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Abstract
Field studies have shown that substantial changes in snowmelt during rain-on-snow
events can occur due to removal of forest cover. These changes are attributable to differences in
snow accumulation as a result of canopy interception changes, and to differences in latent and
sensible heat associated with increased wind at the snow surface when vegetation is removed.
However, the field studies are of necessity point observations; at the watershed scale, the effects
of vegetation changes on any particular flood are complicated by variations in antecedent snow
accumulation, spatial difference,5

in temperature and precipitation during the storm, and the area-

elevation distribution of the watlzrshed.
At the watershed scale, physically realistic computer simulation models offer the best
hope for understanding the effec:ts of forest harvesting on hydrologic response, and on flood
peaks in particular. The Distributed Hydrology-Soils-Vegetation Model (DHSVM) was
modified for the purposes of evaluating the effects of forest harvesting on flooding. Changes and
enhancements to the model include: a) incorporation of a module to estimate topographic
effects on precipitation, b) modification of the original single layer snow model to incorporate a
thin surface layer, c) inclusion of a channel routing scheme, and d) certain changes to the
representation of vegetation effe:cts on aerodynamic resistance under the forest canopy.
Followi~ng testing of the modified version of DHSVM, it was applied to produce a 46
year simulation (1948-93) of the: Snoqualmie River at Carnation, with vegetation fixed at 1989
conditions. The residuals (difference between simulated and observed peak flows) were
analyzed for trends. Because thlz residuals series is effectively adjusted for climatic variations
that might have been associated with the specific st,orms associated with the floods, any trends
should be the result of vegetation changes.
Based on the residuals analysis, the major conclusions of this study are:

1) No significa.nt trend has occurred during the period of analysis in the annual maximum flood
series, while the smaller floods in the peaks over threshold series (less than 650 ems) showed
statistically

significant

increases;

2) The amount of forest harvest,ing that has actually occurred in the Snoqualmie River
watershed is not enough to explain the observed trend in the smaller floods in the peaks-over-

threshold

series;

3) Land use effects not represented by DHSVM, such as forest roads, may have a greater effect
than ROS physi.cs, which are represented by the model;

4) The largest changes in peak streamflows were found to occur from spring peak flows, most
of which are significantly smaller than bankfull capacity. While this result is not of practical
significance in terms of flood ch,anges in the Snoqualmie basin, it may have important
implications for changes in flood peaks resulting from forest harvesting in eastside catchments,
where spring snowmelt peaks dominate the flood series;

5) Observed changes in the smaller floods of the peaks-over-threshold series are much larger
than those pred:icted given the magnitude of historical land use changes. This result suggests
that some mechanism other than changes in ROS runoff is the cause.

A sensitivity analysis was conducted of changes in selected events in the peaks-overthreshold series that would have occurred for three alternative harvest strategies, with harvested
areas distributed spatially based on visual impact considerations. The three strategies resulted in
10 percent of the basin being cut at elevations below 300 m, between 300 and 900 m, and above
900 m, respectively. The peaks-over- threshold for the period 1948-55 with the alternative
strategies, and for prescribed complete forest cover, were compared using DHSVM. Increases in
the peaks-over-threshold were predicted to be small, averaging under 2 percent (maximum 10
percent) for harvest below 300 m, about 2 percent (maximum 5 percent) for harvest between
300-900 m. Even smaller chang;es were predicted when the harvest was concentrated above 900
m.
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Chapter 1. Introduction
1.1 Background
Most major floods in western Washington occur in late fall and early winter as the result of
intense warm rainfall, accompanied by melting of at least part of the accumulated snowpack. A
recent example of such an event was the flood of late November 1990, when the arrival of a
Pacific warm front followed an extended period of cool, wet weather. The freezing level in the
Cascade and Olympic Mountains rapidly rose from about 500 to over 2500 meters. This change
was accompanied by as much as fifteen inches of rain in a 48 hour period. As a result, a significant portion of the accumulated snowpack below 2500 meters melted. The combination of the
heavy rain and an additional 75 mm of snowmelt (expressed as a water equivalent) resulted in
extensive flooding in many western Washington rivers. Many of the major rivers which drain the
west central Cascades experienced flood peaks with recurrence intervals exceeding 100 years.
The estimated flood damage in King County alone exceeded $20 million. A similar event
occurred at about the same time of year in 1986, and also caused major flooding and extensive
damage in Western Washington. During late December 1994, record flows occurred in streams
draining the southern Olympic Range, especially the Skokomish R.iver. Extensive flooding in
January 1995 in western Oregon and Northern California was also caused in part by rain-on-snow
events.
The severity and frequency of these recent floods has focused attention on logging practices as a possible cause. The eff‘ects of timber harvesting on streamflow have been well documented (e.g., Harr, 1986). In fact, the U.S. Forest Service has advocated clearcutting of
coniferous forests to increase water yields in Colorado and Arizona (Brown, 1969; Hoover, 1967).
More recently, some researchers have focused on differences in snow pack dynamics between forested and open sites as a major contributor to increased runoff during rain-on-snow events (Berris
and Harr, 1987; Berg, et al., 1991; Kattelmann, 1987). These studies all found that snow accumulation, snow melt, and runoff are significantly greai:er in clear cut areas than in adjacent forested
areas.
It is worthwhile to examine briefly one of the best known of these studies to gain insight
into the magnitude of the differences between clear-cut and forested areas and the mechanisms
which cause them. Benis and H[arr (1987) investigated snow dynamics during rain-on-snow
(ROS) events for two similar plots in the transient snow zone (900 m elevation) of the western
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Cascade range in Oregon. One Iof the plots was clear-cut in 198 1 and the other contained old
growth

forest. Observations showed that the snowpack water equivalent of the clear-cut plot

averaged about twice that of the forest plot over the two year study period. The difference was
attributed to interception of snow by the forest canopy and differences in energy fluxes at the
snow surface. Snow held in the canopy has a greater surface area per unit volume exposed to surface energy transfer than does snow on the ground. Moreover, due to higher wind speed, the
latent and sensible heat transfer is greater in the canopy than on the ground. These two factors
combine to increase the melt rate of snow in the canopy, which limits the snowpack accumulation
under the trees. Also, during ROS events, the forest canopy partially shelters the snowpack under
the forest (due to reduced wind) ~from the large latent and sensible heat fluxes that contribute to
melt in open areas. Although thmese effects are somewhat counteracted by reduced net solar radiation under trees relative to clearings, which tends to reduce the accumulation of snow in clearings
relative to forested areas, this effect is most important during the melt season under clear and
nearly clear sky conditions, which are uncommon in the Pacific Northwest during the period when
most ROS events occur. The co:nsensus of the various studies that have compared melt processes
in clearings and forested areas is that removal of the forest canopy can increase snow accumulation and snow melt, especially during ROS events.

1.2 Study Hisl:ory
Although the evidence from the small plot studies indicates the potential for cause-effect
relationships between logging and changes in the hydrologic response of forested watersheds, little is known about the importance of these effects at the watershed scale, especially for watersheds with l.arge ranges in elevation. Given that a number of studies suggest that clearcutting
increases runoff generation on slmall plots, the next logical step is to determine whether or not
these local increases translate to increased peak discharge at the watershed scale (e.g., hundreds to
thousands of km’). Phase 1 of this project (Connelly, et al., 1993) presented preliminary results of
an investigation of ROS events at the watershed scale. The main contributions and results from
Phase 1 are briefly summarized ,here.
Initially, a statistical anal~ysis of the annual peak discharge records of nine Western Washington watersheds with lengthy (continuous records (1932 to 1989) was conducted to determine
whether there was evidence of long term trends. Two of the nine catchments (the North Fork St+
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laguamish and the Satsop River)’ showed upward trends in peak discharge over time at the 0.05
significance level. More sophisticated tests were then applied to these two catchments, for which
the magnitude and location of forest harvesting over the past 50 years was well documented, to
isolate the effect of land-use changes from climate variability. The results showed that, after
accounting for climate variabilit:y, only the North Fork Stillaguamish River showed an increase in
annual peak discharge. The bash of particular interest to this study, the Snoqualmie, showed no
significant trend in either the climate-adjusted or the unadjusted annual peak discharge series.
The paradox in these results is that the Snoqualmie River basin has undergone more harvesting in
the transient snow zone during the period of analysis than the North Fork Stillaguamish.
These results contrast with those reported by Jones and Grant (1996). In their work,
paired comparisons of peaks-over-threshold series for five watershed pairings (two small catchment pairs in the H.J. Andrews Experimental Watershed and three much larger western Oregon
watersheds pairs) were performed. They showed that on a storm-by-storm basis, the flood peaks
in those catchments and watersheds with the greatest harvesting had increased relative to those in
the unharvested. (or less harvested) ones. Although these results seem to be in contradiction to
those we obtained for western Washington rivers, one possible explanation is that Jones and Grant
used a threshold that resulted in inclusion of an average of three to four floods per year in their
analysis, whereas ours used the :annual flood series (largest flood each year). Therefore, their
analysis was dominated by smaller floods than ours and suggests that the effects of vegetation
changes are most pronounced on smaller floods.
To provide more insight into the mechanisms related to forest harvesting that affect flood
response, a physically based modeling approach was used to model explicitly the effects of soils,
vegetation, terrain, and snow physics on runoff production. The Distributed Hydrology-SoilsVegetation Model (DHSVM) of Wigmosta et al. (I 994) was adapted for this purpose. DHSVM
was originally developed and applied to the Middle Fork Flathead River watershed, Montana;
preliminary testing of the model on the Snoqualmie River watershed indicated several aspects of
the model and/or assumptions thlat required modification to produce satisfactory simulations.
These included a) incorporation of a module to estimate topographic effects on precipitation, b)
modification of the original single layer snow model to incorporate a thin surface layer, c) inclusion of a channel routing scheme, and d) certain changes to the representation of vegetation
effects on aerodynamic resistance under the forest canopy. In Phase I (Connelly et al., 1993). a
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point version of DHSVM was used to model snow accumulation and melt at a single point (specifically, for simulation of the data reported by Berris, 1984). The model results were compared
to observations in both a clearing and a forested location. The predicted snowpack outflow agreed
reasonably well with observations, especially for the clearing. The uncalibrated model was then
applied to the entire Snoqualmie watershed (drainage area 1559 km’) using a pixel size of 100 m,
and the hydrograph of the Snoqualmie River at Carnation was simulated during the ROS event of
December 2-6, 1982. This application showed that the spatial patterns of snow accumulation,
melt, and runoff generation, were plausible. However, this initial simulation overpredicted the
observed peak streamflow, the predicted peak occurred sooner than observed, and the recession
limb of the hydrograph decayed to base levels too rapidly.
This report describes the extension, testing, and calibration of DHSVM for the Snoqualmie River watershed. Attention is focused on a) those changes that have been made to
DHSVM for application to the Snoqualmie River; b) the performance of the model during
selected calibration events; c) analysis of residuals from a 46 year simulation (1948-1993) of
observed peak Ilows; and d) an assessment of the sensitivity of Snoqualmie River floods to alternative harvest patterns.

1.3 Objectives
The objectives Iof the work reported herein are:

1) To calibrate and validate the extended version of DHSVM against selected major Snoqualmie
River flood events and determin’e

the model’s parameter sensitivity;

2. To conduct a retrospective arralysis of the annual flood peak series by simulation of the entire
period of record (1948-93) and to test the residuals of the model predictions and observed flood
peaks for trends;

3. Use DHSVM to predict the effects of alternative forest harvesting strategies on peak streamflow events.
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1.4 Report Organization
Chapter 3 briefly describes the base version of DHSVM as originally developed by Wigmosta et al. (1994), and discusses the extensions made to DHSVM and the testing of those extensions as applied to the Snoqualmie watershed. Chapter 4 summarizes the data required by
DHSVM and the sources of thes,t: data for the Snoqualmie basin study. Chapter 5 describes the
calibration of the extended DHSVM for the Snoqualmie basin. Chapter 6 presents the results of
the retrospective analysis of flood peaks during the period from 1948 to 1993. Chapter 7
describes the effect of various harvest strategies on peak streamflows. Chapter 8 summarizes the
main conclusions of this report.
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Chapter 2. The Role of DIHSVM in Watershed Analysis
Prior to about 1950, the focus of forest land management was on timber yield, with minimal concern for the ancillary effects on a watershed’s physical and biological characteristics.
This emphasis has changed over the last decades, with restrictions on logging due to Endangered
Species Act (ESA) listings of species such as the spotted owl, marbled murelet, and certain salmonid fish. Nonetheless, the residual effects of past forest practices are now evident in degraded
quality of many forested watersheds in the Pacific Northwest (FEMAT, 1993).
One outgrowth of concerns over watershed degradation has been the concept of watershed
analysis. Watershed analysis is (essentially a systems analysis approach for extracting timber
while preserving, to a certain extent, the watersheds ecosystem functions and protecting local
communities from hazards such as flooding that may be exacerbated by land management. Figure
2.1 (adapted from Montgomery et al., 1995) shows how the regional and watershed scale aspects
of watershed analysis interact. At the regional scale, management objectives and constraints are
identified. The regional scale might be defined as a state or part thereof (e.g., western Washington) or a larger geographic regio:n (e.g., the Columbia river basin). At the smaller, watershed scale
(typically tens to hundreds of km2), these objectives and constraints are addressed within the context of the watershed analysis paradigm, which identifies the interaction between key physical and
biological processes and the effects of land management.
A relatively straightforw,ard example serves to illustrate these points. Forest harvesting in
upland watersheds has removed the source of much of the large woody debris that historically has
played a major role in determining the hydraulic characteristics of Northwest streams and rivers,
Once the old debris is washed out of the channel or removed by channel cleaning operations, the
channel can convey more water before flooding. While this effect can have a short-term, local
benefit to landowners adjacent to the channel, it can have disastrous consequences for fish habitat.
If the supply of sediment to the channel is not altered, the channel will incise into its bed and
remove the gravel used by many species of fish as spawning beds and habitat. In addition, the
conveyance capacity of downstream channels may be constricted due to enhancement of bedload.
Even for this simple example, the best course of action is not immediately obvious, since
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forest managers, residential and recreational homeowners, and fisheries managers all have different objectives, different metrics of watershed quality, and different ‘optimal’ plans of action. In a
sense, one person’s objective function is another’s constraint. For instance, the forest manager
might tend to optimize timber yield, subject to environmental constraints (such as sediment yield,
and/or surrogates such as buffer strip location and size). On the other hand, the fisheries manager
would tend to view any negative impacts of logging on stream habitat as undesirable. while residential property owners would focus more on the aesthetic impacts of logging. A further complicating factor is that population g;rowth will bring increasing pressure for floodplain development,

Tigure 2.1. Watershed Management Paradigm: A. schematic illustrating the context for
watershed analysis. (After Montgomery et al., 1995)
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thus increasing the potential for downstream flood damage. None of these concerns can be
ignored, but each suggests alternate courses of action.
To be effective, watershed analysis must first clearly define its objectives, and then strike a
balance among the competing requirements of resource extraction and watershed health and viability. Striking this balance, at Last in terms of the effects of forest harvesting on flooding, and
other hydrologic issues such as watershed yield, can be greatly enhanced by predictive models
that allow the assessment of the likely hydrologic consequences of timber harvesting. DHSVM
has been designed specifically to address such issues.
As envisioned by the Wa.shington Forest Practice Board (WFPB, 1993; see also Montgomery et al., 1995), watershed analysis is intended to develop an understanding of the effects of
land management actions on watersheds with typical sizes of several hundred square kilometers.
Watershed reso~urce assessments include:

