiation fluxes and warmer temperatures lead to an ephemeral and sparse seasonal
snow pack, as compared to mountainous regions further north (Rango, 2006). These
factors underscore the need for improved understanding of snow-vegetation-
topography interactions in mountainous areas. Radiation fluxes and their interaction
with vegetation and snow cover in the surrounding landscape are important for
determining the energy and water balance in mountain basins of the lower latitude

regions in the western U.S.

19



The distribution of solar radiation during the snow season in mountainous
environments is complicated by interaction with surrounding topography. In settings
with low relief, topographic shading is primarily caused by local terrain features
(Oke, 1987). When relief is high, radiation is both blocked by and scattered from
distant slopes (Dozier, 1980). In areas with dense vegetation, scattered light is
thought to be less important due to the low albedo of vegetative cover (Oke, 1987).
Thus, the vegetation properties in a landscape may control the distribution of snow
through both local and remote effects by altering the partitioning of incoming solar
radiation. As vegetation has changed in montane basins (Breshears and Allen, 2002;
Davenport et al., 1998; Stott et al., 2004; Wilcox et al., 2003), it is vital to understand
the cold-season ecohydrological dynamics in these water-limited environments.

The interactions of vegetation with seasonal snow pack have been examined
extensively in the boreal forest (Brundl et al., 1999; Gelfan et al., 2004; Harding and
Pomeroy, 1996; Liston and Elder, 2006; Pomeroy and Dion, 1996; Pomeroy et al.,
2002; Pomeroy et al., 1998a; Pomeroy et al., 1998b; Zhang et al., 2004), continental
alpine forests (Baron et al., 1998; Brooks et al., 1997; Hiemstra et al., 2002; Hubbart
et al., 2007; Koivusalo and Kokkonen, 2002; Liston and Elder, 2006; Marks and
Winstral, 2001; Marks et al., 2002; Parviainen and Pomeroy, 2000; Pomeroy et al.,
2006; Pomeroy et al., 2002; Shamir and Georgakakos, 2006; Talbot et al., 2006;
Woods et al., 2006; Zappa et al., 2003), maritime alpine forests (Hubbart et al., 2007,
Storck et al., 2002; Whitaker and Sugiyama, 2005), and in the North American cold

prairie and tundra (Liston et al., 2002; Pomeroy et al., 2006; Pomeroy et al., 1997,
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Strack et al., 2007; Sturm et al., 2005a; Sturm et al., 2001; Sturm et al., 2005b; Tape
et al., 2006).

These studies examine the controls of interception of snow in the canopy and
the sheltering of snow from the wind by tall vegetation. In addition, detailed
theoretical investigations have been conducted on the reflection of light within a
snow-filled canopy (Chen et al., 2003; Liﬁk et al.,, 2004). To our knowledge,
however, few studies have been conducted in lower mid-latitudinal (~35°N) alpine
and subalpine regions. Existing work in these regions consists of field studies in the
southern Sierra Nevada of California that examine topographic controls on the spatial
dynamics of snow and timing of melt (Lundquist and Flint, 2006), and the effects of
shading and interception by vegetation on the distribution of snow depth at short
length scales (1 to 10s of meters) (Musselman, 2006).

In the southern portions of the western U.S., high solar fluxes increase the
impact of shading and scattering of light by terrain. The amount and partitioning of
radiation exerts both local and remote controls on snow processes through aspect
controlled shading (local control), terrain blocking the sun (remote control), terrain
limiting the amount of visible sky (remote control), and radiation being reflected, or
scattered, from distant slopes (remote control). Local controls decrease the intensity
of incoming radiation, and consist of slope and aspect effects on visibility of the sun
and sky as well as vegetation absorption and scattering of radiation (Dozier, 1980;
Essery et al., 2003b; Oke, 1987). Remote controls on incoming shortwave radiation
are slightly more complex, since surrounding topography can, at a given time, shield

a location in the landscape from direct exposure to the sun (Dozier, 1980; Essery et
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al., 2003b; Oke, 1987). Furthermore, remote topography also limits the proportion of
the sky that is visible and, thus, how much diffuse radiation can reach a particular
point (Dozier, 1980; Essery et al., 2003b; Oke, 1987). Neighboring visible
topography also reflects light, which, when snow is present, can lead to large
- quantities of scéttered radiation (Dozier, 1980; Essery et al., 2003b; Oke, 1987).
Scattered light is generally thought to be negligible if the surrounding landscape is
heavily vegetated or has limited snow cover, but the degree to which changes in
vegetation cover will affect scattered light is unclear.

In this study, we describe a new distributed snow model (DSM) based on a
surface energy balance that is similar to Tarboton and Luce (1996) but with the
advantage of four representations of sheltering from and scattering of shortwave
radiation by the terrain. The model considers: (a) accumulation and ablation of the
snow pack in forested and unforested areas, (b) snow interception in the vegetation
canopy, (c) shading by the canopy, (d) effects of local topography on incoming solar
radiation, and (e) effects of distant topography on incoming solar radiation. We utilize
three representations of the landscape or hillslope albedo based on amount of
vegetation cover to determine the scattering of radiation from the surrounding terrain.
The DSM has been incorporated into the TIN-based Real-time Integrated Basin
Simulator (tRIBS), a distributed rainfall-runoff model based on a triangulated
irregular network (TIN) (Ivanov et al., 2004; Vivoni et al., 2007).

We apply the DSM to a small forested catchment in the Valles Caldera National
Preserve (VCNP) of north-central New Mexico. In section 2.3, we summarize the

model physics and present a description of the basin and its representation in the

22



~ DSM. Section 2.4 presents modeling results that examine the controls of remote
Vegétation and topography on the distribution of snow. We consider four
representations: (1) only local vegetative and terrain controls that neglect scattered
radiation from surrounding areas; (2) remote controls with a vegetation-covered
surrounding landscape; (3) remote controls with a snow-covered surrounding
landscape; and (4) remote controls with a dynamically updated snow-vegetation
cover. Based on these simulations, we analyze the differences in incoming shortwave
radiation and the control that shading and scattered light has on the snow distribution.
In section 2.5, we discuss the implications of this work on the use of DSMs in rugged

terrain. Study conclusions are presented in section 2.6.

2.3 Methods
2.3.1 Site and Study Period Description

The study basin, La Jara catchment, is located on Redondo Peak in the Valles
Caldera, NM (35.858°N, 106.521°W). The Valles Caldera is a collapsed, rhyolitic,
geothermally active caldera dated to 1.4 Ma (Goff et al., 1989; Goff et al., 1996). It is
the dominant feature of the Jemez Mountains (Fig. 2.1). The caldera empties through
the San Diego Canyon into the Jemez River (12,190 km? above the USGS gauge at
Jemez, NM 08324000) and then flows into the Rio Grande. The caldera has a classic
morphology with multiple resurgent domes and extensive lacustrine deposits in the
valley bottoms. The lithology consists primarily of rhyolites and tuffs with various
intermingled sedimentary rocks (Goff et al., 1989). The largest features of the caldera

are the primary resurgent dome, Redondo Peak, and the largest valley, Valle Grande.
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Figure 2.1. Map (a) and orthophoto mosaic (b) of the VCNP, including the
Quemazon SNOTEL station and weather stations. The small box outlines the La Jara
catchment.
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Figure 2.2.  Map (a) and orthophoto mosaic (b) of La Jara catchment (3.4 km?).
Note the two nearby meteorological stations. The catchment is dominantly forested
by subalpine fir (dbies lasiocarpa), with some open meadows and talus slopes. The
open linear contours in (b) are the result of historical logging in the region.

Given the large range of elevation (1625 m to 3526 m), a wide variety of
vegetation and soil conditions exist in the Valles Caldera. Vegetation on the resurgent
domes consists primarily of spruce fringe and fir forest, intermingled stands of
quaking aspen, montane wetlands and grassy meadows with unvegetated active talus

slopes at high elevations (Coop and Givnish, 2007). The broad valley bottoms are

large homogeneous grasslands with small riparian wetlands and bogs. Ponderosa pine

24



forest lies along the rim of the valleys and in the drier and warmer areas of the domes.
Thé soils on the resurgent domes are variable in depth, frigid, well-drained sandy
loams with high permeability. In the valleys, the soils vary more dramatically,
ranging from deep well-drained sandy loams, to poorly drained silty clay loams near
- the streams (NRCS, 2007a).

La Jara catchment (3.5 km?) drains the southwest section of Redondo Peak into
Valle Grande (Fig. 2.2). Vegetation is primarily subalpine fir (Abies lasiocarpa)
forest with grassy meadows (Coop and Givnish, 2007). The combination of mountain
topography and homogeneous forests facilitates analysis of the effects of the different
representations of radiation scattering and sheltering. Furthermore, the basin was the
site of an intensive snow measurement campaign during March 2005 that we have
used to ensure that our simulation results are reasonable (Musselman, 2006). The
catchment has an elevation range from 2700 m to 3425 m. Streams are located in
small steep valleys (slopes between 0° and 45°) that rise up to broad, slightly rounded
ridges (slopes between 0° and 10°). La Jara also contains Redondo Peak (3431 m) and
its steep southeastern flank as well as a range of slope aspects, but on average faces
east-southeast. Additional descﬁptions of the study site and its representation in the
model will be discussed in section 2.4.

A number of weather and snow stations are close to La Jara catchment. Average
conditions at the Quemazon SNOTEL station (2895 m), located just outside thé
VCNP, are mean snow season temperature of -2°C, a mean minimum temperature of
-20°C, an annual precipitation of 72.3 cm and a maximal snow water equivalent

(SWE) of 25.7 cm (Fig. 2.1) (NRCS, 2007b). The measurements taken at this location
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Measurement Type Sensor
Precipitation TE Rain Gauge, TE525WS-1, CS705 snowfall adaptor
Air Temperature Vaisala Temperature Probe HMP45C-L
Relative Humidity Vaisala Relative Humidity Probe HMP45C-L
Wind Speed Met One Wind Set 03B-1, Part # 15797

Table 2.1.  Continuous instrumentation at the Redondo meteorological station
operated by the Valles Caldera National Preserve.
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Figure 2.3.  Meteorological record from VCNP Redondo station from November
I, 2004 to June 5, 2005. (a) Hourly precipitation accumulation (mm/hr) and
temperature ("C). (b) Diurnal cycle of air temperature, showing the average time of
maximum and minimum daily temperature, and periods of correlated temperature
throughout the season.
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provide representative values for our study region, but local topographic gradients
leéd to differences in climate throughout the VCNP. The Redondo station, located on
~ the northwestern border of the La Jara basin, is the most representative to the
conditions in La Jara catchment, in terms of elevation, vegetation and topography.
Figure 2.3 presents the air temperature and precipitation records of the Redondo
station during the study period. Table 2.1 presents a list of the relevant instruments
for the station.

Our study is focused on the period between November 1, 2004 and June 5,
2005, one of the wettest snow seasons on record in the region, with a peak SWE of 38
cm at the Quemazon SNOTEL station. These winter and spring seasons are uniquely
suitable for this study based on the availability of Redondo station data and the
concurrent distributed field study carried out in March 2005. The next winter season
(2005-2006) was an unusually warm and dry year with low snow packs in the VCNP,

limiting our capacity to carry out snow-based simulations during this period.

2.3.2 Model Description
2.3.2.1 Review of Snow Models

A variety of approaches, each with advantages and disadvantages, are used to
simulate snow processes either at a point or distributed in space. These range from
empirical degree-day or melt-factor methods that assume snow melt is directly
proportional to a normalized air temperature; restricted degree-day methods that
account for the effects of solar radiation; and a range of energy-balance models
(Anderson, 1976; Bloschl et al., 1991; Gelfan et al., 2004; Jordan, 1991; Lehning et

al., 2006; Letsinger and Olyphant, 2007; Liston and Elder, 2006; Marks et al., 1999;
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Tarboton and Luce, 1996). Degree-day models operate quickly using widely available
méteorological forcing and perform successfully in low relief regions sheltered by
vegetation. Restricted degree-day models capture the development and melt of snow
in regions with higher and more variable radiative fluxes. Both approaches, however,
lump processeé such as sublimation and snow interception into a single, region-
specific calibration factor.

Energy-balance models perform significantly better in regions of complex
terrain and high exposure to the wind and sun (Anderson, 1976; Hock, 2003; Marks et
al., 1999; Tarboton et al., 2001). These models capture individual fluxes in the snow
pack with a limited set of parameters. Most energy-balance models vary in their
representation of: (1) internal snow pack physics; and (2) boundary and initial
conditions. The most complex models operate at the point-scale, include the effects of
boundary conditions and simulate snow microphysics, including the internal
metamorphism of snow pack properties (Anderson, 1976; Gelfan et al., 2004; Jordan,
1991; Lehning et al., 2006; Liston and Elder, 2006; Tuteja and Cunnane, 1997). A
class of simplified models considers only a thin active top layer and a less sensitive
inactive layer, neglecting the complex internal snow microphysics (Marks et al.,
1999). The simplest models utilize a single snow layer and account for the
densification of snow with time and changes in albedo with surface age (Anderson,
1976; Tarboton and Luce, 1996; Wigmosta et al., 1994).

Single-layer models emphasize the importance of climatic forcing (e.g.
incoming shortwave radiation, air temperature, relative humidity) in determining the

state of the snow pack. Consequently, these models represent the first-order controls

28



Parameter
Symbol Value Reference
Forest Shrub Grass
Vegetative Fraction [-] v 0.60 0.45 0.65 (Bras, 1989)
Albedo [-] yeg 0.16 0.30 0.20 (Bras, 1989)
Leaf Area Index [-] LAI 3.8 2.0 2.0 -
Optical Transmission Coef. [-] K, 60 50 40 (Ivanov et al., 2004)
Height [m] Zyeg 12.0 1.0 0.7 (Bras, 1989)
Minimum Snow Temperature
[°C] Thin -27 -
Snow Roughness Height [m] Zsnow 0.1 (Anderson, 1976)
Minimum Prec. Partition Temp. (Tuteja and Cunnane,
[°cl Tsol -1.1 1997)
Maximum Prec. Partition Temp. (Tuteja and Cunnane,
[°C} T, 33 1997)
(Tuteja and Cunnane,
Snow Emmissivity [-] g 0.95 1997)

Table 2.2. Simulation parameters used in this study based on estimates provided in
the cited references for different vegetation types, where appropriate. The leaf area
index for the different vegetation classification obtained from site measurements,

while the minimum snow temperature was estimated from data at the Quemazon
SNOTEL station.

on snow distribution, while remaining very sensitive to variations in radiation and
temperature (Marks et al., 1999; Tarboton and Luce, 1996). These characteristics
make a single-layer energy-balance model appropriate for our effort to quantify the
controls that terrain shading and scattered light from distant vegetated or snow-
covered hillslopes have on the distribution of snow. Previous work has included
combined local and remote sheltering effects in distributea snow models (Lehning et
al., 2006; Letsinger and Olyphant, 2007; Tarboton and Luce, 1996), though some
consider only local controls (Gelfan et al., 2004; Liston and Elder, 2006; Wigmosta et
al., 1994). To our knowledge, however, the effect of the albedo of the surrounding
landscape on absorbed radiation and the distribution of snow as influenced by

vegetation, snow cover and snow interception, has not been previously treated.
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2.3.2.2 Governing Equations

The complexity of our model lies between those of Tarboton and Luce (1996)
and Wigmosta et al. (1994). We begin with an overview of the state equations. We
assume that the internal energy of the snow pack develops as:

i{—(t]=L+H+G+P+RS+R£"+R§“‘, (1)

where U is the internal energy (J/m?), L is the latent heat flux (W/m?), H is the
sensible heat flux (W/mz), G is the ground heat flux (W/m?), P is the precipitation

heat flux (W/m?), Ry is the incoming shortwave radiation (W/m?), R;™ is the incoming

out :

longwave radiation (W/m?), and R;*“ is the outgoing longwave radiation (W/m?). The
mass balance equation is:

dw, 1
L=P+ L+M_—RGS, . ., 2
dt i pﬁq Zl i Ji }?7 liquid ,i ( )

where i and j =ice and liquid, I7; is the water equivalent in the i phase (m), P; is the
precipitation in the i phase (m), /; is the latent heat of freezing or vaporization for i
and j respectively, L; is the mass deposited or sublimated in the i phase by turbulent
exchange (J/m?), M;; is amount of water that internally changes from the j phase to the
i phase (m), R; is the melt water equivalent that leaves the pack in the i phase (m),
and Jjiquia; is a Kroenecker delta to ensure that only liquid water is routed out of the
pack.

