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Despite the importance of rain and snowmelt in causing peakflows in the Pacific

Northwest, the interactive effects of a snowpack and watershed physiography on

streamfiow are largely undocumented. This study investigated the influence of soil and

snowpack moisture on peakflow hydrograph shape in three small (< 60 ha) control sub-

watersheds and the containing Lookout Creek Watershed (6200 ha) in the western

Cascade Mountains of Oregon with three main objectives: 1) determine the statistical

correlation between antecedent conditions and peakfiow hydrograph shape within each

small watershed; 2) determine how these correlations differed between small watersheds;

and 3) determine the correlation between sub-watershed and Lookout Creek peakflow

hydrograph shapes. A partial-duration set of peakflows was selected from at least 21

years of continuous discharge data for each small watershed using a linear quickflow vs.

baseflow separation technique. Peakflows were then classified into three significantly

different types based on estimated antecedent soil and snowpack moisture storage: "dry-



soil rain" (e.g., soil moisture < 90 percent field capacity), "wet-soil rain" (e.g., soil

moisture> 90 percent field capacity), and "wet-soil rain-on-snow". These three types

accounted for over 70 percent of peakflows and over 80 percent of quickflow volume in

each watershed. Generally, wet-soil rain peakflows began sooner after precipitation,

lasted longer, and had larger instantaneous peaks than did dry-soil rain peakflows, while

wet-soil rain-on-snow peakflows had the longest durations and largest instantaneous

peaks. However, effects of soil wetting and snowpack on peakfiow hydrographs differed

significantly between watersheds. Lookout Creek peakflows occurred during several

combinations of small watershed peakflow types, though the largest Lookout Creek

peakflows were coincident with large, synchronized wet-soil rain-on-snow peakflows in

Watersheds 2 and 8. Very little attenuation of the peakflow hydrograph was observed

between the small watersheds and Lookout Creek. Results from this study indicate that

by altering snowpack dynamics, and therefore the frequency distribution of peakflow

types, climate change or land-use may differentially affect peakflow hydrographs in small

watersheds. One consequence of this in Lookout Creek Watershed may be to

desynchronize small watershed peakflow responses and decrease downstream peak size.
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CLIMATIC AND PHYSIOGRAPHIC CONTROLS ON PEAKFLOW

GENERATION IN THE WESTERN CASCADES, OREGON

1. FACTORS INFLUENCING PEAKFLOWS IN SMALL WATERSHEDS

1.1 Introduction

Streamflow represents the integrated effect of climatic and hydrologic processes

and watershed structure. Climatic processes determine the amount and rate of water

input, as well as snowpack accumulation and depletion. Watershed physical structure

(i.e., geology, soils, and topography) and vegetation influence the ability of a watershed

to store water in its soil layer and to route water through its channels. Peakflows, defined

as portions of the hydrograph consisting of temporary increases in streamfiow , result

from rain, snowmelt, or a combination of rain and snowmelt. This study attempts to

better understand the processes controlling peakflow generation in the western Cascade

Mountains of Oregon.

Understanding the interaction between watershed structure and climatic processes

that influence peakflows is relevant to both the science and management of water-related

natural resources. Peakflows are important to stream biota, channel morphology, and

downstream hydrology. Such events can stress stream biotic communities by moving

bed and bank material, modifying channel and riparian habitat, and increasing turbidity

(Fredriksen 1965, Harr and Cundy 1992), and altering food availability (National

Research Council 1992). Peakflows are also important for maintaining the physical



characteristics of stream systems (Leopold et al. 1964). In a gravel-bedded stream,

peakflows may flush fine sediment particles from bed interstices, thereby restoring

spawning habitat for trout or salmon (Milhous 1990). Because streamfiow and sediment

combine additively downstream, processes influencing streamfiow in small watersheds

have a spatially cumulative effect. Despite the utility of computer models to estimate

cumulative hydrologic effects from a variety of weather and watershed physiographic

conditions, empirical analysis of strearnflow patterns under a variety of rain and snow

conditions is needed. Empirical analysis serves not only to validate model results, but

also to generate hypotheses of hydrologic processes underlying observed patterns.

Acknowledging the effects of peakflows on stream ecosystems, as well as human

property and life, current state and federal laws require analysis of cumulative effects of

forest management activities. Forest cutting has been shown to affect rates of snowmelt

and water input to the soil (Berris and Harr 1987, Coffin and Harr 1992) and most of the

highest recorded peakflows in the western Cascades have been associated with rain

combined with snowmelt (Han 1981, Grant and Wolff 1991). Washington forest

management policy classifies forested areas, and determines their subsequent

management, by likelihood of experiencing rain-on-snow events. In contrast, Oregon

forest practice rules do not require specific management practices in areas likely to

experience rain-on-snow conditions (Liz Dent, Oregon State Forest Practices Monitoring

Coordinator, personal communication). Most policy interest in Oregon has been limited

to forest cutting effects on erosion and debris torrents (Oregon State Forest Practices

News Note 1997).
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One approach for assessing cumulative effects, Watershed Analysis, typically

assumes that the major hydrologic effect of forest practices is increased peakflow

magnitudes associated with changes in snow accumulation and melt dynamics (e.g.,

Washington Forest Practices Board 1993, British Columbia Environment 1995).

However, the effects of variable snowpack size and antecedent billslope conditions on

peakflows has not yet been clearly demonstrated by research. In addition, these effects

may vary between watersheds of different physical characteristics. Understanding

processes influencing peakflows in the absence of human land-use is critical to

developing accurate Watershed Analyses and long-term watershed management

strategies.

1.2 Key Questions

The overall goal of this study is to investigate climatic and physiographic controls

on small and large watershed peakflows using long-term streamfiow and climate data

from Lookout Creek Watershed and Watersheds 9,2, and 8.

Key questions addressed by this research are:

How are antecedent conditions and peakflow hydrograph shape
statistically correlated within each watershed?

What are the differences between watersheds in statistical correlations
between antecedent conditions and peakflow hydrograph shape?

What is the correlation between small watershed peakflow hydrograph
shape and large watershed peakflow hydrograph shape?
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1.3 Scope of the problem

Peakflows are a function of antecedent conditions, precipitation duration and

timing, and subsurface and surface flow routing. Even a simplified conceptual model of

peakflow generation in small headwater (i.e., first- or second-order) watersheds illustrates

the complexity of interactions between climatic and physiographic effects on streaniflow

(Figure 1.1). While landscape characteristics are static in time but spatially variable,

climate and weather characteristics are temporally and spatially variable.

Climate

Previous Current
Precipitation Precipitation

Soil Moisture Reservoir
Size and Saturation

Vegetation

Subsurface Flow Processes

Slope Steepness

Channel Flow Processes

Storm Hydrograph Shape

Basin Physiography

Snow Moisture
Reservoir Size and

Saturation

Soil Hydraulic
Characteristics

Figure 1.1 Conceptual model of climatic and physiographic influences on peakflow
hydrograph.
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Rainfall may either be retained in soil and snowpack layers to satisfy available

moisture holding capacity or transmitted via snowpack and hilislope routing processes to

the channel. Some rain falls directly on the channel. In small mountainous watersheds,

channel network storage is generally not considered a significant factor in peakflow

response (Cordova and Rodriguez-Iturbe 1983). Though evapotranspiration is

incorporated into estimates of soil moisture, the effect of vegetation on moisture storage

and transport is not considered explicitly in this study.

1.3.1 Snowpack Dynamics

1.3.1.1 Snowpack Accumulation

The effects of vegetation, topography, and elevation on snow accumulation are

not well understood and are highly site specific. Vegetation affects snowpack

accumulation by canopy interception and its influence on energy transfers. However, the

morphological characteristics of trees of similar size and species are generally of lesser

importance to interception than air temperature and wind speed (Gray and Prowse 1993).

Melt rates of intercepted snow are typically greater than those of pack snow due to greater

exposure to energy inputs (Berris and Harr 1987). Furthermore, high winds may blow

snow out of the canopy and contribute that snow to the pack below.

Though seasonal snow water equivalent and elevation within a given elevation

band are often positively correlated (USACE 1956), the rate of increase in water

equivalent with elevation is highly variable year-to-year, even along specific transects



(Gray and Prowse 1993). Despite the inherent variability in snowpack dynamics,

deterministic relations have been developed describing the effect of slope and aspect on

snowpack surface energy exchange processes and snowmelt (USACE 1956, Male and

Granger 1981, Duan 1996), thus allowing for modeled snowpack estimates to be used in

lieu of (often non-existent) observed data.

1.3.1.2 Snowpack Melt

Energy sources affecting snowmelt are: shortwave radiation, longwave radiation,

sensible energy from air (convection), latent energy from water vapor condensing on to

the snow surface (condensation), advection of energy contained in rain, and conduction of

ground heat. In the mountains of the Pacific Northwest, snowmelt during rainfall is

largely influenced by sensible and latent heat transfers (USACE 1956). Energy inputs

from longwave radiation, shortwave radiation, and ground sources are much less

important during these conditions. The importance of energy from rain to melt the

snowpack is a function of the air temperature and rate of precipitation, and increases with

the amount of rain (USACE 1956). While snowmelt models ideally account for all

portions of the energy balance, observed data for convective and condensation energy

transfer are frequently not collected.

For a snowpack to produce outflow, two conditions must be met: the snowpack

must be isothermal at 00 C, and the snowpack must have its liquid water holding capacity

satisfied (USACE 1956). Energy inputs at the snowpack surface cause snow crystals to

melt. For snowpacks with temperatures of less than 00 C, melt water will percolate

6



downward through the snowpack releasing heat of fusion to warm the snowpack. If this

energy is not sufficient to warm the pack to 00 C, the water is refrozen. By melting and

refreezing, snow crystals become coarser and more granular, a process commonly

referred to as "ripening" of the snowpack.

The snowpack will yield melt water only when its free water holding capacity is

satisfied. Liquid water may be held in the snowpack in two forms: hygroscopic water

held by capillary forces between snow crystals, and gravitational water in transit through

the snowpack under the influence of gravity. Free water holding capacity is defined as

the maximum amount of hygroscopic water the snowpack can hold against gravity, with

common values ranging from two to five percent of total snowpack water equivalent

(USACE 1960). Water movement through a ripe snowpack is very similar to water

movement through soil, with the primary difference being that the size, shape, and

configuration of snow grains change continuously with time (Gray and Prowse 1993).

Snowpacks whose internal temperature remains at or near 00 C are common in the

Cascade Mountains and in windward slopes of mountain ranges subject to maritime

climates (Fitzharris et al. 1980, Moore and Owens 1984, Coffin and Harr 1992). Such

"warm" snowpacks typify the transient snow zone, defined by Christner and Harr (1982,

p. 27) as the "range of elevations over which ... snowpacks can accumulate and melt

quickly during prolonged rainfall." Because warm snowpacks are near the melting point

of snow, they require little energy input to initiate melt and can yield water quickly

during rain.



1.3.1.3 Rain-on-Snow Conditions

Rain-on-snow is a general term for conditions when snowmelt occurs during

rainfall. The elevation range over which rain-on-snow occurs is more a continuum than a

band with discrete upper and lower boundaries, and can occur from sea level to the

highest elevations in the western Cascades (Coffin and Harr 1992). However, because

rain-on-snow events are associated with warm and easily melted snowpacks, the "rain-on-

snow zone" is commonly considered to be synonomous with the transient snow zone.

Estimated rain-on-snow zone boundaries for the western Cascades range from 730 - 1030

m (Connelly and Cundy 1992) to 425 - 1200 m (Christner and Harr 1982). Though these

estimates represent average conditions, actual lower and upper rain-on-snow boundaries

may be identified for a particular storm. The lower boundary is marked by the lowest

elevation presence of snow. The upper boundary is determined by weather conditions

during a particular storm (i.e., whether precipitation is falling as rain).

Snówpacks at higher elevations may be deep and cold enough to absorb much of

the added rainfall and heat input, yielding only small amounts of water during rain events

(Coffin and Harr 1992). The amount of rain needed to raise the temperature of a

snowpack to 00 C and to satisfy free water storage capacity increases the time between

the introduction of water at the surface and the initiation of runoff at the base and may

decrease the amount of runoff (Colbeck 1976).

The role of a snowpack can vary during a rainfall event. A snowpack may shift

from being a moisture sink to a moisture source over a short period of time. Ripening

and priming of the snowpacks in western Washington can occur "in a matter of hours"
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(Coffin and Harr 1992). As a result, snowpack conditions at the onset of a peakflow

event may not adequately characterize the status and effect of the snowpack throughout

the event.

Rain-on-snow conditions occur most commonly on windward slopes of mountain

ranges subject to maritime weather patterns (Coffin and Harr 1992) and have been studied

in the Oregon and Washington Cascades (Harr and McCorison 1979, Harr 1981, Berris

and Harr 1987), the California Sierras (Berg et al. 1991), the coast range of British

Columbia (Beaudry 1984), and in the Craigeburn Range and Main Divide Range of New

Zealand (Prowse and Owens 1982). Most rain-on-snow research, however, has

concentrated on rates of water input to the soil, rather than on subsequent effects on

streamfiow. The effects of landform characteristics on streamfiow during rain-on-snow

events have been largely overlooked.

1.3.2 Physiographic Effects on Streamfiow

Three major hilislope runoff processes contributing to peakflows have been

suggested by previous researchers: Hortonian overland flow (Horton 1933); saturated

overland flow (Dunne and Black 1970a, Dunne and Black 1970b); and rapid subsurface

flow (Hursh 1944, U. S. Forest Service 1961, Anderson and Burt 1978). Subsurface flow

mechanisms may include rapid throughflow of event precipitation through macropores

(B even and Germann 1982) or the displacement of pre-event water by new precipitation

(Hewlett and Hibbert 1967, McDoneli1990). In areas with high infiltration rates and



permeable soils such as the western Cascades, rapid subsurface flow or displacement

mechanisms are sufficient to generate rapid peakflow responses from rainfall (Harr

1977).

Central to all three mechanisms is the concept of runoff-contributing areas which

expand and contract seasonally and during storms, depending on antecedent soil moisture

levels, soil physical properties, water table elevations, and storm magnitude (Pearce et al.

1982). This variable source area concept, first proposed by Hewlett (U. S. Forest Service

1961), suggests that as subsurface flow exceeds the capacity of the soil profile to transmit

it, the portion of the watershed contributing to the peakflow hydrograph will increase.

Often, this is accompanied by an expanding stream channel network.

Water movement through the, soil reservoir is influenced largely by the

interrelated characteristics of hydraulic conductivity (a measure of the soil's ability to

transmit water) and water-retention (the ability of the soil to store and release water)

(Rawis et al. 1993). Hydraulic conductivity depends on properties of the soil and of the

fluid. Hydraulic conductivity increases with soil moisture content and generally

decreases exponentially with soil depth (Brady 1990). Soil moisture reservoir size, the

amount of water stored in the soil between field capacity (-0.3 bars matric potential) and

wilting point (-15 bars), is a function of soil texture, structure, and depth. Preferential

flowpaths (such as macropores or bedrock fissures) are important structural features that

may influence subsurface flow (Chorley 1978), and bedrock topography may be very

important in determining hillslope flowpaths in some locations (O'Donnell et al. 1996).