Mass

Wasting

Surface Erosion
Hydrology
Riparian Vegetation
Stream Channels
Fish Habitat
Water Supply/Public Works

Based on these assessments, prescriptions are developed to mitigate impacts from forest
management activities.
It is well accepted that the hydrologic function of a watershed is one of the key aspects
affecting all the other resources listed above. Therefore, it is imperative that the hydrologic
assessment be capable of diagnosing past interactions with other resources. Furthermore, it must
also be able to predict and evaluate the consequences of future management alternatives.
DHSVh4 meets the criter~ia above. In several important respects, DHSVM is an improvement over the current hydrology assessment procedure. First, it is capable of portraying hydrologic processes continuously in ,space and time. This allows the evaluation of management
impacts at any lspatial scale within the watershed, ranging from stand scale to small watershed to
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the entire basin. Second, and most importantly, the model is general so it can portray hydrologic
processes occurring over their full range.
Of special concern in the: Pacific Northwest is snowmelt. DHSVM is capable of simulating snow accumulation and melt over hourly, daily and seasonal times scales. Therefore, it can be
applied where rain-on-snow is the principal concern, and it is equally applicable where springtime, seasonal snowmelt is dominant.
In relation to mass wastmg, DHSVM evaluates and portrays soil saturation in both space
and time and incorporates the effects of vegetation manipulation on soil saturation. Therefore, it
directly integrates topography, soils, vegetation and hydrology for the evaluation of mass wasting.
A final feature of DHSVM that is relevant to other aspects of the watershed analysis is that
hydrographs can be estimated at any,point in the channel system. ‘This flow information is relevant to stream channel and fish habitat assessments.
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Chapter 3. The Distributetd Soil-Hydrology-Vegetation Model
3.1 Model Description
The original form of DH:SVM

is described in detail in Wigmosta et al. (1.994), who

applied it to the Middle Fork Flathead River, Montana at a daily time step for a two-year period.
The validation of this initial moadel application focused on reproduction of the seasonal
hydrograph (which, in the Middle Fork Flathead, is dominated by spring snowmelt runoff) and
the simulation of snow area1 extent during the spring melt period. Simulation of ROS floods is a
somewhat more demanding application and required a number of enhancements to the model, as
described later in this chapter. First, the original form of the model applied by Wigmosta et al. to
the Middle Fork Flathead is described briefly, as it is the starting point for the subsequent changes
and enhancements made to the model for application to the Snoqualmie River. For more details,
the reader is referred to Wigmosta et al. (1994).
DHSVM provides a dynamic (one day or shorter time step) representation of the spatial
distribution of soil moisture, evapotranspiration, and runoff production. It consists of a two-layer
canopy represe:ntation for evapotranspiration, a single layer energy-balance model for snow accumulation and melt, a two-layer unsaturated soil model, and a saturated subsurface flow model.
Model inputs are near-surface meteorology (precipitation, temperature, wind, humidity) and
incoming short- and longwave radiation. Digital elevation data are used to model topographic
controls on incoming shortwave radiation, precipitation, air temperature, and downslope water
movement. Smface land cover ,and soil properties are assigned to each digital elevation model
(DEM) grid cell. The DEM resolution is arbitrary, but usually is on the order of 90 m.
In each grid cell, the mo,deled land surface may be composed of overstory vegetation,
understory vegetation, and soil. The overstory may cover all or a prescribed fraction of the land
surface. The understory, if present, covers the entire ground surface. The model allows land surface representations ranging from a closed two-story forest, to sparse low-lying natural vegetation
or crops, to bare soil. Although the model can run at any fixed time step; most testing to date has
used either a da.ily or three-hour time step. As part of this work, we modified DH:SVM

to run with

a variable time step so that evolving processes, such as the summer drydown, can be simulated at
a daily time step, while faster processes, such as floods, can be simulated at a shorter, e.g. hourly,
time step. Meteorological condirions

(precipitation, air temperature, solar radiation, wind speed,

vapor pressure) are prescribed at a specified distance above the overstory.

The ove,rstory is allowed to remove water from both the upper and lower soil zones, while
the understory can remove wate:r only from the upper zone. Solar radiation and wind speed are
attenuated through the two canopies, providing different values for the overstory, understory, and
soil. Stomata1 resistance.is calculated for each story based on air temperature, the vapor pressure
deficit, soil moisture conditions, and the photosynthetically active radiation flux. Soil water evaporation is dependent on the climatic demand modulated by the soil’s ability to supply water.
Snow accumulation and :melt are simulated using a single-layer energy-balance model that
explicitly incorporates the effecl:s of topography and vegetation cover on energy exchange at the
snow surface. IJnsaturated moisture movement through the two soil layers is calculated using
Darcy’s law. This downward moisture flux recharges the grid cell water table. Elach grid cell
exchanges saturated zone water with adjacent neighbors as a function of water table depth and
local topography, resulting in a transient, three-dimensional representation of saturated subsurface
flow. Return flow and saturation overland flow are generated in locations where grid cell water
tables intersect the ground surfal:e.
Evaporation of intercepted water from the surfaces of wet vegetation is assumed to occur
at the potential rate, which is determined in part by calculating the aerodynamic resistance while
assuming no canopy resistance. Transpiration from dry vegetative surfaces is calculated using a
Penman-Monteith approach. Th,e model calculates evaporation and transpiration independently
for each story in a stepwise fashion. First, intercepted water is evaporated at the potential rate.
Transpiration from dry vegetation is then calculated in a manner that allows the vegetation surface
to go from wet to dry during a time step (i.e., evaporation followed by transpiration). The model
uses a soil physics-based approach to calculate soil evaporation (Entekhabi and Eagleson, 1989).
Separate shortwave and llongwave radiation budgets are developed for the overstory,
understory, and ground surface. The amount of shortwave radiation captured by the overstory is
dependent on its leaf area index, fractional ground cover, reflectance coefficient, and transparency
to shortwave radiation. Back-reflection from the understory is also considered. Separate budgets
pertain when snow cover is present.
The model uses a physic,+based representation of snow accumulation and melt, similar to
that described by Anderson (1968). During melting conditions the snowpack is assumed isothermal at O’C. The model accounts, for the energy advected by rain, as well as net radiation, sensible
and latent heat. Precipitation occurring below a threshold temperature is assumed to be snow, and
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its moisture content adds to the water equivalent of the pack. The model accounts for the cold
content of the snowpack, which must be satisfied before melt can occur.
Dynamics of unsaturated moisture movement are simulated using a two-layer model. The
thickness of the upper zone is equal to the average rooting depth of the understory vegetation.
The lower zone: extends to the average overstory rooting depth. The understory can extract water
only from the upper zone, while the overstory can remove water from both zones. The fraction of
overstory roots in the upper zone is specified, which, along with soil moisture, determines the relative amount of transpiration from the two zones. Soil evaporation is restricted to the upper zone.
The mode1 accounts explicitly for subsurface redistribution of moisture. Each DEM grid
cell exchanges saturated subsurface flow with its eight adjacent neighbors. Assuming the local
hydraulic gradient is equal to the local ground surface, a given cell will receive water from upslope neighbors and discharge to adjacent downslope cells. A topographic peak will discharge to
all eight neighbors, while a depression receives subsurface flow from all of its neighbors.
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3.2 DHSVM %xtensions
DHSVM was specificall:y developed for USC: in mountainous areas. However, some portions of DHSVM as applied by Wigmosta et al (1994) to the middle fork Flathead River do not
realistically mode1 hydrologic processes in maritime mountainous watersheds, such as the Snoqualmie River. The original version of DHSVM: (1) ignores all but the most basic of orographic
controls on precipitation by distributing precipitation over the watershed via a simple elevation
lapse model, (2) assumes that a:ll surface runoff exits the watershed during the time interval it is
generated (i.e. no surface routing), (3) does not distinguish between rain and snow interception
and does not mode1 snow melt o’r release from the canopy, and (4) represents the snowpack as a
single layer.
Each of these limitations was removed to make DHSVM more applicable to mountainous
marine watersheds. An orographic precipitation mode1 (Rhea, 1978) was implemented, which
explicitly models the effects of orographic enhancement and rain shadowing. A distributedvelocity routing model (Maidment et al., 1996) was added to route surface flow to the outlet.

The

snow mode1 wa,s generalized to more accurately predict snow melt from the ground snowpack. A
representation of snow interception and subsequent melt and/or mass release from the canopy was
also added. In addition, the two-stream radiation mode1 of Dubayah (1990),
rated in DHSVM by Arola (1993),

which was incorpo-

was used to predict the effects of topography on incoming

solar radiation. The development, implementation and testing of each improvement for the Snoqualmie watershed is discussed iin this chapter.
Orographic Precipitation Modlel
DHSVM, as originally implemented by Wigmosta et al. (1994),

made use of a simple sta-

tion-based precipitation algorithm that scaled precipitation based on elevation. This approach
cannot account for the complex effects of topography (such as rain shadowing) on the distribution
of precipitation in mountainous areas since it does not attempt to mode1 the physics that control
precipitation. To overcome this limitation, we implemented a variation of Rhea’s (1978) orographic precipitation model whisch follows parcels of air through topographically induced moist
adiabatic ascents and descents. The parcel trajectories are limited to simple two-dimensional flow
(in the longitudinal and vertical directions) over the terrain, oriented in the direction of the upperatmospheric wind direction. Mass balances of liquid water and water vapor are calculated by
allowing a fixed fraction of the total cloud water content (local condensation and upstream
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imported moisture) to precipitate (hence be removed from the column) while caving the remainder downstream where it is avai:lable for precipitation.
Since the orographic model is based on air flow over topography, its implementation
requires knowledge of the topog:raphic features encountered by air crossing the model domain in
the direction of the upper atmospheric flow (at 850 mb in our implementation). To this end, the
topography, as :represented

by a digital elevation model (DEM), was resampled to a coarse mesh

aligned with the 850 mb flow as shown in Figure 3.1. In our implementation, each grid cell is
square with dimensions of 0.5 km while the wind directions are taken in multiples of 22.5 degrees
from 0 to 360 degrees. These dimensions and restrictions were chosen to limit the computational
requirements of the model while allowing adequate representation of varying storm paths and precipitation distributions. Each row of grid elements in the longitudinal direction is considered one
transect of the model domain. Air parcels are advected over the topography along each transect
independent of the air flow and water balances of the neighboring transects. Each grid element
encountered along a transect represents a single crass-section. Mass balances are performed for
each cross-secti.on along a transect. Given this representation of the topographic mesh, the basic

b

850 mb wind direction
/

Figure 3.1. Illustration of DEIM resampling to produce
coarse grid dependant on 850 mb wind direction for use
with orographic precipitation model. Grid mesh shown is
much coarser than the one used by DHSVM.

850 mb wind direction

Elevation in Meters
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form of the orographic precipitation model is described by
R, = EVAP
pi (Qi + ACi)
I
w

(3.1)

where
Ri = precipitation rate over cross section i
V = the mid-layer horizontal wind speed at cross section I
AP = pressure thickness of the layer over cross section i
E = precipitation efficiency
Qi = cloud water content advected into i from downstream
ACi = condensation (or evaporation) due I:O vertical motion in i
Ax = cross section 1eng:th
p, = density of water
g = gravitational
The term (Qi+ACi)

Constant

is the total available liquid water available for precipitation above each

cross-section. The orographic model developed by Rhea (1978) uses Eq. 3.1 for a number of vertical layers in the atmosphere and allows for the evaporation of precipitation produced at higher
elevation layers as the droplets fall through lower, unsaturated layers of the atmosphere. This
implementation, requires nearby atmospheric soundings of temperature and humidity at a number
of atmospheric pressure levels. IJnfortunately,

profile data that would be representative of the

Snoqualmie watershed are not available. Rhea’s model was therefore simplified to represent the
atmosphere as a single layer. The model is forced with local pressure, temperature, and precipitation from the Stampede Pass weather station, which is located just outside the watershed. Upper
atmospheric wind direction and magnitude are interpolated to Stampede Pass from the National
Meteorological Center grid point data set. Since the orographic model is implemented only when
precipitation is occurring at the Istation, the relative humidity at the station is assumed to be 100
percent.
The liquid cloud water csontent at the beginning of each transect is estimated from Stampede Pass observations as follows. The initial liquid water (Q,) at the first (upstream) cross section of each slice is determined by first calculating the total cloud water available for precipitation
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above Stampede Pass. From Eq. 3.1,

(Q,,,+ACst,)

= &
-_( P,@X 1

(3.2)

Since the total cloud water above the station includes both Qsta and A&, Q,r, is calculated as a
fixed fraction (0.75 in this application) of the right-hand-side of Equation 3.2. The value of Qsn
is then scaled b:y the ratio between the saturation mi.xing ratio (W,- mass of water vapor / mass of
dry air per unit volume) at the elevation of the first (cross section and the saturation mixing ratio at
Stampede Pass to obtain Qr :

Q1 = Q,,,

(3.3)

where the satutzation mixing ratilo is given by

where e, is the saturation vapor Ipressure (solely a function of air temperature) and P is the atmospheric pressure. The distribution of pressure is assumed to be hydrostatic while the temperature
distribution is assumed to follow the moist adiabatic lapse rate.
The precipitation rate at :section 1 is determined by application of Eq. 3.1 by setting AC to
zero. Orographic effects in the fi.rst cross-section are ignored because no upstream information on
topography is available. The liquid water (Q) remaining above section 1 is then advected to section 2. The saturation mixing ratio is calculated over cross-section 2 based on its temperature and
pressure. Once again the temperature profile is assumed to follow the moist adiabatic lapse rate.
The amount of condensation of Iwater vapor or evaporation of liquid water is given by
AC, = (ws, -wsz)E2

(3.5)

where E, is a condensation-evaporation parameter which limits the rate at which water can evaporate or condense (Peck and Schaake, 1990). If w,t exceeds w,~ then the mass of water vapor
decreases and thus the mass of hquid water increases from the previous cross-section. Eq. 3.1 is
then used to determine the precipitation rate over the cross-section and any remaining liquid water
is advected to the next cross-section and the process is repeated. The precipitation on each element of the coarser resampled grid is then mapped back to the finer grid used by the remainder of

1-l

DHSVM.
One further constraint must be imposed on the model as a result of its single layer formulation. Since liquid water is removed above each cross-section, the total available water for precipitation will decrease rapidly along each longitudinal slice. If the model were multilayer, this
decrease in available atmospheriic water in the lowest layer would be replenished by precipitation
from upper layers which evapor,ates

in the lower layers. To avoid this problem without imple-

menting a mult~ilayer model, we assume that any precipitation from upper layers is sufficient to
replenish any advected cloud water content (Q) which might precipitate over a cross-section.
Thus the advected cloud water content is updated from one cross section to the next as follows:

Q

I

+

I

q

:

QI

IAP(I+ 1) -II

(3.6)

+ ( 1 - E, Ac~ IAPsta _ 850mbl

The orographic precipitation model was applied to the Snoqualmie watershed for the
period March 1, 1983 through K!ovember 30, 1986 at a daily time increment. The model was
forced with local and regional clhmatic variables as described above and was calibrated to observations at low level elevations. These observation are shown in Table 3.1.
Table 3.1:: Observed Precipitation at Various Stations in and near the Snoqualmie
Watershed t’rom March 1,1983 to November 30,1986
Observed Precipitation (meters)