Letting U = 0 J/m® when the T}, = 0° C with no liquid water content (i.e., an
isothermal dry pack at 0° C), then, if U <0 J/m’, then T,, =U/c,p, W, , otherwise

Wi, =U / A, Py, » Where T, is the temperature of the snow pack, cpis the heat capacity

of water, pic. is the density of ice, py, is the density of liquid water, and ris the latent
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heat of freezing for water (Tarboton and Luce, 1996). If W, >0.4W,

lig ice ®

then

R, =W, -W,, (Wigmosta et al., 1994). This relationship to route water out of the

lig
pack is a simplification that can cause rapid melt to occur with small perturbations.
With single-layer models that neglect ground heat flux (G), Ty, can also quickly drop
to unrealistic values (Marks et al., 1999). To control this nonlinear behavior, we fixed
a minimum snow temperature, T, according to the method recommended by
Anderson (1976). Table 2.2 presents parameter values assumed in this study for the

DSM.

2.3.2.3 Forcing and Boundary Conditions
The forcing terms in equations (1) and (2) are defined using standard methods.
Latent (L) and sensible (H) heat fluxes are described in Wigmosta et al. (1994). The

roughness height of the vegetation is adjusted to compensate for snow depth as:

_ Zveg _Za'epth lfZveg > Zdepth 3
Zheight - b ( )

z__ otherwise

SHOW

where z,., is the height of the vegetation, Zdepmn 1S the snow depth, z,,, is the effective
roughness height of snow (zgow = 0.1 m), and Zhagnt 1 the effective height used to
compute the aerodynamic resistance (Strack et al., 2004). In the DSM, we neglect
grouﬁd heat flux (G) due to its small value averaged over a snow season. We
recognize that G can be significant early in the snow season and can affect our results
(Anderson, 1976; Tarboton and Luce, 1996). In this study, though, we focus on the
effects of radiation and vegetation, which are considered independent of G.
Precipitation (P) is linearly partitioned between liquid and solid phases

according to air temperature (7, in °C) by:
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1, if T <T

sol
¢sn = J O’ 1f]:z > ];iq r ’ (4)
-T .
—2 sl otherwise
\];iq Lol )

where ¢, is the fraction of precipitation that is solid, and Tj,; (°C) and T4 (°C) are the

temperature at which all of the precipitation is solid or liquid, respectively (Wigmosta
et al., 1994). Due to the importance of orographic controls on precipitation and air
temperature (Brooks et al., 1997; Tarboton et al., 2001), linear lapse rates have been
used in the DSM. A seasonal precipitation lapse rate was derived from VCNP station
data. Temperature is adjusted according to the pseudo-adiabatic lapse rate (~6.5
°K/km), which was found compatible with regional temperature gradients (Kleissl,
personal communication, 2007). For simplicity, we have neglected changes of vapor
pressure with elevation.

The calculation of incoming shortwave radiation (Ry) is taken from Wilson and
Gallant (2000), as implemented in Ivanov et al. (2004), with sheltering and reflection
by topography from Dozier and Frew (1990). The computation of Ry accounts for
atmospheric turbidity, cloud cover, atmospheric incident angle, light extinction in the
vegetation canopy, surface albedo, and shading and scattering of radiation from the
surrcﬁnding landscape (Wilson and Gallant, 2000). The algorithm disaggregates Rg
into diffuse and direct components (see further details in section 2.3.2.4).

Incoming longwave radiation (Ry,) is calculated from an adjusted gray-body

Stefan-Boltzmann equation:

RLin = O.Kcloud 8.9191 (e)]:z4 ? (5 )
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where o is the Stefan-Boltzmann constant, K, adjusts for radiation absorption by

clouds, and ¢, is the atmospheric emissivity as a function of vapor pressure, e (Bras,

1989). Outgoing longwave radiation (RLom) is computed as a function of snow
emissivity (&row = 0.95) and temperature (Tarboton and Luce, 1996; Wigmosta et al.,
1994).

The interception of snow by vegetation and its subsequent sublimation or
unloading has a significant effect on the distribution of snow (Bayard et al., 2005;
Essery et al., 2003a; Gelfan et al., 2004; Hardy et al.,, 1997; Hardy et al., 1998;
Hedstrom and Pomeroy, 1998; Liston and Elder, 2006; Montesi et al., 2004,
Parviainen and Pomeroy, 2000; Pomeroy et al., 2006; Pomeroy et al., 2002; Pomeroy
et al., 1998b; Storck et al., 2002). A number of approaches have been developed to
model snow interception. Thesé including applying rainfall interception schemes to
snowfall (Wigmosta et al., 1994) and more complex physically-based algorithms
(Gelfan et al., 2004; Parviainen and Pomeroy, 2000; Pomeroy et al., 2002; Pomeroy
et al., 1998b). Multiple approaches have also been used for snow sublimation
(Pomeroy et al., 1998b; Wigmosta et al., 1994) and unloading from the canopy
(Liston and Elder, 2006; Pomeroy et al., 1998b). We have implemented the hybrid
approach of Liston and Elder (2006), which is derived from Pomeroy et al. (1998b)
for interception and sublimation, but uses a temperature index model for unloading.
When snow is captured in the canopy, sublimation is proportional to the incoming

shortwave radiation and relative humidity.

2.3.2.4 Shading and Reflectance Parameterization
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Topographic controls on net absorbed shortwave radiation are conceptualized in
tWo ways: (1) the local controls of slope, aspect and vegetation; and (2) shading and
reflected light from the surrounding landscape. For both cases, there are separate
controls on diffuse (Rsay), direct (Rsz») and total shortwave radiation (Rys). To account
for local vegetative shading, Ry is multiplied by

Ky+d-7), )
where K is the canopy extinction coefficient and y is the canopy fraction in the model
element (Ivanov et al., 2004). To account for local terrain limiting the amount of
visible sky, Rguris multiplied by the local sky-view factor:

Vlocal = 05(1 + COS(S)) s (7)
where S is element slope (Dozier and Frew, 1990). For the most regions, v,_, >0.9,

due to the relatively low slopes (<36°) generally found (Wilson and Gallant, 2000).
Local shading also accounts for the incidence angle of direct shortwave radiation with
the model element. This is captured by multiplying Rss by
& = max(cos(S)sin(d) + sin(S) cos(J) cos(cx — 4),0) , where ¢ adjusts for the angle of
incidence at the surface, assuming it is locally visible; J is solar altitude; a is the sun’s
azimuth; and 4 is aspect (Wilson and Gallant, 2000).

" The effects of the surrounding landscape on shortwave radiation at a specific
location are more complicated to represent. In order to represent these affects, the
geometry of the landscape surrounding a point of interest (POI) must be defined. This
is done by measuring the angle from vertical to the steepest point in a given
horizontal direction, for all horizontal directions. These measurements yield horizon

angles, which can then be used to determine how much sky is visible (i.e., the sky-
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view factor), how much land is visible (i.e., the land-view factor), and whether or not
the sun at a given time can be seen at the POL.

The algorithm used to calculate horizon angles follows algorithm of Dozier and
Frew (1990). A grid digital elevation model (DEM) was selected that included La
Jara and the major topographic features surrounding La Jara. Horizon angles were
found in 16 directions (A@=7/8) for every grid point. Dozier and Frew (1990)
found that this fairly coarse representation of horizon angles is sufficient to represent
horizon angles for calculations of sky-view and land-view factors as well as deciding
if the sun is visible at a given time at the POL Once horizon angles for the entire grid
were defined, the horizon angles were resampled from the grid to the Voronoi
polygon mesh used in the model (see section 2.3.3.1). The resampling scheme uses an
areally-weighted average to find the representative horizon angle of a given polygon.

Once the 16 horizon angles are assigned, it is possible to calculate the remote
is

controls on absorbed shortwave radiation. The remote sky-view factor, v

remote >

calculated from the horizon angles as:

V,omore = i cos(S)sin” (HA,,) +0.5sin(S) cos(6,, — A)(HA, —sin(2HA )AE, ,  (8)

m=1

and the land-view factor, {, as:

; = Vlocal - Vremote H (9)
where HA,, is the horizon angle measured from vertical with HA,, = HA(B,,), 6, is a

azimuthal angle, A, =x/8 is change in azimuthal angle for each step of the

summation, m is the summation index, going counterclockwise from m=1 at north

and m=16 at north-northeast. The shortwave diffuse radiation is multiplied by V,emore.
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In order to calculate if the sun is visible at a POI, first the location of the Sun (6 and

| a) is calculated at each time step during the simulation. If HA()=J, then Ry, #0;
otherwise Ry, =0. The direct shortwave radiation is multiplied by & to account for

the angle of incidence at the computational node.

To account for reflected shortwave radiation from the surrounding hillslopes,
@u§ (R + Rey,) ©)

is added to the total incoming radiation as part of the diffuse radiation component,
where ayy; is the hillslope or landscape albedo. In order to exactly calculate the effects
of scattered light, it would be necessary find the distribution of surface conditions and
topography visible from the point of interest. We use the state of the surface at the
POI to approximate the albedo of the surrounding hillslopes (a). Local slopes and
aspects are computed from the TIN using the steepest downward TIN edge (see
section 2.3.3.1).

The representation of albedo forms the final part of modeling the shortwave
radiative flux. Vegetation albedo (a..;) is taken as a constant value for distinct
vegetation types (see Table 2.2). Snow albedo (ay,) ages according to:

(10)

0.85(0.94)""" if W, =0
0.85(0.82)"™ otherwise|

where N is the age of the snow surface in days (Wigmosta et al., 1994). We consider
thé hillslope albedo in three distinct manners. We treat it as: (1) the vegetation albedo

at the point of interest:
ahill = aveg > (1 1)

(2) the snow albedo at the point of interest:
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Dy = Ay 5 (12)
or (3) a mixed snow-vegetation albedo model:

a,, if there is snow in the canopy
hill = . (13)

Y4, + (1= 7)a,, otherwise

If there is no snow cover at the point, then vegetation albedo is used. By using the
different albedo schemes, it is possible to test the effect of different representations of

distant surfaces on the development and melt of snow.

2.3.2.5 Model Confidence

To build confidence in the model physics, we have compared simulation results
to measurements at the Quemazon SNOTEL station located on the eastern rim of the
caldera. The station is in a small meadow surrounded by mixed-fir forest and lies on a
saddle between two high ridges at an elevation of 2896 m. For the 2005 water year
(October 1, 2004 to September 31, 2005), the maximum recorded SWE was 38 cm, as
measured by the snow pillow. We forced the model at an hourly time step with three-
hourly precipitation and air temperature data from the station. To disaggregate to the
hourly model time step, we assumed air temperature remained constant and
precipitation occurred over the first hour of each three-hour interval. As the
Quemazon station is sheltered from wind and in a clearing, it was not necessary to
correct for wind-induced undercatch or to include the canopy interception processes.
Because of limited instrumentation at the station, wind speed and relative humidity
data from the Headquarters station were used (6-km distant).

Considering these forcing uncertainties, Figure 2.4 presents a promising

comparison of the SWE at the Quemazon station to the model predictions at the

37



35 —— Point Model
- SNOTEL

SWE (c¢m)
o
[—]

R Y
INov 1Jan 1Mar 1May
Date in 2005

!

Figure 2.4.  Comparison of snow water equivalent (SWE) measurements at the
Quemazon station with predictions from the point snow model applied to the site.

coincident element. For this season, the simulated SWE consistently lags behind the
measured SWE. At the time of measured maximum SWE (38 cm), the simulated
SWE was 24 cm. Further, the simulated SWE persists for too long and exhibit a
precipitous late fall. Most simulation errors are accrued during the accumulation of
SWE early in the season (Nov. to Jan.), where a slight underestimation of SWE was
exacerbated by an overestimation of snowmelt. Interactions between the ground
surféce and snow pack, neglected in the model, are most important early in the
season. Moreover, buffering of temperature changes in a snow pack by a top active
layer (Marks et al., 1999) is missing from the single layer model.

Despite these problems with the model performance, the qualitative behavior of
the model agrees with the measurements. The model accumulates snow at the same

times and, except for the final melt, melts snow at the same times as the
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measurement. The errors are primarily in terms of magnitudes. The model does not
accumulate enough snow and melts too much snow during most events. This is seen
in the jagged shape of the modeled SWE in Figure 2.4 as compared to the measured
SWE. Nonetheless, if we examine the response of the model in terms of seasonal
behavior (e.g., time snow-covered, seasonal average incoming radiation, modeled
peak SWE and date of modeled peak SWE), the model should perform with

reasonable accuracy for the proposed sensitivity analysis.

2.3.3 Model Topographic and Vegetation Representations
2.3.3.1 Computational Mesh

The DSM was developed in the framework of the tRIBS model that uses a
triangulated irregular network (TIN) as a computational mesh. Vivoni et al. (2004)
and Tucker et al. (2001) described the development of the model domain in the
following manner: (a) resample a DEM with embedded hydrologic features into a list
of nodes, according to an elevation error minimizing criteria; (b) develop a
constrained Delaunay triangulation of the set of nodes; and (c) compute the
complementary Voronoi polygons from the TIN. The resampling of the DEM
effectively leads to higher node density in regions of high topographic variability
(Kumler, 1994; Vivoni et al., 2004). The Delaunay criterion yields a nearly maximal
angle between all edges in the triangulation (Tucker et al., 2001). As a result, the
nodes closest to one another are connected, while ensuring relatively uniform triangle
geometry (Vivoni et al., 2004). From the TIN, Voronoi polygons are derived for each

computation node, and assumed as a representative area for the point.
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Figure 2.5.  Distribution of topographic characteristics and vegetation in La Jara
catchment as represented by Voronoi polygons. (a) Elevation (m). (b) Slope (ratio of
y/x). (¢) Cosine of the aspect (-). (d) Vegetation. In (c), south facing polygons
(cos(A4)<0) have light colors, depicting higher solar exposure, while north facing
areas (cos(4) > 0) have dark colors. East and west aspects are equivalent in color, but
can be discerned relative to the streams derived from the DEM using a 500 m®
constant area threshold. Zones with different responses to shortwave radiation have
been delineated 1 through 7.
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The computational mesh used for this study was derived from a 10-m DEM
| constructed from orthophotos of the VCNP. An error in elevation of 2 m was found to
be a nearly optimum criterion, simultaneously limiting the number of nodes and the
error in elevation when comparing a polygon’s elevation to the original DEM. The
topographic préperties of the domain are summarized in Figures 2.5a-c. The mesh
ranges in elevation from 2715 m to 3432 m, in slopes from 0 to 1.75, and contains all
possible aspects.