However, because gravitational potential largely dominates hydraulic gradients in steep

terrain, the slope of the free water surface is generally assumed to parallel the slope of the

10
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land surface (Rawis et al. 1993). Thus, surface topography also influences soil moisture

storage.

Landform and climate both influence peak hydrograph shape to varying degrees;

however, little research has investigated the interaction between climate and landforms on

timing and magnitude of peak flows. While there is a rich scientific history of small

paired-watershed hydrology studies conducted in forested, mountainous areas, these

studies have deliberately minimized climatic and physiographic heterogeneity between

watersheds to minimize non-treatment related runoff variability (Bosch and Hewlett

1982). Primary research attention has been given to the effects of land-use (such as

vegetation removal and roads) on annual water yield (Bosch and Hewlett 1982) or on

peakflow magnitude and timing (e.g., Rothacher 1970, Wright et al. 1990, Jones and

Grant 1996). However, the existence of long-term streamfiow and climate data for

untreated control watersheds from these watershed pairs make a study of climatic and

landform effects on peakflows possible. This study attempts to disentangle these effects

for a specific landscape.

1.3.3 Event Typing

Classifying peakflows by antecedent and weather-event conditions is a means to

separate the effects of weather and landform on peak streamfiow hydrographs. Analysis

of peakflows produced by one watershed under different antecedent conditions controls

for landform effects. Analysis between watersheds of similar type peakflows controls for
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weather and antecedent conditions. Event typing is a basis for generating hypotheses of

the mechanisms influencing the resultant hydrograph. Peakflows produced during

different antecedent and weather-event conditions are likely to have different magnitudes,

classification of peaks by type is important for accurate flood frequency estimates

(Interagency Committee on Water Data 1981, Harr 1986). As MacDonald and Hoffman

(1995) point out, typing peakflows is important for watershed management because both

field studies and a review of hydrologic processes suggest that the effect of forest cutting

on peakflow magnitude will vary with the cause of the peakflow.

Early efforts to explicitly consider the type of weather event causing a peakflow

(e.g., rain-on-snow vs. rain) were motivated by a need to better quantify forest harvest

effects on instantaneous peak magnitudes (e.g., Harr 1981). In the western Cascades of

Oregon, two principle peakflow types have been identified: rain and rain-on-snow

(Christner and Harr 1982, Harr 1986). Snowmelt alone is not a dominant cause of

peakflows in the western Cascades, where rainfall events are frequent with and without

the presence of snowpacks.

Rain and rain-on-snow conditions are hydrologically distinct for two reasons: 1)

amount of water delivered to the soil may be augmented from ten to 16 percent by

snowmelt during rain-on-snow events (Berris and Harr 1987); 2) within a watershed, rain

and rain-on-snow event types may produce distinctly different peak hydrograph shapes.

Based on hydrographs from Watershed 2, a 60 ha control watershed in Lookout Creek

Watershed, Harr (1981) found that rain-on-snow peakflows generally have steeper rates

of hydrograph rise and have larger maximum instantaneous discharges as functions of 12-

hour rainfall preceding the instantaneous peak than do rain events.
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Though potentially useful, distinguishing peakflows by type is not a common

method in hydrologic research. MacDonald and Hoffman (1995) found that annual

maximum flows in northwestern Montana and northeastern Idaho can result from a

variety of meteorological conditions, i.e., spring snowmelt, rain, mid-winter rain-on-

snow, or rain-on-spring-snowmelt. Though the authors state qualitatively that maximum

instantaneous discharge varies with peakflow type, they do not quantify this difference.

Rather than classifying peakflows by antecedent and weather conditions, Pearce et

al. (1982) qualitatively grouped storm hydrographs from four small (4.8 to 20.2 ha)

watersheds in New Zealand into one of four shape classes based on peakflow magnitudes

and rates of rise and recession. The authors then inferred runoff mechanisms responsible

for shape differences between hydrograph types. Differences in peakflow hydrographs

were found to depend on precipitation volume, antecedent soil moisture conditions, and

rainfall intensity.

No studies were found in the literature that investigated variability in peakflow

hydrograph characteristics between watersheds that experience similar weather events.

Some variability may be expected because of physiographic differences affecting

subsurface routing and a possible interaction between event type and basin physiography.

Therefore, it is worthwhile to investigate how different types of landscapes interact with

different types of weather events to produce peakflows.



1.3.4 Nested Watershed Studies

The effect of small watershed hydrograph variability on containing-watershed

peakflow hydrographs has received relatively little attention in hydrologic literature.

While this effect is implicitly included by flow routing models, few studies have

addressed it explicitly. Yet, as researchers model nested watersheds (i.e., from zero- to

higher-order within the same drainage network), the effects of sub-watershed hydrograph

variability may become important (Dooge 1986).

Garbrecht (1991) studied the effects of spatial accumulation of runoff on

streamfiow in a series of hypothetical nested basins. The largest containing-watershed

was 820 ha and the smallest sub-watershed was 3 ha. The effect of spatial variability of

sub-watershed peakflows on containing-watershed peakflow is largely defmed by flow

routing, with the effects of flow routing gaining in importance over sub-watershed

hydrograph shape as containing-watershed size increases. While variability of sub-

watershed peakflows influences containing-watershed unit area peakflow, the effect of

spatial variability of sub-watershed hydrograph shapes on the containing-watershed

peakflow diminishes as containing-watershed size increases (Garbrecht 1991). Therefore,

one would expect an attenuation of individual sub-watershed peakflow hydrographs in

the downstream direction, particularly for containing watersheds exceeding 820 ha.

Working in Lookout Creek Watershed, Connelly and Cundy (1992) analyzed

effects on streamfiow from multiple forest cutting units during rain-on-snow conditions.

Streamfiow was modeled at stream distances of 0, 7, and 13.4 km from the furthest

downstream point of Lookout Creek using simulated water input and the Streamfiow

14
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Synthesis and Reservoir Regulation Model (U. S. Army Corps of Engineers 1976).

Though analysis was directed mostly at effects of forest cutting on streamfiow, some

results are relevant to a study of undisturbed watersheds. Connelly and Cundy (1992)

state that routing of peakflow hydrographs through Lookout Creek drainage network

results in only modest attenuation of peakflows, with the maximum decline in peakflow

magnitude being 11 percent from the furthest upstream point to the furthest downstream

point. In addition, travel times down the Lookout Creek Watershed stream network are

short, ranging from one to three hours depending on flow discharge. This suggests, in

contrast to the conclusions of Garbrecht (1991), that flow routing is unlikely to cause

desynchronization, or attenuation, of small watershed peakflows.

1.4 General Site Description of Lookout Creek Watershed

Lookout Creek Watershed is a 6200-hectare fifth-order basin located about 80 km

east of Eugene in the western Cascade Mountains of Oregon. The watershed comprises

the H. J. Andrews Experimental Forest, established in 1948 and administered jointly by

the USDA Forest Service Pacific Northwest Research Station, Oregon State University,

and the Willamette National Forest. Within Lookout Creek Watershed, both climate and

physiography vary with elevation (420 to 1630 m).

The climate of Lookout Creek Watershed and central Oregon Cascades is classed

as intermediate between temperate maritime and temperate continental climates, and is

typified by wet mild winters with warm dry summers (McKee and Bierlmaier 1987).
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Roughly 80 percent of annual precipitation falls between October and April, with mean

monthly temperatures at 430 m elevation ranging from 1° C in January to 18° C in July

(McKee and Bierlmaier 1987). Beginning in late autumn, the polar jet stream moves

steadily southward and directs numerous low-pressure frontal storms over the central

Oregon Cascades. In late fall and winter the Coast and Cascade Ranges slow the

movement of storms and cause long-duration and low-intensity precipitation events. The

jet stream returns to a more northerly direction during summer, and frontal storms are

steered out of the area. A ridge of high pressure generally builds along the coast in the

summer and results in high atmospheric stability and low rainfall (Bierlmaier and McKee

1989).

Lookout Creek Watershed is commonly described as occupying two climate zones

(Harr 1981, Berris and Harr 1987, Harr and Coffin 1992) that influence winter hydrologic

response. The "rain-on-snow" zone lies between roughly 400 - 1100 m elevation and the

"seasonal snowpack" zone lies above 1100 m. Watershed 9 (elevation 430 - 700 m) and

Watershed 2 (elevation 530 - 1100 m) exist entirely within the rain-on-snow zone.

Watershed 8 (elevation 1000 - 1200 m) is in a transition area between the rain-on-snow

and seasonal snow zones.

Lookout Creek Watershed, like the entire Cascade Range, is underlain exclusively

by bedrock of volcanic origin (Sherrod and Smith 1990) influencing both surface

topography and soil characteristics. The landscape of Lookout Creek Watershed has been

subjected to glacial, fluvial, and deep and shallow soil mass wasting processes (Swanson

and James 1975). Field surveys conducted by Dyrness (1967) indicate that bedrock
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geology exercises a significant influence on shallow mass movements, so that areas

underlain by greenish tuffs and breccias (< 800 m elevation) are much more:likely to

experience a slide than areas underlain by basalt or andesite. This is likely due to a

higher content of unstable clays (Paeth et al. 1971). Active and inactive slump-

earthflows (sensu Varnes 1958) have been mapped at elevations greater than 800 m

(Swanson and James 1975). Because of frequent mass wasting events and high sediment

capacity, the terrain of Lookout Creek Watershed is characterized by steep hilislopes (i.e.,

slopes of 70-90 percent are not uncommon, especially at less than 1000 m elevation),

incised streambeds, and streams varying in slope from ito >10 percent.

Soils of Lookout Creek Watershed are derived from volcanic parent materials.

Soil morphology and genesis are a function of glacial, fluvial, and mass wasting

processes. Many soil series have developed on deep colluvium, though some are

developed on residuum. Typically, soils in Lookout Creek Watershed are loam to clay

loam with highly variable stone volumes (Stephens 1964, Dyrness 1969). Rates of

infiltration and conductivity are very high, and soils are able to transmit subsurface water

rapidly to stream channels without producing overland flow (Harr and McCorison 1979,

Harr 1977, Rothacher et al. 1967). Because they are underlain by highly weathered

unstable tuffs and breccias, lOw-elevation watersheds (e.g., Watersheds 2 and 9) tend to

have more frequent debris slides. This results in steeper slopes and thinner soil profiles

than in upper-elevation watersheds (e.g., Watershed 8) (Rothacher et al. 1967, Harr and

McCorison 1979, Harr et al. 1982).
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Vegetation within Lookout Creek Watershed is stratified into two major

elevational zones. Below 1050 m lies the Douglas-fir (Psuedotsuga menziesii)/western

hemlock (Tsuga heterophylla) zone, with bigleaf maple (Acer macrophyllum) also

common. Above 1050 m is the Pacific silver fir (Abies amabilis) zone, with western

redcedar (Thujaplicata) common (Bierlmaier and McKee 1989). Overstory trees in

uncut areas may be up to 500 years old. All watersheds in this study have a dominant

Douglas-fir overstory. In Watersheds 2 and 9, this overstory is 200-450 years old. In

Watershed 8, the overstory is 120 years old.

Though this research project is a case-study examining peakflow hydrology of

Lookout Creek Watershed and Watersheds 9,2, and 8, conclusions should apply

generally to locations of similar physiography and climate. Lookout Creek Watershed is

fairly typical of the western Cascades in climate, geology, topography, soils, and

vegetation (Peck et al. 1964, Swanson and James 1975, Bierlmaier and McKee 1985).

Thus, study results are most applicable to watersheds in the western Cascades, with

decreasing applicability as one moves away from conditions present at Lookout Creek

Watershed. The ability of a snowpack to produce rapid melt during rain conditions is

spatially variable, as are topographic and soil characteristics influencing hillslope and

channel flow routing. However, the method of typing peakflows according to antecedent

and causal conditions, and relating peakflow types with resulting hydrographs, should be

universally applicable.



1.5 Approach Used in This Study

This study uses streamfiow and climate data from three small (<60 ha) forested

watersheds and one large (62 km2) watershed in the western Cascades to examine effects

of event type (i.e., rain with and without additional snowmelt) and watershed

physiography (i.e., ability to store and transmit moisture) on the shape of peakflow

hydrographs.

In Chapter 2, Watersheds 9, 2, and 8 are compared to illustrate hydrologically

relevant differences in climate, vegetation, and physical characteristics and formulate

hypotheses about bow these differences might affect peakflow hydrograph characteristics.

In Chapter 3, peakflow hydrographs, selected from each small watershed continuous

record and classified by antecedent climate and soil moisture conditions, are compared

between event types and between watersheds. Also in Chapter 3, the relative frequency

of occurrence of event types between seasons and between watersheds is determined. In

Chapter 4, Lookout Creek peakflow magnitudes are related to event type, size, timing,

and antecedent conditions of temporally matched peakflows in Watersheds 2 and 8.

Conclusions and implications of this study are addressed in Chapter 5.
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2. SITE DESCRIPTION AND COMPARISON OF WATERSHEDS 9,2, AND

2.1 Introduction

This chapter characterizes and contrasts physical conditions and climatic

processes affecting peakflow hydrology in Watersheds 9, 2, and 8 of the H. J. Andrews

Experimental Forest, located in the western Cascade Mountains of Oregon (Table 2.1).

Elevation is a useful descriptor of these watersheds because it indexes both climate and

physiography. There is considerable overlap in elevations between watersheds (Figure

2.1), with Watershed 9 being lowest (430 m to 700 m). Watershed 2 (530 m to 1100 m)

occupies a much wider range of elevation than do Watershed 8 (1000 m to 1200 m) and

Watershed 9. Watershed 2 overlaps considerably with both watersheds, with its upper

elevations only approximately 100 m below those of Watershed 8.

Table 2.1 Physical characteristics of Watersheds 9, 2, and 8, and Lookout Creek
Watershed.

a = data are unavailable
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Watershed Area -

(ha)
Minimum
Elevation

Maximum -
Elevation

Aspect
(degrees)

Drainage
Density

Mean
Slope

(m) (m) (p2) (%)
9 8.5 430 700 247 a 67
2 60 530 1100 318 0.32 60
8 21 1000 1200 165 0.82 32

Lookout 6200 420 1630 267 0.47 a
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Figure 2.1 Cumulative percent area vs. elevation for Watersheds 9,2, and 8 and Lookout
Creek Watershed (LOC). Lower (400 m) and upper (1100 m) boundaries of the nominal
rain-on-snow zone are marked by grey lines.

2.2 Objectives

The objectives of this portion of the study are:

1) to illustrate hydrologically relevant differences in climate, vegetation, and
physical characteristics of Watersheds 9, 2, and 8; and

to consider how these differences affect peakflow hydrograph
characteristics in Watersheds 2, 8 and 9, and Lookout Creek Watershed.

2.3 Methods

Observed climate data used in this study were collected at five meteorological

stations (Figure 2.2). The Primary Meteorological Station (Primet) is located at 430 m
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elevation in a second-growth opening in a wide valley floor near the exit point of

Lookout Creek. Climate Station 2 (CS2) is located at 460 m elevation in an old-growth

forest opening at the base of Watershed 2. The Hi-i 5 Meteorological Station (Hi- 15) is

located at 960 m elevation in a second-growth opening at a road confluence below

Watershed 8. Reference Stand #26 (RS#26) is located at 1040 m elevation in a midsiope

position in 110-year old forest in Watershed 8. Vanilla Leaf Meteorological Station

(Vanmet) is located at 1250 m elevation in an area clearcut in 1985. Not all climatic

variables are monitored at each station.