During this period Stampede Pass recorded a total precipitation of 7.24 meters. Discharge from the basin as observed by the USGS stream gauge on the Snoqualmie River near Carnation was 7.12. meters, suggestjing that the long tetm discharge from the basin is approximately
equal to the precipitation at Stampede Pass. Therefore, the average precipitation over the basin
must be greater than that observ’ed at Stampede Pass to account for evapotranspiration losses,
which typically average about 51DO - 600 mm per year or 2.0 to 2.5 meters over the four growing
seasons modeled in the calibration simulation. A rough estimate of average precipitation over the
basin is approximately 9.6 meters over the observation period. A further consideration used in
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calibrating the orographic mode11

is the observation that the maximum annual precipitation at high

elevations in the Cascade Range: is approximately tiOO0 mm per year (Staubitz, ~1994).
The results of the calibration are summarized in Figures 3.2a and 3.2b which show the
total amounts of precipitation fo,r the entire calibrat:ion period averaged over 100 meter elevation
bands. The 1ege:nd for each precipitation vs. elevation curve also contains information on the average precipitation over the basin as well as the predicted minimum and maximum precipitation
which fell on any individual pixels.
Figure 3.2a clearly shows that if all of the atmospheric water available above Stampede
Pass (as calculated by Eq. 3.2) is used as the initial condition for each transect, the model either
overpredicts precipitation over the basin or cannot realistically model the increase in precipitation
with elevation. The model overpredicts the observed precipitation with large values of the precipitation efficiency factor (E). When the precipitation efficiency factor is decreased to the point
where the average amount of precipitation over the basin is approximately correct, the model
can’t replicate the orographic effect.
However, if only 75% of the available atmospheric water at Stampede Pass is used as an
initial condition for each transec,t, a wide range of realistic precipitation distributions can be
obtained. As precipitation efficiency increases, the average precipitation over the basin also
increases but not as much as when the condensation efficiency parameter (Ez) is increased.
Increasing E from 0.25 to 0.5 while E2 is 0.1 increases the average precipitation from 9.3 1 to 9.95
meters while increasing the maximum observed precipitation from 19.5 to only 23.19 meters.
However, increasing Ez from O.‘l to 0.2 while E is 0.25 increases average precipitation from 9.31
to 11.41 meters while increasing the maximum o’bserved precipitation from 19.5 to 3 1.23 meters.
Further simulations (not shown) confirm that minor changes in Ez have a large impact on the
magnitude of the orographic effect. The best fit with the observed data used E=0.25 and E,=O. 12.
With these values, the average precipitation over the watershed was 9.67 meters and the maximum observed precipitation was, 21.6 meters, while the average upper elevation precipitation was
approximately 17 meters over the simulation period. Furthermore, these values of E and E, predict a total precipitation during the simulation period at Snoqualmie Falls of 6.4 m, at Tolt reservoir of 8.5 1 m, and at Cedar Lake of 6.91 m, all of which are consistent with observations, as
noted in Table 3.1.
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Figure 3.2a (top) and 3.2b. Results of orographic model calibration showing sensitivity of
the model results to the pararneters E and E2: a) 100% of Stampede Pass water available
for initialization, b) 75% of :Stampede Pass water available for initialization.
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Figure 3.3 shows the distribution of precipitation over the watershed predicted with the
calibrated orog:raphic model for the entire simulation period and selected events. Note that the
distribution for the entire simulation period closely follows the DEM. High elevations receive the
most precipitaoon,

upper river valleys receive less, and the Snoqualmie River floodplain receives

the least. The event based images also show the effect of rain shadowing as it varies with the
upper atmospheric wind direction.

r

March 1, 1983 Nov 30,1986

NW 7, 1986

Figure 3.3. Orographic precipitation images for entire calibration period and selected 24 hour
events. 850 mb wind direction is shown along with observed precipitation at Stampede Pass,

I
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Surface Flow Routing Model
A distributed-velocity surface routing model was implemented which calculates the time
required for runoff generated at a given pixel to travel to the basin outlet. The response function
from each pixel is a function of Ithis travel time and can consist of both a linear translation component and a linear storage component. The routing model was developed by Maidment et al.
(1996) specifically for application to spatially distributed hydrologic models, and is ideally suited
for inclusion in DHSVM.
Given a DEM, the total t,ime for runoff produced at a given pixel to travel to the outlet is
determined by the length of the :path to the outlet and the local velocity along its path. Figure 3.4
illustrates how the flow path through the watershed is determined. Flow generated inside each
pixel in the DE,M can move in one of eight directions. For our implementation of the routing
model, the flow is forced to move in the direction of the steepest downward slope. This approach
is similar to the D8 method (O’Callaghan and Mark, 1984) and works well for steep terrain. For
more gentle topography, an alternative approach such as the DEMON method of Costa-Cabral
and Burges (1994),

which routes flow as a two-dimensional sheet, could be used; this refinement

is not necessary in the relatively steep Snoqulamie basin. If more than one pixel is in the direction
of steepest descent, one direction is chosen at random and all other flow traveling through or generated by that pixel is then routed in the same direction. In the case that a pixel is a local minimum (i.e. a pool in which water 8collects), our method determines the flow paths out of these pools
in the DEM by finding the lowest pixel which can be considered the edge of the pool and then orienting all the flow paths from pixels contained in the pool toward this exit pixel. Surface runoff
which is generated in or enters these depressions is routed to the outlet of the depression and then
1

I

I

DEM

Flow Paths

Flow Lengths Accumulation

Figure 3.4. :DEM based flow paths in the direction of steepest descent assuming square pixels of dimension 1. Flow lengths to the outlet and accumulation are also shown.
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on to the basin outlet.
Once the local flow directions are known, the flow length to the outlet is determined by
summing all of the distances traversed in each pixel over the entire flow path. If the flow path is
oriented along a diagonal then the distance traversed while in that pixel is 1.414 times the pixel
side dimension (assuming square pixels).
The local velocity of the flow in each pixel is determined by:
v = T$ SbAC
m&z

(3.7)

where V is the local velocity assigued to a cell whose local slope in the drainage direction is S and
whose upstream drainage area is A. The upstream accumulated drainage area for any pixel is simply the total number of pixels whose flow travels through that pixel. If the pixel drains only itself
then it is assigned an accumulated drainage area of one pixel. The exponents b and c are taken as
0.5 each (Maid:ment et al., 1996:). The denominator in Eq. 3.7 is the average slope-accumulation
term over the entire watershed and V, is the average velocity over the watershed. This average
velocity can either be used as a calibration parameter; alternatively, it can be estimated by dividing the average path length to the outlet by the typical lag time between the time of concentration
of precipitation and the time of concentration of the hydrograph. This scheme of assigning local
velocities based on the accumulated area and the local slope allows the velocity to increase as the
drainage area increases while al.:so allowing regions with steep gradients to retain realistically
larger velocities. Implementation of Eq. 3.7 requires the further restriction of limiting the minimum and maximum velocities to predetermined values to avoid unrealistic velocities.
The time required for water generated in a pixel to flow to the outlet is then given by:

i:=l "i

(3.8)

where Li is the distance traveled1 in pixel i and n is the total number of pixels through which water
must travel to reach the outlet.
The simplest use of the travel time from Eq. 3.8 is to implement a pure translation routing
model which implies that all the runoff generated at pixel i at time T will appear at the outlet at
time T + Ti. While conceptually simple, this mode~l

does not allow for either local (land surface)

or channel storage effects. To this end, we adopted the approach presented in Maidment et al.
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which considers the travel time along the path to the outlet from each pixel to have associated
with it both a translation and a storage component, the magnitudes of which are in fixed proportions. Thus, flow with a total travel time of Ti (as determined by Eq. 3.8) first enters a linear storage reservoir with average residence time Tr and then enters a linear channel with a translation
time of TV These translation and reservoir times are related as follows:
Ti = T,+T,

(3.9)
(3.10)

where p is the ratio between the average time spent in the reservoir to the total travel time to the
outlet,

For simplicity, we assume p is a constant for all pixels, although this assumption can be

easily removed from the routing model if more information about the storage properties of the
watershed is available.
Given the total travel time (Ti) and p, Tr and T, can be calculated from Eq. 3.9 and 3.10.
The response at the outlet of the watershed due to a unit pulse of duration At (taken as the model
timestep) of surface runoff generation at a given pixel is then given by:
h(t) =: 0

t<T,

(3.1la)

h(t) = k[ 1 - exp[-1~ y ))]

TS<t<T,+At

(3.llb)

t>T,+At

(3.llc)

h (t) = kexp[ -($~~))(exp(

e) - 1)

It is important to note that the routing model does not actually move the basin’s surface
flow from pixel to pixel. While a pixel-to-pixel method is physically realistic and would also
allow straightforward calculatio:n

of sub-basin hydrographs, it is computationally infeasible.

Instead, our implementation of the routing model groups all pixels with the same travel time
together and transfers all water generated during a time step to the basin outlet via Eqs. 3.11.
Since the integral of Eq. 3.11 from t = 0 to t = m is equal to unity, it can be used to predict the fraction of water generated at a pixel at time T which will reach the outlet during time
steps T, T + At., T + 2At, etc. The fractional distribution over time is the response function of
each pixel to a unit pulse input and is estimated by:
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R(T) ,,hU’) +h(T)
2
’

h(T) +h(T+At)
-,
R(T+At) = 2

.

(3.12)

Therefore, the travel time distribution of water from a pixel to the outlet can be entirely
specified by its total travel time to the outlet (translation plus storage), the model time step, and p.
If the model time step and p do not change, then Eqs. 3.9 to 3.12 can be implemented once for
each travel time. The values of R(T) for each unique total travel time in the basin are used as
input to DHSVM.
Since DHSVM is capable of using a variable time step, a slightly more complex implementation of the above method :rnust be used to preserve continuity in the routing model. This
involves restricting the time step used in the prediction of the response function to the smallest
DHSVM time step (chosen as At=1 hour). Eqs. 3.9 to 3.12 are then implemented as described
above to predict the response function for pulses with durations of 3 and 24 hours (assuming that
3 and 24 hours are the coarse and tine timesteps for the simulation). The routing model then distributes the water to the outlet based on the correct hourly response function for each pixel’s travel
time and the current DHSVM time step. Streamflow is obtained by advancing the hourly routing
model by the number of hours in the current DHSVM time step. This procedure correctly transforms the variable time domain of DHSVM to match the fixed time domain of the routing model
without a loss of continuity. An example of this method is shown in Figure 3.5. Note that inchsion of a linear storage reservoir allows some runoff to be routed to the outlet sooner than does a
pure translation. model, and also extends the tail of the unit hydrograph from an individual pixel.
To implement the routing model for the Snoqualmie watershed, a FORTRAN program
was written to determine the acc:umulation, slope, length, velocity and total travel time for a
DEM. Alternatively, most widelly used GIS packages such as GRASS or ARC-INFO can be used
to determine these values as well. The DEM for the Snoqualmie Watershed as well as its accumulation values and the total travel time from each pixel are shown in Figure 3.6. The locations
of the major tributaries in the Snoqualmie basin are clearly shown in the accumulation image (as
regions of high accumulation) and compare well with area1 photographs of the region. However,
some of the confluences between rivers are not correctly located by the model. The most obvious
errors are where the South Forkjoins the main-stem Snoqualmie and where the Tolt River merges
with the Snoqualmie. Fortunately, these errors do not significantly alter the travel time to the outlet, and overall the model provides a good approximation of channel locations.
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The value of V,, the average flow velocity in the watershed, was determined by calculating the average flow path in the watershed and dividing by the lag between the time of concentration of precipitation and the time of concentration of the hydrograph for two major events (see
Figure 3.7). The average path length is 44 kilometers while the lag time is 24 hours, corresponding to an average flow velocity in the watershed of 0.5 m/set. This value is lower than physically
realistic channel velocities, especially for mountainous watersheds, since its calculation considers
local and channel storage effects. However, it is significantly higher than the average velocity
(0.15 m/set) suggested by Maidrnent et al. for watersheds in the United States. Given a V, of
0.5 m/set, V,ir, and V,,, were (chosen as 0.2 and 1 .O m/set respectively. These values were chosen such that the average travel .time predicted by the distributed velocity routing was similar to
?igure 3.5. Example of routin,g model implementation with a variable time ste,p for one pixel
generating 1 mm of runoff in al 3 hour time step, and then 1 mm of runoff in a consecutive 6
rour time step. Each position in the response function (R) corresponds to the fraction of water
which exits the basin at each hour after it is generated.
travel time to the outlet from this pixel: = 6 hours
p = 0.5 T,=: 3 hours Tr=3 hours
R(T=6, At=3) =
r+q-lq-qq-qq-q:I
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00,
streamflow after first time ste:p equals:
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Figure 3.6. Digital elevation model, accumulation, and travel time to outlet images for the Snoqualmie watershed.

Elevation in Meters
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the calculated value of 24 hours. The magnitude of p was determined by calibration.
The routing model was calibrated against the November 1986 event and then verified
against the November 1990 event. These storms were chosen because they were major rain-onsnow events in which the hydrographs were dominated by surface flow and routing. Since V,,
Vminj and Max, are used to calculate the travel time to the outlet, the sensitivity of the model to
these parameters was determined by examining their effects on the travel time distribution of the
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watershed. The value of V,, was varied from 0.6 to 4.0 m/set and was found to have almost no
impact on the travel time distribution. However, the value of Vmin greatly affects the travel times,
so that even a rninor change away from the base value of 0.2 m/set produces unrealistic traveltime distributions (i.e. the average travel time to the outlet does not agree with the predicted lag
time calculated above). The criltical value used to shape the predicted hydrograph and calibrate
the routing model is p. Figure 3.8 shows the predicted vs. the observed hydrograph for the
November 1984 event simulated with a 3 hour time step. The predictions are from DHSVM: (1)
as originally developed without a routing model, (2) with a purely translational routing model, (3)
with a translational and storage Imodel with p=O.4, (4) with a translational and storage model with
p=O.6.
Figure 3.8 clearly shows that without a routing model, DHSVM cannot adequately predict
either the magnitude or timing of hydrograph peaks on an hourly time scale. The peak is overestimated and occurs approximately 24 hours too soon. (This phase error is expected considering
the lag time is approximately 24. hours). If a pure translation routing model is used, the
hydrograph’s peak is well timed but the recession occurs much too quickly. When the full storage
and translation routing model is used both the timing and magnitude of the peak and the
hydrograph recession are well p:redicted. However, as the value of p increases, the magnitude of
the peak decreases due to the increased storage in the watershed. When p equals 0.6, the match
between the observed and predicted hydrographs is best. Coincidentally, a value of p = 0.6 was
suggested by Maidment et al. based on experience with a number of U.S. watersheds.
The routing model was t:hen verified against the November 1990 event. Figure 3.8 shows
the predicted vs. observed hydrograph for this verification event.
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Calibration of routing model against November 1986 event
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Two-layer Smw Melt Model
The original version of DHSVM implemented a single layer snow melt model based on
the energy balance approach given in Anderson (1968). However, since the energy exchange
between the atmosphere, canopy, and snowpack occurs at the snow surface: modeling the snowpack as a single layer is unrealistic, especially for deep snowpacks. Furthermore, the original version of DHSVM did not explicitly solve for the snowpack temperature based on the pack energy
balance. Instead, the initial snow temperature at the beginning of a time step was used to calculate the terms in the energy balance. The net energy flux was then applied to the snowpack and
the snowpack temperature at the end of the time step was calculated as a function of the final
snowpack cold content. This approach was found to cause instability in the calculated snowpack
temperature during the accumulation season, especially for thin snowpacks. To resolve these
problems, DHSVM was extended to include a two-.layer

snow accumulation and ablation model

which explicitly solves for the final snowpack surface temperature based on the energy balance at
each model time step.
In the extended version of DHSVM, the snowpack is divided into two layers; a thin surface layer and the pack layer. Energy exchange between the atmosphere, forest canopy and snowpack occurs to and from the surface layer. Energy exchange between the surface layer and the
pack layer occms via melt water which percolates from the surface layer into the pack. In our
implementation, the snow surface layer is the minimum of the entire pack water equivalent or
0.125 meters.
The energy balance applied at the surface layer is

fl‘:
csWz’ = Q,+Q,+Q,,+Q,+Q,
where cs is the specific heat of ice, W is the water e:quivalent of the snowpack surface layer, T, is’
the temperature: of the surface la.yer, t is time, Q, is the net radiative flux, Q, is the sensible heat
flux, Q, is the latent heat flux, Q, is the energy advected to the snowpack via rain, and Q, is the
energy lost by the snowpack when a portion melts or gained by the pack when its liquid water
refreezes. Note that each term in. Eq. 3.13 (except ~for Q,) depends on the snowpack surface temperature. This (energy balance isi identical to that used in the original version of :DHSVM.