The lowest portion of the domain forms part of the broad pediment emptying
into Valle Grande and is thus relatively uniform in slope (Zone 1). The middle
elevations are more rugged, with steep narrow valleys preserved at high resolution
(Zone 2) and valley-side tops where the topographic curvature is high (Zone 3).
Generally, valley sides either face mostly south or north, with only small area facing
east or west. High elevations occur into three regimes: (a) the eastern side slope of
Redondo, where the ridge tops are gentle, low slope features with south-facing
aspects (Zones 4 and 5); (b) the northeast slope of Redondo with slight incision from
the stream at lower elevations (Zone 6); and (c) the peak of Redondo (Zone 7).

Redondo Peak, the deeply incised rivers and the open valley to the south lead to
La Jara having a wide range of horizon angles. This, in turn, causes a variety of
regimes of sheltering and scattering of shortwave radiation from distant slopes to
occur. We have parsed the catchment into topographic zones that have distinct
radiative behavior (see Section 2.4.1 for details), which range from dominantly

locally controlled by slope and aspect (Zones 1, 6, and 7), to primarily shaded by
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nearby topography (Zone 2), to shaded strongly by Redondo (Zone 5), to shaded

mildly by nearby topography (Zone 4) or by Redondo (Zone 3).

2.3.3.2 Vegetation Parameterization

The 30-m National Land Cover Data (NLCD) map (2001) overlapping the La
Jara catchment was simplified into three classifications (forest, shrub and grassland)
and resampled to the computational mesh (Fig. 2.5d and Table 2.2). In light of the
limited parameter values available for vegetation in the area, we treat the forest cover
as a single classification. Similar simplifications have been made for the grassland
and shrub classifications. Each computational node is represented by the dominant
vegetation type (Ivanov et al., 2004). Model parameters used in the study are

summarized in Table 2.2.

2.3.4 Numerical Experiments

We examine four representations of snow-vegetation-topography interactions in
La Jara catchment. The first only considers local effects (i.e. slope, aspect and snow
interception and shading by vegetation). The latter three represent landscape or
hillslope albedo (axu) according to equations (12) to (14), and also incorporate the
local effects as in the first representation. We use the local sheltering as our base case
in order to examine the relative importance of scattered shortwave radiation on the

spatial and temporal distribution of snow.
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Figure 2.6.  Sky-view factor distribution for cases with remote shading. Land view
factors are roughly reciprocal to sky view, but adjusted for local shading (slope and
aspect).

2.4 Results

The distributed snow model calculates the incoming shortwave radiation and the
topographic interactions with radiation, as well as represents the dynamics of the
snow pack in time and space. A number of integrated metrics of the radiation forcing
and the model states are presented to identify the effect of changing the albedo of the
surrounding terrain. These metrics fall into three categories: (1) measures of
sheltering and exposure to shortwave radiation; (2) peak SWE; and (3) temporal
characteristics of the snow pack dynamics. We also compare the four simulations and

the basin-average SWE measured in March 2005 during an intensive field campaign.

2.4.1 Degrees of Sheltering and Exposure

The distant landscape controls the amount of incoming radiation by (a)
changing the proportion of the sky emitting diffuse shortwave radiation, as
represented by the sky view factor; (b) determining whether the sun is visible or

hidden behind distant topography; and (c) calculating how much light is scattered
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Figure 2.7.  Spatial distribution of the proportion of time directly exposed to the
sun during the study period. (a) Slope and aspect controls on amount of direct
exposure. (b) Local and remote controls on amount of direct exposure.

from distant topography, as controlled by the land view factor and the hillslope
albedo. We first present the distribution of sky- and land-view factors in the basin to
delineate zones that will aid in the interpretation of the simulation results.

Figure 2.6 shows the sky-view factors derived from remote controls. Each zone
outlined in Figure 2.5 has a range of sky-view factors consistent with the topography
and position of the zone. Zone 1 has higher sky view factors with some moderate
values in its higher elevations. This is consistent with the broad shallow slopes of the
lower pediment and the abrupt rise of the mountain at the boundary of the zone. Zone
2, which consists of steep narrow streams, has the lowest sky-view factors in the
basin with values down to 0.2. Zone 3 has broad ridge tops but is sheltered by rugged
topography within the zone. This combination yields moderate to high sky-view

factors of 0.7 to 0.9. Zone 4 is shaded by Redondo Peak to its south and

correspondingly has low to moderate sky-view factors (0.4-0.8). Zone 5 is closer to
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Figure 2.8.  Spatial distribution of (a) the distribution of absorbed
shortwave radiation at a point (W/m?) when only local topographic controls
are considered (base case), and the deviations in incoming shortwave radiation
when remote shading and hillslope albedo are modeled by (b) vegetation
albedo, (c) snow albedo and (d) dynamic snow-vegetation albedo. Greens
correspond to little or no change.
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Redondo Peak and has slightly lower sky-view factors that Zone 4. Most importantly,
at the base of Redondo Peak in Zone 4, sky-view factors are as low as 0.3. Zones 6
and 7 have high sky view factors (> 0.9), as they are among the highest topography in
the catchment and cannot be shaded from a distance.

Figure 2.7 shows the fraction of days exposed to direct sunlight (maximum of
100 exposed days) over the study period. We represent shading of direct shortwave
radiation by: (a) considering only slope and aspect controls (Fig. 2.7a); and (b)
accounting for both the local and remote controls (Fig. 2.7b). In the locally
controlled case, polygons with north aspects or very high slopes receive the lowest
amount of direct exposure (Fig. 2.7a). Low exposure occurs predominantly in Zones
2 and 4, which is consistent with the zones’ rugged topography. In the remotely
shaded case (Fig. 2.7b), a pattern consistent with the sky-view maps is seen. Zones 2,
5 and 4 are directly exposed the least, consistent with the rugged topography both
within and immediately neighboring the zones. Zone 3, with its broad ridges, ahd
Zones 6 and 7, with their broad high elevation surfaces, have the highest exposure
rates, differing slightly from the locally shaded case.

Topographic attributes and the'sky- and land-view factors are reflected in the
spatial patterns of the average amount of absorbed shortwave radiation (W/m?)
received at a site over the entire simulation period (November 1, 2004 through June 5,
2005), as seen in Figure 2.8. Four cases are presented in this analysis (and subsequent
figures as well). We first present the locally controlled or base case as a map of
average absorbed shortwave radiation (Fig. 2.8a) and then indicate the differences

between the remote cases and the base case. The only variation among the remote

~
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cases is the representation of the effective hillslope albedo: vegetation (Fig. 2.8b),
Snow (Fig. 2.8c) and mixed snow-vegetation (Fig. 2.8d).

The absorbed solar radiation in the base case has no scattered component, or
effects of remotely restricted sky-view and exposure time. When the albedo of the
- local Vegetationvis used to represent hillslope albedo, little change is evident. Small
areas of increased incoming shortwave radiation (+6 to +10 W/m?) are found in the
Zone 4. Some south-facing slopes in Zone 2 showing large decreases (~ -10 W/m?)
due to the large amount of sheltering. The rest of the catchment shows little to no
change in the amount of absorbed radiation. When snow albedo is used as the
hillslope albedo, deviations from the base case become widespread. Increases in
incoming shortwave radiation occur in regions with moderate to high land-view
factors (Fig. 2.6) and moderate to high amounts of direct solar exposure (Fig. 2.7).
These areas encompass portions of Zone 2, and Zones 3 and 4. The majority of the
decreases in shortwave radiation occur in Zones 2 and 5. When a mixed snow-
vegetation albedo is used, the pattern of deviation from the base case resembles the
snow albedo case. The increases in average absorbed solar radiation, however, are
slightly smaller. In all cases considering remote effects, Zones 1, 6 and 7 have little

change (8 W/m?) in absorbed shortwave radiation.

2.4.2 Spatial Distribution of Peak SWE

The pattern of peak SWE in La Jara catchment is complex (Fig. 2.9). In the base
case, where only local controls are considered, there are three distinct regions, similar
to those found for the radiation exposure (Fig. 2.9a). There is a homogeneous swath

of peak SWE of ~30 cm in Zones 1 and 2, and the eastern half of Zone 4 (i.e., the
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Figure 2.9.  Spatial distribution of (a) the distribution of maximum SWE (cm) for
the base case, and the deviations when remote shading and hillslope albedo is
modeled by (b) vegetation albedo, (¢) snow albedo and (d) dynamic snow-vegetation
albedo.
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steep valley bottoms). The ridge tops in the middle elevations (Zone 3) and the flank
of Redondo (Zone 6) form another fairly distinct unit with peak SWE of ~20 cm with
some observed variations. Zone 5, with its high siopes and north-aspects, forms
another distinct zone of peak SWE, with high, fairly uniform peak SWE (~20 cm).
The top of Redéndo Peak accumulates the largest amount of snow with peak SWE of
49 cm. In the remote case using vegetation albedo, few deviations from the base case
are observed with differences between —5 cm and +5 cm (Fig. 2.9b). In contrast, when
snow is the effective hillslope albedo (Fig. 2.9c), large deviations appear. In
particular, Zones 3 and 4 (middle elevation ridge tops) show large increases in peak
SWE (20 — 26 cm). Zones 1 and 2 (valley bottoms and pediment), which in the base
case have a peak SWE of ~30 cm, show a slight increase in maximum SWE (from 2
to 6 cm). The north facing flank of Redondo Peak (Zone 6), the ridge tops at the
break in the flank (Zone 5) and the peak of Redondo (Zone 7) show marked decreases
in peak SWE, with some decreasing by ~20 cm. When a mixed albedo is used (Fig.

2.9d), the results are nearly identical to those using the snow albedo (Fig. 2.9¢).

2.4.3 Spatial Patterns of Temporal Snow Variability

Spatial patterns of temporal snow metrics permit close inspection of the
differences between the simulation cases during the entire period. We present the
spatial distribution of the total number of days that a particular node is snow-covered
(Fig. 2.10) and the day of year of the peak SWE (DOYP) (Fig. 2.11).

The spatial pattern of the number of snow-covered days fall into similar regions
as those observed for peak SWE (Fig. 2.9). In the base case (Fig. 2.10a), the response

within the catchment can be grouped: (1) Zones 1 and 2 (the narrow valleys and the
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Figure 2.10.  Spatial distribution of (a) the number of snow cover days for the base
case, and the deviations when remote shading and hillslope albedo is modeled by (b)
vegetation albedo, (¢) snow albedo and (d) dynamic snow-vegetation albedo.

low elevations) of the catchment spend little time with snow cover (33-40 days);
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" (2) Zones 6 and 7 (the flank of Redondo Peak) is fairly homogeneous with some very
pérsistent snow patches (60-125 days); (3) Zone 5 is snow-covered for much of the
season; (4) Zones 3 and 4 are heterogeneous, with the south-facing slopes being less
persistent (40-60 days), than the north facing slopes (40-120 days).

When Vegetation is used as the effective hillslope albedo (Fig. 2.10b), there is a
small decrease in the number of snow-covered days (~ -5 days) in the northern
regions of the catchment (Zones 3 and 4), where the flank of Redondo Peak is visible
and to the southwest. In Zones 5 and 6, there are some areas of large increases in the
number of snow-covered days (+10 to +23 days), though generally the increases are
small (~ +5 days). The spatial patterns, however, largely do not change with respect
to the base case and the majority of the catchment exhibits little change. When snow
albedo (Fig. 2.10c) or mixed snow-vegetation albedo (Fig. 2.10d) is used, a large area
of the catchment decreases in the number of snow covered days. This is occurs in all
of Zones 3 and 4, with deviations ranging from —10 to —40 days. Only minor
deviations are observed between the snow and mixed snow-vegetation albedo cases.

The spatial distributions of the DOYP (Fig. 2.11) is similar to those of snow-
covered days. In the base case, Zones 1 and 2 have a more or less uniform DOYP
value (~80 DOY). Zones 3 and 4 have a heterogeneous pattern, with some peak days
occurring earlier (43 to 50 DOY), at an intermediate time (60 to 70 DOY), at values
commensurate with those in the valleys (~80 DOY) and later in the season (~90
DOY). Zones 6 and 7 are fairly uniform with a low DOYP value (60 to 70 DOY),
with very late peaks at high elevation (>90 DOY). High values of DOYP are found in

Zone 5. Deviations from the base case when applying the vegetation albedo are
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Figure 2.12. Temporal distribution of the average SWE (solid line), SWE at node

1190 (dotted line) and at node 1196 (dashed line) when only local controls are
considered.

generally small (Fig. 2.11b), though differences are found in the northern portions of
La Jara (Zone 4). Here, some areas have SWE peaks that occur much later (~40
days), while others peaks occur earlier (10 to 20 days). The majority of the basin
shows relatively little change in the time of the peak SWE. On the other hand, when
snow albedo (Fig. 2.11c) or mixed snow-vegetation albedo (Fig. 2.11d) are used,
deviations in the peak SWE time afe widespread with Zone 4 having later peaks (30

to 41 days) and Zones 3, 5 and 6 having earlier DOYP (10 - 20 days).

2.5 Discussion
2.5.1 Synthesis of Site-Specific Results

The study results are internally consistent and, when taken together, provide an
indication of the importance of incorporating the scattering of radiation from the
surrounding landscape and the representation of landscape albedo during the snow-

covered season. The characteristics of the average absorbed shortwave radiation and
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the spatiotemporal variations of the snow pack are manifestations of the topographic,
vegetative and meteorological properties captured in the simulations. For example,
the net behavior at different basin locations and the averaged conditions can be
observed in Figure 2.12. Here, the temporal variations in SWE are shown for the base
- case, where only local controls on radiation are considered. Note that this depicts
conditions at two node locations (mapped in Fig. 2.5), as well as the catchment spatial
average. Node 1190 is a middle elevation valley bottom that faces south, while node
1196 is a steep, high elevation north-facing site. Clearly, the simulated snow pack in
the catchment can be very ephemeral, with some areas exhibiting multiple small
peaks and short ablation limbs (node 1190), while other sites have a deep and
consistent snow pack (node 1196). The average catchment dynamics lie in between
those observed at the two individual nodes.

The differences between the two sites and across the catchment are caused by
the controls of snow in the canopy and the relative exposure. Snow that is captured in
the plant canopy is held for long periods until it is sublimated or unloaded. Given the
cold temperatures of the simulation (time-averaged 7, = -1.8 °C) and the temperature
lapse rate, areas in the higher elevations will generally hold snow for longer periods,
increasing its exposure to sublimation but also increasing the time it takes to unload
snow. This causes a change in behavior between the low and high elevations in the
basin. Snow is released more quickly in the lower elevations by the temperature-
index unloading model and is sublimated more slowly, due to lower amounts of
incoming radiation and higher relative humidity. In forested middle and upper

elevations, snow is released very slowly and is incrementally exposed to radiation,
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causing a lower peak with longer accumulation periods from throughfall. The
remaining variations of maximum SWE and temporal metrics are primarily explained
by the variability of absorbed shortwave radiation due to local aspect and slope and
effects of the temperature lapse rate.

When Vegetation is used as the hillslope albedo, there is little change through
the catchment in the integrated metrics of shortwave radiation, maximum SWE, total
amount of snow-covered days and DOYP. This suggests the important role that
vegetation plays in the radiation budget during the cold season. In particular, the
incoming shortwave radiation that has been scattered by distant vegetation appears to
almost perfectly compensate for the decrease in radiation from topographic shading.