Soil moisture and snowpack water equivalent data were not available in observed

data records, and were calculated using the Modular Modeling System (MMS) (Center

for Advanced Decision Support for Water and Environmental Systems (CAD WES) 1995,

Leavesley et al. 1983). MMS is a deterministic, physical process-based system of linked

modules describing components of the water budget. MMS algorithms require

partitioning of a watershed into nominally homogenous Hydrologic Response Units

(HRUs) on the basis of characteristics such as slope, aspect, vegetation type, soil type,

and precipitation distribution (Figure 2.3). Input variables include daily precipitation,

minimum and maximum air temperatures, and solar radiation, as well as data on the

physiography, vegetation, soils, and hydrologic characteristics of each response unit.

MMS may be used to simulate mean daily flow, but only outputs related to air

temperature, and soil and snowpack moisture levels were used in this study. This study

did not account for spatial heterogeneity of water inputs or storages within the small

watersheds.
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Figure 2. 2 Lookout Creek Watershed with control watersheds, streamfiow gages, and rain gages
used in this study.
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Figure 2.3 Lookout Creek Watershed Hydrologic Response Units and Watersheds 2 and 8.



2.3.1 Precipitation Data

2.3.1.1 Observed Precipitation Data

Daily precipitation data at CS2 during 1964-1992 were collected from an 8-inch

Universal tipping bucket gage mounted on a 1.1 m height platform. Each tip of the

bucket is equal to 0.254 mm, with gage accuracy being ± 0.254 mm. CS2 data were

recorded on strip charts. Daily precipitation data at Hi- 15 between 1964-1974 were

collected using an unheated 20.3 cm orifice Q-12 chart recording gage. Between 1974-

1984, Hi-iS daily precipitation data were collected using a heated 8-inch Universal

tipping bucket gage similar to that described above mounted on a 4.1 m platform. After

1984, Hi-iS daily precipitation data were collected using an A-35 water level recorder.

The Hi-is precipitation collector is heated with a propane heater to prevent snow

bridging. All data were hand digitized, transferred to computer files, and stored at the U.

S. Forest Service Pacific Northwest (USFS PNW) Research Laboratory. Because no

reliable continuous precipitation data have been collected for Watershed 9, data from CS2

were used as input for MMS estimation of soil and snow water storage in Watershed 9.

2.3.1.2 Modeled Precipitation Data

To analyze spatial variability of precipitation within Lookout Creek Watershed,

monthly isohyetal maps were developed with the Parameter-elevation Regressions on
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Independent Slopes Model (PRISM). PRISM uses point data and a digital elevation

model (DEM) to generate gridded estimates of climate parameters (Daly et al., 1994).

PRISM is well-suited to mountainous regions because the effects of terrain on

precipitation play a central role in the model's conceptual framework. PRISM uses a

DEM to estimate the elevations of precipitation stations at the proper orographic scale

and uses a windowing technique to group stations onto individual topographic facets

(Daly et al, 1994). For each DEM grid cell, PRISM develops a weighted

precipitation/elevation regression function from nearby stations, and predicts

precipitation at the cell's DEM elevation with this function. In the regression, greater

weight is given to stations with location, elevation, and topographic positioning similar to

that of the grid cell. The main predictive routine is a weighted parameter-elevation

regression function, calculated for each DEM pixel for each month. Stations are

weighted for their distance from the pixel, elevation difference, topographic positioning

(i.e., topographic facet), vertical layer (i.e., above or below an inversion) and several

other factors (Daly et al, 1994).

To estimate monthly isohyets in Lookout Creek Watershed, Daly used daily

precipitation data from 13 raingages in and near Lookout Creek Watershed during 1980-

1989. Gages were chosen based on availability and estimated accuracy of data, and

represent the variety of elevations, slopes and aspects found in the Lookout Creek

Watershed. Monthly isohyetal maps produced by PRISM were used for subsequent

analysis.



2.3.2 Air Temperature Data

2.3.2.1 Observed Air Temperature Data

Daily minimum and maximum air temperature data at CS2 and Primet were

collected during 1964-1992 using sensors located in meteorological shelters 2 m above

the ground and ventilated by an electric fan. Data at CS2 were recorded using a strip

chart recorder. Primet data were measured using a precision linear thermistor with a

measurement resolution of 0.1° C and recorded Campbell CR21X data logger (Bierlmaier

and McKee 1989). At RS#26, mean daily temperatures have been collected since

January, 1978. Until sunmier 1987, data were collected using a stripchart recorder. Since

1987, data have been collected using a Campbell CR10 data logger. Data have been

digitized and stored at the USFS PNW Research Laboratory. No air temperature data

have been collected in Watershed 9. Observed air temperature data were used as input to

MMS to calculate air temperatures in each HRU in Watersheds 9, 2, and 8. Observed air

temperatures were used exclusively as input into MMS to estimate areal average

temperatures for each control watershed.

2.3.2.2 Modeled Air Temperature Data

MMS calculated daily minimum and maximum air temperatures in each HRU of
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Watersheds 9, 2, and 8 using observed minimum and maximum temperature data and the
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slope of monthly lapse rates with elevation. Data for Watershed 9 were calculated from

October, 1970 to September, 1992. Data for Watersheds 2 and 8 were calculated from

October, 1963 to September, 1992. Monthly lapse rates for Lookout Creek Watershed

were developed by relating daily mean temperatures at CS2 (calculated as the mean of

observed daily minimum and maximum temperatures) and daily mean temperatures at

RS#26. Daily minimum and maximum temperatures in Watershed 9 HRUs were

calculated using this lapse rate and observed daily minimum and maximum temperatures

at CS2. Daily minimum and maximum temperatures in Watersheds 2 and 8 HRUs were

calculated using this lapse rate and observed daily minimum and maximum temperatures

at CS2. Modeled watershed-average air temperatures based on observed data were

assumed to be more representative of watershed conditions than observed point

measurements alone.

Daily maximum and minimum temperatures for each watershed were computed

on an HRU area-weighted basis. Daily maximum and minimum temperatures for each

HRU were calculated as:

tmaxu = tmaxobs - tCIX

tminHRU = tmlnobs - tcm

where tm fobs and tmaxObS are daily maximum and minimum temperatures recorded at

CS2. Monthly correction factors for maximum (tcrx) and minimum (tcm) temperature

for each HRU were computed as:

tcrx = (tmax.lapse * elfac) - tmax.adj

tcrn = (tmin.lapse * elfac) - tmin.adj



where

2.3.3 Snow Data

2.3.3.1 Observed Snow Data

Because snowpack measurements do not exist for Watersheds 9, 2, and 8,

snowpack initiation, accumulation, and depletion were estimated with MMS (CADWES

1994). To validate MMS snowpack estimates, daily values of snow water equivalent

collected at Vanmet from October 1987 to September 1992 were compared with MMS

output for the HRU of Lookout Creek Watershed containing Vanmet. Snow moisture

data were collected using a 1 m x 1 m Park Mechanical pressure pillow and Druck

pressure lrandsducer. Data were recorded using a Campbell CR21X data logger, then

transferred and stored in computer files at the USFS PNW Research Laboratory.

hru.elev - tsta.elev/1 000,

is the HRU maximum temperature adjustment based on slope and
aspect of HRU,
is the monthly maximum temperature lapse rate,
is the HRU minimum temperature adjustment based on slope and
aspect of HRU,
is the monthly minimum temperature lapse rate,
is the mean elevation for each HRU, and
is the elevation of each temperature measurement station.
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2.3.3.2 Modeled Snow Data

Inputs to MMS are observed daily precipitation, observed minimum and

maximum air temperature, and observed and modeled solar radiation data. Hi- 15

precipitation data were used as input for Watershed 8 and CS2 precipitation data were

used for Watersheds 9 and 2. An energy balance is computed twice each day by MMS in

two 12-hour periods, and snowpack water balance for each HRU is computed daily by

tracking snow water equivalent. Watershed snowpack water balance is calculated on an

area-weighted HRU basis.

Hourly solar radiation data have been collected at Primet since May, 1972 using a

thermopile sensor mounted on a platform 1.1 m above the ground. The sensor is factory-

calibrated at 200 C with a small temperature coefficient of 0.15 percent per degree C.

Measurement resolution is 0.01 Langley, and accuracy is normally within ± 0.05 Langley

(Bierlmaier and McKee 1989). Data were recorded using a Campbell CR21X data

logger, then transferred and stored in a computer file at the USFS PNW Research

Laboratory.

Daily short-wave solar radiation values for dates prior to May, 1972 were

estimated using an algorithm developed at the USFS PNW Research Laboratory by Duan

(1996). In this method, daily potential solar radiation is computed as a function of Julian

day, latitude, slope, and aspect of the site following Frank and Lee (1966) and Swift

(1976). Daily sky cover, an estimate of cloudiness, is then calculated using an observed

monthly relationship of sky cover to daily temperature range, and daily maximum and

30



31

minimum air temperatures. Actual daily shortwave solar radiation, R, is estimated by

reducing potential solar radiation by the sky cover value.

Precipitation was assumed to fall as snow if daily tws< 0° C, as rain if tmjnWS>

00 C, and as a mixture of rain and snow if and tmiflWS straddle 0° C. A snowpack is

initiated or augmented if precipitation is in the form of snow. If a snowpack is present

and precipitation is rain, the heat content of the rain warms the snowpack. If the

snowpack does not reach 0° C, the rain is frozen, releasing 80 calories per gram of water

frozen to further warm the snowpack. If the snowpack reaches 0° C, any remaining

liquid water serves to satisfy the snowpack's free-water holding capacity. Any excess

free-water leaves the bottom of the snowpack as snowmelt. If the precipitation occurs as

a mixture of rain and snow, rain is assumed to occur first.

For energy balance computations, the snowpack was assumed to have a surface

layer consisting of the upper 3 to 5 cm of snow, and a lower layer consisting of the

remainder. The conduction of heat between the two layers is computed as a function of

snowpack density, the effective thennal conductivity of the snowpack, and the upper and

lower layer temperatures. Surface layer temperature is calculated as the mean of the

maximum and mean-daily air temperature (daytime) or as the mean of the minimum and

mean-daily air temperature (nighttime). When the temperature of the surface layer

reaches 0° C, an energy balance at the snow-air interface is computed by estimating

sensible and latent heat fluxes as well as shortwave and longwave radiation. A more

detailed explanation of snow accumulation and melt is given in CAD WES (1995).



2.3.4 Geology

To compare underlying geology of Watersheds 9, 2 and 8, Arclnfo GIS coverages

of maps of Lookout Creek Watershed geology produced by Swanson and James (1975)

were analyzed. The 1:1,000,000 scale of Sherrod and Smith's (1989) more recent

geologic interpretation of the Cascade Mountains makes detailed descriptions of

Watersheds 9, 2, and 8 difficult. Watershed 9 was not included in geologic mapping

efforts of Swanson and James (1975) and was not included in Arclnfo coverages of

Lookout Creek Watershed. Inferences about Watershed 9 geology are based on geologic

elevational stratification in an adjacent small watershed in Lookout Creek Watershed

(i.e., Watershed 1).

2.3.5 Topography

To quantitatively compare slope and aspect of Watersheds 2 and 8, Arclnfo GIS

coverages of the small watersheds were analyzed using GRID in ARC/INFO with a 30 m

pixel size. Each pixel is characterized by aspect and slope. Aspect bins were: east 45

to 135 degrees; south 136 to 225 degrees; west = 226 to 315 degrees; and north = 315

to 45 degrees. Slope bins were: 0 - 15%; 16 - 30%; 31 - 45%; etc. For Watershed 9, no

equivalent GIS coverage was available.
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2.3.6 Soils

2.3.6.1 Structure and Hydraulic Characteristics

Comparative analysis of soil series in Watersheds 2 and 8 was based on Dymess

et al. (1997, unpublished) revision of the Stephens et al. (1964, unpublished) Lookout

Creek Watershed soils map. The Dyrness et al. (1997, unpublished) maps incorporate

data for horizon depth, texture, structure, and consistence from> 300 soil pits in Lookout

Creek Watershed. The Stephens et al. (unpublished) soils map of Lookout Creek

Watershed originally mapped 12 soil series keyed to geologic substrate, presence or

absence of a B horizon, and slope. The Dymess et al. (1996) revision has retained the

same soils series names, but has redrawn map unit boundaries.

The Dyrness et al. map (1996) was converted into an Arclnfo polygon coverage.

Map unit boundaries and profile depth were used to compare soils between Watersheds 2

and 8. Soil depth in the GIS database was classified into three categories: < 1 m; 1-3 m;

and> 3 m. Soils were not sampled to lithic contact. Watershed 9 was not included in soil

sampling efforts and was not included in Arclnfo coverages of Lookout Creek Watershed.

Inferences about Watershed 9 soils are based on published qualitative assessments made

by Harr and McCorison (1979).
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2.3.6.2 Soil Moisture Data

Because reliable observed soil moisture data did not exist for Watersheds 9, 2, and

8, soil water storage was estimated with MMS (CADWES 1995). Soil moisture levels

were estimated in MMS as the algebraic sums of all inputs and outputs from the active

soil profile. The active soil profile is defined as the average rooting depth of the

predominant vegetation of an HRU. The maximum available water-holding capacity of

the active soil profile is user-defined and interpreted to be the difference between field

capacity and wilting point. Inputs are rainfall and snowmelt infiltration. Outputs are

evapotranspiration, calculated as a function of available soil-moisture storage, and routing

to subsurface and groundwater reservoirs. A more detailed description of soil moisture

accounting is given in Leavesley et al. (1983). Graphs of mean daily soil moisture in

Watersheds 2, 8, and 9 are produced using parameters representing the current best

understanding of soil characteristics (i.e., depth, texture, and structure), topography, and

vegetation.

Because of limitations in the type and quality of available soils information,

modeled soil moisture data were not interpreted to represent absolute water amounts, but

rather general trends of moisture storage. Soil water storage values were normalized by

estimated field capacity in each watershed. Watershed field capacities were estimated as

area-weighted averages using soil series maps by Dymess and Hawk (1972) and Hawk

and Dyrness (1975) and from soil series hydraulic data (Rothacher et al. 1967). Thus,

soil moisture storage levels represent the percent of field capacity which is satisfied.
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2.3.7 Assessment of Observed Data Quality

Precipitation and air temperature data collected at CS2 are considered consistent

and of very good quality, but precipitation capture has been affected to an unknown

degree by growing trees surrounding the gage site (Don Henshaw, U.S. Forest Service

Pacific Northwest Research Station Data Manager, Corvallis, Oregon, personal

communication). Hi-15 data are considered of good quality, but snow blowing may

result in an unknown degree of undercatch during the winter months. Observed snow

bridging at Hi-15 prior to 1985 led to the installation of the heated gage (Don Henshaw,

personal communication). The greatest limitation of the existing precipitation gaging

system in Lookout Creek Watershed is its inability to identify spatial and temporal

patterns of rain and snowfall (Henshaw, unpublished). This limitation has made it

difficult to establish relationships between meteorological variables, such as precipitation

and temperature, with elevation, slope, and aspect. As a result, these relationships have

been estimated through modeling efforts as described above.