Eq.

3.13 simply states that the net enlergy advected to the pack from the environment, plus any energy
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gained by the pack in refreezing water (or lost by the pack during snow melt), is balanced by a
change in temperature of the snowpack (change in cold content). The cold content is the amount
of heat which, when added to th,e: snowpack, will raise its temperature to 0°C; it is calculated
directly from the snow temperature by
C = min (c,TW, 0)

(3.14)

where cS, T , and W are the speck heat, temperature, and water equivalent of the snowpack’s ice
fraction.
Eq. 3.13 is solved as follows. At the beginning of each time step, the col~d content, snow
water equivalent, liquid water content, and ice fraction of both the surface layer and the pack layer
are known. If a snowpack is present at the first timestep, then its temperature is initially set to
O’C. The cold content and water equivalent of any freshly fallen snow is added to the surface
layer and any rain is added to thse liquid water content of the surface layer. If the snow water
equivalent of th.e surface layer is greater than 0.125 meters, the excess water equivalent and its
cold content are added to the pack layer. This transfer of cold content to the pack layer under
accumulation conditions is the o’nly mechanism in the model by which the temperature of the
pack layer can decrease. The liquid water in the surface layer is then refrozen until the heat
released is sufficient to satisfy the cold content of the surface layer.

If the energy released from

refreezing this water is not enough to satisfy the surface layer cold content, then all the water is
frozen and the cold content and surface temperature are adjusted. If the heat released by freezing
satisfies the cold content, then the surface temperature of the pack is increased to O’C and the liquid water of the: surface layer is reduced to that amount which did not freeze. For example, if the
cold content is :zero then the snow surface temperalnre is also 0°C and no liquid water can be
refrozen (i.e. the cold content is immediately satisfied).
Next, each term in Eq. 3.113 is calculated assuming that the final snow surface temperature
is O’C. If the equality condition of Eq. 3.13 is met then the energy balance is sausfied and the initial assumption was correct. If the energy balance is not satisfied, the final snow surface temperature is not O’C and the actual final temperature is estimated via a numerical scheme which iterates
on the surface temperature until the energy balance is satisfied within a given tolerance. For
example, an acl:ively melting isothermal snowpack at O’C will satisfy the energy balance on the

J2
first iteration. Since the change in cold content is zero, any input of energy from the environment
must be used to melt part of the surface snowpack. For a surface snowpack slightly below O’C,
any input of energy from the environment will quickly satisfy the cold content thereby raising the
temperature to D’C and allowing any additional energy input to melt a portion of the snowpack.
Once again the energy balance will be satisfied on the first iteration. Only during accumulation
periods, when the snow surface temperature remains below O’C (or falls below O’C after a melt
period) is the iterative scheme used to predict the final snow surface temperature of the snowpack.
Other mechanisms which can alter the mass of the surface layer are sublimation and condensation. The vapor flux (V) firom the snowpack is driven by the vapor pressure difference
between the air above the pack and the surface layer and is calculated as
v = P,C, ‘9 (e, - es)

(3.15)

where pa is the air density, P is the atmospheric pressure, e, is the vapor pressure of the air above
the snowpack, es is the saturated vapor pressure of the snowpack itself and c, is the aerodynamic
conductance above the snowpack as defined by Wigmosta et al. (1994). Vapor flux can be either
to or from the surface layer.
Melt water from the surface layer is then added to the liquid water content of the surface
layer. If the liquid water of the surface layer exceeds its liquid water holding capacity, then all the
excess liquid water is allowed to’ drain immediately to the pack layer. In the pack layer, the liquid
water is refrozen until the cold content is satisfied. Energy exchange via conduction and diffusion
between the lower layer and the surface layer and the soil are small relative to other inputs and are
ignored (USCOE, 1956). Any liquid water remaining in the pack layer above its holding capacity
is then released as snowpack oultflow. The liquid water-holding capacity of both snow layers is
assumed to be 0.03 times the ice fraction of the snow water equivalent.
Previous validation of the two layer snow accumulation and ablation model suggests that
the model can accurately predict both short-term event-driven snow melt and long-term ablation
of the pack. Connelly et al. (1993) verified the two layer snow melt model against observed daily
snowpack outflow and snow water equivalent for a single accumulation and ROS event, November 27 to December 10, 1983 (Berris, 1984). Their results show that the two layer model can
accurately predict snowpack outllow and water equivalent in forested and open sites. However,
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the predicted outflow more closely matched the observed outflow in the open site. This difference
in performance was attributed to the location of the lysimeter directly underneath the canopy in a
heavy drip zone. Drip from the canopy will increase the observed outflow and decrease the
observed snow water equivalent. Connelly et al. (1993) also verified the snow melt model against
daily snow water equivalent me;asurements obtained at a Soil Conservation Service SNOTEL
snow pillow site located at Stampede Pass for water years 1983, 1987 and 1988. Results showed
good agreement between predicted and observed values of seasonal snow water equivalent especially during the accumulation season.
To further validate the snow model, it was applied to observed snowpack outflow data collected during one ROS event in t:he Umpqua National Forest near Tokatee, Oregon. The field data
at this site were collected by Wetherbee (1995). The study site is located at the 4000 foot elevation in the Cascade Range, approximately 30 miles NNW of Crater Lake. Data from two snow
melt lysimeters (Sites l-l and I-2) approximately 100 meters apart were used to validate the
model. Each lysimeter was placzed in a forested site in which the forest canopy coverage ranged
from approximately 60 to 90 percent. (No quantitative representative measurements of forest
canopy density are available.) The lysimeter (approximately 3 feet by 6 feet) placement spanned
the drip zone of the canopy, and :rain/snow gauges were placed under the canopy as close to the
lysimeters as possible. Lysimeter outflow was measured with tipping-bucket gages. In addition
to rain/drip from the canopy, othler meteorological data collected at the site include hourly observations of windspeed, short wave radiation, relative humidity and air temperature. Cloud cover
was assumed to be 100 percent d.uring the ROS event. Except for rain/drip which was collected at
both sites, all meteorological data were collected at site l-l only. No meteorological observations
in an open area were recorded during this event.
DHSVM was used to simulate the outflow from these lysimeters by running the model in
point mode and directly forcing it with the observed meteorological variables. Long wave radiation under fully cloudy conditions was estimated using an emissivity of unity and assuming that
the cloud temperature was equal to the dewpoint temperature. Vegetation was specified as 50 m.
Douglas fir with a forest canopy coverage of 90 percent. Initial snow water equivalent was
assumed to be 0.5 meters. However, since the ROS event did not completely melt the snowpack,
the predicted outflow is not sensitive to the initial depth of the pack. Since DHSVM requires a
specification of windspeed above the canopy, the o~bserved value (at 2 meters) was used to
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4.3 Distributed Soil and Vegetation Data
DHSVM also requires information about the soil and vegetation properties of each pixel
including vertical hydraulic conductivity, soil depth, soil porosity, overstory leaf area index
(LAI), understory LAI, overstory albedo, and many others. However, instead of specifying a
value of each soil and vegetation parameter for each DHSVM pixel (which would lead to large
data storage requirements), DHSVM uses only the dominant soil and vegetation type of each
pixel. All pixels with identical s;oil classifications are then assigned one set of soil-dependent
hydraulic parameters; all pixels with identical vegetation classifications are similarly assigned
one set of vegetation-dependent hydraulic parameters. In other words, DHSVM fully describes
all soil and vegetation parameters at a given pixel 'by a soil or vegetation class and a lookup table
of parameters which is indexed by class.
The dist.ribution of soil classes over the Snoqualmie watershed was obtained from GIS
based vector maps of the watershed provided by the Mount Baker-Snoqualmie National Forest
USFS station and the Washington Department of National Resources. Both agencies provided
data in DLG-3 :format which were converted into a ‘pixel’ based format consistent with the base
DEM. This transformation produced an intermediate map from both sources that referenced each
DHSVM pixel ‘to a soil index number. These index numbers can in turn be referenced to a num-
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Figure 4.2. Major soil parent materials for the Snoqualmie watershed.
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Predicted. vs. observed snow pack outflow at Umpqua
Site l-1 during ROS event.
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Figure 3.9. Verification of two layer snowmelt model at Umpqua National Forest site.
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Snow Interception Model
The original version of DHSVM (Wigmosta et al. 1994) modeled intercepted rain and
snow identically. Any interceptled precipitation was stored on the overstory until the maximum
liquid water interception storage capacity was reached. Additional precipitation passed through
the canopy as tbroughfall. Intercepted water could be removed only by evaporation, which was
calculated at the potential rate. While this treatment may be acceptable for relatively cold, dry
continental climates, where snow interception by the canopy is either minimal or short-lived, it is
not valid for marine mountainous watersheds where interception storage of snowfall can play an
important role in seasonal snow accumulation. Therefore, DHSVM was extended to include a
snow interception model which explicitly models canopy snowmelt

and mass release.

During each time step, snowfall is intercepted in the canopy according to Eq. 3.16 which
was suggested by Calder (1990) based on gamma ray attenuation measurements of intercepted
snow.

I= ( ,+1

(3.16)

where I is the water equivalent of snow intercepted during a time step, C, is the initial amount of
intercepted snow in the canopy, 13 is the maximum interception capacity of the canopy, and S is
the snowfall rate. The maximum interception capacity (B) is given by Kobayashi (1986) based on
his experiments with snow interception on narrow boards which suggest that intercepted snow is a
function of both air temperature and the area onto which the snow falls:
B = L,LAI

(3.17)

where LA1 is the projected leaf area index of the canopy and L, is a leaf area ratio which is a function of temperature given by
Lr = 0.0005

T<-3

(3.18a)

L, = 0.002

T>-1

(3.18b)

Lr = 0.0005 ( 1.5T + 5.5)

-3<TI-1

(3.18c)

where T is the air temperature in ‘C.
Wind can also reduce the intercepted snow. However, wind during snowfall plays a more
significant role in canopy interception than wind redistribution after storms, especially if the air
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temperature is below -3 ‘C (Schmidt and Troendle, 1992).

The amount of newly intercepted

snow blown off the canopy (R) is given by
R = max(5.6e-‘UI,I)

(3.19)

where U is the windspeed above the canopy in meters per hour and I is given by :Eq. 3.16 above.
Once the amount of newly intercepted snow is calculated, its snow water equivalent and
cold content are added to the intercepted snowpack. The liquid water content of any rain is added
to the liquid water content of the intercepted snowpack. The amount of snowmelt (if any) is calculated as for the two-layer snow melt mode1 except that the intercepted snow consists of only a
single surface layer and the energy fluxes calculated are applicable to the overstory.

Snowmelt

can either cause liquid water to (drip from the canopy or initiate mass release of snow from the
canopy. If the amount of snowmelt plus initial liquid water storage is greater than the liquid water
holding capacity but less than a threshold mass release initiation value, then the excess liquid
water is allowed to drip out of the canopy. If the amount of snowmelt plus initial liquid water
storage is greater than a threshohl mass release initiation value then mass release of snow from the
canopy is assumed to occur. The threshold liquid water content to trigger mass release is taken as
10 percent of the intercepted snow water equivalent, following Bunnell et al. (1985) and Calder
(1990). The mass release mechanism operates by first allowing the threshold liquid water amount
which triggered. mass release to drip from the canopy. A set fraction of the intercepted snow water
equivalent is then continuously released from the canopy until the liquid water content of the
remaining intercepted snow falls below the threshold value or the total amount of intercepted
snow falls below a minimum value. For our implementation, the fixed fraction of release is 17
percent and the minimum snow water equivalent below which no mass release can occur (but drip
can still occur) is 5 mm.
Solar Radiation Model
Topography exerts an itnportant control on the distribution of solar radiation over a watershed due to the effects of shading and reflection from surrounding terrain, the magnitude of which
depends on the time of year and time of day. These topographic controls on solar radiation can
play an important role in determining the rate and location of snowmelt in mountainous areas.
Prior to running DHSVM, clear-sky solar radiation is calculated for each pixel using the mode1 of
Dubayah et al. (1990) as coded in Image Processing Workbench (IPW) routines (Frew, 1990;
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Longley, 1992). This method was originally developed by Arola (1993) and was used by Wigmosta et al. (1994) in their application of DHSVM to the Middle Fork Flathead River.
The model of Dubayah et al. computes clear-sky radiation which is then partitioned into
direct beam and diffuse radiatio:n using IPW routines following Arola (1993). Together, these
methods account for the date, time of day, pixel location, slope, aspect, and the effects of shading
or reflection of shortwave radiation from surrounding terrain. Implementation of this method is
briefly described below.
IPW is used to compute clirect and diffuse beam solar radiation for each three-hour interval for the solar midpoint of each month for every pixel. For each three-hour interval, the time
whose instantaneous radiation e~tluals the interval average is as specified by Arola (1993). The
predicted solar radiation distribution for the midpoint of each month is then used to represent the
entire month. The midpoints of each month are January 17th, February 16th, March 16th, April
15th, May 15th, June llth, July :l7th, August 16th, September 15th, October 15t.h, November
14th, and December 10th (Klein, 1976). For each month, the beam and diffuse components are
partitioned into ten classes of tb: probability distributions over all pixels in the watershed with
cumulative probability levels of 0.05,0.15,0.25,

0.35, 0.45, 0.55, 0.65,0.75,0.85,

and 0.95.