For the snow hillslope albedo, the scattered incoming shortwave radiation often
more than compensates for losses from topographic shading. This results in
catchment areas with high land-view factors having a greater average incoming
shortwave radiation, and a more intense snow melt, leading to fewer snow-covered
days. Regions with moderate to high sky-view factors and a small proportion of
directly exposed hours (i.e., near or at the base of the flank of Redondo), show a
decrease in incoming radiation as there is not enough scattered light from the land
view factor to compensate for losses from direct radiation. Regions with high sky
view factors that are also exposed show little change from the base case.

In the mixed snow-vegetation albedo, the deviations from the base case are
almost exactly the same as the snow albedo case. This is primarily due to the use of
the snow albedo during periods of snow interception, which last for extended periods

of time during the simulation. In meadows and shrub vegetation, where interception is
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minor, the vegetative fraction is also low. This leads to the dominant control of the
snow albedo on the mixed snow-vegetation case in these regions. Overall, this
correspondence yields similar distributions to the snow albedo case in incoming
shortwave radiation and, thus, leads to a similar spatial and temporal evolution of the
snow pack ovef the winter season.

These simulated spatiotemporal changes for the snow albedo and mixed snow-
vegetation albedos are significant in terms of the reflectance of the land surface, as
well as the amount of snow at any given time. The effects of hillslope albedo can
delay the day of peak SWE by more than a month, as well as change the peak SWE
by more than 50%. The decrease in the number of snow covered days is also marked,
reducing these by at most 40 days. As a result, varying the albedo of the surrounding

terrain alters land surface conditions throughout the season.

2.5.2 General Implications

bur results have potentially important implications for the use of distributed
snow models, especially in regions of rugged terrain or high solar fluxes. We have
presented two end members for depicting the albedo of the surrounding terrain (i.e.
vegetation and snow albedos) and a possible intermediate model (dynamic or mixed
snow-vegetation model). Differences from the base case, which only captures local
controls, are significant. Despite this, without field studies designed to evaluate this
particular set of processes, it is unclear which of the simulations is closest to reality.
To our knowledge, field observations that focus on both the distribution of snow and

the partitioning of the radiation budget, specifically scattered radiation, have not
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taken place. This is complicated by the lack of robust snow-interception models that
have been tested for wide ranges of conditions.

If the vegetative case were closest to actuality, then the temporal variations of
vegetation albedo could be significant in determining the dynamics of snow
accumulation and ablation. On the other hand, if the vegetation albedo varies little
and occupies a large fraction of the landscape, it may be possible to neglect remote
topographic effects in distributed snow models for regions of dense vegetation. If the
snow albedo case is more approplziate, accurate representations of the evolution of
distant snow packs may be a key element. For instance, in glaciated environments, the
lower albedo of ice, when exposed, may alter the distribution of snow in surrounding
areas. In areas of ephemeral snow packs, accumulation of snow in unvegetated
valleys may also produce changes in the snow melt and its distribution.

A subtle, but possibly important point, raised by these results is how different
conditions may affect the distribution of vegetation in snow-dominated environments.
We have focused on the coupling in the opposite direction, i.e. how the distribution of
vegetation affects snow. By increasing the amount of incoming radiation and
compensating for remote shading, radiation scattering from the vegetated landscape
changes both water availability, through changes in snow melt, and the amount of
shortwave radiation available for uptake by plants. Then, does vegetation arrange
itself to exploit these possibly significant factors? At this point, we can only say that
the state of the surrounding landscape affects the overall character of the snow season

at a point.
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Our results are based on the distributed snow model presented in this study with
its limitation and assumptions. Given these, however, we have identified the large
effects of radiation scattering on the snow distribution in mountainous, lower mid-
latitude settings. We believe this question needs to be investigated further through
field studies that focus on the effects of remote vegetation on the distribution of snow
and shortwave radiation. Also, the results of this study could be further pursued by
using DSMs with more detailed implementations of remote and local vegetation and
snow pack interactions, including a temporally varying implementation of land-view

factors and landscape albedo.

2.6 Conclusions
Based on the proposed distributed snow model, we have shown that the albedo
of the surrounding landscape exerts control on the spatiotemporal distribution of
snow water equivalent and incoming shortwave radiation in La Jara catchment. The
simulated interactions of vegetation, snow and topography provide the following
insights:
(1) When vegetation albedo is used to represent the surrounding landscape,
increases in incoming shortwave radiation compensate almost perfectly for the
decreases in incoming shortwave radiation from topographic sheltering;
(2) When snow albedo is used, large deviations occur in the amount of
maximum SWE and in the date that the maximum SWE occurs. A large
decrease in the number of snow-covered days in the catchment is also

observed;
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(3) A mixed snow-vegetation albedo for the surrounding landscape produces
patterns nearly identical to those simulated with the snow albedo; and

(4) A complicated balance exists between local vegetation controls (i.e. snow
interception) and remote snow-vegetation-topographic controls that yields
complex, but interpretable, patterns of integrated metrics of shortwave
radiation and snow dynamics.

Given the potential for land-use changes in much of the western United States, a
better understanding of snow-vegetation-topographic interactions is desirable. As
revealed in this study, the relatively easy to characterize local conditions, such as
slope, aspect and nearby vegetation, are not the only controls on snow-cover. The
condition and relative position of distant slopes matters to snow cover, increasing the

range of impact of vegetation change by the corresponding changes in scattered light.
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CHAPTER III: SUMMARY AND RECOMMENDATIONS

3.1 Introduction

In addition to the study completed in Chapter II, additional results were
produced for further clarification and confirmation of model development, application
and behavior. These results underline the conclusions of Chapter II, and, because of
they necessarily repeat the major points, limited discussion of the results is included.

The additional results fall into three categories. First, a verification of the mass
and energy balance of the snow pack scheme, and verification of the canopy
dynamics are presented. Second, I present results confirming the dynamics of the
sheltering and scattering of incoming shortwave radiation for three cases. Third, the
results from additional scenarios are presented. These scenarios fall into two broad
categories. One removes snow dynamiqs and uses uniform land-surface albedo in
order to focus only on the catchment radiation distribution. All three hillslope albedo
schemes are used and four cases of distant interaction are considered: (1) local
sheltering; (2) local and remote sheltering; (3) local sheltering and remote scattering;
and (4) local and remote sheltering, and remote scattering. The second scenario
consists of considering two additional cases with snow dynamics. These are cases (2)

and (3) listed above for the uniform albedo scenario.
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After presenting the additional simulations, I review the results of the thesis.
This includes a brief discussion of all of the conclusions presented in Chapter 2 as
well as an integration of the results presented in the current chapter in support of
these conclusions. The summary leads to recommendations for future work, which
focus on additions to the model that may increase performance, additional modeling
studies with the current model, and possible field measurements that can be made to

inform the current understanding of radiation and snow dynamics.

3.2 Ancillary Results

For clarity, Figure 2.5 has been recreated in Figure 3.1. Recall the different
zones: Zone 1 is the broad pediment at the outlet of La Jara; Zone 2 consists of the
steeply incised valleys are low and middle elevations; Zone 3 are the broad ridge-tops
with moderate to high sky-view factors; Zone 4 is the northern portion of the basin,
with strong sheltering from the high elevations of Redondo; Zone 5 is at to the north
of and at the base of the flank of Redondo peak; Zone 6 is the eastern slope of
Redondo that is one of the highest features in catchment; and Zone 7 is the peak of
Redondo, a regional high point. Results from Nodes 1196 and 1190 are presented.
Node 1196, with its deeper snow pack, is used to confirm the dynamics of the snow
pack. Node 1190, which is a forested node, is used to confirm the dynamics of the
canopy. Basin averages are used to examine the radiation dynamics in the different

scenarios.
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Figure 3.1.
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Distribution of topographic characteristics and vegetation in La Jara
catchment as represented by Voronoi polygons. (a) Elevation (m). (b) Slope (ratio of
v/x). (¢) Cosine of the aspect (-). (d) Vegetation. In (c), south facing polygons
(cos(A) < 0) have light colors, depicting higher solar exposure, while north facing

areas ( cos(A4) > 0) have dark colors. East and west aspects are equivalent in color, but

can be discerned relative to the streams derived from the DEM using a 500 m”
constant area threshold. Zones with different responses to shortwave radiation have
been delineated 1 through 7. Replicate of Figure 2.5.
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3.2.1 Confirmation of Snow Dynamics

Figure 3.2 presents the snow and energy dynamics at Node 1196 from 5 March
2005 to 11 March 2005. Figure 3.2a depicts the transition from a dry cold (7}, < 0°C)
snow pack to a wet warm (7y, = 0°C) snow pack. The snow pack becomes
increasingly wet as the snow temperature oscillates from less then 0°C to 0°C with
the diurnal cycles of air temperature and shortwave radiation. The increases in liquid
water in the pack are initially lagged from the oscillations of snow temperature, until
there is enough liquid water in the pack that it cannot all refreeze at night. Then, the
diurnal cycle of air temperature and absorbed shortwave radiation is seen through the
freezing and thawing of a portion of the liquid water equivalent. These increases and
decreases are complimented by corresponding decreases and increases in the amount
of ice in snow pack. As there is no precipitation, little latent heat flux and no routed
melt occur during this period and the total amount of SWE remains nearly constant.

In Figure 3.2b, the energy balance is shown, which is manifested in the
partitioning of water phases in the pack and snow temperature. As there is no ground
heat flux in the model and there was no precipitation during the period, these sources
of heat are not displayed. Incoming longwave radiation, absorbed shortwave radiation
and sensible heat flux show the expected diurnal cycle. Deviations in shortwave
radiation are caused by modeled cloud cover. The relative humidity during this period
was rﬁodeled as being near saturation, leading to little latent heat flux. Outgoing
longwave radiation displays a diurnal cycle concordant with snow temperature (Fig.
3.2a) until the snow temperature is at a constant 0°C. At this point, the outgoing

longwave radiation remains constant. The internal energy also oscillates with the

68



v ¢
a
(a) .
—4
&)
_— :,
E | -6 <
2 <
~am
— =
g 8 £
5] S
Z 25} 1-10 &
=
= | g
= 20- f
S
@ 2
= 15} e
g —e— Snow Temperature 5
16 — Snoew Water Equivalent
e L jGuid Water Equivalent
5L - - Selid Water Equivalent =
P ,,f
0 N o o
— [nternal Energy 112000
Outgoing Longwave Radiation
- Incoming Longwave Radiation 48000 a’g
A
NE e Absorbed Shortwave Radiation =
= Latent HF =
= ) 14000
Sl s Sensible HF 1
e e
= 2
[ 10
> | =
b g
g \ i
V4o )
= 4000 3
Doy
=200}
5 Mar 7 Mar 9 Mar 11 Mar

Date in 2005

Figure 3.2.  Confirmation of snow pack dynamics at Node 1196 from 5 March
2005 to 11 March 2005. (a) Mass partitioning of SWE (black) (cm) between ice
(blue) (cm) and liquid water (red) (cm) as governed by snow temperature (green)
(°C). (b) Energy balance with time series of outgoing longwave radiation (blue),
incoming longwave radiation (green), absorbed shortwave radiation (red), latent heat
flux (grey), and sensible heat flux (maroon) on the left axis in W/m?; and total
internal energy (black) on the right axis in kJ/m”. The reference energy state (0 kJ/m”)
is an isothermal dry snow pack at 0°C.
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Figure 3.3  Dynamics of intercepted snow at Node 1196 from 8 February 2005
through 12 February 2005. Time series of intercepted water equivalent (black) (cm)
captured in the canopy, sublimated water equivalent (blue) (cm), and water equivalent
unloaded from the canopy (red) (cm) are shown.

diurnal cycle, gradually increasing through the displayed period. The energy goes
above 0 kJ/m” only when the snow temperature is above 0°C and there is liquid water
in the pack. When the liquid water refreezes and the snow temperature drops, the
internal energy goes below 0 kJ/m®. Late in the period, both snow temperature and
internal energy remain above 0°C and 0 kJ/m®, respectively. As demonstrated, the

model is internally consistent, produces reasonable values and successfully couples

and balances mass and energy.

3.2.2 Confirmation of Snow Interception Dynamics

Figure 3.3 shows the interception dynamics at Node 1196 from 8 February
2005 through 12 February 2005. At the beginning of this period, the canopy has snow
captured in it that is gradually being sublimated (note the mild negative slope of

intercepted WE). This snow is left from small events in early February. Late on 8
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February and 9 February, the snow from the canopy is unloaded because of high
témperatures. From 10 February through 11 February, a large snow event occurs,
with mild temperatures and a cumulative precipitation of 5.2 cm. This is reflected in
both the mild unloading (from warm air temperature) and rapid increase (from the
large event) of .snow in the canopy. Late on 12 February, there is an unloading event,

with a corresponding decrease in intercepted snow.

3.2.3 Confirmation of Remotely-Controlled Radiation Dynamics

In order to examine the radiation dynamics of the model, four cases were
examined: (1) local controls only (base case); (2) local and remote shading only; (3)
local shading and remote scattering only; and (4) local and remote shading and
remote scattering. In (3) and (4), all three hillslope albedo representations were used.
In (1) and (2), the results are independent of hillslope albedo representation because
there is no scattering. The uniform value of albedo for the land-surface (0.6) was used
to calculate absorbed radation for the entire model domain. This does not include the
scattering calculation. To calculate scattered radiation, the hillslope albedos were
modeled by using the land-use input for vegetation albedo values, 0.6 for snow
albedo, and a weighted-average of the land-use albedo and snow albedo for the mixed
case.

Figure 3.4 showé the results of these different simulations for the basin-
averaged absorbed radiation (W/m?) from 7 March to 11 March. In the top row (Fig.
3.4a,c,e), the net values of radiation are feported, while the bottom row (Fig 3.4b,d.f)
shows the difference between the remotely controlled cases and the base case. Figure

3.5 shows the relative controls of shading and scattering when snow hillslope albedo
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Figure 3.4  Time series of basin-average absorbed radiation (W/m?) from 7 March
2005 to 11 March 2005. Four cases were simulated: local controls only (black);
remote shading only (a,b); remote scattering only (c,d); and combined remote shading
and scattering (e,f). The top row (a,c,e) are absolute values of absorbed radiation and
the bottom row (b,d,f) are differences from the base case. Colors represent the
hillslope albedo representation used: vegetation albedo in blue, snow albedo in red,
and mixed albedo in green.

is used. As seen in Figures 3.4a and 3.4b, if only remote shading is used, the absorbed
radiation is lower than the base case, with minima early in the morning and late in the
afternoon when the sun angle is low. Figures 3.4c and d show the results for remote
scattering only. As might be expected, all three hillslope albedo representations lead
to more absorbed shortwave radiation. Specifically, snow hillslope albedo leads to the

greatest amount of scattering and absorption, followed by the mixed and then

vegetation hillslope albedo cases. Because scattering is proportional to the amount of
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Figure 3.5  Deviation of basin-average absorbed radiation from base case (black)
from 7 March 2005 to 11 March 2005 for simulations with remote shading only
(blue), remote scattering only (red), and combined remote shading and scattering
(green). Hillslope albedo was represented with snow albedo.incoming radiation, the
deviations are greatest when the incoming radiation is greatest (i.e., at mid-day) and
lowest when incoming radiation is lowest (i.e., in the early morning and late
afternoon).