Small watershed streamfiow data are considered of good quality, though difficulty

in matching observed annual yield in Watershed 2 with predicted values has been noted

by several researchers (e.g., Dr. Gordon Grant, USFS Pacific Northwest Research

Station; Dr. George Leavesley, USGS, Denver, Colorado; Dr. Bob Gardner, University of

South Carolina). Observed annual streamfiow volume for Watershed 2 appears low when

compared with predictions based on observed precipitation and estimated

evapotrarispiration amounts. Predicted average annual water yield is approximately 380
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mm greater than average observed water yield. Recent speculation is that either water is

running under the gage (i.e., leaky bedrock) (Don Henshaw, personal communication).

For this study, the proportion of water leaving Watershed 2 unmeasured via groundwater

is assumed to negligible during peakflows. Streamfiow data from Watersheds 9 and 8

have not been examined as closely as those from Watershed 2.

2.4 Results and Discussion

2.4.1 Precipitation

Little difference in precipitation amounts is observed between CS2 and Hi-15 at

annual, monthly, and daily time scales. Mean annual precipitation at CS2 is

approximately 3% greater than that at Hi-15 (2218 mm and 2149mm, respectively).

Precipitation patterns in both watersheds are strongly seasonal, with approximately 80%

of annual precipitation falling between November 1 and March 31 (Figure 2.4). Only

approximately 6% of annual precipitation occurs between June 1 and August 31. CS2

and Hi-15 receive similar amounts of precipitation in each month, with the greatest

difference occurring November through January when CS2 receives on average

approximately 25 mm/month more precipitation than does Hi- 15. This difference may

result from undercatch of snow at Hi- 15, rather than from an actual difference in

precipitation amounts (D. Henshaw, personal communication). Cumulative distributions

of daily rainfall amounts are almost identical for the two basins (Figure 2.5).



E

0

0
2

400

350 -
300

250

200
-150 -L

100

50 -
0

Oct

7

'I

Mar Apr

Month

Figure 2.4 Mean monthly precipitation for Climate Station 2 (CS2) and Hi-iS
Meteorological Station (Hi- 15) 1964-1992.
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Figure 2.5 Cumulative frequency distribution of daily precipitation amounts at Climate
Station 2 (CS2) and Hi-15 Meteorological Station (Hi-iS) 1964-1992.
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The relationship between elevation and precipitation in Lookout Creek Watershed

is not simple. Comparing data collected during 1972-1984 from CS2, Hi-15, and six

other precipitation gage stations, Bierlmaier and McKee (1989) suggest a general but

highly irregular increase in annual precipitation with elevation within the FIJA. Monthly

isohyetal maps produced by Daly (unpublished, 1996) using PRISM (Daly et al. 1994)

suggest that elevational gradients in precipitation are highly seasonal and are a function

of dominant storm direction. Winter frontal storms tend to enter Lookout Creek

Watershed from the south and produce a south-north gradient of decreasing precipitation.

As storms enter Lookout Creek Watershed, an orographic effect results in heavy

precipitation along the southern boundary of the watershed. A "spill over" effect causes

high precipitation in the area north of the southern ridge (e.g., Watershed 2). The central

portion of Lookout Creek Watershed (i.e., confluence of McRae Creek and Lookout

Creek) is subject to a rain shadow effect. As the frontal system rises in elevation and

moves over the northern ridge of Lookout Creek Watershed (i.e., Watershed 8), an

orographic effect again results in precipitation. The lack of difference in precipitation

observed at CS2 and Hi-iS, despite approximately 500 m difference in elevation, is

hypothesized to result from a rough equivalence between the "spill over" effect

influencing precipitation amounts in Watershed 2 and the orographic effect influencing

precipitation amounts in Watershed 8 (Chris Daly, personal communication).

Though little difference in annual or monthly precipitation is apparent between

CS2 and Hi-15 gages, PRISM results (Daly unpublished 1996) indicate differences in the

precipitation-elevation relations within Watersheds 2 and 8. Steep elevational gradients
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within Watershed 2 are most pronounced October through February when precipitation is

estimated to increase by as much as 252 nmi from CS2 (460 m elevation) and the ridge

(1067 m elevation). The flatter topography of Watershed 8, however, produces no such

gradient; most months show less than one inch difference in precipitation in the

watershed.

2.4.2 Air Temperature

As expected, air temperatures decrease with an increase in elevation. In all

months, Watershed 9 is warmer than is Watershed 2, and Watershed 2 is warmer than

Watershed 8. Patterns of MMS output basin average temperature for Watersheds 9, 2,

and 8 are strongly seasonal (Figure 2.6). July and August are the warmest months and

January and February are the coldest in all watersheds. During the winter months, when

a snowpack is likely to be present, daily maximum air temperatures in Watershed 8 are

approximately 2-3° C colder than those of Watershed 2. However, mean monthly

minimum air temperatures are below 00 C in both watersheds from November to April,

indicating that snowpack formation or augmentation is possible.
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Figure 2.6 Mean monthly minimum (tmin) and maximum (tmax) air temperatures as
calculated by MMS for Watersheds 9, 2, and 8.

2.4.3 Snowpack Dynamics

2.4.3.1 Model Validation for Snowpack Water Equivalent Data

Modeled and observed snowpack accumulation and depletion generally agree

with respect to seasonal patterns, but not absolute volumes (Figure 2.7). Modeled values

are typically much less than observed values. The lack of volumetric agreement may be

due to three factors. First, given the high spatial variability of snowpack dynamics in the

western Cascades (Coffin and Harr 1992), it is doubtful that any model estimating

spatially averaged values (e.g., MMS) will compare well with point measurements (e.g.,

Vanmet). Second, clearings such as the location of Vanmet typically accumulate more
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Figure 2.7 Predicted (MMS) vs. observed daily snow water equivalent for Vanilla Leaf
Meteorological Station (Vanmet) (September, 1989 - October, 1994). Daily snow water
equivalent was predicted using MMS.
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snow than do forested sites. Berris and Harr (1987), working in this portion of Lookout

Creek Watershed, found two to three times more snow accumulated in clearcuts than in

adjacent forests. Because most of the HRU containing Vanmet is under forest, the MMS

parameterized for forest cover. Third, lack of volumetric agreement may be due to an

inherent inability of MMS to accurately model snow processes. However, because of

relatively good agreement between predicted and observed snowpack initiation and

disappearance (Figure 2.7), model results are assumed to be usable to predict

presence/absence of snowpack.

Dec-92 Dec-93 Dec-94
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2.4.3.2 Temporal and Spatial Variability of Modeled Snowpack in Watersheds 9. 2, and
8

Modeled snow water equivalent generally increases with elevation and colder

temperatures, but it also differs with aspect and precipitation input (Figure 2.8a-c). In

Watershed 9, the modeled average snowpack is present from late November to mid

March. Snow water equivalent peaks in January at approximately 10 mm, with

maximum variability occurring in December and early January. Watershed 9, being of

lowest elevation and southwest aspect, is likely to have the warmest snowpack of the

three control watersheds.

Slightly higher observed precipitation values in CS2 and the north aspect of

Watershed 2 contribute to produce slightly higher than average snow water equivalents

than in Watershed 8. A snowpack is present from early November to mid to late May in

both watersheds. Average snow water equivalent in both watersheds increases sharply

from zero in early November to 3 0-40 mm by early December. Water equivalent remains

fairly constant or declines slightly through December. In both watersheds, after

increasing through January, snow water equivalent decreases through February and

increases again through late March. Average snow water equivalent in Watershed 2

reaches a maximum in February (approximately 75-8 0 mm) and in Watershed 8 in April

(approximately 75-80 mm). Maximum variability in both watersheds occurs from

February through early April.
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Figure 2.8 Mean daily estimated snow water equivalent (snow) and snow water
equivalent plus one standard deviation (snow+sd) for a) Watershed 9 (197 1-1992), b)
Watershed 2 (1964-1992), and c) Watershed 8 (1964-1992) as calculated by MMS. Note
different y-axis scale used for Watershed 9.
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2.4.4 Geology

Different geologic strata underlie Watersheds 9, 2, and 8 (Figure 2.9). Watershed

2 spans the Little Butte-Sardine contact, with bedrock of lower elevation areas dominated

by reddish and buff-colored Little Butte tuffs and breccias. Middle elevation bedrock is

dominated by Sardine greenish tuffs and breccias with numerous associated outcroppings

of mainly basaltic flow rocks (Dyrness, unpublished). Large portions of the middle

elevation Sardine bedrock zone are covered with a mantle of andesitic colluvium. Upper

elevations in Watersheds 2 are underlain by deposits of Sardine andesitic flow rock.
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The relatively high standard deviation of daily mean snow water equivalents

indicates the high annual variability in snowpack accumulation and depletion. In all three

watersheds, it is common for no snowpack to be predicted during the winter months. In

Watershed 9, 70 percent of winter (December - February) days between 1971 and 1992

were estimated to have no snowpack (Table 2.2). Percentages of days with similar

conditions for Watersheds 2 and 8 were 18 percent, and 23 percent, respectively.

Table 2.2 Estimated frequency of winter (December - February) days with no snowpack
in Watersheds 9, 2, and 8.
Watershed Period of

Record
Total Number of
Winter Days
(December - February)

Number of Days
with no Modeled
Snowpack

Percentage
of Winter
Days with
no Modeled
Snowpack

9
2

8

1971-1992
1964-1992
1964-1992

1986
2618
2618

1394
467
596

70
18

23
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Watershed 8 is underlain by two units of the Sardine Formation (Swanson and

James 1975). Basalt and andesite lava flows underlie the ridge and near the outlet of

Watershed 8. Welded and non-welded ash flow tuffs underlay middle elevations. This

rock is of similar lithology as in the middle elevations of the lower watersheds, but is

noticeably less weathered. No flow rock is exposed in Watershed 8.

Little geologic analysis has been conducted in Watershed 9. Because Watershed

9 and Watershed 1 of Lookout Creek Watershed are adjacent, it is reasonable to assume

Watershed 9 bedrock is similar to that occupying similar elevations (425 m and 700 m) in

Watershed 1 (Figure 2.9). Lower elevation areas (i.e., <600 m) in Watershed 1 are

dominated by reddish and buff-colored Little Butte tuffs and breccias. Sardine greenish

tuffs and breccias dominate middle elevation (from approximately 600 m to 900 m)

bedrock in Watershed 1. Rock outcrops are numerous in Watershed 9.

Paeth et al. (1971) state that because of differences in clay composition, soils

derived from greenish tuffs and breccias are more prone to slope failure than soils of

reddish tuff and breccia origin. Based on field surveys, Dyrness (1967) noted that mass

soil movements occurred much more frequently in areas of tufTs and breccias than in

areas underlain by basalt or andesite. Sixty-four percent of observed movements

occurred on greenish tuffs and breccias which made up only eight percent of the forest

area, and 40 percent of movements occurred on yellowish and reddish tuffs and breccias

which made up 29 percent of the forest area. Differences between geologic strata affect

streamfiow indirectly by influencing topography through soil mass movement processes

of debris slides, slumping, and creeping.
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2.4.5 Topography

Watersheds 2 and 9 are considerably steeper than Watershed 8 (Figure 2.10)

(Table 2.3). Within Watersheds 2 and 9, upper elevation areas are steeper than lower

elevations, with upper elevation slopes commonly exceeding 76 percent. The steepest

portions of Watershed 8 have slopes less than 46 percent. To the degree that subsurface

flow rates are influenced by surface topography, different surface slopes of the three

watersheds will contribute to differences in rates and pathways of hilislope flow.

Watersheds 9 and 2 should experience more rapid delivery of water to the channel than

the more moderately sloped Watershed 8.

Table 2.3 Percent of Watershed 2 and 8 area in each 15 percent slope category (0-15; 16-
30; 31-45; etc.) based on digital elevation model (DEM) data. DEM data for Watershed 9
are not available.
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Slope (%) Watershed 2 Watershed 8
0-15 0.4 9.3
16-30 6.6 64.2
31-45 23.4 26.5
46-60 42.2 0.0
61-75 22.2 0.0
76-90 4.0 0.0
91-105 1.2 0.0
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Topography also affects the energy dynamics of the snowpack. The

predominately northwest aspect and landscape position relative to dominant frontal

systems of Watershed 2 should act to increase snowpack accumulation. The higher

elevation and cooler temperatures of Watershed 8 should also act to increase snowpack

size and increase water storage capacity through lower pack temperatures. Though the

watershed faces south, increased exposure to solar radiation is expected to have a small

effect on snowpack energy exchange. Watershed 9 is the lowest in elevation and faces

southwest. Because of its proximity to Blue River Reservoir, Watershed 9 is exposed to

wind energy inputs. Thus, its snowpack may be expected to be warm and easily melted.

2.4.6 Soils

2.4.6.1 Soil Structure and Hydraulic Characteristics

Soil series in Watersheds 9, 2, and 8 have similar textural, structural, and

hydraulic characteristics (Table 2.4). Soils in Watershed 2 tend to be of loamy texture

with stone content higher on steeper slopes (Dymess, 1969). Stone content is the

dominant factor causing variation in soil moisture storage capacity in Watershed 2

(Dymess, 1969). Higher elevations and ridges of Watershed 2 are underlain by Flunky

series soils and exposed bedrock (Figure 2.11) (Dymess et al, unpublished). Flunky

series is a shallow, stony soil derived from basalt with stone content averaging 60 to 80

percent (Hawk and Dymess, unpublished). Depth to bedrock in ridge soils is less than
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one meter. Mid- and lower-slope positions are underlain mostly by Limberlost series

soils, along with some Budworm series soils. Limberlost soil surface layer (5 to 18 cm

below surface) is made up of medium and fine granular loam and may contain up to 30

percent stones. The C horizon is most often massive (Hawk and Dymess, unpublished).

Budworm soil surface layer (30 to 51 cm below surface) is usually shotty loam or silt

loam with stone content usually much less than 30 percent (Hawk and Dymess,

unpublished). Mid- and lower-slope soils are underlain by deep unconsolidated colluviai

deposits. Depth to bedrock in mid- and lower-slope soils can exceed 17 m (Dymess

1969).
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Table 2.4 Physical and hydraulic characteristics of soil series of Watersheds 9, 2, and 8.
Series Land-

form
Position

Parent
Material

Stone
Vol-
ume
(%)

Field
Cap-
acity

(cm/1.2
m soil)

Bedrock
Type

Perc-
olation
Rate @
50 cm

(cmlhr)

Texture!
Struc-
ture

Frissell lower
portion

reddish
breccias
and tuffs

35-50 20.6 weathered
breccias

190.1 loam!
clay
loam
skeletal

Limber- widely greenish 35-70 19.8 unweath- 15.2 loamy
lost dist-

ributed
breccias
and tuffs

ered
breccias

skeletal

Budworm widely
dist-
ributed

greenish
breccias

9-30 31.0 greenish
tuffs and
breccias

63.5 loam!
silt
loam

Flunky ridges basalt 6080 7.4 fractured
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Figure 2.11 Watershed 2 map detail from Dyrness et al. (Unpublished, 1996)
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As might be expected from its more moderate surface slopes and more stable

underlying geology, Watershed 8 has deeper soil profiles than does Watershed 2 (Figure

2.12). The two soil series found in Watershed 8 are very similar in texture, stoniness, and

parent material. The upper approximately 75 percent of the watershed is underlain by

Blue River series soils, derived largely from andesite residuum. The surface layer

(undescribed depth) is a sandy loam or loam containing 15 to 20 percent gravel (Dyrness

and Hawk, unpublished). The subsoil has usually subangular blocky structure with five

to ten percent gravels and occasionally larger stones comprising up to 50 percent of

volume. This soil is usually shallow (< 3 m to bedrock), being especially shallow (<1 m

to bedrock) near the ridge. Lower elevation areas of Watershed 8 comprising

approximately 20 percent of total area are underlain by Carpenter series soils, derived

from andesitic landslide deposits. The surface horizon is generally sandy loam of

granular structure. Lower horizons are often obscure, but tend toward subangular blocky

structure. Gravel content ranges from ten to 30 percent of the soil volume (Dymess and

Hawk, unpublished). In most locations, effective rooting depth in Carpenter soils is

virtually unlimited because of very deep, unconsolidated parent material (Dymess and

Hawk, unpublished).