These classes are then indexed from 0 to 9 and each pixel is assigned a class for both direct beam
and diffuse radiation for each time interval in the day and each month. The classes for each daily
time interval for a given month {are then stored in a file, which DHSVM can use in conjunction
with a look-up t:able which conta.ins the radiation levels for each probability class. This manner of
representing incoming solar radi~ation provides an effective means of characterizing topographic
controls on radiation while limiting computational expense. For example, instead of requiring an
image of incoming direct beam and diffuse solar radiation (2 images) for each time step in the
solar day (4 timesteps of 3 hours each) for all 12 months (total of 96 images at approximately 1.5
Mbytes per image) the incoming; solar radiation can be characterized with only 24 images of class
values and 24 lookup tables containing only 10 vahres for each timestep.
The class images and loo~ltup tables function as follows. For a given month, each pixel has
one number which defines its inlsoming direct beam or diffuse radiation for each time step in the
solar day. For example, assuming a solar day of 12 hours or 4 time steps, this number could be
2645, where the first number represents the direct beam class for solar timestep 1, the second
number represents the direct beam class for time step 2, etc. The class information is then used to
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access the lookup table for each month. For example, 2 would specify a pixel with clear sky
direct beam rad.iation from the cumulative probability level of 0.25 (class 2 of 0 to 9).
The clear sky direct beam radiation is then adjusted for observed cloud cover by (Bras,
1990):
IS = ( 1~ - 0.65N2)

IC

(3.20)

where I, is the corrected beam radiation, I, is the clear sky beam radiation, and N is the opaque
cloud cover fraction. Diffuse radiation is assumed to be unaffected by cloud cover.
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Chapter 4. DHSVM Inputs and Parameters
This chapter describes th,e input files and parameters required to implement DHSVM.
Much of these data were previously generated for the Snoqualmie Watershed by Connelly et al.
(1993), and are presented here as a foundation for the model calibration discussed in Chapter 5.
Parameter sensitivity is also discussed in Chapter 5.
The input data for DHSVM fall into five main categories: (1) meteorological; (2) topography, as specified by a DEM; (3) land cover and soils; (4) basinwide constant parameters; and (5)
initial hydrological state variables for each pixel. Each of these input requirements is discussed in
more detail below using exampl’es

from the Snoqualmie watershed application. Data storage,

manipulation and display for the: project used the U.S. Army Corps of Engineers’ GRASS GIS
software, but the data required by DHSVM are not dependent on any particular GIS platform.
4.1 Meteorological Data
The simulation period us,ed in the retrospective analysis is from 1948 through 1993. To
model the hydrologic response o:f a watershed accurately, DHSVM must be forced with meteorological data that represent the itrputs to the watershed during this period. For the Snoqualmie
basin we used meteorological data from the Stampede Pass weather station, which lies just south
of the watershed on the Cascade Crest (elevation 1206 m.). Station data required by DHSVM
include: air and dewpoint temperatures, cloud cover, incoming shortwave radiation, incoming
(above canopy) longwave radiation, windspeed at a reference height above the canopy, and precipitation. Hourly measurements of these data were taken from the NOAA surface airways data
base for Stampede Pass and any missing periods were estimated from measurements taken at SeaTat

International Airport. The local observations of air and dewpoint temperatures were distrib-

uted over the watershed via a simple lapse rate method. Local observed values for cloud cover
and calculated values of incoming long wave radiation were assumed to be uniform over the
watershed. The: distribution of precipitation and short wave radiation were determined by the orographic and solar radiation sub-models as described in Chapter 3. The following additional data
are needed to drive the orographic precipitation model: upper atmospheric (850 mb level) windspeed and direction and station (1e.g.

Stampede Pass) atmospheric pressure. Upper-atmospheric

wind direction ;and magnitude were interpolated to Stampede Pass from the National Meteorological Center grid point data set. Local above-canopy wind speed was not required since the above
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canopy wind speed was determilned at each pixel based on the upper atmospheric wind speed.
4.2 Digital Elevation Models
Digital elevation data are required to desc~lbe the topography of the watershed. The
DEM is the fundamental foundation on which DHSVM, and all of its distributed parameters are
based. The DEM for the Snoquahnie River watershed and the surrounding area (shown in Figure
4.1) was obtained from the U.S. Geological Survey at a resolution of 3 arc-seconds. Because the
3 arc-second da.ta result in pixel:? that are approximately rectangular (N-S dimension greater than
E-W), we resampled the DEM to square pixels of 100 by 100 meters. The watershed was delineated to include: all pixels that eventually drain to the USGS gauge on the Snoquahnie River near
Carnation. The delineated basin contained 157,722 pixels or 1,577 km’, which agrees well with
the 156 1 km* drainage area reported by the USGS for that gauge.
The orographic precipitation model requires that the base DEM be resampled to a coarser
grid resolution (due to computational limitations) which is oriented with the upper atmospheric
wind direction (during a particular precipitation event. This resampling (see Chapter 3, Fig. 3.3)
was performed for each of 16 wind directions from 0 to 360 degrees at multiples of 22.5 degrees.
The resampling produced 16 DEI:Ms for use by the orographic model and 16 slice and cross section description files which map the high resolution DEM onto the orographic model’s DEMs.
Elevation in Meters

Figure 4.1. Digital elevation map of the Snoqualmie watershed and surrounding area
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4.3 Distributed Soil and Vegetation Data
DHSVM also requires information about the soil and vegetation properties of each pixel
including vertical hydraulic conductivity, soil depth, soil porosity, overstory leaf area index
(LAI), understory LAI, overstory albedo, and many others. However, instead of specifying a
value of each soil and vegetation parameter for each DHSVM pixel (which would lead to large
data storage requirements), DHSVM uses only the dominant soil and vegetation type of each
pixel. All pixels with identical s;oil classifications are then assigned one set of soil-dependent
hydraulic parameters; all pixels with identical vegetation classifications are similarly assigned
one set of vegetation-dependent hydraulic parameters. In other words, DHSVM fully describes
all soil and vegetation parameters at a given pixel 'by a soil or vegetation class and a lookup table
of parameters which is indexed by class.
The dist.ribution of soil classes over the Snoqualmie watershed was obtained from GIS
based vector maps of the watershed provided by the Mount Baker-Snoqualmie National Forest
USFS station and the Washington Department of National Resources. Both agencies provided
data in DLG-3 :format which were converted into a ‘pixel’ based format consistent with the base
DEM. This transformation produced an intermediate map from both sources that referenced each
DHSVM pixel ‘to a soil index number. These index numbers can in turn be referenced to a num-
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Figure 4.2. Major soil parent materials for the Snoqualmie watershed.
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ber of physical soil characteristics including hydrologic class, field capacity and rooting zone
depth. However, since the soil index classification schemes used by DNR and USFS were slightly
different, we referenced each index number instead to the most consistent basis available, the soil
parent material. The resulting map is shown in Figure 4.2. The physical soil parameters belonging to each soil class are listed in Table 4.1.
Table 4.1. Soil parameters for each soil category: Base values for the Snoqualmie
Watershed

vertical hydraulic conductiv-

The dist,ribution of vegetation classes over the Snoqualmie Watershed was also obtained
from GIS based vector maps prclvided by the USFS, DNR, and the Weyerhauser Corporation.
Again, the DLG-3 data were transformed via GRASS into a format compatible with the base
DEM. Each DHSVM pixel was then referenced by a stand number from each source data base.
The stand reference number wasi then used to determine each pixel’s dominant overstory species
and the year it was last cut via altrribute tables provided by each source. The dominant overstory
vegetation in the Snoqualmie watershed is shown in Figure 4.3 and the parameters related to each
overstory class are listed in TablIe 4.2 . The parameters list in Table 4.2 was compiled from a large
number of sources. (Gholz, 1979; Monteith, 1976; Peterson et al., 1987, Gholz et al., 1976; Grier
and Running, 1977; Waring et all., 1978; Franklin and Waring, 1980).

For the ZSnoqualmie

basin implementation of DHSVM, each vegetation class was assumed
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4.3. Major overstory vegetation categories of the Snoqualmie watershed

to contain an identical understory consisting of a constant LA1 of 3.0, an albedo of 0.2, understory
height of 0.5 meters, maximum :stomatal conductance of 14.4 m/hr, minimum stomata1 conductance of 0.72 mihr and a critical soil moisture for conductance of 0.13. For each, overstory vegetation class, bare ground was assumed to have an albedo of 0. I and a roughness length of 0.0 1
meters. However, DHSVM is not limited to such a simple representation of the understory. Each
overstory vegetation class can have associated with it a distinct classification of understory.
In this application of DH:SVM

it is important to know the age of the overstory on each

pixel. The vegetation data provided by each of the three sources specify the year each pixel was
last cut. This information was extracted as part of the stand reference numbers and attribute
tables.

Assuming that each pixel was immediately replanted or seeded after it was cut, the age of

the overstory on any pixel which was cut prior to the current simulation year can be estimated.
Because the dat:a only specify the last year the pixel was cut, we also assumed that prior to cutting, each pixel contained mature growth. This is equivalent to assuming that any secondary
growth was hydrologically equivalent to old growth before it was cut. Therefore, if the pixel was
cl~earcut after th,e current simulation year, then the pixel is assumed to contain mature growth.
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Table 4.2. Overstory para.meters for each vegetation category: Base values for the
Snoquahnie watershed.
MOWtain. hem1,ock

Noble fir

0.5

0.5

=

Pacific
silver fir
=0.5

+

-

-

Summer overston,
LA1 (2.sided)
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The distribution of most recent cut dates is shown in Figure 4.4a.
Figures 4.4b and 4.4~ show the calculated age of the overstory for each pixel in the watershed for years 1948 and 1989. INote that some regions are represented as 0 years old in both
images. These regions represenlt bare areas that were either never reforested after they were cut

Year when pixel was
last clearcut

a.

Overstay age of each pixel
0
or bare

20

40

60

80

3gure 4.4. Ye:ar of Origin file used by DHSVM to predict overstory age. Examples shown for
1948 and 1989.
_-

(e.g. the Snoqualmie valley between Snoqualmie and Carnation), or were always bare. Comparison of the 1948 and 1989 images shows that there was significant harvesting in the northwest portion of the watershed during this, period. A time trend analysis of the Snoqualmie watershed
harvest history is presented in Chapter 6 (see e.g. Fig. 6.1) in the context of a retrospective analysis of trends in :peak flows.
4.4 Constant Parameters
In its current form, not a:ll of DHSVM’s

parameters are distributed. These parameters

along with the base values used for the Snoqualmie Watershed application are presented in Table
4.3. This limitation could easily be removed if the application warranted.
Table 4.3. DHSVM Basinwide Constant Parameters: Base Values for the Snoqualmie
Watersbed

Edge length of square grid cell (pixel size)
-Samrated hydraulic conductivity exponential decay coefficient
Snow roughness length
Wind measurement height (must be greater than maximum overstory
orographic precipitation model is active)

0.015 m

I

80 m

height, not used if

Vapor pressure deficit causing stomata1 closure
Visible light fraction of total short wave radiation

I

I

I

I
4mb
0.5

Base meteorological station elevation (i.e. Stampede Pass elevation)

Depth of s,oil below the rooting zones

4.5 Initial Hydrologic State Variables
DHSVM calculates a nu:mber of hydrologic state variables at each pixel for every time
step. Initialization of these variables must be provided at the start of the simulation. These
include the distribution of soil moisture in both rooting zones, depth to the water table, snow

I
I
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water equivalent on the ground and intercepted in the canopy, liquid water depth stored by both
the overstory and understory. Also, DHSVM must be supplied with an initial set of flags (O-l
variables) which specify whether or not each pixel contains: (1) any snow on the ground; (2) any
snow in the canopy; and (3) an understory.
4.5 Distributed Routing Model1 Parameters
The disnibuted routing model used by DHSVM is based on a travel time, distribution to
the outlet from each pixel as described in Chapter 3. To use this model, an input file must be constructed which contains the average travel time (in integer hours) to the outlet from each pixel.
Furthermore, a file describing the shape of the unit hydrograph for each possible value of travel
times and model timesteps must be made available to DHSVM. For this application, two FOR..
TRAN programs were written to generate these files for DHSVM. One program generates the
travel time file given the base DIEM and values of average, minimum and maximum channel
velocities. The other generates the unit hydrographs for each travel time given a value of the routing storage parameter, the possible model time steps (DHSVM can use variable time steps in a
simulation) and the maximum travel time to the outlet.

Chapter 5. DHSVM Snoqualmie Watershed Calibration
Even though DHSVM is physically based, which in theory should preclude calibration,
some calibration is required since there is considerable uncertainty in many of the required
parameters, This chapter discusses estimation of the following distributed and fixed parameters
for the Snoqualmie watershed (I~) leaf area index &AI), (2) stomata1 conductance, (3) horizontal
saturated hydraulic conductivity!, (4) vertical saturaied hydraulic conductivity, and (5) depth of the
top rooting zone soil layer. (Cal:ibration of the orographic precipitation model, distributed routing
model and verification of the snow melt model are discussed in Chapter 3.)
5.1 Selection o:F Calibration Period
DHSVA4 was implemented with base parameters (described in Chapter 4) for the period
March 1, 1983 to November 30, 1986 at a daily timestep. The mean daily observed flow of the
Snoqualmie river as measured b,y the USGS gaging station near Carnation (#12149000) is shown
in Figure 5.1.

The period of record for this gage begins in 1928 and contains no significant

diversions except during water year 1985 in which the Seattle Water Department diverted an average daily discharge of 2 ems upstream from the gage for municipal use. Several smaller diversions occurred upstream of the gage for irrigation or domestic use. Low flow diversions also
occurred for operation of the Stmqualmie powerplant, but water is returned to river upstream of
gage. Overall, ‘USGS rates the necords for this gage as good, and for the purposes of our analysis,
the diversions are negligible.