Figures 3.4e and f show the effects of accounting for both remote shading and
scattering. Early in the morning and very late in the afternoon, remote shading
dominates and lowers the absorbed radiation below the base case for all hillslope
albedos. At mid-day, when incoming radiation is highest, scattering leads to a higher
amount of absorption as compared to the base case. This scattering is still less than in
the scattering-only case by approximately the amount of decreased absorption from

shading. The positive deviations in absorption are greatest when snow hillslope

albedo is used, followed by mixed albedo and by vegetation albedo. Early in the
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morning, the negative deviation is independent of hillslope albedo representation

because shading is caused by topography directly blocking the sun.

3.2.4 Results from Additional Radiation Representations

Simulations for two cases, one with uniform surface albedo and the other with
dynamic snow cover, were completed for four subcases: (1) local sheltering only; (2)
remote sheltering only; (3) remote scattering only; (4) remote sheltering and
scattering combined. The hillslope albedo used to calculate scattering was represented
in three distinct ways, as vegetation albedo, snow albedo, and a combination of snow
and vegetation albedo, for each subcase. I begin by examining the spatial distribution
of absorbed radiation for the different cases when uniform surface albedo is used. For
dynamic snow cover, I examine the spatial distribution of absorbed radiation, peak
SWE, cumulative snow-covered days, and the day of year of the peak SWE (DOYP).
In order to present a coherent story, I will replicate some of the results from Chapter

II.

3.2.4.1 Absorbed Radiation with Uniform Surface Albedo
Four cases were examined with a uniform surface albedo and varying
radiations schemes: (1) local effects only; (2) local and remote shading; (3) local
shading and remote scattering; and (4) local shading, and remote shading and
scattering. Because these simulations do not have dynamic snow cover, only the
average absorbed shortwave radiation are examined for the different cases.
In the locally sheltered case, the south-facing portions of Zones 1, 2 and 4

receive a large amount of radiation (~100 W/m?) (Fig. 3.6a). Zones 3, 6 and 7, with
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Figure 3.6  Distribution of average absorbed shortwave radiation (W/m?) in La
Jara when uniform surface albedo (0.6) is used over the simulation period. (a) Only
local sheltering is applied and (b) local and remote shading are used.
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Figure 3.7  (a) Distribution of average absorbed shortwave radiation (W/m?) over
the simulation period when only local sheltering is applied with uniform albedo. (b)
Difference between the base case (a} and when remote and local shading are used.
The teal color implies that only + 2 W/m? difference is found between the local case
and the remotely shaded case.
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Average Shortwave Radiation

Figure 3.8  Average absorbed shortwave radiation (W/m?) over the simulation
period with uniform surface albedo when the sheltering scheme applied is (a) only
local controls; and when local shading and remote scattering is applied with (b)
vegetation hillslope albedo, (¢) snow hillslope albedo, and (d) mixed hillslope albedo.
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Figure 3.9  (a) Average absorbed shortwave radiation (W/m?) over the simulation
period with uniform surface albedo with local sheltering. The difference between the
base case (a) and the cases with local shading and remote scattering, and (b)
vegetation hillslope albedo, (c) snow hillslope albedo, and (d) mixed hillslope albedo.
The teal color implies that only = 2 W/m? difference is found between the local case

and the remote case.



37 6 95 123
Average Shortwave Radiation

Figure 3.10  Average absorbed shortwave radiation (W/m?>) over the simulation
period with uniform surface albedo when the sheltering scheme applied is (a) only
local controls; and when local shading, and remote shading and scattering with (b)
vegetation hillslope albedo, (c) snow hillslope albedo, and (d) mixed hillslope albedo.
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Figure 3.11 (a) Average absorbed shortwave radiation (W/m?) over the simulation
period with uniform surface albedo with local sheltering. The difference between the
base case (a) and the case with local shading, and remote shading and scattering with
(b) vegetation hillslope albedo (c) snow hillslope albedo, and (d) mixed hilislope
albedo. The teal color implies that only = 2 W/m” difference is found between the
local case and the remotely shaded case.
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their smooth non-south facing slopes, receive moderate amounts of radation (~80
W/mz). Zone 5 is the most sheltered (~60 W/m?) because of its north aspect and steep
slopes. When remote shading is used (Figs. 3.6b and 3.7b), then the poorly shaded
Zones 1, 3, 6 and 7 have at most a decrease in radiation of -6 W/m>. The rugged
Zones 2, 4 and 5, which are either deeply incised or on the north side of higher
topography, are significantly shaded with decreases in absorbed radiation averaging —
10 W/m’.

When local shading and scattering from distant hillslopes is modeled, a general
increase in absorbed shortwave radiation is seen for all cases of hillslope albedos
(Figs. 3.8b,¢,d and 3.9b,c,d). The primary difference is in terms of the magnitude of
the increase. With vegetation albedos (Figs. 3.8b and 3.9b), Zones 2 and 4, with their
high land-view factors, are the only regions to show large deviations with increases of
up to +18 W/m®. The other zones have mild increases of up to +6 W/m?. When snow
hillslope albedos are applied (Figs. 3.8¢ and 3.9¢), then zones 2 and 4 have extremely
large increases averaging +26 W/m?. The other zones have large increases averaging
14 W/m®. When mixed albedos are applied (Figs. 3.8d and 3.9d), the same spatial
pattern emerges as in the case with snow hillslope albedos, but with lower
magnitudes.

If both scattering and shading are accounted for, the importance of the hillslope
albedo representation becomes clear (Figs 3.10b,c,d and 3.11b,¢,d). When vegetation
.hillslope albedo is applied (Figs. 3.10b and 3.11b), then most of the catchment (Zones
1, 3, 6 and 7) has little change in absorbed shortwave radiation. Zone 4 receives

slightly more than the base case (+6 W/m?). Zones 2 and 5 generally have little
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change but have regions of large decreases (-14 W/m?). This mild effect is contrasted
by the lérge increases in radiation when snow hillslope albedo is used (Figs. 3.10¢c
and 3.11c). For this case, Zones 1, 3, 6 and 7 absorb approximately +14 W/m? more
shortwave radiation than in the base case. Zones 4 and portions of Zones 1, 2 and 3
show large increases (+26 W/m?). Only in Zone 5 and portions of Zone 2 are
deviations either slightly positive (+6 W/m?), neutral or slightly negative (-6 W/m?).
In the mixed case (Figs. 3.10d and 3.11d), Zones 3, 6, and 7 see slight increases or
small deviations from the base case. Zones 2 and 5 show mild decreases (-10 W/m?).
The only large positive deviations from the base case are found in Zones 1 and 4,

with increases averaging +6 to +10 W/m>.

3.2.4.2 Absorbed Shortwave Radiation with Snow Dynamics Modeled

“The same set of cases of local and remote controls have been simulated with
snow dynamics modeled. In each case, all three hillslope albedo schemes were
applied (i.e., vegetation, snow and mixed hillslope albedo representations).

If only local controls are considered (Fig. 3.12a), then Zones 1 and 4, and the
south-facing portions of Zone 2 absorb the greatest average shortwave radiation (180
-195 W/mz). Zones 3 and 5, with their north aspects, receive the lowest amounts (60-
100 W/mz). Zones 6 and 7, with moderate slopes but east-north-east aspects, receive
an intermediate amount of shortwave radiation (100-150 W/m?). If remote shading is
applied (Figs. 3.12b and 3.13b), then the entire basin receives less radiation. The
decreases are small in Zones 1, 3, 6 and 7 (-6 W/mz). In Zones 2, 4 and 5, the

decreases are much larger, averaging —20 W/m>.
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Figure 3.12  Distribution of average absorbed shortwave radiation (W/m?) in La
Jara with snow dynamics used over the simulation period. (a) Only local sheltering is
applied and (b) local and remote shading are used.
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Figure 3.13  (a) Distribution of average absorbed shortwave radiation (W/m?) over
the simulation period when only local sheltering is applied and snow dynamics are
modeled. (b) Difference between the base case (a) and when remote and local shading
are used. The teal color implies that only + 2 W/m? difference is found between the
local case and the remotely shaded case.
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Figure 3.14  Average absorbed shortwave radiation (W/m?) over the simulation
period with snow dynamics modeled when the sheltering scheme applied is (a) only
local controls; and local shading and remote scattering with (b) vegetation hillslope
albedo; (c) snow hillslope albedo; and (d) mixed hillslope albedo.
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Figure 3.15  (a) Average absorbed shortwave radiation (W/m?) over the simulation
period with snow dynamics modeled with local sheltering. The difference between
the base case (a) and the case with local sheltering and remote scattering with (b) with
vegetation hillslope albedo; (¢) snow hﬂlslope albedo; and (d) mixed hillslope albedo.
The teal color implies that only + 2 W/m? difference is found between the local case
and the remote case.
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Average Shortwave Radiation

Figure 3.16  Average absorbed shortwave radiation (W/m?) over the simulation
period with snow dynamics modeled when the sheltering scheme applied is (a) only
local controls; and local shading, and remote shading and scattering with (b)
vegetation hillslope albedo; (c¢) snow hillslope albedo; and (d) mixed hillslope albedo.
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Figure 3.17 (a) Average absorbed shortwave radiation (W/m?) over the simulation
period with snow dynamics and local sheltering. The difference between the base
case (a) and the case with local shading, and remote shading and scattering with (b)
vegetation hillslope albedo; (c) snow hillslope albedo; and (d) mixed hillslope albedo.
The teal color implies that only + 2 W/m® difference is found between the local case
and the remote case. (Replicate of Figure 2.8)
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If there is no remote sheltering and only remote scattering, then the absorbed
radiation increases throughout the basin for all cases of hillslope albedo (Figs.
3.14b,c,d and 3.15b,c,d). If vegetation hillslope albedo is applied (Figs. 3.14b and
3.15¢), then Zones 1, 2 and 4 have the greatest increases (+20 W/mz), while Zones 3,
5, 6 and 7 all have moderate increases in absorbed shortwave radiation (+10 W/m?).
When snow hillslope albedo is used (Figs. 3.14c and 3.15¢), then Zones 1, 2, 3, and 4
all absorb much more radiation than the base case (+25 W/m?). The remaining zones
are do not absorb as much, but still more than in the other cases (+16 W/m?). If mixed
albedo is used (Figs. 3.14d and 3.15d), the distribution is similar to when snow albedo
is used, but of slightly lesser magnitude.

When both scattering and remote shading are accounted for (Figs. 3.16b,c,d and
3.17b,c,d), then the importance of hillslope albedo representation is emphasized.
Using vegetation hillslope albedo (Figs. 3.16b and 3.17b), there are regions of
significant change, but overall the effects of incorporating remote controls are fairly
minor. The patterns of absorbed radiation with snow albedo (Figs. 3.16¢ and 3.17¢) or
mixed albedo (Figs. 3.16d and 3.17d) are similar. In Zones 1, 3, 6 and 7, there is little
change from the base case (4 W/m?). In the highly sheltered Zones 2 and 5, there is
a distinct decrease in absorbed radiation (-15 W/mz) in some areas when compared to
the base case. In Zone 4, there is a large increase of absorbed radiation (+10 W/m?),

but not nearly as large as when there was no remote sheltering.

3.2.4.3 Peak SWE with Snow Dynamics Modeled
The control of remote shading and scattering are pronounced in the spatial

distribution of peak SWE, reflecting the close relationship between absorbed
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Figure 3.18 Distribution of peak SWE (cm) in La Jara over the simulation period.
(a) Only local sheltering is applied and (b) local and remote shading are used.
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Figure 3.19  (a) Distribution of peak SWE over the simulation period when only
local sheltering is applied. (b) Difference in peak SWE between the base case (a) and
when remote and local shading are used. The teal color implies that only + 2 cm
difference is found between the local case and the remotely shaded case.
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Peak Snow Water Equivalent

Figure 3.20 Peak SWE (cm) of the simulation period when the sheltering scheme
applied is (a) only local controls; and local shading and remote scattering with (b)
vegetation hillslope albedo; (c) snow hillslope albedo; and (d) mixed hillslope albedo.
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Figure 3.21 (a) Peak SWE (cm) of the simulation period with local sheltering. The

difference in peak SWE between the base case (a) and the case with local sheltering

and remote scattering with (b) with vegetation hillslope albedo; (c) snow hillslope

albedo; and (d) mixed hillslope albedo. The teal color implies that only + 2 cm

difference is found between the local case and the remote case.
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Figure 3.22  Peak SWE (cm) of the simulation period when the sheltering scheme
applied is (a) only local controls; and local shading, and remote shading and
scattering with (b) vegetation hillslope albedo; (c) snow hillslope albedo; and (d)
mixed hillslope albedo.
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Figure 3.23  (a) Peak SWE (cm) of the simulation period with snow dynamics and
local sheltering. The difference of peak SWE between the base case (a) and the case
with local shading, and remote shading and scattering with (b) vegetation hillslope
albedo; (c) snow hillslope albedo; and (d) mixed hillslope albedo. The teal color
implies that only + 2 cm difference is found between the local case and the remote
case. (Replicate of Figure 2.9)
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shortwave radiation and snow dynamics. We present the spatial distribution of peak
SWE for the cases of local sheltering only; local and remote shading; local shading
and remote scattering; and local and remote shading and remote scattering.

The distribution of peak SWE when local controls are considered (Fig. 3.18a)
breaks into speéiﬁc areas. Zones 1 and 2, and the eastern portion of Zone 4 form a
contiguous zone of peak SWE of 30 cm. Zone 3 and the western portion of Zone 4
form another zone with an average peak SWE of 18 cm. Zone 5 has two distinct
values of peak SWE. The steep north-facing polygons have peak SWEs of 30 cm.
The remainder of Zone 5 and the most of Zone 6 has a peak SWE of 18 m. Zone 7
has the maximum accumulation of the entire basin, with a peak SWE of 49 cm. When
remote shading is also incorporated (Figs. 3.18b and 3.19b), there are specific areas
of difference fror;l the base case. Specifically, portions of Zones 2 and 4 deviate from
the base case by —10 cm, while areas in Zones 5 and 6 show increases over the base
case of +10 cm.

When local shading and remote scattering are represented, the deviations from
the base case are more marked (Figs. 3.20b,c,d and 3.21b,¢,d). The effects of hillslope
albedo representation are emphasized. Using vegetation hillslope albedo (Figs. 3.20b
and 3.21b) to calculate scattered light causes the peak SWE in Zone 4 to mostly
increase by +8 to +20 cm. Zones 1, 2, and 3 have little change from the base case.
Zone 5 and 7 have decreases in peak SWE (-6 to —20 cm). Snow hillslope albedo
(Figs. 3.20c and 3.21c) leads to more dramatic deviations. Western Zone 4 has large
increases in peak SWE (8 to 20 ¢cm), causing the peak SWE of all of Zone 4 to be

continous with Zones 1 and 2. The northern portion of Zone 3 has similar increases to
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that of Zone 4. Zones 5, 6 and 7 show a general decrease in peak SWE (-6 to —18 cm).
The distribution of peak SWE when a mixed albedo (Figs. 3.20d and 3.21d) is used is
nearly identical to the snow case.