Figure 2.12 Watershed 8 soil map detail from Dyrness et al.
(Unpublished, 1996).
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Little detailed information on soil hydrologic characteristics is available for

Watershed 9. Hawk et al. (1978) describe the soils of Reference Stand 8, located in

Watershed 9 near the ridge, as being shallow, well-drained very gravelly barns with

depths to bedrock ranging from 15 to 50 cm. Harr and McCorison (1979) describe

Watershed 9 soils in comparison to Watershed 10, suggesting that Watershed 9 soils have

a thinner soil mantle and greater area of exposed bedrock. Harr and Dyrness

(Unpublished) state that virtually all Watershed 10 soils are Frissell series ranging in

texture from loam to clay loam with from 0 to 75 percent stone content by volume.

Because the texture and structure of soils in Watershed 8 are nearly identical to

those of the lower-elevation watersheds, Harr et al. (1982) suggest that the soils'

hydraulic properties should be nearly identical as well. Limberlost and Budworm soil

series typically have rapid rates of water percolation through the A, B, and C horizons

(e.g.,> 100 cmlhr, 40 cm/br, and 10 cm/br, respectively) (Dymess 1969). Porosity

remains high (e.g., >50 percent) as one moves from the surface to subsurface horizons,

but there is a sharp shift in pore size distribution. Subsurface layers are more likely to be

dominated by capillary pore sizes not involved in gravitational movement of water

(Dyrness 1969). Dyrness (1969) concludes "... the observed decrease in [vertical] water

movement rates through the subsoil is not so much due to decreases in total porosity as it

is to shifts from predominantly noncapillary porosity to capillary porosity." Thus, as

water percolates through the soil layer, vertical movement becomes slowed and rapid

lateral movement of water occurs.



2.4.6.2 Soil Moisture

Within all watersheds, modeled plant-available soil moisture levels are highly

seasonal and follow the seasonality of precipitation input (Figure 2.13). However, mean

daily plant-available soil moisture levels indicate that patterns of wetting and drying are

slightly different between watersheds (Figure 2.14), reflecting interpretation by MMS of

the effects of soil depth, surface slope, subsurface flow rate, evapotranspiration, and snow

accumulation and melt. Daily plant-available soil moisture levels for the three years from

the period 1964-1992 with the greatest and least precipitation are given in Appendix 1.

Frequency distributions of daily soil moisture index values are highly skewed (Figure

2.15), with approximately half of the days in each watershed estimated to have an index

value greater than 0.9.

Throughout fall, soil water storage increases steadily and sharply from 20 percent

of field capacity in early October to levels approaching 90 percent of field capacity by

late November in all three watersheds. Because of a smaller total storage capacity than

that of the other watersheds, Watershed 9 has the steepest rate of wetting. However,

because of this higher October 1 soil moisture level, Watershed 2 reaches 90 percent of

field capacity, on average, approximately one week before Watershed 9 and three weeks

before Watershed 8.
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Figure 2.13 Mean daily estimated soil water storage (soil water) and soil water plus one
standard deviation (soil water+sd) as calculated by MMS for a) Watershed 9 (1971-.
1992), b) Watershed 2 (1964-1992), and c) Watershed 8 (1964-1992). Storage values are
for upper 1 m of soil. Note different y-axis scales used.
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Figure 2.14 Mean daily soil moisture index (i.e., MMS esimate of daily soil water
storage as a percent of estimated field capacity) for Watershed 9 (1971-1992) and
Watersheds 2 and 8 1964-1992).
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Figure 2.15 Frequency distribution of daily soil moisture index values for a) Watershed 9
(1971-1992), b) Watershed 2 (1964-1992), and c) Watershed 8 (1964-1992). Soil
moisture index values represent soil water storage as a proportion of estimated field
capacity for the upper 1 m of soil. Soil water storage was estimated using MMS. Note
different y-axis scales used.
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December through March, Watershed 2 plant-available soil moisture is greater

than that of Watershed 8, while both are greater than Watershed 9. All watersheds

achieve soil moisture levels of approximately 95 percent of field capacity by mid-

December. Watershed 2 and Watershed 8 maintain this level through the winter, while

soil moisture in Watershed 9 begins to decline unevenly in February. In addition to

steeper slopes and greater soil moisture storage ability in Watersheds 2 and 8, this

difference in moisture storage level is likely related to continued snowmelt input in these

watersheds, and the lack of snowmelt input in Watershed 9.

At the beginning of May, Watersheds 2 and 8 are above 90 percent field capacity

and Watershed 9 is above 80 percent. Shortly thereafter, moisture levels drop steeply and

at approximately equal rates for all watersheds. Due to greater modeled snowmelt input

during late spring, the decline in Watershed 8 occurs approximately two weeks later than

in Watersheds 9 and 2. All watersheds experience their lowest levels of plant-available

soil moisture in early August.

2.4.7 Vegetation

Watersheds 9,2, and 8, are currently dominated by Douglas-fir (Psuedotsuga

menziesii), though differences exist in total vegetation composition (Hawk and Dyrness

1975, Dyrness and Hawk 1972, Hawk et al. 1978). Watershed 2 vegetation is typical of

the western hemlock (Tsuga heterophylla) zone (sensu Franidin and Dyrness 1969) with

an overstory of Douglas-fir and western hemlock and understory including rhododendron
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(Rhododendron macrophyllum) and vine maple (Acer circinatum) (Hawk and Dyrness

1975). In a 1970 survey of Watershed 2 (Hawk and Dyrness 1975), approximately 67

percent of overstory trees were in the 450-year age class, with the remainder younger than

125 years. Watershed 8 occupies the transition between western hemlock and silver fir

(Abies amabilis) zones (Dyrness and Hawk 1972) with overstory age class distribution

being approximately reversed from that of Watershed 2. In 1970, 33 percent of overstory

trees were in the 450-year age class and 67 percent were younger than 125 years (Dyrness

and Hawk 1972). No comprehensive vegetation survey has been conducted for

Watershed 9. Vegetation in Reference Stand 8 has a partially open canopy dominated by

old-growth (>250 years) Douglas-fir with an understory of emergent Douglas-fir,

western hemlock, Pacific yew (Taxus brevfolia), and bigleaf maple (Acer macrophyllum)

(Hawk etal. 1978).

Vegetation affects peakfiow hydrology primarily through evapotranspiration

effects on soil moisture, rain and snow interception, and indirect effects on snowpack

energy dynamics. In winter, cold air temperatures and low solar radiation inputs result in

relatively low evapotranspiration rates (Smith and Hinkley 1995). During a peakflow

event (i.e., three to four days duration) winter evapotranspiration is assumed to have a

negligible effect on soil moisture and peakflow hydrograph. Daily water export through

evapotranspiration is accounted for by MMS in estimates of soil moisture.

Interception storage is primarily a function of leaf area. The pattern of leaf area

index (LAI), the projected surface area of foliage per unit ground area, over time for most

coniferous trees appears to be a gradual, persistent decline after reaching a peak relatively
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early in the life of the stand (Ryan et al. 1997). Accurate estimates of LAI for Douglas-

fir stands are difficult to obtain because of intersite variability and methodological

uncertainties (Marshall and Waring 1986). Generally, after age 40-years, leaf area of

Douglas-fir tends to reach an equilibrium value apparently determined by site water

balance (Grier and Running 1977) and fertility (Waring et al. 1978). Given this, LAI may

be expected to be lowest in Watershed 9 and possibly highest in Watershed 8. However,

Gray and Prowse (1993) suggest that morphological characteristics of trees of similar size

and species are generally of lesser importance to snow interception than meteorological

factors, particularly air temperature and wind speed.

Intercepted snow is often subjected to more energy inputs and may melt faster

than pack snow (Berris and Harr 1987, Coffin and Harr 1992). This melting of

intercepted snow effectively acts as rain and simultaneously warms the snowpack and

satisfies available snowpack moisture storage (Coffm and Harr 1992). In Watershed 9,

with warmer air temperatures and greater exposure to wind, intercepted snow may be

expected to melt more quickly than in Watersheds 2 and 8.

Forest cover affects snowpack surface energy exchange primariiy by altering wind

speeds and solar radiation input, but also through longwave radiation inputs (USACE

1956). In plots at 900 m elevation in Lookout Creek Watershed, open areas were found

to accumulate two to three times the snow water equivalent as forested areas (Berris and

Harr 1987). Though percent forest cover by overstory trees differs slightly between

Watersheds 2 and 8, the effect on snow accumulation is not addressed in this study.



2.5 Conclusion

This chapter has shown that Watersheds 9, 2, and 8 are very similar with respect

to many physical and climatic characteristics. However, differences exist in geology,

topography, and soils which affect soil moisture storage and snowpack dynamics. Soil

and snowpack moisture storage was shown to be spatially variable between watersheds

and temporally variable within each watershed.

The major climatic differences between Watersheds 9, 2, and 8 are air temperature

and precipitation. Watershed 8 daily minimum and maximum air temperatures are colder

than in Watershed 2 for each month. Because of its lower elevation and southwest

aspect, Watershed 9 is estimated to be warmer than Watershed 2. Observed precipitation

data show little difference in catch between gages near Watersheds 2 and 8. However,

modeled precipitation amounts using PRISM (Daly et al., 1994) indicate that within

Watershed 2, upper elevations may receive approximately 100 mm more precipitation per

month during high-precipitation months of October through April. A much smaller

gradient exists in Watershed 8.

Differences in soil depth, surface slope, and stone content produce differences in

water storage and transmission in Watersheds 9, 2, and 8. Watershed 9, with steep slopes

and the thinnest soil, has the smallest, most easily drained soil water reservoir. Decreases

in slope steepness and stone content with elevation and a deeper soil profile result in

Watershed 8 having the largest, slowest filling and draining soil water reservoir. Model

runs suggest that, on average, Watershed 8 does not reach 90 percent field capacity until

three weeks after Watershed 2 and two weeks after Watershed 9. Average soil moisture
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values exceed 90 percent of field capacity from mid-November to mid-March in all three

watersheds. Watershed 9 has the most variable soil moisture levels in spring, reflecting its

tendency to rapidly drain and re-wet with additional precipitation input. Watershed 8 is

the slowest to drain during the spring, likely the effect of a melting snowpack and deep

soil profile.

Because of colder air temperatures and roughly equal observed precipitation

amounts, MMS estimates of snowpack water equivalent in Watersheds 9, 2, and 8

generally increase with elevation. Watershed 9 mean snowpack is smallest, appears

latest, and disappears earliest in the spring. Snowpacks in Watersheds 2 and 8 are

approximately equal in timing and size. In all watersheds, it is not uncommon for no

snowpack to be predicted during the winter months.

Given the variability in precipitation type and snowpack level, all types of

weather events appear possible in all watersheds during fall, winter, and spring. It is

possible for precipitation to occur as rain, snow, or a mixture of both during any winter

month in any watershed. In addition, in all watersheds it is not uncommon for no

snowpack to be predicted during the winter months.

Because Watersheds 9, 2, and 8 represent different combinations of climatic and

physiographic conditions, they can be used to differentiate effects of climate and

physiography on peakflow hydrograph shape. Questions about the role physical and

climatic conditions play in determining peakflow hydrograph shape (i.e., timing and

magnitude characteristics), and whether these roles vary between watersheds, will be

addressed in Chapter 3.



3. First-Order Watershed Peakflow Analysis

3.1 Introduction

Differences in physiography and soil and snowpack water storage between

Watersheds 9, 2, and 8 may lead to differences in how they store and transmit water

during peakflows. Long-term climate and streamfiow records in these watersheds afford

the opportunity to examine the influence of watershed physiography and snowpack on

peakflow hydrograph shape.

This chapter investigates the relationships between weather, physiography, and

peakflow response by selecting a population of runoff events from each watershed and

classifying them by antecedent climate and moisture storage conditions. Differences in

soil and snow moisture storage are expected to affect peakflow hydrograph shape.

Peakflow hydrograph shape is described with both timing and magnitude characteristics.

Hydrograph timing characteristics, such as the lag time from beginning of precipitation to

the beginning of runoff, the time-to-peak, the lag time between mass centroids of

precipitation and runoff, and runoff event duration, are hypothesized to be inversely

related to surface slope and directly related to soil moisture storage capacity. Hydrograph

magnitude characteristics, such as instantaneous peak discharge and the ratio of runoff

volume to event precipitation, are hypothesized to increase with increasing surface slope

and decreasing soil moisture storage capacity. As surface slope increases, the rate of
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subsurface flow should increase, thus decreasing the hilislope routing time of water to the

channel. A similar effect is expected as soil moisture storage capacity decreases.

Characterizing the effect of snowpack dynamics on peakflows is difficult.

Snowpack effects on streamfiow are mediated by both the hilislope and the channel.

Snowpacks may also act as both a water sink and a water source within a single event.

Though no directly observed snow data are available for the period of this study, some

general hypotheses about the role of a snowpack on hydrograph shape may be stated. It

is hypothesized that because of the additional moisture reservoir represented by snow, all

hydrograph timing variables will be delayed when a snowpack is present. Because of the

additional source of water potentially contributed by a snowpack during a peakflow, all

hydrograph magnitude characteristics are hypothesized to increase when a snowpack is

present.

Harr (1979) has suggested that the HJA may be divided into elevationally-based

climate zones, with each zone's winter hydrology dominated by a different type of

weather event. However, the seasonal and spatial variability of climatic processes driving

peakflow hydrology is not well documented. By determining the frequencies of event

types occurring in Watersheds 9, 2, and 8, this chapter tests the proposition that different

climate zones influence peakflow hydrology in Lookout Creek Watershed and Watershed

9. It is important to note that climate zones are intended only as a conceptual tool, and

not as identifying fixed and discrete elevation bands on the landscape (Coffin and Harr

1992). Anecdotal evidence (Harr 1981, Coffin and Harr 1992) indicates that all types of

weather events may occur at all elevations in the western Cascades in all seasons but



summer. A basic understanding of seasonal and spatial variability in climate and soil

moisture may be obtained by examining the frequency of event type occurrence in

Watersheds 9, 2, and 8.