Jan-83

Jan-84

Jan-65

Date
rigme 5.1. Snoqualmie river daily mean discharge as observed near Carnation WA between
darch 1 1983 and November 30 1986.
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The calibration period co’ntains a number of interesting rainon-snow

events, including the

flood of November 1986 (instantaneous peak observed discharge of 1617 ems) which was the
third largest flood recorded at th’e gage. The ROS events of January 1984 (instantaneous peak of
1206 ems) and :February

1986 (instantaneous peak of 816 ems) occurred with wet initial condi-

tions whereas the November 1986 storm occurred with relatively dry initial conditions. This calibration period also contained a single large summer event (524 ems) during June 1985. This
range of initial conditions and event timing provides a good testing series for DHSVM. Although
the flood of November, 1990 (the second largest recorded, at an instantaneous peak of 1846 ems)
was not included in the calibration period, it was used to verify the performance of the model after
the calibration was complete.
Initial hydrological conditions on March 1, 1983 were specified as follows for all calibration runs: snow water equivalent was set to a uniform value of 0.5 meters with no snow or water
intercepted in the canopy or understory; saturation deficit was set to zero meters over the entire
basin and the soil water content of both soil layers was set to saturation over the watershed; each
pixel was forced to contain an understory. These initial values are appropriate estimates of actual
conditions for the first of March,. Land cover was adjusted to represent forest conditions as
observed in 1986.
5.2 DHSVM with Base Parameters
The mean predicted daily discharge with base parameters and the mean observed daily
discharge for the entire calibration period are compared in Figure 5.2. The total predicted precipitation input during this simulation was 9953 mm. The total predicted discharge (6752 mm) is
slightly less than that observed (‘7115 mm). While most events are well represented, the large rain
on snow streamflows of January 1984 and February 1986 are overestimated while the November
1986 flood is underestimated. H[owever, the summer event of 1985 is well estimated. The overprediction followed by an immediate underprediction during this summer event (and several other
events during the calibration series) is caused by the inaccuracy of the routing model in simulating a twenty-four hour time step. When these events are simulated at a three hour time step, the
accuracy of the predictions improves.
Examination of some oth.er variables calculated by DHSVM during this simulation period
allows for a more thorough evaluation of the base parameters. Figure 5.3 shows average soil
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Predicted Streamflow

Observed Streamflow

Predicted minus Observed Streamflow

Figure 5.2. Comparison of observed vs. predicted discharge during the calibration period for
DHSVM with base parameters.,

52

moisture in both soil layers over the entire watershed and the average saturated deficit in the
watershed. The: annual cycle in soil moisture is clearly present; the watershed dries out during the
summer months and becomes wmet during the winter months as expected. Furthermore, the
absence of longterm trends, such as the soil moisture decreasing continuously without sufficient
recovery in the winter months, its indicative that DHSVM is behaving properly.
The dai1.y

average basinwide evapotranspiration during the simulation is shown in Figure

5.4. The seasonal cycle is clearly shown with most evapotranspiration occurring during the summer months and little evapotranspiration occurring in the winter months. However, the total
amount of evapotranspiration predicted with the base parameters is too high. A total of 3,350 mm
of evapotranspiration are predicted over the four growing seasons simulated (approx. 800 mm/
year) with maximum basinwide averages above 10 mm/day. Expected yearly amounts of evapotranspiration in the Snoqualmie watershed are closer to 500 mm/year while the maximum
observed daily levapotranspiration from a mature Douglas Fir is approximately 5 mm/day
(Fritschen et al., 1973). These si.mulation errors called into question our estimates of LA1 and stomatal conductances.
5.3 LA1 and Sl:omatal Conductance
The base values of LA1 were obtained from references which based their measurements of
LA1 on an empi.rical equation which relates LA1 to the tree diameter at breast height for a number
of different species (Gholz, 1976). However, Marshall and Waring (1986) have shown that LA1
estimates based on tree diameter for such large species as Douglas fir can overestimate LA1 by
nearly 100 percent. Published Douglas fir LA1 estimates based on tree diameter range between
9.3 (Gholz, 1982) and 21.8 (Waring et al., 1978) while estimates based on sapwood diameter measurements (which Marshall and ‘Waring suggest are more reliable) range from 7.3 (Waring et al.
1980) to 12.0 (Waring et al., 1981). (All measurements in these references were made in the Oregon Cascade Range.)
The values of LA1 used as base parameters are all two-sided. However, the Penman-Monteith equation was originally developed for use witb one-sided estimates of LAI. For example,
Monteith (1975) gave estimates for LA1 of coniferous forests between 2 and 5. Therefore, the
two sided estimates of LA1 were converted to one-sided values by dividing by 2.3 before using
the values to estimate evapotranspiration.

To bring our elevated two-sided LA1 values into
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Avg. Soil Moisture Storage over entire basin
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TOP Layer := -10.09 Lower Layer I 20.72

Avg Saturated Deficit over entire basin

Figure 5.3. Predicted basinwide average soil moisture and saturated deficit during the
calibration simulation with base parameters.

Figure 5.4. Predicted basinwide daily average evapotranspiration with base parameters.
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agreement with the lower values discussed above, the two-sided base values of LA1 were all multiplied by 2/3. This reduction, along with a reduction in the maximum stomata1 conductance of
overstory from 10.8 to 5.4 (Monlteith, 1976),

reduced the average evapotranspiration over one

season to 550 - 600 mm/year while reducing the maximum observed rates of evapotranspiration
to a more realistic 5 - 6 mm/day,.
The orographic precipitation model was then calibrated (details presented in Chapter 3)
such that the total predicted discharge matched that observed. This reduced the total predicted
precipitation irrput for all subsequent calibration runs to 9668 mm.
Figure 5.5 presents a comparison of the observed and predicted discharges for the calibration period from DHSVM with the revised evapotranspiration parameters and updated precipitation models. Due to the decrease in predicted precipitation, the amount of overprediction during
the January 1984 and February 11986 events has decreased while the amount of underprediction
during the November 1986 event increased. One possible explanation for the over and under prediction is that for the events which are overpredicted, DHSVM is simply predict,ing more precipitation than actually occurred for the winter ROS events while underpredicting the precipitation
for the November 1986 event. This possibility was ruled out by checking the observed precipitation at a number of stations around the basin (the same stations used in the orographic precipitation model calibration) and comparing those values to the predicted basinwide precipitation. In
all cases, the predicted precipitation is an accurate reflection of the observed values.
5.4 Vertical Saturated Hydraulic Conductivity
Another explanation for these errors is that not enough infiltration is occurring. To check
this possibility, the last simulation (shown in Figure 5.5) was repeated with all saturated vertical
hydraulic conductivities (Kv) set to 0.1 m/hr. The observed vs. predicted discharges for this simulation are shown in Figure 5.6, and indicate that increasing the saturated vertical hydraulic conductivity has no noticeable effec:t on the predicted discharge. The errors in prediction are
unchanged. This result is not surprising considering that Pacific Northwest soils are rarely infiltration limited. Therefore we w,ould expect that increasing their vertical infiltration rates from
realistic values by increasing Kv would not change the predicted discharges much.
5.5 Horizontal Saturated Hydraulic Conductivity
The saturated horizontal hydraulic conductivity (Kh) can greatly affect peak discharges.
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Predicted Streamflow

Observed Streamflow

Predicted minus Observed Streamflow

Figure 5.5. Comparison of observed vs. predicted discharge for DHSVM with revised LA1 and
stomata1 parameters.
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Predicted Streamflow

Observed Streamflow

Predicted minus Observed Streamflow

Figure 5.6. Comparison of observed vs. predicted discharge for DRSVM with revised vertical
hydraulic cond,uctivity.

This parameter directly controls .the rate at which groundwater discharges to neighboring pixels.
Increasing Kh will increase the 130~

of groundwater downslope and thus increase the level of

baseflow into the river while accelerating the drydown of the watershed. A decrease in Kh will
have the opposi.te effect. To illustrate these changes the simulation presented in Figure 5.5 (original vertical hydraulic conductivities) was repeated with Kh reduced from 0.1 to 0.01 m/hr. The
results are shown in Figure 5.7. The impact on the predicted discharge is dramatic. The amount
of overprediction for the two winter ROS events is increased by almost a factor of two while the
previous error in prediction of the November 1986 event is unchanged in magnitude but reversed
in direction. Al~so, the baseflow level in the summer months is significantly decreased as Kh is
decreased.
From these result, we caln conclude that the previous underprediction of the November
1986 event was mostly caused by excessively dry initial conditions. This conclusion is supported
by the soil moisture distributionis during the simulation period. Figure 5.8 compares the average
soil moisture levels in both soil Ilayers and the saturated deficit during the simulations with a Kh
set to 0.1 m/hr and 0.01 m/hr, respectively. With a Kh set to 0.1 m/hr, the soil moisture levels in
both the upper and lower rooting zones fluctuate from near saturation in the wint,er months to just
below field capacity in the summer months while the saturated deficit cycles from near zero in the
winter months t:o approximately 300 mm in the summer months. With a Kh of 0.01 mihr, we
observed almost no departure from saturation for the lower soil zone during the year. During the
summer months, the upper soil zone does dry out to similar levels as seen with a Kh of 0.1 mlhr.
However, during the winter months, the upper soil layer is nearly continuously at saturation,
Also, with a Kh of 0.0 1 m/hr, there is almost no increase of the saturated deficit from zero during
the year. Since DHSVM represents infiltration as a one-dimensional process, an unrealistically
wet subsurface will quickly translate any precipitation into runoff, thereby overpredicting discharge.
Another interesting note regarding the value of the horizontal saturated hydraulic conductivity is that our simulations show it has little effect on the amount of evapotranspiration. With a
Kh of 0.1 m/hr DHSVM predicted 2507 mm of evapotranspiration while a Kh of 0.01 m/hr
resulted in 254X mm. At first ttlis might seem surprising since the decrease in Kh increased soil
moisture levels., However, the summer values of soil moisture in the upper layer were equally low
during both simulations while thu: summer values of soil moisture in the lower layer were not
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Figure 5.7. Comparison of observed vs. predicted discha& for DHSVM with revised hydraulic
conductivity.

Avg. Soil Moisture Storage over entire basin (K=O.Ol m/hr)

Avg Saturated Deficit over entire basin (K=O.Ol m/hr)

Avg. Soil Moisture Storage over entire basin (K=O.l mihr)

Avg Saturated Deficit over entire basin (K=O.l mlhr)

Figure 5.8. Comparison of soil :mokture and saturated deficit predicted with horizontal hydraulic
conductivities of 0.01 and 0.1 m/hr.
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decreased enough so that available soil moisture began to limit evapotranspiration.
5.6 Depth of Upper Rooting Zone Soil Layer
Another parameter which can affect the translation of precipitation into runoff is the thickness of the soil layers. A thick soil layer will store more precipitation before producing runoff
than a thin soil at identical soil moisture levels below saturation. This parameter was tested by
decreasing the thickness of the upper soil layer from 0.75 to 0.25 meters, thereby decreasing the
thickness of the: entire rooting soil layer from 1.5 to 1.0 meter (Kv and Kh remained at base values). This change is consistent with observations in the Snoqualmie watershed which report root
development between 6 and 28 inches into the soil (USFS, 1973). The results are shown in Figure
5.9. Note that this change has little affect on the January 1984 and February 1986 event but does
slightly improve the estimate of .the November 1986 event. However, the November 1986 flood is
still underestimated. Overall, changing the depth of the upper rooting zone soil layer has little
impact on the performance of DHSVM for the Snoqualmie basin.
5.7 Additional Calibration
The results presented above reveal that the horizontal saturated hydraulic conductivity is
the most sensitive parameter of Itbose tested. Unfortunately, it can vary by orders of magnitude
even in relatively homogenous subsurface materials. Even if point measurements of Kh were
available, they :most likely woul~d not be directly applicable given t,he conceptualization of the
downslope moisture redistribution used in DHSVM. Therefore, the value of Kh must be chosen
with care. To this end, we performed a large number of simulations to find the ‘best’ value for this
parameter in the range of 0.1 m/hr and 0.01 tir.Although increasing Kh above 0.1 mihr
improved the predictive capabili,ty of DHSVM for the January and February storms, it worsened
simulation of the November 1986 unacceptably. Our objective in this stage of the calibration was
to simulate the November 1986 event adequately while minimizing the remainder of the residual
series especiallyy the January 1984 and February 1986 events. This calibration requires a tradeoff
between accuracy of ROS even& with wet initial conditions and those with dry initial conditions.
To aid in this calibration, DHSVM was run with a variable time step. The period from March 1,
1983 to September 30, 1986 wa:s simulated at a daily time step while the period from October 1,
1986 until November 30, 1986 was simulated at a three-hour timestep. Simulating the November
event at a three hour time step allows for detailed examination of the effect of Kh on the peak dis-
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Predicted Streamflow

Observe; Streamflow

Predicted minus Observed Streamflow

Figure 5.9. Comparison of observed vs. predicted discharge for DBSVM with revised upper
rooting zone soil thickness.
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charge and the timing of the predicted and observed hydrographs.
The results of this analys&is suggested that a horizontal saturated hydraulic conductivity of
0.03 mihr allows for an accurate simulation of the November 1986 while not significantly worsening the performance of the model during the January 1984 and February 1986 events. The final
results with a K.h of 0.03 are shown in Figures 5.10 and 5.11. Figure 5.10 shows the predicted discharge with a three hour time step and the observed hourly discharge for the November, 1986
event. Note that the peak is slightly underestimated but the timing and duration of the event are
well simulated. Although the peak could be better approximated by further decreasing Kh, this
would have worsened the performance for the winter ROS events. The predicted and observed
streamflow and the residual series for the simulation period from March, 1983 through September, 1986 is shown in Figure 5.11.
Table 5.1 compares the maximum mean daily predicted discharge for DIISVM simulations with Kh equal to 0.01,0.03 and 0.1 m/hr to the observed peak daily discharge for the January 1984 and February 1986 eve:nts. Increasing Kh from 0.1 to 0.03 results in a small increase in
the overpredicnon of the January 1983 event and a more modest increase in oveiprediction of the
February 1986 event but yields a large improvement in the prediction of the November 1986
event, although it is still underestimated. Any further decrease in Kh results in unacceptably large
overpredictions of the January and February events without any significant improvement in the
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Figure 5.10. Comparison of hourly observed to 3-hour predicted discharge
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Predicted Streamflow

Observed Streamflow

Predicted minus Observed Streamflow

I

Figure 5.11. Comparison of mean daily observed vs. predicted discharge for calibrated DHSVM.
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November event.
The calibrated DHSVM was then used to simulate the period between November 1, 1990
and November 30, 1990 during ,which the second largest recorded flood on the Snoqualmie river
occurred. A three hour model time step was used for this simulation. Initial conditions for this
event were obtained by simulating the period from the end of the calibration period (November
30, 1986) through October 31, 1990 at a daily time step. The final values of the initial variables
on October 3 1, 1990 were used as the initial conditions. The observed and predicted streamflows
for the November 25 event are shown in Figure 5.1:2.

The magnitude, timing and duration of the

peak flow are well predicted, especially considering the magnitude of the observed event.
Table 5.1 ,Comparison

of predicted and observed maximum mean daily discharges
for three ROS events
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Figure 5.12. Verification of DHSVM model calibration on November 1990 ROS event
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Chapter 6. Retrospective Analysis
The central hypothesis off our work is that forest harvesting can lead to changes in peak
streamflows. One problem in evaluating whether or not changes have occurred is that trends
related to vegetation changes ca:n be confounded with those due to climatic variations. In this
chapter, we per~form a retrospect,& analysis of the historic streamflow record of the Snoqualmie
River at Carnation using DHSVM to control for climate changes. Since DHSVM explicitly models the climatic record for the entire record with fixed land cover conditions, any trend in the predicted minus observed discharge (residual) time series can be attributed to land use changes. Our
analysis focuses on simulating the annual maximum series (AMS) and peaks over threshold
(POT) for the 46 year period 1948 through 1993 using 1989 land use conditions. If the cumulative effects of forest harvesting have increased peak streamflows over time then DHSVM should
overpredict peak events early in the retrospective period and this level of overprediction should
decrease as the simulation approaches the present.
6.1 Retrospectiive
Analysis Implementation.
Simulation of the annual maximum series from 1948 until 1993 requires that DHSVM be
run continuously for this entire period so that antecedent conditions are estimated properly. Simulation of the entire period at a 3 hour time step would require approximately 134,000 timesteps
and nearly 70 days to complete on a Sun Spare 20 workstation. To reduce the simulation time, we
used a variable time step which simulated the majority of the record with a daily time step. Each
annual maximum event was simulated with a three hour timestep for five days before and after the
event. This approach reduces the total number of time steps to approximately 20,000, and the
total run time to 10 days.
Initial conditions for January 1, 1948 were set identical to the initial conditions for the calibration period, i.e. fully saturated soils and groundwater levels with 0.5 meters of snow water
equivalent over the basin and not intercepted snow. All pixels were assumed to contain an understory and forest cover conditions were set at constant 1989 values during the entire simulation.
All statistical tests for trend in this chapter used Kendall’s tau test (Kendall and Gibbons,
1990) with a probability of type I error equal to 10 percent (p=O. 1). Kendall’s test is a nonparametric test which compares each observation in a series to all other observations and determines
the presence of a trend based on rank and not actual difference measures. Thus t:he test is not sen-
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sitive to the magnitude of an individual observation but only its rank.
6.2 Forest Harvesting History Of The Watershed.
An important factor affec:ting any trend in the residual series is the distribution of clearcuts
and young tree stands in the watershed. If forest harvesting effects are important, an increase in
the area of the watershed with young trees should result in a decreasing trend in the residual series
while a decrease in area of young stands should lead to an increase in the residual series. The percentage of the Snoqualmie watershed (1561 km2) supporting clear cuts and stands less than 5, 10
and 20 years old for 3 elevation bands is shown in Pigure 6.la.