When local and remote shading are included with remote scattering, a
distribution of ﬁeak SWE similar to the scattering only case emerges, but the strength
of the deviation is slightly damped by including remote shading (Figs. 3.22b,c,d and
3.23b,c,d). The changes in peak SWE when vegetation albedo is used are small
throughout La Jara, except for Zone 1 (Figs. 3.22b and 3.23b). When snow albedo is
used (Figs. 3.22¢ and 3.23c), the increases in Zones 3 and 4 are similar to those in the
scattering-only case. They lead to Zone 4 and northern Zone 3 having the same peak
SWE as Zones 1 and 2. The decreases in peak SWE in Zones 5 and 6 are slightly less
than in the scattering-only case (-2 to —14 cm), but the decreases in Zone 7 are
identical. When mixed hillslope albedo is used (Figs. 3.22c¢ and 3.23c), the
distribution of peak SWE is almost identical to the snow case, except that some of the

decreases in peak SWE in the northern portion of Zone 5 are slightly smaller.

3.2.4.4 Cumulative Snow-Covered Time with Snow Dynamics Modeled

The simulation using local sheltering has a distinctive pattern to the cumulative
snow-covered time during the study period (Fig. 3.24a). Zones 1 and 2 have the most
ephemeral snow pack (40-50 days). Zones 3, 4 and 5 have reaches of both high (100
days) and low (60 days) snow-covered time, but generally have moderate snow
covered time (80 days). Zone 6 is has a fairly homogeneous distribution of snow-
covered time (80 days). Zone 7 has some of the most persistent snow pack in La Jara

(90-124 days). When remote shading is added (Figs. 3.24b and 3.25b), the differences
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Figure 3.24Distribution of snow-covered time (days) in La Jara over the simulation
period. (a) Only local sheltering is applied and (b) local and remote shading are used.
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Figure 3.25  (a) Distribution of snow-covered time (days) during the simulation
period when only local sheltering is applied. (b) Difference in snow-covered time
between the base case (a) and when remote and local shading are used. The teal color
implies that only + 0.5 day difference is found between the local case and the
remotely shaded case.
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Figure 3.26  Snow-covered time (days) during the simulation period when the
sheltering scheme applied is (a) only local controls; and local shading and remote

scattering with (b) vegetation hillslope albedo; (c) snow hillslope albedo; and (d)
mixed hillslope albedo.
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Figure 3.27 (a) Snow-covered time (days) during the simulation period with local
sheltering. The difference in snow-covered time between the base case (a) and the
case with local sheltering and remote scattering with (b) with vegetation hillslope
albedo; (c) snow hillslope albedo; and (d) mixed hillslope albedo. The teal color
implies that only = 0.5 day difference is found between the local case and the remote
case.
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Figure 3.28 Snow-covered time (days) during the simulation period when the
sheltering scheme applied is (a) only local controls; and local shading, and remote

shading and scattering with (b) vegetation hillslope albedo; (c) snow hillslope albedo;
and (d) mixed hillslope albedo.
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Figure 3.29  (a) Snow-covered time (days) during the simulation period with snow
dynamics and local sheltering. The difference of snow-covered time between the base
case (a) and the case with local shading, and remote shading and scattering with (b)
vegetation hillslope albedo; (c) snow hillslope albedo; and (d) mixed hillslope albedo.
The teal color implies that only = 0.5 day difference is found between the local case
and the remote case. (Replicate of Figure 2.10)
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in snow-covered time between the shaded case and the base case are generally
pésitive (8-18 days) and spread throughout Zones 2, 3, 4, 5, 6 and 7. Zone 1 shows
little change.

When compared to local controls, the cases that incorporate only remote
scattering all have less persistent snow packs, independent of the hillslope albedo
parameterization (Figs. 3.26b,c,d and 3.27b,c,d). The hillslope albedo representation,
however, controls the exact distribution and magnitude of decrease in persistence.
When vegetation albedo is used (Figs. 3.26¢ and 3.27c), Zones 3 and 4 have the
greatest decreases in persistence from the base case (-4 to ~16 days). The other zones
change little. The changes are larger and more spatially frequent when snow albedo is
used for hillslope albedo (Figs. 3.26¢ and 3.27c). Here, Zones 3 and 4 once again
show the greatest decreases in snow-covered time (-16 to —28 days), but Zones 2, 5, 6
and 7 all have moderate decreases (-4 to —12 days). The distribution of snow-covered
days is similar for the mixed hillslope albedo (Figs. 3.26d and 3.27d) and the snow
hillslope albedo case. The loss of persistence is slightly less in the mixed case than in

the snow case, but only by a small amount.

3.2.4.5 Day of Peak SWE with Snow Dynamics Modeled

Another metric of the temporal character of the snow pack is at what day of
year the peak SWE occurs (DOYP). When local controls are implemented (Fig.
3.30a), Zones 1 and 2, and eastern Zone 4 have a late peak (~84 days), which is when
the large snow event occurred in March. Zones 3, 5, and 6, and eastern Zone 4 all
have earlier DOYP in mid- to late February. Zone 7 has the latest DOYB of 90 days,

consistent with its deep accumulation.
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Figure 3.30  Distribution of Julian snow-covered time (days) in La Jara over the
simulation period. (a) Only local sheltering is applied and (b) local and remote
shading are used.
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Figure 3.31 (a) Distribution of Julian day of Peak SWE during the simulation
period when only local sheltering is applied. (b) Difference in snow-covered time
between the base case (a) and when remote and local shading are used. The teal color
implies that only + 0.5 day difference is found between the local case and the
remotely shaded case.
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Figure 3.32  Julian day with peak SWE during the simulation period when the
sheltering scheme applied is (a) only local controls; and local shading and remote

scattering with (b) vegetation hillslope albedo; (¢) snow hillslope albedo; and (d)
mixed hillslope albedo.
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Figure 3.33  (a) Julian day of peak SWE during the simulation period with local
sheltering. The difference in Julian days between the base case (a) and the case with
local sheltering and remote scattering with (b) with vegetation hillslope albedo; (c)
snow hillslope albedo; and (d) mixed hillslope albedo. The teal color implies that only
+ 0.5 day difference is found between the local case and the remote case.

103



No Refiection

(b) : ﬁ"?xi{; SES

(©)

"
L B
Snow Albedo

(@)

i 4
Mixed Albedo

96 days

49 6 72
Julian Day with Peak SWE of 2005

Figure 3.34 Julian day of peak SWE during the simulation period when the
sheltering scheme applied is (a) only local controls; and local shading, and remote
shading and scattering with (b) vegetation hillslope albedo; (¢) snow hillslope albedo;
and (d) mixed hillslope albedo.
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Figure 3.35 (a) Julian day of peak SWE during the simulation period with snow
dynamics and local sheltering. The difference of Julian day between the base case (a)
and the case with local shading, and remote shading and scattering with (b) vegetation
hillslope albedo; (c) snow hillslope albedo; and (d) mixed hillslope albedo. The teal
color implies that only + 0.5 day difference is found between the local case and the
remote case. (Replicate of Figure 2.11)
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If remote shading is applied (Figs. 3.30b and 3.31b), then relatively little change
oceurs. In Zones 2 and 4, there are some regions of mild increases (5 days), but these
regions also have decreases in DOYP (-15 days). Zones 5 and 6 have scattered
regions that show positive deviations from the base case (+10 days), but the majority
of these zones and the remainder of the catchment have less than + 0.5 day difference
in DOYP than the base case.

When scattering with no remote shading is used (Figs. 3.31b,c,d and 3.32b,c,d),
larger deviations appear. The location of the differences remains the same
independent of hillslope albedo representation, but magnitude and pervasiveness of
the differences changes. When vegetation hillslope albedo is used (Figs. 3.31b and
3.32b), Zones 3 and 4 have large increases in DOYP compared to the base case (+20
to +29 days). The rest of La Jara sees little change except for some mild decreases in
Zone 5. When snow (Figs. 3.31c and 3.32¢) or mixed (Figs. 3.31d and 3.32d)
hillslope albedo is used, then the deviations are identical between the cases and are
larger than when the vegetation hillslope albedo is used. Specifically, all of Zones 3
and 4 and a portion of north-western Zone 2 all see large increases in DOYP (+15 to
+29 days). The decreases in Zones 5 and 7 are more widespread and pronounced (-15
to -20 days). The remaining zones have little change.

When both remote shading and scattering are used (Figs. 3.33b,c,d and
3.34b,c,d), the importance of accurately representing hillslope albedo is emphasized.
In the vegetation albedo case (Figs. 3.33b and 3.34b), little change is seen from the
base case, with the greatest changes occurring in isolated regions of Zone 4, where

the changes from shading and scattering were positive and additive. The rest of the
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catchment sees little change except for some isolated negative deviations. This is
cbntrasted by the large increases seen in Zones 3 and 4 and northwestern Zone 2
when either snow (Figs. 3.33¢ and 3.34c) or mixed (Figs. 3.33d and 3.34c) are used.
Also, then negative deviations in Zones 5 and 7 are of the same order as in the

scattering-only case.

3.2.4.6 Simulated Basin-Average and Point Simulated SWE

Figure 3.36 presents time series of basin-average SWE (cm), SWE at Node
1190 (in Zone 7), and SWE at Node 1196 (on a south-facing slope in Zone 3) for all
of the cases simulated. In all cases, Node 1190 and Node 1196 present end members
of behavior in the catchment, with Node 1190 having a deep persistent snow pack and
Node 1196 having a shallow ephemeral pack. The basin-average SWE generally lies
between these end-members, except in early March when a large melt event removed
much of the snow pack in the basin. In all cases, little change between cases is seen
at Node 1196. This is in an invariant region of Zone 3.

When remote shading only is considered (Fig. 3.36b), Node 1190 has a slightly
large maximum than the other cases. The basin-average SWE is nearly the same as
the base case. When scattering only is considered (Figs. 3.36¢,d,e), there are small
deviations in the melt after the maximum SWE. In all cases, a small step immediately
after the maximum occurs that is not modeled in the base case. The lower maximum
basin-average and Node 1190 SWE and a smaller rise of basin-average SWE early in
the simulation than in the base case are most pronounced when snow hillslope albedo

is applied (Fig. 3.36d). The deviations are slightly smaller when the mixed albedo is
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Figure 3.36  Time series of basin average SWE (solid) (cm), SWE at Node 1196
(dashed) (cm), and SWE at Node 1190 (dotted) (cm). These time series are replicated
for (a) local sheltering only; (b) local and remote shading; local shading and remote
scattering for hillslope representation using (c) vegetation albedo, (d) snow albedo,
and (e) mixed albedo; and local and remote shading, and remote scattering with the

hillslope representation using (f) vegetation albedo, (g) snow albedo, and (h) mixed
albedo.
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used (Fig. 3.36e), followed by fairly mild deviations when the vegetation albedo is
used (Fig. 3.36¢).

When both remote shading ;nd scattering are used (Figs. 3.36f,g,h), some
features of both the shading and scattering cases are seen. The use of vegetation
hillslope albedo (Fig. 3.36f) produces time-series very similar to the base case in all
features except that the maximum SWE at Node 1190 is slightly less than in the base

case. When snow hillslope albedo (Fig. 3.36g) or mixed hillslope albedo (Fig. 3.36h)
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is used, the behavior of basin-average SWE, and the SWE at Node 1190 and 1196 is

similar to the scattering only case.

3.3 Discussion of Ancillary Results

The major findings of Chapter II are confirmed by the ancillary results of
Chapter III. In particular, confidence has been affirmed in the model representations
of snow pack energy and mass balahce, canopy dynamics and the various radiation
schemes. Two distinct scenarios related to the radiation schemes were presented. The
first, with a uniformly applied surface albedo of 0.6, clearly demonstrated the effects
of remoté shading, remote scattering’ and the combination of the two on the amount of
absorbed shortwave radiation by removing varying albedo that is introduced by
rﬁodeling snow dynamics. In the remote sheltering case, Zones 2 and 5 had
significant decreases in radiation. When scattering only was applied, then increases
throughout the basin were found, especially in Zones 2, 3 and 4. Snow hillsope
albedo produced the largest increases in absorbed shortwave radiation, followed by
the representation using mixed albedo and the vegetation albedo. When both
scattering and shading were applied, the snow hillslope albedo produced a pattern of
absorbed radiation nearly identical to that found in the scattering-only case. The
vegetation hillslope albedo produced a muted pattern of absorbed radiation of the
shading-only case with small positive deviations from scattering primarily occuring in
Zone 4. The mixed hillslope albedo representation produced a mix of the shading-
only and scattering-only cases, but the dominance of scattering from snow-covered

surfaces was emphasized by the prevalence of positive deviations.
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In short, when a uniform albedo is applied, a clear picture of the interaction
bétweén topography and radiation appears. Shading, which is dependent only on
topography, becomes important only in areas of large topographic relief or when the
albedo of the surrounding landscape is low. Shading also serves to decrease the
amount of light that is scattered in all cases. Scattering is very sensitive to hillslope
albedo representation, and, when the landscape albedo is high, can dominate the
shading signal.

- The second scenario examined the interaction of snow and radiation by
modeling both remote controls on radiation and snow dynamics. This leads to time-
varying surface and hillslope albedos, complicating the results. The distribution of
absorbed radiation in all cases is similar in pattern, though different in magnitude, to
that of the uniform albedo scenario. The increase in magnitude is due to the non-
snow-covered periods of time when lower surface albedos are used, increasing
absorption. These changes from the base case in absorbed shortwave raditation
manifest themselves in the distribution of snow-related variables in the basin. In the
shading-only case, the deviations in peak SWE and DOYP are small but are
correlated with the distribution of radiation. The strong relationship between radiation
and cumulative time snow-covered is more instructive. When comparing these two
maps, the regions with decreases in radiation have increases in snow-covered time.

In the scattering-only case, the importance to the spatiotemporal distribution of
hillslope albedo and the significance of scattering are emphasized. Here, the region of
peak SWE and DOYP that was restricted to Zones 1 and 2 are extended into Zone 4.

This corresponds to the largest increases in absorbed radiation in the catchment. The
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same is true for snow-covered time, with the areas of largest decreases in snow-
covered time corresponding to the regions of largest increases in absorbed radiation.
This related shift of radiation and snow variables is largest when snow albedo is used
for the hillslope albedo, with similar results for the mixed albedo. When vegetation
albedo is used, the regions affected are similar, and, given the smaller deviations of
radiation, the differences of snow variables is correspondingly small.

When both scattering and shading are modeled, the distribution of snow
variables is once again related to the distribution of absorbed radiation in the same
way that it was in the shading-only and scattering-only case; when both are modeled,
the results are a composite. If vegetation hillslope albedo is applied, then the
decreases in Zones 2 and 5 lead to increased snow-covered t{me and mild deviations
in peak SWE and DOYP. Overall, when vegetation hillslope albedo is used, the
results are remarkably similar to the base case. Representing the landscape albedo
with snow or mixed albedo leads to the dominance of scattering, as seen in increased
radiation, large deviations in peak SWE and DOYP, and decreased snow-covered
time. All of these deviations are correlated in space and related to the high albedo of
snow. In Zone 2, however, there remained regions of decreased absorbed radiation
and increased snow-covered time. The effects on peak SWE and DOYP are minor,
similar to the shading-only case.

The primary difference between the two scenarios (uniform cover and dynamic
albedo) is in the magnitude of absorbed radiation. The visual patterns, which are

constrained by topography, remain nearly the same. The change in magnitude of
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absorbed radiation is due to the lower albedo durings time with no snow cover when
snow is modeled.