3.2 Objectives

The primaiy objective of this chapter is to relate peakfow hydrograph

characteristics to weather and physiographic conditions during flow events over a 29-year

period in three small (<60 ha) control watersheds in the western Cascades of Oregon.

Key questions are:

What role do the soil layer, snowpack, and precipitation play in peakflow
hydrograph magnitude and timing?

Do the soil layer and snowpack affect peakflow hydrograph magnitude and timing
differently in different watersheds?

What is the spatial (i.e., elevational) and temporal (i.e., seasonal) variability of
peakulow types in Watersheds 9, 2, and 8?

3.3 Methods

The work described here involved four steps: event selection; event classification;

event description; and event analysis. Populations of peakflows were compared: 1)

within watersheds to assess differences related to event type; and 2) between watersheds

to assess differences related to watershed physiography.
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3.3.1 Event Selection

Peakflows were selected from the continuous discharge record in each watershed

using a linear baseflow vs. quickflow separation technique (Figure 3.1) (GCtPQ version

1.5, Dripchak and Hawkins 1993) based on the work of Hewlett and Hibbert (1967). A

peakflow is defined by GetPQ to begin when the discharge hydrograph slope exceeds the

user-defined baseflow slope. Thus, a peakflow consists of two components: baseflow and

quickflow. Quickflow is considered to be any flow in excess of the separated baseflow.

The user-defined linear separation slope used in this study (0.002 mm/br2) is equivalent

to the 0.05 cfs/mi2/hr used by Harr (1977) in his study of subsurface flow in a small

watershed lying just outside Lookout Creek Watershed. Each subsequent discharge

measurement is compared to the calculated ordinate of the baseflow separation line

originating from the initial baseflow value. The event is defined to end when the

hydrograph falling limb intersects the separation line.

The analysis described in this chapter examines only characteristics of the

quickflow portion of a peakflow hydrograph. The "quickflow hydrograph" (Figure 3.1)

consists exclusively of quickflow between event beginning and end times. Ordinates of

the quickflow hydrograph are calculated by subtracting the value of the baseflow

separation line from the corresponding original flow values. Volume of quickflow is

calculated using trapezoid approximations.
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If unit area quickflow volume and quickflow discharge of the selected peakflow

exceed the user-defined minimum values, GetPQ calculates the precipitation volume

associated with the peakflow by searching the precipitation file backwards through time

starting at the runoff event initiation time. The program searches for a time interval of

user-defined duration during which zero rainfall was recorded. This duration was set

arbitrarily at three hours to reasonably account for short precipitation lapses during a

period of rainfall. Event precipitation volume is that which occurs between precipitation

event begin time and runoff event end time. If precipitation volume exceeds the

parameterized minimum, the event is included in the population. Minimum precipitation

was set at 0 mm.

The linear flow separation technique is intended to provide a consistent method

across watersheds of selecting peakflows and estimating event quickflow volume while

controlling for widely varying baseflow levels. Linear flow separation is computationally

and intuitively simple. However, choices of method and slope are arbitrary, and may not

represent specific subsurface flow mechanisms. Descriptions and values of required user-

defined parameters defining minimum instantaneous quickflow discharge (i.e., the

"quickflow peak"), minimum quickflow volume, minimum event precipitation amount,

baseflow separation slope, and three parameters used to separate individual events are

listed in Table 3.1.



Table 3.1 GetPQ parameters used in peakflow selection.
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Input data for GetPQ were watershed area, continuous time-step precipitation, and

continuous time-step streamfiow (data collection is described in section 2.2.1).

For Watershed 2, precipitation data from Climate Station #2 (CS2) (Figure 2.2) from

1964-1992 were used. For Watershed 9, precipitation data from CS2 from 1972-1992

were used. Continuous time-step precipitation data are not available from Hi-15

Meteorological Station (Hi- 15) (Figure 2.2) before 1985. Between 1964-1985,

precipitation data from CS2 were used as input data to select Watershed 8 peakflows.

Peakflow selection from Watershed 8 was not biased by using CS2 precipitation data

Parameter Description Value
Minimum P depth (mm)

Minimum Q depth (mm)

Minimum Q peak (mmlhr)

Area (ha)

Baseflow separation slope
(mmlhr/hr)
Lag between storms (hr)

HyetoShort (hr)

HyeReadLag (hr)

minimum depth of rainfall for
event to be considered
minimum depth of quickflow
for event to be considered
Minimum peak runoff rate
greater than zero for event to be
considered
Area of watershed

Flow gradient used to separate
baseflow from direct runoff
Minimum period of zero rainfall
(prior to runoff initiation) which
separates rainfall associated
with runoff event
Time between the end of the
rain event and the start of runoff
so that the rain event does not
affect runoff
Time between hyetograph
readings at low intensity
considered too long to
accurately describe a storm

0.00

2.03

0.023

Watershed 2: 60
Watershed 8: 21
Watershed 9: 8.5

0.002

3.0

2.0

6.0
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since GetPQ selects peakflows based solely on hydrograph shape, independent of the

precipitation record. Precipitation data are not used in the calculation of hydrograph

characteristics, but are required to run GetPQ. Only GetPQ output describing quickflow

hydrograph shape (i.e., quickflow peak magnitude, quickflow volume, and event

duration) is used in this analysis. GetPQ output describing relations between event

precipitation and runoff (i.e., start lag, centroid lag, and quickflow:precipitation) for

Watershed 8 events 1964-85 is not analyzed.

Despite its utility for analyzing precipitation and hydrologic data, GetPQ is

computationally limited in the number of data time steps used to describe an event (i.e.,

approximately 350). The number of time steps in the event precipitation data for the

Watershed 2 January 21, 1972 peakflow and in the event runoff data for the Watershed 8

March 30, 1983 peakflow exceeded calculation capacity of GetPQ. For these events,

dependent and independent variables were calculated manually using the same methods

as GetPQ.

3.3.2 Event Class jfication

Each runoff event selected from the flow record was classified by soil moisture

index level and weather event type.



3.3.2.1 Soil Moisture Index Level

Estimated soil water storage was converted to percent "saturation index" to

facilitate comparison of soil moisture effect between watersheds. "Wet-soil" events were

defmed as occurring when soil moisture levels exceed 90 percent of the estimated field

capacity, while "dry-soil" events were defmed as occurring when soil moisture levels

were less than or equal to 90 percent of the estimated field capacity (Figure 2.15). Soil

moisture was considered as a discrete variable in this analysis because of skewed

frequency distributions of daily soil moisture index values in Watersheds 9,2, and 8

(Figure 2.15). Approximately 50 percent of calendar days in each watershed have a soil

moisture index of greater than 90 percent.

3.3.2.2 Weather Event Type

Determination of weather event type was based on estimated form of precipitation

and the presence or absence of modeled snowpack. Description of algorithms used is

taken largely from MMS: User's Manual (CADWES 1993). Precipitation form (i.e., rain,

snow, or a mixture of rain and snow) in each Hydrologic Response Unit (HRU) is

estimated from the HRU daily minimum and maximum air temperatures and their

relation to a base temperature (basetemp). Precipitation was all snow if maximum air

temperature was less than or equal to basetemp and all rain if minimum air temperature

was greater than or equal to basetemp. The proportion, rFJRU' of precipitation falling as

rain in each HRU was estimated as:
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PrBAS =

(tmax - basetemp)
Pr HRU -

where basetemp =00 C and t and t are daily HRU air temperatures derived by

MMS. Basin-wide estimates, rBAS, were computed by an area-weighted HRU average:

(tmax - tmin)

Prmwi * AREA HRUI

1=1 AREABAs
(2)

where i is the HRU number, AREAHRUI is the area of the ith HRU, and AREABAS is the

area of the entire watershed.

Six types of climate events were defined by conditions present at the beginning of

the peakflow:

rain: PPT> , IBAS 0.90, SNOW =0 iTlin

mixed: PPT> 0,0< SNOW < 2.54 mm

mixed-on-snow: PPT> , P4s <0.90, SNOW 2.54 fliflI

rain-on-snow: PPT> , PIBAS 0.90, SNOW 2.54 mm

snowmelt: PPT =0, SNOW 2.54 mm, tmax> 00 C for day of
quickflow peak and day prior

indeterminate: no clear mechanism was identifiable

'rBAS was greater than or equal to 0.90, all precipitation in that event was

labeled as rain. This assumes such events behave hydrologically more as rain than as

mixed events. SNOW threshold was arbitrarily set at 2.54 mm to eliminate cases of

extremely small modeled snow "packs".
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3.3.2.3 Validation of Event Classification

To validate the above classification algorithms, MMS was run using Hi-15

precipitation and air temperature data to estimate daily precipitation type and snow water

equivalent in the hydrologic response unit containing the Hi-iS Meteorological Station.

Each day from October 1, 1992 to September 30, 1994 was then typed using the

classification algorithms described above. Daily precipitation volume was determined

from the daily Hi- 15 precipitation record and plotted against the summed water volume

(i.e., snowmelt plus rainfall) collected at a snowmelt lysimeter located next to Hi- 15. The

lysimeter consisted of a 2 x 2 m wood-frame collection box, 0.25 m deep, lined with

black plastic and painted to mimic the colors of a natural forest floor. All snow collected

and melted in the lysimeter drained to a tipping bucket rain gage of the same type as

those described in Chapter 2 for collection of precipitation data.

If the event classification algorithms accurately described precipitation and

snowpack conditions, one would expect differences in lysimeter output for different day

types. Specifically, one would expect R to be less than one for snow days, equal to one

for rain days, and greater than one for rain-on-snow days.
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3.3.3 Event Description

3.3.3.1 Dependent Variables

Timing and magnitude characteristics were calculated to describe hydrograph

shape for each event (Table 3.2). Timing characteristics were start lag, time-to-peak,

event duration, and centroid lag. Magnitude characteristics were quickflow volume,

quickflow peak, total flow peak, and the ratio of quickflow volume to event precipitation.

Table 3.2 Dependent hydrograph timing and magnitude variablescalculated by GetPQ.
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3.3.3.2 Independent Variables

Event predictive variables and their descriptions are listed in Table 3.3. Daily soil

moisture storage (SOIL) and snow water equivalent (SNOW) were estimated using MMS

(CADSWES 1993) as described in Chapter 2. To estimate antecedent conditions, SOIL

Dependent Variables Description
Beginning Lag (hr)

Time-to-Peak (hr)

Event Duration (hr)
Centroid Lag (hr)

Quickflow Volume (mIn3/mm2)
Quickflow Peak (mm3/mm2/hr)
Total Flow Peak (mm3/mm2/hr)
Quickflow:Precipitation
(mm/mm)

Time lag between the start of rainfall and the start of
runoff event
Time from onset of runoff event to instantaneous
peakflow
Duration of runoff event
Time lag between centroid of rainfall and centroid of
quickflow runoff
Unit area quickilow volume of runoff event
Maximum rate of quickflow runoff
Maximum rate of runoff prior to baseflow separation
Ratio of quickflow volume and precipitation volume
for a given event



and SNOW values from the day previous to event initiation were used in analyzing and

comparing hydrograph response.

Table 3.3 Independent variables calculated by GetPQ and MMS.
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3.3.4 Event Analysis

All dependent and independent variables, with the exception of soil moisture

index, snow water equivalent, and quickflow:precipitation, were log transformed for

analysis. The distribution of quickilow:precipitation values best approaches normality

with a square root transformation. Because normality of soil and snow moisture could

not be achieved by logarithm or power transformations, these variables were not

Independent Variables Source Description
Event Precipitation (PPT) (mm)

Maximum 15-minute Precipitation
Intensity (MAX) (mm/hr)

Initial Baseflow Level (nun/hr)

Pre-Runoff Precipitation (mm)

Soil Moisture Index (SAT) (%)

Snow Water Equivalent (SNOW) (mm)

GetPQ

GetPQ

GetPQ

GetPQ

MMS

MMS

Total unit area precipitation
volume associated with the runoff
event
Maximum 15-minute
precipitation intensity during
event precipitation
Baseflow at the start of runoff
event
Portion of event precipitation
occurring before initiation of
runoff event
Basin-average soil moisture level
at beginning of runoff event
normalized by assumed maximum
storage capacity
Basin-average snow water
equivalent at beginning of runoff
event
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transformed. Estimated soil moisture index was treated as a continuous variable within

each category for the purposes of regression modeling.

Because total peak magnitude, quickflow volume, and quickflow peak magnitude

were significantly positively correlated, only quickflow peak was considered in

comparisons between event types. Independent variables (Table 3.3) were not

significantly correlated with each other. Complete tables of Pearson correlation

coefficients and Bonferroni-adjusted significance levels are given in Appendix 2.

3.3.4.1 Population Description

Peakflow populations in Watersheds 9,2, and 8 were compared by numbers of

events of each type and soil moisture index category. To relate size distributions of

peakflow populations to estimated Log Pearson III frequency-magnitude relations based

on annual peaks, cumulative frequency distributions of unit area maximum discharges for

each watershed were plotted. In these piots, total stream discharges (i.e., not separated

into baseflow and quickflow components) for each watershed were used.

To maximize homogeneity within sub-groups of events for subsequent analysis,

events were sorted by climate event and soil moisture index. Only rain and rain-on-snow

events were compared because of: 1) the need for confidence in event type classification;

2) interest in dominant event types operating in these watersheds; and 3) small population

sizes within mixed, mixed-on-snow, snowmelt, and indeterminate categories,. Because

of the very small number of rain-on-snow events occurring on dry soil (i.e., n < 5), these

events were not included in analysis. Thus, three types of events from each watershed
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were analyzed: rain on dry soil, rain on wet soil, and rain-on-snow on wet soil. Hereafter,

these will be referred to as "dry-soil rain", "wet-soil rain", and "wet-soil rain-on-snow"

events.

To graphically display differences in hydrograph shape for each watershed and

event type, synthetic mean hydrographs of Watershed 2, 8, and 9 dry-soil rain, wet-soil

rain, and wet-soil rain-on-snow events were constructed in Excel for Windows 3.0 by

plotting mean values of start lag, time-to-peak, quickflow peak, and event duration

against time after the beginning of event precipitation.

3.3.4.2 Within-watershed Analysis

To examine the effects of soil moisture and snowpack, dry-soil rain, wet-soil rain,

and wet-soil rain-on-snow events within each watershed were analyzed for differences in

peakflow hydrograph timing and magnitude. Within-watershed analysis involved two

sets of comparisons: 1) dry-soil rain vs. wet-soil rain; and 2) wet-soil rain vs. wet-soil

rain-on-snow. The former examined the effect of soil moisture variability on water

delivery to the channel. The latter examined the effect of a snowpack on water delivery

to the channel.

Significant differences in hydrograph response characteristics between event types

were identified using ANOVA and Tukey-Kramer tests using the statistical package

SYSTAT for Windows, Version 5 (SYSTAT, Inc. 1992). The Tukey-Kramer test is a

generalized form of Tukey's test which does not assume equal sample sizes (SYSTAT,
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Inc. 1992). P-values were calculated for transformed data using Tukey-Kramer test

within ANOVA.

Significantly different hydrograph characteristics were then modeled by multiple

regression (SYSTAT, Inc. 1992). Dependent variables were those hydrograph response

characteristics determined to be significantly different between event types. Independent

variables were total event precipitation, maximum 1 5-minute precipitation intensity, and

antecedent soil moisture index value. The same set of independent variables was used for

dry- and wet-soil rain event regression analyses. Pre-event snow water equivalent was

included as an independent variable for wet-soil rain-on-snow event regression analysis.