Of these three bands, 25% of the

watershed’s area is below 300 meters in elevation, 138% is between 300 and 900 meters, and 37%
is above 900 meters. The information for these figures were obtained from harvest histories provided by Weyerhauser Co., Washington Department of Natural Resources, and the US. Forest
Service. These data show that harvesting during the initial periods of the retrospective analysis
was concentrated in the 300-9OCl

meter elevation band and later shifted to elevations over 900

meters. The total percentage of the basin supporting trees less than 20 years old has been increasing steadily ove:r the entire perio’d of the retrospective analysis. This increase is predominately
due to an increase in young stands above 900 meters in elevation. However, the percentage of the
basin supporting trees less than 10 or 5 years old has shown a more cyclic nature with a pealc
occurring around 1975.
Figure 6.1 b shows the average age of the overstory during the retrospective period. Pixels
which were considered either bare or agricultural by DHSVM were excluded from the average
and those pixels which contained trees older than 80 years were set to an age of 80 for purposes of
computing the average. The figure shows a significant decrease in the average age of the overstory over the retrospective period with the majority of the decrease occurring from 1960 to 1975
and the minimum at 1989.
6.3 Statistical Analysis Of Observed AMS Andl POT Data.
Connelly, et al. (1993) found no significant trend in the AMS for the Snoqualmie watershed from 1932, through 1989. However, the analysis in this chapter focuses on the period from
1948 through 1993 (for which c:limate data records are available in electronic form) and also
includes the POT series. Therefore, we extend the analysis of Connelly, et al. to both the AMS
and POT series for the 1948-93 time period.
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Figure 6.2 shows the obxrved

instantaneous AMS data for the retrospective analysis. No

significant trend was found in this series. Figure 6.3 shows both the observed instantaneous peak
and mean daily streamflow for e,ach date in the POT series. Mean daily discharges were used for
the statistical analysis of the POX series since the majority of the retrospective simulation used a
daily timestep. Application of Kendall’s test indicated significant increasing trends in both series
with a more significant trend in the mean daily streamflows (p=O.O3) than in the instantaneous
peaks (p=O.O8).,
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6.4 Residual Series From Retrospective Analysis On Annual Peak Events
The results from the retrospective analysis of the 45 annual peak streamflow events are
shown in Figure 6.4. The actual residual value (predicted minus observed instantaneous peak discharge) for each event is shown along with the residual series transformed to percent overprediction and the cumulative residual series. Perhaps the most remarkable feature of Figure 6.4 is that
before 1964 and after 1975 the majority of the events are overpredicted (some by as much as 200

1945

' I 955
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1995

Tigure 6.4. Residual series obtained from annual maximum streamflow events
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percent), while the events between 1964 and 1975 are almost all underpredicted. Fortunately, the
events which are overpredicted by large margins occur both early and late in the retrospective
period and are not expected to bias the statistical test for trend since it is not sensitive to the absolute magnitude of the residual but only its relative rank.
Before proceeding with a statistical trend analysis of the residual series, it: is worthwhile to
examine the behavior of DHSVM during a few of the events in the annual peak series which have
large positive residuals (overpmclictions). Figures 6.5a and 6Sb show the predicted precipitation,
discharge, soil moisture, saturation deficit, snow water equivalent and snow melt averaged over
three elevation bands for the 11 days before during and after the events of November 23, 1959 and
November 20, :1962.
To explain the source of the overpredictions, we first compared the observed precipitation
at selected stations to that predicted by the orographic sub-model in DHSVM. Table 6.1 shows
the observed precipitation at five stations compared to the predicted basinwide average precipitation for four well approximated ‘events and five events with large overpredictions. Data not available for a given event are markeld ‘NA’. For all nine events, the average predicted precipitation is
huger than the observed precipitation at any of the stations and most closely matches that at Stampede Pass. However, as noted eiarlier, the average annual discharge of the Snoqualmie River at
Table 6.1.3 dsy reported precipitation in millimeters prior and during select storm events
which produced peak streamflows over 1000 ems
Snoqualmie
Falls
elev=134m

Cedar Lake
e,e”&75m

70

124

124.

Tolt
reSer”O’r
elev=609m
-

Snoqualmie
pass
elev=920m

Stampede
pass
elev=ll25m

AVMage
predicted

na

223

271

314

134

na

265

226

270

56

71

na

141

246

292

173.

254

106

*,a

337

372

38

114

69

na

276

305

105

117

na

175

145

163

125

146

93

na

124

152

153

164

117

,,a

154

185

149

229

196

,,a

18:Z

212

-

-

12

Carnation is roughly equal to the: annual observed precipitation at Stampede Pass. Therefore, the
average precipitation over the basin must be, on average, greater than that observed at Stampede
Pass.
The ratio of average predlicted

precipitation to observed precipitation at Stampede Pass is,

on average, 1.16 for both well predicted and overpredicted events. However, for the overpredieted events, the ratio of predict:ed precipitation to observed precipitation is much higher than for
the well predicted events. For e:rc,ample, the ratio at Cedar Lake is 1.12 for the well predicted
events and 2.55 for the overpredicted events. The overpredicted events show a strong increase in
observed precipitation with increasing elevation which the orographic sub-model can not duplicate. This leads to precipitation overprediction at low elevations and is the major cause of the
large overpredictions in streamflow for these events.
This nature of this overprediction can be further observed in the event histories. Before
the peak streamflow of the 1959 event (shown in Figure 6Sa), a maximum of 40 mm of precipitation fell in a three hour period and the entire snow pack below 900 meters, along with a significant
fraction of that over 900 meters, melted, releasing as much as 15 mm of additional water over a
three hour period. This influx of water, combined with almost saturated soil moisture and only
small deficits in the groundwater table, produced a Ipredicted peak streamflow of 2374 ems which
far exceeded that observed (139!J ems).
Similar conditions preva:iled during the 196:2 event shown in Figure 6.5b. A short peak of
over 40 mm of Iprecipitation in 3 hours and up to 8 mm of snowmelt in the elevation band above
900 meters immediately preceded the peak streamflow. This precipitation plus melt quickly satisfied the remaining saturated zone and soil moisture deficit and lead to an extremely overpredicted
peak discharge of 2327 ems compared to the observed peak discharge of 1070 ems.
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6.5 Statistical Test For Trend ‘In The Residual Of Annual Peak Events
No trend was detected at the p=O.l level when Kendall’s test was applied to the 45 values
of the raw or percent AMS residual series. This result suggests that there has not been a change in
annual peak streamflows due to land use changes that DHSVM can detect. Furthermore, when
the residual ser:ies from 1948 to :I975 were analyzed, no trend was found at the p=O. 1 level.
6.6 Residual Series For USGS Peaks Over Threshold.
It has been suggested that the greatest impact of land use changes is not on the largest
floods but on the smaller events which occur, on average, several times each year (Jones and
Grant, 1996). If true, this would explain the lack of trend in the residual series of the annual maximum events and suggests the focus of the analysis be shifted toward smaller events. As a basis
for this broader analysis we used the USGS peaks over threshold series which records those peaks
in excess of a specified value. There has been some concern that the USGS has changed the
threshold for the peaks over threshold series at some gaging stations. However, we verified that
the threshold value for the Snoqualmie River gage near Carnation has not been changed from the
published value: of 16,000 cfs over the period of the retrospective analysis.
We compared the observed mean daily flow on each date in the USGS peaks over threshold series to the mean daily flow predicted by DHSVM on the same date.~ The difference between
the predicted and observed values formed the threshold residual series. Mean daily flows were
used instead of instantaneous flows because the majority of threshold events in the retrospective
analysis were s:imulated at a dailly time step. Those events which were included in the annual
maximum series were simulated, at a three hour time scale with predicted mean daily discharge
values used to construct the POY series.
The POT residuals are plotted in Figures 6.6a and 6.6b which show the actual value of the
residual and the residual expressed as a percentage of the observed mean daily discharge, respectively.

Each figure is further partitioned into two series, those residuals with an observed daily

mean flow above 650 cubic met’ers per second (49 events indicated with dark points) and those
below 650 ems (83 events indiciated with light points). The mean daily streamflow threshold of
650 ems was chosen to approximate the mean annual flood, i.e. one event per year in the analysis.
Applica,tion of Kendall’s, test to the entire POT residual series (all 132 values) showed no
significant trend in either the pejrcent residual series or the raw residual series. Also, no trends
were found in the POT series wiith observed mean daily discharges greater than 650 ems. This
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result agrees with the absence of trend observed in the AMS residuals. However, when Kendall’s
test was applied to the POT residuals with an observed mean daily discharge less than 650 ems,
significant dow:nward

trends were observed (p=O.O:i) for both the raw and percent residuals.

These results suggest that. some factor other than climate (which is explicitly modeled by
DHSVM over the period of the retrospective analysis) has contributed to increasing the magnitude of smaller events in the POT series but has not significantly inhuenced larger events in either
the POT series or the AMS.
6.7 Segregation Of Pot Residuals By Snow Melt Volume.
To attempt to interpret the cause of the decreasing trend in the residual series for the small
POT events, we segregated the entire POT series into four categories based on a snowmelt index.
Two separate in.dices were used in which the total basinwide predicted snowmelt was divided by
either the total basinwide predict:ed precipitation or the total predicted discharge during the event.
Totals were calculated during the three days prior to and including the date of each POT event.
Each of the two sets of segregamd POT residuals was examined for trends in both the raw and
percent

residuals.
Our hypothesis is that for events of equal size (as indexed by total precipitation or dis-

charge), those with small snowmelt contributions are less likely to increase due to forest harvesting. This hypothesis assumes that increased snowmelt volumes during ROS events are the cause
of increases in peak streamflows and implies that there would be no trend in the residuals analysis
for small snowmelt events and a significant decreasing trend in the residuals for larger snowmelt
events of equal overall magnitude. Coffin and Harr (1992) have observed that the percent
increase in snowpack outflow due to removal of forest canopy decreases as the size of the event
(as indexed by total snowpack oatflow) increases. Given that any increases in snowpack outflow
for harvested re,lative to forested. sites are predominately due to increases in snowmelt volume, it
follows that as the total amount of precipitation increases, the observed percent mcrease in snowpack outflow must decrease. However, the actual increase (expressed as a depth of water instead
of a percentage) would not be expected to decrease. To account for this subtle distinction, we
examined both the percent and raw residuals for trends.
To illustrate the magnittme of the trends o’bserved and to clarify the nature of the segregation, the results for the percent residual analysis of the snowmelt versus precipitation index are
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presented in Figure 6.7 The results for the entire segregation analysis are presented in Table 6.2.
Figure 6.7 shows the residuals of the POT series segregated into four categories: events in which
the 3 day snowmelt was less than 6 %, between 6 and 15 %, between 15 and 25 %, and greater
than 25 % of 3 day precipitation. Each of these categories was chosen with roughly the same
number of events so that the power of the statistical test would be roughly comparable for each
category.
The results were exactly opposite of what our hypothesis suggests. Results from all segregated series, summarized in Tab1.e 6.2, show that there are significant decreasing trends in the percent residuals for only those events in which snowmelt volumes were minor fractions of
precipitation or discharge. As the amount of snowmelt increases, the significance of the trend disappears. Analysis of the raw res,iduals reveals that for the snowmelt vs. precipitation index, the
trend remains for small snowmelt events but disappears in all categories for the snowmelt vs. dis-
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Table 6.2. Results from a:nalysis of POT residuals segregated by snowmelt volume
Snowmelt
Index

Percent
Interval

Percent
residual
trend

Average
total
snowmelt
(mm)

Raw
esidual
trend

mowmelt
precip.

I

-l=Average
total
precip.
(mm)

Average
total
discharge
(mm)

134.7

248.0

24.7

-119.7

--L-1-

108.4

243.9

I
1

205.5

charge index. Even though smaller events (as indexed by discharge or outflow) are expected to
show larger inc:reases in streamflow due to forest harvesting (Coffin and Han; 1992; Jones and
Grant, 1996), the trends revealed in the small snowmelt events of the segregation analysis can not
be explained by smaller total discharges or precipitation. In fact, the category with the smallest
precipitation volumes and discharges had the largest snowmelt contributions and contained insignificant increasing trends. Theses results are in direct opposition to our initial hypothesis, and
suggest that either the hypothesis is incorrect or the underlying assumption that ROS effects are
driving increased peak streamflows is not valid. If the latter is true we would expect to see insignificant increases in peak discharges for given ROS events due to removal of forest cover.
6.8 Simulation Of Residual Series With Varying Forest Cover.
The analysis described ajbove fixed forest cover at 1989 conditions. The results indicate
that a trend does exist in the residual series for smaller peak streamflow events and not for larger
events, however the importance of the ROS mechanism appears is questionable. One method by
which we can further investigate the mechanism responsible for the trend in the residual series is
to resimulate periods of the retrospective analysis with forest cover conditions set to 1948 and
1975 levels, which effectively blrackets the range of effects. A direct comparison of the predicted
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discharge series for the retrospective analysis can then be made with 1989, 1975, and 1948 forest
cover.
Figure 6.8 compares the discharge predicted with 1948 forest conditions to that predicted
with 1975 forest cover from Jamlary 1, 1948 until December 3 1, 1962. The maximum increase in
predicted discharge is only 60 ems which occurred during an annual peak event and produced a
percentage difference of only 6%. The largest percentage increase is approximately 30% but this
occurs during relatively small events which are not included in the ‘USGS peaks over threshold
series. Examination of the actual values from the peaks over threshold series show a maximum
actual difference of 40 ems for a. maximum percent increase of only 6%. The figure also shows a
cyclic pattern of overprediction :followed by underprediction during each year. This cyclic behavior occurs during the spring snowmelt season in which events are dominated by snowmelt, driven
in large part by solar radiation. Removal of forest canopy exposes a larger portion of the snowpack to shortwave radiation thereby increasing early snowmelt

events. Furthermore, because

more of the snowpack melts rapidly during the early spring due to the removal of forest canopy,
later events decrease in size.
Figure 6.9 shows a similar comparison of 1~989 forest cover to 1948 forest cover for the
same retrospect,ive time period. The increases are even smaller than those resulting from comparing 1975 to 1948,forest cover. Comparison of the maximum predicted increase in discharge to the
minimum detectable difference that would result in a trend in the residual suggests that it is not
likely that the observed trend in t:he residual series seen in the smaller events of the peaks over
threshold series is due to vegetation changes. Further investigation of the cause will require an
extension of DHSVM to incorporate the effects of land use changes not currently modeled, such
as the effects of roads on runoff generation and subsurface interception. These mechanisms
been suggested as significant co:ntributors to increased peak streamflows in western Oregon
basins (Jones and Grant, 1996).