To summarize, the incorporation of shading leads to less absorbed radiation,
and, when snow dynamics are modeled, correspondingly more persistent snow pack.
When scattering only is modeled, then radiation increases and the persistence of the
snow pack decreases. Snow hillslope albedo leads to the largest deviations, followed
by mixed and then vegetation albedo representations. If both scattering and shading
are incorporated, the results are a composite of the results from the two other cases. If
vegetation albedo is used, some areas (e.g., Zone 4) reflect the increase in radiation
from scattering, while others (e.g., Zone 2) reflect large decreases in radiation. Much
of the catchment displays small changes from the local case, as the scattering is
balanced out by remote shading. If snow or mixed hillslope albedo is applied, then the
component of scattering dominates over shading. These effects are significant,
decreasing snow-covered time by weeks. Only in deeply incised regions (Zones 2 and

5) are the effects of shading prevalent.

3.4 Summary

I have presented a single-layer energy-balance snow model that incorporates
snow-vegetation-terrain interactions by representing local interception of snow by
vegetation canopy and controls on incoming shortwave radiation through sheltering
and .scattering from distant topography. I presented four different representations of
topographic controls on incoming shortwave radiation: local controls of slope and
aspect; local and remote shading; local shading and remote scattering; and local and

remote shading with remote scattering. In the remote cases incorporating scattering,
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three subcases were presented, where I changed the representation of the albedo of
distant slopes among (1) vegetation albedo, (2) snow albedo, (3) a dynamic mix of
vegetation and snow albedo. I applied these models to the La Jara catchment in the
Valles Caldera National Preserve in the Jemez Mountains of north central New
Mexico between 1 November 2004 and 5 June 2005. After completing the
simulations, their results were compared, specifically the different simulated absorbed
shortwave radiation, maximum SWE, and temporal persistence of snow in the
catchment.

The simulations led to some interesting and unexpected results. When the
landscape albedo (i.e., the albedo of the distant hillslope) was taken to be that of
vegetation, it appears that the scattered radiation and the radiation blocked by
topography balance in such a way that the effective incoming shortwave radiation
was similar to the local case. In other words, at least for La Jara, only minor
deviations from the local case have been seen when the remote sheltering and
vegetation landscape albedo was used.

This near equivalence between the base case and the vegetative case was in
stark contrast to the case when snow albedo is used. Here, the deviations in radiation
from the local case were dramatic, generally causing a more ephemeral snow pack.
The increases in radiation led to less persistent snow cover throughout the catchment.
The decreases in snow-cover persistence led to a less persistent snow pack earlier in
the season. We defined peak SWE to be the maximum of the most persistent (longest
continuous snow cover) portion of the simulation. Because of this deﬁnition the

earlier portions of the season where peak SWE occurred previously were no longer
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the most persistent snow cover of the simulation, changing both the date of peak and
the peak SWE amount to a later date and a greater amount.

When the dynamic snow-vegetation albedo was applied, the results are nearly
identical to when snow albedo is used. This results from the temperature-index based
unloading scheme used. The cold temperatures forcing the model cause snow to
remain in the canopy for extended periods of time, leading to snow-only albedo, and

not a combination of snow and vegetation albedo, for most of the modeled period.

3.5 Recommendations for Future Work

My recommendations fall into three categories. The first consists of
improvements to the snow algorithm. The second consists of possible numerical
studies that directly address the local and remote controls of vegetation. The third
consists of field studies that examine the issues of distant vegetative, snow, and
topography interactions.

There are some immediate additions that can be made to the snow model. First,
the single layer scheme needs to be extended to at least a two-layer and possibly a
multi-layer scheme. Either of these extensions may lead to significant improvements
with respect to model accuracy. The model needs to incorporate at least the active-
inactive zones of a two-layer model to be more accurate (Marks et al., 1999). If more
emphasis were placed on understanding effects of radiation, a multiple layer scheme
incorporating extinction depths, detailed snow and ice microphysics, and adjustments
made to the albedo for litter and dust is preferable, though more computationally

expensive (Anderson, 1976).
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Similarly, shallow ground heat flux needs to be included in the modeled energy
bélance, even in the single-layer model (Tarboton and Luce, 1997). This would allow
the accumulation periods of the season to be better captured, which then ensures an
accurate portrayal of the ablation season. Some of framework for the computation of
ground heat flux is already in place in tRIBS that should allow for a relatively fast
implementation (Ivanov et al., 2004).

A more accurate snowmelt algorithm is also needed. Currently, a threshold
method is used because of its simplicity. Fither the algorithm used by Tarboton and
Luce (1997) or by Albert and Krajeski (1998) is recommended. Either model would
help ensure more realistic melt periods and downstream hydrographs.

Currently, there is no truly satisfactory model for unloading of snow captured in
the canopy. The two competing models are presented in Pomeroy et al. (1998) and
Liston and Elder (2006). The latter is used here. Pomeroy et al. (1998), unfortunately,
does not allow for preexisting snow in the canopy. For single interception events, it
can be made to fit the unloading of individual trees through expensive field
experiments and calibration. Liston and Elder (2006) present an empirical model
without clearly justifiable parameters. This model, however, does allow for loading of
snow in an already partially filled canopy and has some physical reasoning (in
warmer temperatures, the viscosity of snow decreases and the elasticity of branches
increase, leading to faster unloading). This problem should be looked at in greater
detail and approached from basic stress-strain relationships that would hopefully scale
up to a simple set of relationships involving temperature, vapor pressure, and wind

speed.
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Additional numerical studies can be performed based on the developed
aioplications for the Quemazon SNOTEL station and La Jara catchment. These studies
focus on the effects of vegetation on the partitioning of water and energy under the
current model assumptions.

A detailed sensitivity study of the parameters of the loading, sublimation and
unloading scheme needs to be performed, with the primary focus not necessarily on
the impact to the state of the canopy, but, instead, on the effect of different
parameterizations on the state of snow on the ground (i.e., changes in distribution of
SWE). I do not believe these generally accepted models have been tested in this way.
Additionally, a full sensitivity analysis of the impact of landscape albedo on the
distribution of radiation and SWE needs to be carried out. This study focused on two
end-members (snow albedo vs. vegetation albedo). This leads to a gap in specific
knowledge of the different regimes possibly due to variations in landscape albedo.

Currently, a component of the tRIBS is being developed that will allow
dynamically varying albedo, vegetation fraction, LAI, and other vegetation
parameters. This, in the context of snow-cover, should be examined both with actual
data sets and synthetic data in order to clearly show the relationships in time of the
state of vegetation and snow-cover.

Finally, a well-paremeterized warm-season tRIBS application in La Jara needs
to be developed. As this study focused only on the snow-cover, the groundwater
table, soil parameters, and some of the vegetation parameters were not focused on,

leading to an unexplored representation of runoff and groundwater flow.
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My recommendations for field studies are focused on quantifying the actual
contributions of terrain-scattered radiation as well as the controls of sheltering, and
how are these effects are distributed in space. A series of criterion can be set in order
to, first, identify suitable areas of work and, second, guide the experimental design to
examine the temporal and spatial variations of scattered and sheltered light.

In terms of the field locations, some basic criteria can be specified. The overall
geometry of the setting must be relatively simple (e.g., lone peak, u-shaped valley, or
bowl-shaped) and contain relatively homogeneous vegetation, at least near the
measurement locations. These two considerations ensure that the observations made
are interpretable. One possibility is to examine the spatial decay of scattered light
from a mountain out onto a plain. To the best of my knowledge, this study has not
been performed. Such a study is needed to clearly conceptualize and model the
scattering processes. Another, though harder, approach would incorporate different
landscape elements (e.g., peaks, bowls and valleys) and measure their contributions to
the shading and scattering of light.

Given the current emphasis on non-glaciated sub-alpine to alpine setting, I
would recommend to retain focus on these regions at first. There is no reason not to
examine glaciers, except for that the model presented in this work does not consider
those dynamics. In fact, the changing albedo of perennial snow-cover and ice may
yield some interesting results. For example, the long-term exposure of snow may
increase the effects of dust, leading to higher degrees of surface melt that then cause

ice-layers to form in deeper in the pack, aiding the conversion of snow into ice.
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The instrumentation for a radiation-specific study is more complicated. A
désign would need to be constructed that could isolate a radiometer from scattered
light, while maintained portability and retaining the possibility of removing the
‘shelter’ efficiently in order to get a base measurement. One possible simple design is
similar to a lamp with an upturned shade. It should have an adjustable angle in order
to mimic the sky-view sheltering of the region. A measurement without the shade
should also be taken. As the first measurement would focus on the incoming radiation
from the atmosphere, the difference between the total radiation measure and the first
measurement would yield an estimate of the scattered radiation.

One of the other subtle points of these studies lie in the fact that the conditions
on distant surfaces change the scattering of light. To incorporate this, spatially
distributed proxies of albedo need to be found. Possibilities include remotely sensed
proxies as well as site-specific measurements. One possibility is to incorporate
concurrent photography from the radiation-measurement locations. This would allow
the remote surface conditions to be evaluated, especially with respect to visible snow-
covered area. Coincident measurements of soil moisture, during the warm season, and
snow depth, during the cold season, should be taken as well in order to examine the
degree of coupling of scattered light and the surface hydrology.

Closely located permanent stations across different terrain features and
ecosystems that measure radiation, surface hydrologic conditions, and other
hydrometeorologic variables would provide a more reliable and temporally dense set

of measurements than the approach outlined above. The cost of this could be
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prohibitive. In order to balance the two approaches, a sparse permanent network
céuld be constructed with periodic intermediate measurements.

This study has led not only to some findings that point to the need to consider
the landscape asa whole instead of as a collection of independent points, but also to a
recommended series of numerical and field studies. All of these studies are focused,
either directly or indirectly, at examining the relative importance of different portions
of the energy budget on the distribution of snow. While many studies have looked at a
specific process in a particular location, relatively few studies appear to consider

snow-cover for what it is—a delicate manifestation of everything around it.
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APPENDIX: IMPLEMENTATION OF SNOW DYNAMICS AND REMOTE
RADIATION CONTROLS IN TRIBS AND CONTENTS OF ATTACHED DVD-
ROM

A.1 Introduction

In order to provide structure for future model developers and users, extensive
documentation has been constructed for the new components. The goal of this is to
provide perspective and verification of the research results, introduce future authors
smoothly to the model architecture (both tRIBS and snow model), facilitate version
control and updates, and introduce the additional requirements and capabilities of the

tRIBS to future users.

A.2 Existing Model Structure

I am incorporating snow physics and remote topographic sheltering into the
tRIBS model described in Ivanov et al., (2004) and Vivoni et al. (2007). The
computational mesh is based on an irregular mesh that is resampled from a gridded
digital elevation model (DEM), the implementation of which is described in Tucker et
al. (2001) and Vivoni et al. (2004). The existing model, including ancillary
functionality and model physics, is object-oriented and written in C™. Objects are

abstract numerical entities that have linked functionality and properties. In tRIBS,
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each single object contains a large set of functionality. For example, energy and mass
balance at the surface is handled by the tEvapoTrans object, while infiltration
processes are represented in tHydroModel. A hierarchy of interconnected objects
forms the spatial mesh (or discretization), culminating in the pervasive tCNode
derived class that stores the state variables, fluxes and output variables of each node
in the mesh. A class is an instance of an object (e.g., an integer variable is an instance
of an integer type).

The classes of the model can be classified into those relevant to (a) the
discretization, (b) the routing, (c) the land-surface, (d) the subsurface, (e) the input
and output (I/O) for meteorological, soils and land-use data, (®) the input/output (I/O)
for model options, and (g) organizing and sequencing other classes. As snow
processes are surface processes, I added two objects to (c). In order to represent
shading from remote topography, however, another class was required in (e).
Numerous minor changes were also needed in classes relevant to (a) the
discretization, (g) ancillary classes, (d) subsurface classes and (f) I/O for model

options, as documented in Table A.1.
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Table A.1

A list of the changes to existing classes. The noted changes are added
functions, added variables and modified functions. Within the code, changes can be
tracked by searching the function for AJR 2007.

Class (Class . Adde . .
( Added Functions . d Modified Functions
Type) Variables
tOutput void CreateAndOpenPixel()
void
1/0) CreateAndOpenDynVar()
tCOutput void WritePixellnfo(double)
void
(o) WriteDynamicVar(double)
void
WriteDynamicVars(double)
void WriteIntegrVars(double)
tFlowResults void write_inter hyd(char *,
(1/0) char * int)
tFlowNet .
(Routing) void SurfaceFlow()
tCNode double getLigWE() Double ligWEg tCNode()
(Discretization) double getlceWE() double iceWEq tCNode(tInput &)
doublegetDU() double dU
doublegetLiqRouted() Double ligroute
double getSnTempC() double snTemperC
double getCrustAge() double crAge
double getDensityAge() double densAge
double getEvapoTransAge() double ETage
double getSnLHF() Double snLHF
double getSnSHF() Double snSHF
double getSnGHF() Double snGHF
double getSnPHF() Double snPHF
double getSnRLin() double snRLout
double getSnRLout() Double snRLin
double getRSin() Double snRSin
double getUnode() Double Unode
double getUerror() double Uerror
double getCumLHF() double intSWEq
double getCumSHF() Double intPrec
double getCumPHF() double intSnUnload
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Table A.1 Continued

double getCumRLin()
double getCumRLout()

double getCumRLin()
double getCumRSin()
double getCumGHF()
double getCuersSuﬁ()
double getCumHrsSnow()
double getCumUerror()
double getIntSWE()
double getlntPrec()
double getIntSnUnload()
double getIntSub()
double getCumIntSub()
double getCumIntUnl()
double getHorAngle0000()
double getHorAngle0225()

double getHorAngle0450()

double getHorAngle0675()
double getHorAngle0900()
double getHorAngle1125()
double getHorAngle1350()
double getHorAngle1575()
double getHorAngle1800()
double getHorAngle2025()

double intSub

double
horizonAngle0000

double
horizonAngle0225

double
horizonAngle0450

double
horizonAngle0675

double
horizonAngle0900

double
horizonAngle1125

double
horizonAngle1350

double
horizonAngle1575

double
horizonAngle1800

double
horizonAngle2025

double
horizonAngle2250

double
horizonAngle2475

double
horizonAngle2700

double
horizonAngle2925

double
horizonAngle3150

double
horizonAngle3375

double sfact
double lfact
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Table A.1 Continued

double getHorAngle2250()
double getHorAngle2475()
double getHorAngle2700()
double getHorAngle2925()
double getHorAngle3150()
double getHorAngle3375()
double getSheltFact()
double getLandFact()
void setLiqWE(double)
void setlceWE(double)
void setDU(double)
void setLiqRouted(double)
void setSnTempC(double)
void setCrustAge(double)
void setDensityAge(double)
void
setEvapoTransAge(double)
void setSnLHF(double)
void setSnSHF(double)
void setSnGHF(double)
void setSnPHF(double)
void setSnRLin(double)
void setSnRLout(double)
void setRSin(double)
void setUnode(double)
void setUerror(double)
void setintSWE(double)
void setIntPrec(double)

void setIntSnUnload(double)
void setIntSub(double)
void setHorAngle0000(double)

void setHorAngle0225(double)
void setHorAngle0450(double)

void setHorAngle0675(double)
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Table A.1 Continued

void setHorAngle(900(double)
void setHorAngle1125(double)
|void setHorAngle1350(double)
void setHorAngle1575(double)
void setHorAngle1800(double)
void setHorAngle2025(double)
void setHorAngle2250(double)
void setHorAngle2475(double)
void setHorAngle2700(double)
void setHorAngle2925(double)
void setHorAngle3150(double)

void setHorAngle3375(double)

void setSheltFact(double)
void setLandFact(double)
void addLHF(double)
void addSHF(double)
void addPHF(double)
void addRLin(double)
void addRLout(double)
void addRLin(double)
void addRSin(double)
void addGHF (double)
void addHrsSun(double)
void addHrsSnow(double)
void addUerror{double)
void addIntSub(double)
void addIntUnl(double)
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tPreprocess
(Ancillary)

void
CheckInputFile(tInputFile &)

tSimulator
(Ancillary)

void
simulation loop(tHydroMod
el*, tKinemat*,
tEvapoTrans®, tintercept*,
tWaterBalance*,
tSnowPack*,
tSnowIntercept*)

void RunltAgain(tInputFile
&, tHydroModel*,
tKinemat*, tEvapoTrans*,
tIntercept*, tWaterBalance*,
tSnowPack*,
tSnowlIntercept*)

void
SurfaceHydryoProcesses(tEv
apoTrans*, tIntercept*,
tSnowPack?*,
tSnowlIntercept®)

tHydroModel
(Subsurface)

void
UnSaturatedZone(double)

VCell
(Discretization)

int

findDirectionIntersectionPoint(

in, double, double, double*,

double*, double* double*,
int)

void
convertToVoronoiFormat(int

)

Table A.2

The inheritance structure of the new classes (£Shelter, tSnowPack,

tSnowlntercept) from base classes (tResample, tSnowPack, tSnowlntercept).