While the inclusion of Watershed 8 peaks from 1964-1985 allowed the

examination of hydrograph differences between event types, the lack of associated

precipitation data made developing regression models for dry-soil rain (n = 7) and wet-

soil rain events (n 14) extremely difficult. No regression models were created for WS 8

dry-soil rain events.

3.3.4.3 Between-watershed Analysis

To examine peakflow hydrographs for effects of watershed physiography, dry-soil

rain, wet-soil rain, and wet-soil rain-on-snow event hydrograpbs were analyzed between

each possible pair of watersheds (i.e., Watershed 9 vs. Watershed 2, Watershed 9 vs.

Watershed 8, and Watershed 2 vs. Watershed 8) for differences in timing and magnitude.

Significant differences in hydrograph response characteristics between watersheds were

determined using ANOVA and Tukey-Kramer tests as described above for within-
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watershed analysis. As for within-watershed analysis, significantly different hydrograph

characteristics were then modeled by multiple regression.

3.3.5 Elevational and Seasonal Variability of Event Types

Spatial and seasonal variability of Watershed 9, 2, and 8 event types were

examined through: 1) quickflow volume categorized by peakflow type; and 2) peakflow

type frequencies. Quickflow volume, rather than quickflow peak, was used as the

descriptive variable to get a temporally cumulative measure of quickflow production.

3.3.5.1 Monthly Averages of Quickflow Produced During Different Event Types

To determine the importance of each event type in each watershed, average

monthly and annual quickflow volume was partitioned by event type. All peakflows of

Watersheds 9, 2, and 8 during the common period of record 1972-1992 were included in

this analysis. For comparisons within and between watersheds, events were grouped by

month and by season. Though grouping months into seasons imposes subjective

divisions in the continuum of water year climatic and hydrologic processes, this approach

is useful for examining temporal shifts in these processes. Season categories are as

described in section 3.2.3.1. Quickflow was used a response metric in an effort to

eliminate the effects of seasonal changes in baseflow level.



3.3.5.2 The Relative Frequency of Event Type

The relative frequency of event size and type were calculated using the entire

population of events for each watershed. Oniy the frequencies of dry-soil rain, wet-soil

rain, and wet-soil rain-on-snow events are presented. Dry-soil mixed, dry-soil mixed-on-

snow, dry-soil rain-on-snow, wet-soil mixed, and wet-soil mixed-on-snow type were

grouped into an inclusive "other" category because of their limited number and the

difficulty in accurately typing them. Event type frequency distributions in each

watershed were examined at annual and seasonal time scales. Seasonal distributions of

event type frequency were compared between watersheds within a season, and within a

watershed between seasons.

3.4 Results and Discussion

3.4.1 Validation of Event Class ficatwn

Results of the lysimeter outflow vs. precipitation analysis appeared to validate the

algorithms used to differentiate types of peakflows (Figure 3.2). The regression slope for

lysimeter outflow vs. precipitation was 0.42 for snow days, 0.79 for rain days, and 1.32

for rain-on-snow days.
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Figure 3.2 a) Daily lysimeter outflow vs. precipitation amounts (October 1, 1992 -
September 30, 1994) for the Hi- 15 Meteorological Station. Data were coded by day type
as classified by algorithms described in section 3.3.3. Regression lines and equations are
included for rain, rain-on-snow, and snow days. The dashed line represents a 1:1
relationship Rain n = 29; rain-on-snow n = 29; snow n =16; mixed n = 27; mixed-on-
snow n = 17. b) Daily lysimeter outflow vs. precipitation amounts (October 1, 1992 -
September 30, 1994) for the Hi- 15 Meteorological Station. Regression lines and
equations are included for rain and combined rain-on-snow and mixed-on-snow days.
The dashed line represents a 1:1 relationship. Rain n = 29; combined rain-on-snow and
mixed-on-snow n = 46.
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The deviation of the regression slope for rain days from the expected value of one

may be due to detention and evaporation occurring in the lysimeter during measurement,

differences in rain amount collected by the lysimeter and the precipitation gage, or to

faulty equipment. Seven rain days had no lysimeter outflow despite receiving over 25.4

mm of rain. Since the rain gage and lysimeter were located within ten meters of each

other, occasional lack of agreement suggests that one was malfunctioning on these days.

Though results of event classification were not perfect, they were judged satisfactory to

continue use of the typing algorithms.

These results compare reasonably well with work done by Harr (1981). Because

Harr (1981) did not consider separately mixed-on-snow and rain-on-snow events in his

analysis, these day types were pooled and lysimeter and precipitation data re-plotted

(Figure 3.2). Harr (1981) estimated that increases in water input from rain-on-snow

events could be 10 to 25 percent greater than that from precipitation alone. This

validation exercise suggests that events classified as mixed-on-snow and rain-on-snow

were contributing on average 35 percent (i.e., regression slope = 1.35) more water to the

soil than would be expected from precipitation alone. Thus, the classification criteria

utilizing MMS output appear capable of differentiating types of climate events from the

range of different precipitation and snowpack conditions occurring in Watershed 8. No

equivalent data were available for validating event classification in Watersheds 2 and 9.



3.4.2 Description of Event Populations

Peakflow populations in Watersheds 9, 2, and 8 were composed largely of events

smaller than the Log Pearson III estimated one-year return interval event (79 percent, 45

percent, and 58 percent, respectively) (Figure 3.3). Cumulative distributions of rain and

rain-on-snow event size in Watersheds 2 and 8 were very similar, with both ranging from

near 0 5 mm/hr to approximately 3 mm/hr with a median instantaneous total peak size of

approximately 0.5 mm/hr. In all three watersheds, rain-on-snow events tended to be

larger than rain events.

Despite high inter-year variability in all watersheds, the number of events per year

increased as one sequentially considered Watershed 8, Watershed 2, and Watershed 9

(Figure 3.4). This pattern is consistent with the hypothesis that event frequency increases

with decreasing soil moisture storage capacity and with increasing surface slope.

Watershed 9 averaged 60 percent more events per year than did Watershed 2 and over 90

percent more events than did Watershed 8 (Table 3.4).

Table 3.4 Total number of peakflows, mean number of peakflows per year, standard
deviation, and minimum and maximum number of annual peakflows in Watersheds 9,2,
and8.

85

Watershed Number
of Years

Total
Number
of Events

Mean
per
year

Standard
Deviation

Minimum Max-
imum

9

2

8

22

29

29

395

284

239

18.0

9.8

8.2

4.2

3.3

3.5

8

2

1

25

17

16
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Figure 3.3 Cumulative frequency distributions of quickflow peak size sorted by event
type where n> 10 for a) Watershed 9, b) Watershed 2, and c) Watershed 8.
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Figure 3.4 Number of peakflows per year in Watersheds 9,2, and 8.

More than 99 percent of events in Watersheds 2 and 8 were separated from the

previous event by at least 3 days (Figure 3.5a). Approximately 12 percent of events in

Watershed 9 occurred within three days of the previous instantaneous peak. There was

no correlation in magnitude of a peak with the previous peak for these events in

Watershed 9 (r2 = 0.00) (Figure 3.5b). As a result, no events were eliminated from

consideration because of proximity to the previous peak.
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Figure 3.5 a) Cumulative frequency distributions of time between peak events in
Watersheds 9,2, and 8. b) Relation of magnitude of quickflow peak with magnitude of
previous quickflow peak for peaks separated by three days or less in Watershed 9.

A majority of events in all three watersheds occurred when the soil profile was

estimated to be over 90 percent saturated (Table 3.5). At least 70 percent of events in all

watersheds occurred during "wet" soil conditions. Watershed 9 had the highest
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percentage of dry-soil events (30 percent). The most common combinations of event type

and soil moisture index categories in all three watersheds were dry-soil rain, wet-soil rain,

and wet-soil rain-on-snow. Though rain-on-snow events occurred when soil moisture

index values were below 90 percent, these events were uncommon (n 3 for Watershed

2, n = 9 for Watershed 8, and n = 4 for Watershed 9).

Table 3.5 Peakflow populations of Watersheds 9,2, and 8 stratified by soil moisture
index (dry: <90 percent of field capacity; wet: > 90 percent of field capacity) and
weather event.

Watershed 9
(n = 395)

Watershed 2
(n = 284)

Watershed 8
(n = 239)

Soil
Moisture
Index Weather Event n % 12 12

Dry-soil Rain 109 28 32 11 30 13

Rain-on-Snow 4 1 3 1 9 4
Mixed-on-Snow 2 <1 0 0 0 0

Mixed 4 1 1 <1 2 1

Snow 0 0 0 0 0 0

Indeterminate 0 0 0 0 0 0

Wet-soil Rain 226 57 67 24 60 25
Rain-on-Snow 34 9 113 40 94 39
Mixed-on-Snow 8 2 56 20 28 12

Mixed 7 2 10 4 6 2
Snow 0 0 1 <1 5 2

Indeterminate 1 <1 1 <1 5 2

Total 395 100 284 100 239 100



3.4.3 Annual and Seasonal Variability of First-order Watershed Peakflows

Annual distributions of quickflow volume within Watersheds 9, 2, and 8 suggest

an elevational stratification of peakulow event types (Figures 3.6 and 3.7). Annual

quickflow volume in Watershed 9(565 m mean elevation) was dominated (62 percent) by

wet-soil rain events, while over half of annual quickflow in Watersheds 2 and 8 (815 m

and 1100 m, respectively) was produced during wet-soil rain-on-snow events (55 percent

and 51 percent, respectively) (Figure 3.6). Wet-soil rain events were of roughly equal

importance in Watersheds 2 and 8, contributing 21 percent and 25 percent of annual

quickflow volumes, respectively. Dry-soil rain event quickflow comprised less than five

percent of the annual volume in Watersheds 2 and 8.

A comparison of annual event frequencies between watersheds displays a similar

stratification (Table 3.5). Watershed 9 was dominated by dry- and wet-soil rain events,

while Watersheds 2 and 8 experienced mostly wet-soil rain-on-snow events. The

proportion of all events in Watershed 9 which were either dry-soil rain or wet-soil rain

(85 percent) was over twice that in Watersheds 2 and 8 (35 percent and 40 percent,

respectively). Conversely, Watersheds 2 and 8 had over four times the proportion of wet-

soil rain-on-snow events than did Watershed 9. Watersheds 2 and 8 were similar in their

frequency distribution of event types.
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Figure 3.6 Proportions of annual quickflow volume classified by event type for a)
Watersheds 9, b) Watershed 2, and c) Watershed 8. (dr = dry-soil rain; drs = dry-soil rain-
on-snow; dms = dry-soil rain-on-snow; wr = wet-soil rain; wm = wet-soil mixed; wms
wet-soil mixed-on-snow; wrs = wet-soil rain-on-snow; other = events not classified by
one of the above categories).
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Seasonally, quickflow volume production varied within watersheds by event type

(Figure 3.7). In fall, steep southwest facing slopes, shallow soils, and actively

evapotranspiring vegetation contribute to rapid soil drainage in Watershed 9, so soil

conditions alternate between high and low soil moisture index values. As a result, most

quickflow was produced by wet-soil rain events (68 percent), but dry-soil rain events

contributed 25 percent of fall quickflow. In contrast, steep north-facing slopes and soils

of varying depths in Watershed 2 accumulate snow and maintain soil moisture index

values> 90 percent for most of the season. Wet-soil rain and wet-soil rain-on-snow

events dominated fall quickflow production (40 percent and 40 percent, respectively) in

Watershed 2. In Watershed 8, deeper soils and greater soil moisture holding capacity

contributed to a slower increase 'in soil moisture, and dry soil conditions persisted for a

longer period into the fall than in Watershed 2. Wet-soil rain-on-snow events produced

the largest amount of fall Watershed 8 quickflow (31 percent), with dry-soil rain events

contributing 16 percent.

In winter, soils in all three watersheds are commonly wet (soil moisture index>

90 percent). Quickflow volume in Watershed 9 remained dominated by wet-soil rain

events (65 percent), while Watersheds 2 and 8 were dominated by wet-soil rain-on-snow

events (60 percent and 57 percent, respectively). Watershed 2 had a higher percentage of

quickflow produced by "other" types of events, reflecting a larger contribution by mixed

and mixed rain-on-snow events. All event types occurred in all watersheds.
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Figure 3.7 Cumulative quickflow volumes by event type for a) Watershed 9, b)
Watershed 2, and c) Watershed 8. 'Other" events are those not classified into dry-soil
rain, wet-soil rain, or wet-soil rain-on-snow categories.
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In spring, quickflow volume differs by event type exist between watersheds, but

the total volume of quickflow is small relative to fall and winter volumes in all

watersheds. Dry soil conditions return to Watershed 9, while wet soil conditions persist

in Watersheds 2 and 8. In Watershed 9, dry- and wet-soil rain events were responsible

for an approximately equal amount of quickflow volume (44 percent and 43 percent,

respectively). In Watersheds 2 and 8, wet-soil rain-on-snow events produced most of the

total quickflow volume (57 percent and 52 percent, respectively). As late as April the

quickflow contributions by event types were very similar in Watersheds 2 and 8. In May

and June, however, dry-soil rain events contributed over 50 percent of the monthly

quickflow volume in Watershed 2, while Watershed 8 quickflow volume was still

dominated by wet-soil rain events.

3.4.4 Within-Watershed Feakflow Hydrograph Analysis

Synthetic mean quickflow hydrographs of dry-soil rain, wet-soil rain, wet-soil

rain-on-snow peakflows from Watersheds 9,2, and 8 display different shapes (Figure

3.8). In all three watersheds, dry-soil rain hydrographs were smallest in magnitude and

shortest in duration, while wet-soil rain-on-snow events had the biggest instantaneous

peaks and were longest in duration.
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Conceptually, a peakflow hydrograph may be considered as consisting of three

sections: initiation, rising limb and instantaneous peak, and event end. Because

physiography remains constant within a watershed, mechanisms responsible for changes

in hydrograph shape must be related to weather and soil moisture conditions. Discussion

of hydrograph shape in Watersheds 9,2, and 8 builds on the concept of variable source

area (Hewlett and Hibbert 1967), and considers processes contributing to each section of

the peakflow hydrograph.

3.4.4.1 Watershed 9 Dry-soil Rain vs. Wet-soil Rain Peakflow Hydrqgraph Analysis

Soil moisture level significantly affects event initiation and quickflow peak

magnitude in Watershed 9. Though total precipitation, maximum 15-minute intensity,

and pre-runoff precipitation were not significantly different between dry- and wet-soil

rain events, dry-soil rain events on average started four hours later (p = 0.03), and had

two-hour longer centroid lags (p = 0.03) than did wet-soil rain events (Table 3.6) (Figure

3.8). This suggests that during dry-soil conditions, the source area contributing to event

initiation is unsaturated and detains precipitation. The time difference in dry- and wet-soil

rain start lags may indicate the time necessary for the source area to "wet up" (i.e., to

have its available moisture storage capacity satisfied sufficiently to rapidly transmit water

to the channel).



Table 3.6 Watershed 9 ANOVA results for dependent and independent variables for peakflow type comparisons.

and standard error values were calculated using untransformed data.
b p-values represent significance level of Tukey-Kramer tests using log transformed data.