have
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Chapter 7. Sensitivity of !$treamflow

to Forest Harvesting Alternatives

The results of the retrospective analysis presented in Chapter 6 suggest that ROS mechanisms, which were specifically incorporated into DHSVM to account for the effects of forest harvesting on peak: streamflows, do increase peak streamflows but not to the degree needed to
account for the observed trend in the residual series. This chapter extends the sensitivity analysis
of Chapter 6, in which forest harvesting conditions were varied over historical levels, to include
an analysis of several hypothetical harvest strategies. The sensitivity analysis focused on simulation of the continuous climatic record from January 1, 1948 through December 3 1, 1955 (the first
eight years used in the retrospective analysis). This period is of sufficient length to evaluate the
likely effects of alternative harvest strategies as it contains several of the largest peak flows of
record (e.g. the floods of February 1951 and 1953). The simulations were structured as described
for the retrospective analysis. H:owever,

for the purposes of this analysis, overstory vegetation

classes were changed such that the entire watershed was assumed to be covered by the dominant
species, Douglas fir. This change removes the individual variation among overstory species,
thereby focusing the sensitivity ianalysis on overall forest harvesting effects and not on which specific species were cut. Manipulation of the year of origin input file (described in Chapter 4)
allows for direct specification of the overstory age on each pixel from clearcut to old growth.
7.1 Effect Of Clearcutting The Entire Watershed
To provide an upper bound on the expected impact of forest harvesting as predicted by
DHSVM, the most drastic of forest harvesting strategies was simulated, the complete clearcutting
of the entire 1500 km* watershe’d. Acomparison between the hourly predicted streamflows with
complete oldgrowth Douglas Fir coverage and complete clearcutting for the eight annual peak
events between 1948 and 1955 is shown in Figure ‘7.1. The figure shows that for these annual
events, all peaks would be incre:lsed by complete clearcutting of the watershed. However, the
magnitude of the increase varies by event from as small as 20 ems for the event of December
1953 to over 300 ems for the event of February 1951. It should be emphasized that these results
are for a limiting case and should not be used to infer trends in streamflow based on more realistic
harvest strategies, which are presented later in this chapter. However, they are useful in suggesting an upper bound of forest effects on peak streamflow.
To explain the factors behind this variation among events, it is helpful to analyze the pre-
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Figure 7.1. Annual peak streamflows simulated with all old growth Douglas fir and 100 percent clear cut.
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dictions of DHSVM during two events: one in which a large increase in peak streamflow was
observed (February 1951),

and tlhe other which showed almost no increase in streamflow (Decem-

ber 1953).
Figure 7.2 shows predicted precipitation and observed temperature (at Stampede Pass) and
compares the predicted distribution of snow water equivalent and snowmelt over three elevation
bands (less than 300 m, between 300 and 900 m, and over 900 m) for the simulations with complete old growth coverage and cmomplete clearcutting for the February 195 1 event. The legend of
the normalized snow water equivalent plot indicates the maximum SWE (in mm) during the event
in each elevation band.
Note that the two lower elevation bands contain less snow water equivalent in the old
growth simulation than the clearcut simulation. However, the highest elevation band contains
more snow water equivalent during the old growth simulation. This reversal in trend with
increasing elevation was seen in all the annual peak events. It is indicative of the sheltering of the
snowpack by the old growth forest during the rare snowmelt events above 900 meters and perhaps
more importantly, the limited rolles snow interception and direct melt from the canopy play above
900 meters. (Wind redistribution of snow on the ground is not simulated by DHSVM.) Below
900 meters, in the transient snow zone, ROS occurs more frequently and snow interception and
direct melt dictate the distribution of snow.
During this event, the observed temperature at Stampede Pass rose to over 6“C. In both
simulations, the entire accumula,ted snowpack below 300 meters melted, producing an additional
21 mm of runoff due to the larger initial snow accumulation in the clearcut simulation. Furthermore, the elevation band above 900 meters produced significantly more snowmelt at the height of
the storm during the clearcut simulation, even though it had less snow. This increase is due to the
increased latent and sensible heat transfers caused by higher wind velocity over the snow in the
clearcut areas. However, the main increase in snowmelt occurred in the transient snow zone. In
the old growth simulation, roughly 30 percent of the initial accumulated snowpack of 250 mm
melted at a maximum rate of up to 1.3 mm/hour. During the all clearcut simulation, roughly 50
percent of the initial accumulated snowpack of 318 mm melted at a rate of up to 2.7 mm/hour.
This large increase in predicted !snowmelt translates directly to the observed increases in peak discharge if the entire watershed were clearcut.
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Figure 7.2. DHSVM predictions with varying forest cover for 2/10/51 event.
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Figure 7.3 summarizes a similar analysis of the December 1953 event which produced relatively little additional extra streamflow if the entire watershed were clearcut. In this event, the
observed temperature at Stampede Pass increased to approximately 3 degrees Centigrade during
the peak precipitation period of the event. During the warm period of the event, the clearcut simulation ptoduced only slightly more snowmelt than the old growth simulation. The only notable
exception occurred during the period of maximum precipitation when the clear cut simulation
predicted over 2.7 mm/hour of snowmelt in the transient snow zone while the old growth simulation predicted only 1 mm/hour

of snowmelt. However, these increases were too short-lived to

affect peak strea.mflow, due to low air temperatures before and after the storm.
Figure 7.3 also indicates the role snow interception and subsequent melt plays during ROS
events. Below 300 meters, snow accumulation in the clearcut simulation reached 33 mm during
the initial cold period of the event. However, in the old growth simulation, snow accumulation
reached only 4.8 mm, even though the precipitation and temperature distributions over the watershed were identical for both simulations. In the old growth simulation, most of the snowfall
below 300 meters was intercepted by the canopy, where it was exposed to higher latent and sensible heat transfer and melted.
We have already shown in Chapter 6 that the trend in the residual series of the retrospective analysis is more significant for smaller events. On this basis, we would expect to see larger
percent increases in streamflow for the peaks over threshold series than for the annual peak series.
Moreover, we should observe even larger increases for those events which are smaller than the
threshold strearnflow. Figure 7.4 shows the predicted streamflow record from January 1, 1948
through December 3 1, 1955 witb all old growth, and a difference series in which the old growth
streamflow is subtracted from the predicted streamflow record based on an entirely clearcut
watershed. This difference is also expressed as a percent of the old growth streamflow.
With respect to the entire period of contin~uous simulation, vegetation removal over the
entire basin leads to a maximum increase in streamflow of approximately 300 percent and a maximum decrease of almost 100 percent. In the entire series, those events which show the largest
increase in streamflow occur during the early part of the spring melt season. Removal of the canopy exposes the snowpack to larger latent and sensible heat transfer, and more importantly, higher
net shortwave radiation. Thus, during the early part of the snowmelt season, streamflow
increases. The largest decrease occurs during the later part of the snowmelt season. Since the
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snow melts at a faster rate after removal of the canopy, those snowmelt events which occurred
later in the season with old growth coverage are effectively shifted earlier in the year.
Extracting those peaks from Figure 7.4 which belong to the peaks over threshold series
show that they realize a more modest maximum increase of 72 percent if the entire basin were
clearcut. Since the largest streamflows on the western slopes of the Cascades are not typically
associated with spring snowmelt:, we would not expect those events which exhibit the largest
increases in streamflow due to clearcutting to be present in the POT series. However, these results
do have the potential implications for interior (i.e. Columbia basin) tributaries where spring snowmelt produces many flood peaks.
7.2 Effect of Alternative Harvest Strategies
Although removal of all overstory vegetation is predicted to lead to large increases in peak
streamflows, these results are no:t directly applicable to the more modest harvest strategies that are
of practical interest. Therefore, we evaluated the effects of alternative harvest strategies that are
within the range of the historical basinwide harvest fractions. Each alternative strategy assumes
clearcutting of ‘LO percent of the total watershed area (i.e. 157.7 km2 out of 1577 km*) in three
elevation bands: (1) below 300 meters; (2) between 300 and 900 meters; and (3) above 900
meters. In each case, the DHSVIM

pixel (100 m by 100 m) represents the minimum scale at which

cuts are made, i.e. each pixel is assumed to be either all old growth or entirely clearcut. The
clearcut pixels are arranged to minimize visual impact on the landscape following the recommendations of Fridley et al. (1991),

which are based on examination of computer rendered landscapes

of potential clearcut strategies. They suggest that clearcuts be arranged to follow the natural contours of the land so that they mimic natural disturbances such as stream channels and landslides to
the extent possible. To mimic th[ese patterns, we developed a simple computer program which
forces clearcut areas to: (1) remain inside the specified elevation bands, (2) follow regions of
decreasing upgradient accumulation, (3) begin only in regions in which the accumulation value is
less than a given threshold (i.e. focus clearcutting along the minor tributaries while avoiding
larger ones), and (4) cut all pixels within a given distance from the central path of ascent while
tapering the beginning and end of each clearcut (i.e. follow stream channels upgradient). The forest harvest patterns generated by this algorithm for the three elevation bands are shown in Figure
7.5 along with t:he DEM of the watershed for reference to the elevation boundaries. Each of the
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three harvest ahernatives was simulated over the period January 1, 1948 through December 31,
1955 and the predicted streamflows were compared to those predicted for the entire old growth
case.
Results :for the eight annual flood peaks assuming all harvest in the transient snow zone
(300 - 900 m) are shown in Figure ‘7.6. The results of the analysis indicate that the eight predicted
annual peak hydrographs for all three harvest strategies would be almost indistinguishable from
those resulting from the old growth case. The relatively large increases predicted for the 100 per.
cent harvest case are greatly reduced. Smaller differences were also seen for the entire continuous
streamflow record including spring melt events, as compared to the complete overstory removal
case.

below 300 m.

between 300 - 900 m. 1

over 900 m.
Elevation in Meters
Figure 7.5. Alternative harvest strategies to minimize
visual impact while clearcutting 10% of the watershed
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Figure 7.6. Annual peak streamflows simulated with 10% of basin cut between 300 and 900
meters and all1 old growth Douglas Fir.

93

Figure 7.7 presents the difference series for each harvest strategy when compared to
streamflows obtained with all old growth. With 10 percent of the basin harvested below 300
meters, the max.imum increase (40 ems) and percent increase (50 percent) occur during the same
event which is not in the peaks over threshold series. The maximum percent increase in the peaks
over threshold series is 10 percent while the average increase of the peaks over threshold values is
only 2 percent.
With 10 percent of the basin harvested between 300 and 900 meters, the maximum
observed increa.se (60 ems) occurs during an annual peak event and translates into an approximately 5 percent increase. The 1,argest percent increase of approximately 45 percent occurs during an early spring snowmelt evlent which is not in the peaks over threshold series. The average
increase in the peaks over thresh,old series is 2 percent. Similarly small increases are seen for the
10 percent harvest above 900 meters case.
The lack of increase in streamflow that result when realistic percentages of the watershed
are cut support the conclusion fi:rst suggested in Chapter 6 that the observed trend in the residual
series of the retrospective analysis is not solely caused by ROS mechanisms. In order to account
for the observed trend with the ROS mechanism alone would require removal of mature forest
from most of the watershed. Ob,served increases in the POT series are more likely to be related to
other mechanisms not explicitly modeled by DHSVM, such as the effects of forest roads;
although additional research will be required to test this hypothesis. However, the result that
spring snowmeh events are most affected by forest harvesting does suggest that analyses, similar
to those presented here, may yield useful insights into possible changes in the behavior of eastslope Cascade streams, for which most events in the peaks over threshold series occur during the
spring snowmelt

period.

Predicted streamflow w/old growth forest

Difference series: 10% cut below 300 m minus old growth

Difference series: 10% cut between 300-900 m minLls old growth

Difference series: 10% cut over 900 m minus old growth
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Figure 7.7. Predicted continuous streamflow from 1948 through 1955 with all old
growth Douglas Fir as compared to streamflow with 10% of the basin cut (1) below 300
meters, (2) between 300 and 900 meters, and (3) above 900 meters.

9.5

Chapter 8. Conclusions
The central hypothesis of this work is that forest harvesting can result in increased flood
peaks, particularly those resulting from rain-on-snow events. These changes are thought to result
from differences in the accumulation and ablation of snow in the forest canopy, and changes in the
accumulation and melt of snow ton the forest floor, in mature as contrasted with young forest. Tom
evaluate this hypothesis, the Distributed Hydrology-Soils-Vegetation Model (DHSVM) was used
to predict explicitly the effects of soils, vegetation, terrain, and snow physics on runoff production. Several modifications to DHSVM were made for the purposes of evaluating the effects of
forest harvesting on flooding, including: a) incorporation of a module to estimate the topographic
effects on preci~pitation,

b) modification of the original single-layer snow model to incorporate a

thin surface layer, and c) inclusion of a channel routing scheme.
Initial testing of the modified DHSVM was performed using the period March 1, 1983
through November 30, 1986 using daily time steps. Particular attention was given to the flood of
November 1986, which was the third largest flood of record at the IJSGS Carnation gage. This
period also included large ROS :floods in January 1984 and February 1986, as well as a spring
snowmelt event: during June 198,5. A range of initial conditions and event timing provided a
robust testing series for DHSVM. The flood of November 1990 was used to verify DHSVM.
Following calibration, primarily of the lateral hydraulic conductivity, along with specification of
more realistic leaf area index va:lues, good model performance was achieved for the calibration
and

verification

periods.

A 46 year simulation (19481993) of the Snoqualmie River at Carnation was performed
using DHSVM with fixed vegetation at 1989 conditions and the residuals (difference between
simulated and observed peak flows) were analyzed for trends. Insofar as the residual series is
adjusted for climatic variability (which should be reflected in both the model predictions and
observations), any trends should be the result of land use changes - either due to forest harvesting,
forest road development, urbanization or some combination of these.
Based on the residuals analysis, the major conclusions of the study are:

1)

No significant trend has (occurred in the largest flood events, as evidenced by the absence

of trend in the residuals for the annual flood peaks and larger events in the peaks-over-threshold
series (> 650 ems).
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2)

There has been a significant increase in smaller events (< 650 ems) of the peaks-over-

threshold series. For the reasons indicated above, this trend can be attributed to changes in land
use.

3)

Comparisons of DHSVM simulations for portions of the 46 year retrospective analysis

with 1989 land use (minimum average overstory age), and the land use that existed at the time of
selected floods, shows that the arnount of forest harvesting that has actually occurred in the Snoqualmie River basin is not enough to explain the observed trend in peak streamflows. Since
DHSVM specifically incorporatlzs the effects of harvest on ROS mechanisms, we conclude that
these mechanisms, at least as represented by DHSVM, are not solely responsible for the observed
increase in peaks streamflows. A sensitivity analysis of the same selected floods which prescribed
vegeiation removal for 10 perce:nt of the entire basin likewise resulted in changes in peak flows
smaller than those observed.

4)

The largest changes in peak streamflows were found to occur for spring peak flows, most

of which are significantly smaller than bankfull capacity. This result many have: important implication for changes in flood peaks that may have resulted form forest harvesting in some eastside
catchments, where spring snowmelt peaks dominate the flood series.

5)

The fact that observed changes in smaller floods in the peaks-over-threshold series are

much larger than those predicted, given the magnitude of historical land use changes, suggests
that some mechanism other than changes in ROS runoff is the cause. One possible explanation is
the development of the forest ro,ad network accompanying logging activities. Runoff from forest
roads is not accounted for in the current version of DHSVM. Extension of the residuals analysis
using a version of DHSVM that includes road runoff and subsurface flow interception should help
resolve the relative contributiom
streamflows.

of ROS and forest road mechanisms on increases in peak
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