Base Class
Derived Class

tResample
tShelter

tEvapoTrans
tSnowPack

TEvapoTrans
tSnowlntercept
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A.3 Added Classes

I have added three new classes: tSnowPack, tSnowlntercept and tShelter. All
three are derived classes (Table A.2). Of these, tSnowPack and tSnowlntercept add
physics to model. Snow pack dynamics are included in tSnowPack and snow-canopy
interactions are included in #Smowlntercept. Both of these classes inherit from
tEvapoTrans as they require much of the same functionality. The class tShelter
derives gridded maps of horizon angles at 16 azimuths and subsequently resamples
the grids to the Voronoi polygon mesh via areally weighted averaging. Because of
their similar functions, zShelter is derived from tResample. The sky-view and land-
view factors are calculated before any physical calculations (i.e. incoming radiation)
are performed. A list of functions and variables for each added class is found in

Tables A.3.

A.4 Guide to DVD-ROM

The attached DVD-ROM consists of several sets of files. These consist of (a)
the entire source code (tRIBS and the snow model), (b) site-specific and option
specific models, (c) flow charts of the algorithm, and (d) adjusted tRIBS user

manuals.
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Table A.3  The architecture of added classes (tShelter, tSnowPack and
tSnowlntercept) with added functions and variables.

Class (Class

Type)
tShelter tShelter() double GridInPath[50]

(Ancill )‘ tShelter(sSimulationControl* tMesh<tCNode> *,
ary. tinputFile&)

~tShelter double horAngle
double maxTan
double tempTan
double maxRow
double maxCol
double maxZ
double tempZ
double initZ
double sv
double Iv
double slope
double aspect
double elevation
double **horAngleX
double **tempGrid
int radSheltOpt
int windSheltOpt

Added Functions Added Variables

double angleDiv

tSnowPack tSnowPack() double densityAge

tSnowPack(tSimulationControl*,
(Surface) tMesh<tCNode>*, tInputFile&, tRunTimer*, double rainTemp
tResample*, tHydroModel*, tRainfall*)

~tSnowPack() double ETAge
void SetSnowPackVariables(t/nput&, .
tHydroModel*) double timeSteph
void SetSnowVariables(tInput &, .
tHydroModel*) double timeStepm
void callSnowPack(tIntercept*, int, .
tSnowlintercept*, double, double) double timeSteps
void getFrNodeSnP(tCNode*) double minutelyTimeStep
void setToNodeSnP(¢CNode*) doubleligWE
void SetSunVariablesSn() double iceWE
void snowEB(int) double snWE
int getSnowOpt() double ligRoute
double densityFromAge() double liqgWEm
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Table A.3 Continued

double latentHFCalc(double)
double sensibleHFCalc(double)
double snowFracCalc()
double precipiationHFCalc()
double latHeatVapCalc()
double latHeatFreezeCalc()
double latHeatSubCalc()
double heatCapAirCalc()
double heatCapSolCalc()
double heatCapLiqCalc()
double vaporPressSnowSurfCalc()
double aging Albedo()
double resFactCalc()
double inShortWaveSn()
double inL.ongWaveSn()
double emmisSn()
double CtoK()
double KtoC()

double iceWEm
double stWEm
doubleUtot
double Usn
double Uwat
double Utotold
double liqgWatCont
double ligTempC
double iceTempC
double snTempC
double ligTempK
double iceTempK
double snTempK
double crustAge
double H
double L
double G
double Prec
double Rn
doubledUint
double Rlin
double Rlout
double Rsin
double Uerr
double snPrec
double ligPrec
double snPrecm
double ligPrecm
double snPrecmam
double ligPrecmm
double snUnl
double vapPressSmb
double vapPresskSPa
double rholiqcgs
double rhoicecgs
double thosncgs
double rholigkg
double rhoicekg
double rhosnkg
double thoAir

129



Table A.3 Continued

double phfOnOff
double cpsnowk]
double cpicek]
double cpwaterk]
double cpairk]
double latFreezek]
double latVapk]
double latSubk]
double resFact
double hillalbedo
double albedo
double compactParam
double thoSnFreshkg
double snDepth
double snDepthm
double snOnOff
double naughttokilo
doublekilotonaught
double cgsRHOtomks
double mksRHOtocgs
double naughttocm
double cmtonaught
double ctom

double mtoc
tSnowlntercept tSnowlIntercept() int nID
tSnowlIntercept(¢SimulationControl*,
tMesh<tCNode>*, tinputFile&, .
(Surface) tRunTimer*, (Resample*, double timeSteph
tHydroModel*, tRainfall*)
~tSnowlntercept() double timeStepm
void
SetSnowlnterceptVariables(t/nput&, double timeSteps
tHydroModel*)
void SetSnowVariables(tInput &, . .
tFFydroModel®) double minutelyTimeStep
void callSnowlIntercept(tCNode*, .
tntercept*) doubleliqgWE
void getFrNodeSnP(tCNode*) double iceWE
void setToNodeSnP(tCNode*) double snWE
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Table A.3 Continued

void SetSunVariablesSn()
void snowEB(inf)
void computeSub()
void computeUnload()
int getSnowOpt()
double densityFromAge()
double latentHF Calc(double)
double snowFracCalc()
double latHeatVapCalc()
double latHeatF feezeCalc()
double latHeatSubCalc()
double heatCapAirCalc()
double heatCapSolCalc()
double heatCapLiqCalc()
double inShortWaveSn()
double CtoK()
double KtoC()

double ligRoute
double ligWEm
double iceWEm
double snWEm
doubleUtot
double Usn
double Uwat
double Utotold
double ligWatCont
double liqTempC
double iceTempC
double snTempC
double ligTempK
double iceTempK
double snTempK
double crustAge
double H
double L
double G
double Prec
double Rn
doubledUint
double Rlin
double Rlout
double Rsin
double Uerr
double snPrec
double ligPrec
double snPrecm
double ligPrecm
double snPrecmm
double ligPrecmmm
double snUnl
double vapPressSmb
double vapPresskSPa
double rholigcgs
double rhoicecgs
double rhosncgs
double rholigkg
double rhoicekg
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Table A.3 Continued

double rhosnkg
double rthoAir
double phfOnOff
double cpsnowk]
double cpicek]
double cpwaterk]
double cpairk]
double latFreezek]
double latVapk]
double latSubk]
double resFact
double hillalbedo
double albedo
double compactParam
double rhoSnFreshkg
double snDepth
double snDepthm
double snOnOff
double naughttokilo
doublekilotonaught
double cgsRHOtomks
double mksRHOtocgs
double naughttocm
double cmtonaught
double ctom
double mtoc
double htos
double Qcs
double Ce
double 1
double Told
double psiS
double Imax
double prec
double LAL
double kc
double iceRad
double dmdt
double Omega
double Sp
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Table A.3 Continued

double RH
double D
double thoVap
double Sh
double Nu
double Re
double Ktatm
double Ta
double Mwater
double R
double RdryAir
double esatlce
double nu
double beta
double acoefficient
double Lm
double airTempK
double effPrecip

A4.1 Source Code

The entirety of the source code is found in ./Code. Tables A.1 and A.3 have a
list of new classes, new and altered functions and new and alteréd variables. Each
new or adjusted group of code begins with a description and is marked with 4JR 2007
to indicate its addition. The comments found in the code form an adequate description
of the architecture and algorithms of the new modules. The general style mimics that
of the pre-existing source code. In the physical classes (i.e., tSmowPack and
tSnéwIntercept), this consists of constructors and destructors with associated
initialization functions, calling functions, functions that interact with the
discretization objects (t(CNode), unit conversion functions, physical subroutines for

computation of fluxes and parameters, and miscellaneous auxiliary functions. In
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tShelter, an ancillary class, there is only one set of functions, the constructor, as this
class only derives and resamples horizon angles and sky-view factors. As tShelter
inherits from tResample, most of the functions and variables used are already present
in the base class.

To run fhe uniform case, the code was hardwired to run with the appropriate
albedos (see Chapter 3). This is done in the function inShortWave() in

tEvapoTrans.cpp. Then , the code needs to be recompiled.

A 4.2 Makefile, Compilation and Executable

The compilation process of the modified code is the same as before: in order to
compile the code, use the command make —f makeLINUX at the prompt with the
needed make file in the same directory. The makefile, makeLINUX , is found in
./Code. The executable used for the simulations, fribs.exe, are also found in ./Code.

To run all of the simulations, use the runfile, 7ibs0405 multi.

A.4.3 Site Models

Two site specific model applications are found in the directories ./quemazon
and ./lj20. The meteorological data, including rainfall, for the Quemazon and La Jara
models are found under ./quemazon/Weather and ./[j07/Weather, respectively. The
*in files are found in ./quemazon and ./[j20. The files associated with land-use, soils,
and digital elevation maps, and point files are found in ./quemazon/Input and
[j20/Input. In the Output®* directories the*.aml/ scripts and MATLAB *m files

needed to process the various map outputs are found. The point outputs are found in
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the same directory with the extension *pixel. Integrated average basin responses
from * mrf files are found in Output*/hyd.

In order to run the model applications, export the file directory into an
appropriate directory, adjust the needed file pathnames in the *in file, and start the
simulations according to the instructions in the user manual, which is also found on
the DVD-ROM.

A number of *.in files are used in the simulations from this thesis. In quemazon,
there is only quem0405.in. In [j20, a number of *.in files are found for the different
cases. For each, the base name is [j Winter0405 a#s%&. The # is a wildcard for the
hillslope albedo option (0 => snow albedo, 1 => land-use albedo, and 2=> mixed
temporally varying albedo) used in the *.in file. The % is a wildcard for the shelter
option used (0 => local with no hillslope scattering, 1 => remote control on diffuse
shading and scattering, 2 => remote control on direct and diffuse shading and
scattering, and 3 => no sheltering or scattering). The & is whether a uniform albedo
(1) or snow dynamics was used (&).

The same nomenclature used for specifying the *.in files for the La Jara model
are used to specify the Output directories. There are four Output a#s% directories
with # representing the user-selected hillslope albedo option and % representing the
user-selected sheltering option. The outputs used in this work are also included, the
base name specified in the *.in file (/j* or quem™®) with _base appended.

The scripts used to visualize model spatial output are also included in each
output directory. In order to visualize snow variables in ArcGIS, it is necessary to

truncate the spatial output files. This is done by using findZeros tRIBSmap.m and
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findZeros_DYNmap.m. These output temp.* files that can then be - changed
dppropﬁately (e.g. from temp to 1j) and inputted into createtribsmap_crip.aml (for
integrated output) and createtribsmap_drip.aml (for dynamic output) to construct the
Arc coverages used for visualization of results. The scripts createvoicover.aml and
createrchcovef.aml do not require any preprocessing to use.

A point worth mentioning concerns the meshes and parameterization used in the
two models. The Quemazon SNOTEL station corresponds to node 100 of the
Quemazon model. With the current version of tRIBS, a small headwater basin
containing the site was delineated. This mesh includes concave polygons that are
constructed improperly by tRIBS. These polygons were not corrected as each node
acts independently, and the node of interest was not concave.

The model developed for La Jara catchment is developed using a 10 m DEM.
An allowed disparity (z, error tolerance) of 2.0 m was allowed between the DEM and
the derived TIN. A stream threshold of 500 m” was used to derive the network. This
means that the model treats a polygon that has a contributing area of 500 m* or more
as a stream polygon. The boundary and stream reaches were manually checked for
consistency and nodes associated with concave polygons were corrected. There were
four concave polygons derived by the mesh generator. Given that this is less than
0.1% of the total number of polygons and the concave polygons were small, these

nodes were deleted from the nodes file.

A.4.4 Flowcharts
Linked flowcharts (Table A.4) are found in ./FlowCharts and fall into three

groups. The general approach was to provide a broad map of the flow of execution
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and logic in the program, beginning with main.cpp and progressing through detailed
physical and geometric algorithms. This warranted including details of code that was
not constructed in this work and, in order to only show the most pertinent portions of
the program, to leave out some of the details of the added modules.

Excluding main.cpp, the flowcharts fall into three groups. The first group is the
flowchart of cVell::convertToVoronoiFormat(). The case of small grid cell size and
large Voronoi polygons was not accounted for in the original function. I have added
this functionality. The second group is the zShelter::tShelter() constructor. To easily
access needed functionality, tShelter inherits from fResample. Lastly, a sequence of
ﬂowch\arts detailing the physics of the snow algorithm, both of the snow pack

(tSnowPack) and snow interception (tSnowlntercept), is included. The organization of

flow charts is summarized in Table A.4.

A.4.5 User Manual

The existing model already has an extensive user manual that lists input
parameters, classes, data sources, among other information. Changes have been made
to include the addition of the remote shading and snow physics. These changes are
mostly consolidated in the description of the classes, and input options, pathnames
and parameters. The updated *html files are included under usermanual html,

modelinfo.html and modeloutput.html in the home directory.
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Table A4

also characterizes the modular nature of the programming style.

A list of the pages and their links. The list is naturally repetitive and

Page Link Page Link
main.cpp convertToVoronoiFormat latentHFCalc callSnowPack
tShelter snowEB
callSnowPack
precipitationHFCalc| callSnowPack
convertToVoronoiFor main.cpp snowFracCalc
mat
snowEB
tShelter main.cpp
agingAlbedo callSnowPack
callSnowPack main.cpp
callSnowlIntercept snowEB callSnowPack
snowFracCalc latentHFCalc
resFactCalc sensibleHFCalc
latentHFCalc inShortWaveSn
precipitationHFCalc inLongWaveSn
agingAlbedo
snowEB computeSub callSnowIntercept
inShortWaveSn
callSnowlIntercept callSnowPack
computeSub computeUnload | callSnowIntercept
computeUnload
snowFracCalc sensibleHFCalc snowEB
snowFracCalc callSnowPack inShortWaveSn snowEB
callSnowlIntercept computeSub
precipitationHFCalc aboveHorizon
compSkyCover
resFactCalc callSnowPack
snowEB inLongWaveSn snowEB
compSkyCover
compSkyCover inShortWaveSn
inLongWaveSn aboveHorizon inShortWaveSn
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