-- = not significant at 0.05 level

Dry-soil RainB
(n=109)

Wet-soil Rain
(n=226)

Wet-soil Rain-
OnSnOWa (n=34)

Dry-soil Rain vs.
Wet-soil Rain

Wet-soil Rain vs.
Wet-soil Rain-on-Snow

Predictive Variables: mean mean mean p-value pvalueD
error error error

Total Precipitation (mm) 77.6 4.8 84.7 4.5 106.7 18.4 C

Maximum 15-minute 33.9 2.0 36.2 1.5 37.8 4.3 -- --
Intensity (mm/hr)

Initial Baseflow
(mm/hr)

0.07 0.00 0.18 0.01 0.19 0.02 0.00 --

Pre-Runoff 11.37 1.46 7.8 0.39 8.7 1.5 -- --
Precipitation (mm)

Response Variables:
StartLag(hr) 13.7 1.4 9.6 0.5 11.8 2.1 0.03 --

Time-to-Peak(hr) 22.5 1.7 25.4 1.5 35.9 7.8 -- --

Event Duration (hr) 58.9 3.0 66.1 2.8 84.7 10.6 -- 0.09

Centroid Lag (hr) 12.7 0.71 10.5 0.31 12.4 1.3 0.03 --

Quickflow Peak 0.6 0.06 0.96 0.06 1.1 0.18 0.00 --
Discharge (mmlhr)

Quickflow:Precipitation
(mm/mm)

0.16 0.01 0.24 0.01 0.29 0.03 0.00 0.05
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Lower instantaneous peak magnitudes and quickflow:precipitation ratios during

dry-soil rain events is consistent with the hypothesis of an unsaturated soil moisture

reservoir detaining and retaining water. Average dry-soil rain event quickflow peak was

50 percent smaller than that of wet-soil rain events (p = 0.00) and dry-soil rain event

quickflow:precipitation was 50 percent smaller than that of wet-soil rain events (p =

0.00). The natural logarithm of wet-soil rain quickflow peak size was approximately

seven times more responsive to a unit increase in soil moisture index than is the natural

logarithm of dry-soil rain event quickflow peak size (Table 3.7). Greater sensitivity to

soil moisture by wet-soil rain events was also seen in regression models for

quickflow:precipitation ratio, with wet-soil rain event quickflow:precipitation being over

three times more responsive to a one percent increase in soil moisture index than that of

dry-soil rain events.

Lack of significant difference in time-to-peak and event duration between thy-

and wet-soil rain events may result from the area of the watershed contributing to

quickflow peak discharge and recession limb being easily drained, regardless of initial

moisture storage level. An event which began (and is therefore classified) as a dry-soil

rain event may effectively operate as a wet-soil rain event after initiation.



Table 3.7 Watershed 9 regression models for hydrograph characteristics significantly different between event types (PRERO
precipitation falling before initiation of runoff. PPT = total event precipitation; MAX = maximum 15-minute precipitation intensity;
SAT = soil moisture index; SNOW snow water equivalent; and BASE = baseflow).

p <0.05, ** p <0.01; a: DR = Dry-soil Rain; WR = Wet-soil Rain; WRS = Wet-soil Rain-on-Snow
b: bracketed number is the standard error of the coefficient

Dependent
Variable

Event
TYPC'

n Regression Model r

Ln(Start Lag) DR 109 Ø73** + 0.73(LnPRERO)** 0.54
[Ø14]t [0.07]

WR 226 0.66** + O.70(LnPRERO)** 0.43
[0.11] [0.06]

Ln(Event WR 226 2.78** + 0.84(LnPPT)** - 0.18(LnMAX)** - 1.60(SAT)** - 0.05(LPRERO)** 0.85
duration) [0.58] [0.03] [0.03] [0.58] [0.02]

WRS 34 4.11* + 0.71(LnPPT)** + 0.01(SNOW)* - 3.09(SAT)* 0.91
[1.56] [0.04] [0.00] [1.52]

Ln(Centroid DR 109 2.60** + 0.20(LnPPT)* - 0.25(LnMAX)** + 0.26(LnPRERO)** + 0.24(LnBASE)** 0.47
lag) [0.36] [0.10] [0.08] [0.05] [0.06]

WR 226 1.98**+0.14(LnPRERO)** 0.05
[0.09] [0.04]

Ln(Quickflow DR 109 6.27** + 0.89(LnPPT)** + 0.37(LnMAX)** + 0.77(SAT)** 0.69
peak) [0.38] [0.09] [0.08] [0.19]

WR 226 10.77** + 0.89(LnPPT)** + 0.35(LnMAX)** + 5.51(SAT)** 0.77
[1.21] [0.06] [0.071 [1.21]

Ln(Quickflow/ DR 109 0.28** + 0.11(LnPPT)** + 0.02(LnMAX)* + 0.27(SAT)** - 0.02(LnBASE)** 0.64
precipitation) [0.06] [0.01] [0.01] [0.03] [0.01]

WR 226 Ø97** +O.11(LnPPT)** +O.03(LnMAX)** 0.02(LnPRERO)* +O.92(SAT)** 0.57
[0.22] [0.01] [0.01] [0.01] [0.221

WRS 34 -0.08 + 0.13(LnPPT)** + 0.003(SNOW)** 0.74
[0.07] [0.02] [0.001]
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3.4.4.2 Watershed 9 Wet-soil Rain vs. Wet-soil Rain-on-Snow Peakflow Hydrograph
Analysis

The presence of a snowpack in Watershed 9 did not affect event timing or

quickflow peak magnitude, but did increase the quickflow:precipitation ratio (Table 3.6)

(Figure 3.8). Total precipitation, maximum 15-minute intensity were not significantly

different between wet-soil rain and wet-soil rain-on-snow events. The lack of significant

difference in start lag and pre-runoff precipitation between wet-soil rain and wet-soil rain-

on-snow events suggests that the area contributing to event initiation is equivalent in both

event types. The snowpack in Watershed 9, estimated to be relatively small and likely

easily melted, does not appear to significantly detain precipitation.

Snowmelt contributions did not significantly affect time-to-peak or quickflow

peak discharge, indicating that the volume of water added by snowmelt prior to the

quickflow peak discharge is small. The routing of water in the initial stages of a

peakflow event appears primarily controlled by hillslope processes in both wet-soil rain

and wet-soil rain-on-snow events. However, snowmelt does appear to significantly

contribute to quickflow volume, as wet-soil rain-on-snow event quickflow:precipitation

ratios were 21 percent larger than those of wet-soil rain events (p = 0.05). Therefore, the

primary effect of a snowpack in Watershed 9 seems to be increasing quickflow volume,

with snowmelt reaching the channel after quickflow peak discharge levels.



3.4.4.3 Watershed 2 Dry-soil Rain vs. Wet-soil Rain Peakflow Hydrograph Analysis

Increasing soil moisture index values in Watershed 2 significantly increased all

magnitude characteristics and lengthened time-to-peak and event duration (Table 3.8)

(Figure 3.8). Differences in hydrograph response between dry- and wet-soil rain events

suggest three effectively different source areas operating in Watershed 2. Conceptually,

these source areas may be related to the three geomorphically different sections of the

watershed: a steep and highly incised area immediately upstream of the stream gage; a

benchy middle area; a steep upper slope/ridge area with thin soils.

Watershed 2 peakflow initiation appears controlled by a small, near channel

source area not dependent on basin-wide soil moisture storage. Start lag and pre-runoff

precipitation were not significantly different between dry- and wet-soil rain events. In

regression analysis, start lag was not significantly associated with soil moisture index for

either dry- or wet-soil rain events, indicating that the effectiveness of the near-channel

source area to transmit water to the channel is independent of watershed-average soil

moisture index (Table 3.9). This observation is consistent with the likely role of the

incised channel reach near the gage of Watershed 2 as an area with low moisture storage

capability.
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Table 3.8 Watershed 2 ANOVA results for dependent and independent variables for dry-soil rain, wet-soil rain, and wet-soil rain-on-

a mean and standard error values were calculated using untransformed data.
b p-values represent significance level of Tukey-Kramer tests using log transformed data,

-- not significant at 0.05 level

D-soil Raina
(n=109)

Wet-soil Raina
(n=226)

Wet-soil Rain-on-
Snow (n=34)

Dt-soil Rain
vs. Wet-soil

Rain

Wet-soil Rain vs.
Wet-soil Rain-on-

Snow

Predictive Variables:
mean std. error mean std. error mean std. error p-value" p-value"

Total Precipitation (mm) 92.4 5.8 117.4 8.2 134.7 96 --

Maximum 15-minute 26.1 3.2 23.1 2.3 18.3 1.4 -- --

Intensity (mm/hr)
Initial Baseflow

(mm/hr)
0.03 0.00 0.1 0.01 0.2 0.01 0.00 0.00

Pre-Runoff 10.2 3.2 6.4 0.98 12.3 1.5 -- 0.03

Precipitation (mm)

Response Variables:
Start Lag(hr) 13.3 3.6 10.2 1.4 15.3 1.4 -- 0.02

Time-to-Peak(hr) 20.3 2:4 35.2 3.2 46.4 3.4 0.00 0.03

Event Duration (hr) 55.5 4.0 92.8 4.9 113.4 5.1 0.00 0.02

CentroidLag(hr) 12.0 1.6 16.0 0.9 21.8 1.0 0.00 0.00

QuickflowPeak 0.3 0.03 0.7 0.1 0.96 0.10 0.02 0.08

Discharge (mm/hr)
Quickflow:Precipitation

(mm/mm)
0.1 0.01 0.2 0.02 0.3 0.02 0.00 0.00



Table 3.9 Watershed 2 regression models for hydrograph characteristics significantly different between event types (PRERO =
precipitation falling before initiation of runoff; PPT = total event precipitation; MAX = maximum 15-minute precipitation intensity;
SAT soil moisture index; SNOW = snow water equivalent; and BASE = baseflow.

* p <0.05 ** p <0.01; a: DR = Dry-soil Rain; WR = Wet-soil Rain; WRS = Wet-soil Rain-on-Snow
b: bracketed number is the standard error of the coefficient

Dependent Variable Event
Typea

n Regression Model r

Ln(Start Lag) WR 67 1,64** - 0.21(LnMAX)* + 0.62(SAT)** 0.51

[0.27]" [0.09] [0.081
WRS 112 l.64** - 0.19(LnMAX)** +O.63(LnPRERO)** 0.68

[0.17] [0.05] [0.04]
Ln(Time-to-peak) DR 32 -0.44 + 0.73(LnPPT)* 0.19

[1.22] [0.27]
WR 67 -0.25 + O.77(LnpPT)** 0.32

[0.65] [0.14]
WRS 112 0.44 + 0.73(LnPPT)** - 0.12(LnMAX)* 0.42

[0.42] [0.08] [0.06]
Ln(Event duration) DR 32 -0.42 + 0.83(LnPPT)** + 0.96(SAT)** 0.77

[0.48] [0.10] [0.18]
WR 67 2.84** + O.64(LnPPT)** + 4.41(SAT)** 0.82

[1.05] [0.04] [1.10]
WRS 112 1.59** + 0.65(LnPpT)** - O.04(LnPRERO)* + O.001(SNOW)* 0.75

[0.17] [0.04] [0.02] [0.000]
Ln(Centroid lag) DR 32 2.56* + 0.63(LnPPT)* + 2.39(SAT)** + 0.25(LnPRERO)** 0.70

[1.13] [0.25] [0.41] [0.07]
WR 67 099* + O.37(LnPPT)** 0.19

[0.43] [0.09]
WRS 112 1.88**+0.23(LnPPT)** 0.08

[0.36] [0.08]



Table 3.9 (continued). Watershed 2 regression models for hydrograph characteristics significantly different between event types
(PRERO = precipitation falling before initiation of runoff. PPT = total event precipitation; MAX = maximum 15-minute precipitation
intensity; SAT = soil moisture index; SNOW = snow water equivalent; and BASE = baseflow).

* p <0.05 ; ** p <0.01
DR Dry-soil Rain; WR = Wet-soil Rain; WRS = Wet-soil Rain-on-Snow
bracketed number is the standard error of the coefficient

Dependent
Variable

Event
Typea

n Regression Model r

Ln(Quickflow DR 32 6.62** + 1.40(LnPPT)** - 0.13(LnPRERO)* +0.21(1nBASE)* 0.73
peak) [Ø57]b [0.11] [0.05] [0.10]

WR 67 6.62** + 1.40(LnPPT)** - 0.13(LnPRERO)* + 0,21(LnBASE)* 0.73
[0.57] [0.11] [0.05] [0.10]

WRS 112 16.14** + 1.22(LnPPT)** +9.95(SAT)** +0.002(SNOW)** 0.72
[3.42] [0.07] [3.44] [0.001]

(Quickflow/ DR 32 0.29* + 0.10(LnPPT)** + 0.23(SAT)** - 0.03(LnPRERO)** 0.64
Precipitation)°5 [0.12] [0.03] [0.04] [0.01]

WR 67 0.32** + 0.20(LnPPT)** - 0.04(LnPRERO)** + 0.07(LnBASE)** 0.71
[0.09] [0.02] [0.01] [0.02]

WRS 112 2.46** + 0.16(LIIPPT)** + 2.26(SAT)** - 0.03(LnPRERO)** + 0.001(LnSNO)** 0.46
[0.81] [0.02] [0.82] [0.01] [0.000]
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Hydrograph rising limb characteristics differed significantly between dry- and

wet-soil rain events. Despite no significant difference in precipitation amount or

maximum intensity between dry- and wet-soil rain events, wet-soil rain events peaked 15

hours later (p = 0.00) and had four-hour longer centroid lags (p = 0.00) than did dry-soil

rain events. Dry-soil rain events on average had just over half the quickflow peak

magnitude (p = 0.02) as did wet-soil rain events. Quickflow:precipitation ratios of dry-

soil rain events were approximately 40 percent that of wet-soil rain events (p = 0.00).

Increasing soil moisture index may be equivalent to increasing the drainage area, thus

increasing the distance subsurface flow travels during a peakflow event. During wet soil

conditions, more of middle and upper areas of Watershed 2 may route water quickly

enough to contribute to quickflow volume. The presence of near-surface macropore flow

has been noted in portions of Watershed 2 during field observations. If macropores, or

similar preferential flowpaths, exist in Watershed 2 and are capable of conducting flow

when basin-wide soil moisture levels are low, this may explain the lack of significant

difference in start lag values between dry- and wet-soil rain events.

An increased source area during wet soil conditions is also suggested by the fact

that wet-soil rain events lasted 37 hours longer than did dry-soil rain events (p = 0.00).

Both dry- and wet-soil event durations were significantly associated with

Ln(precipitation) and soil moisture index. Inclusion of Ln(precipitation) in the dry-soil

rain event duration model suggests that increased precipitation may be expanding the

portion of the watershed contributing to the falling limb of the peakflow hydrograph.

Inclusion of soil moisture index in the wet-soil event duration model indicates that, even
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at soil moisture index levels above 90 percent, increases in soil moisture index may

significantly increase basin source area contributing to the recession limb. While both

event types were positively associated with soil moisture index, the natural log of

duration for wet-soil rain events was over four times more responsive to a unit change in

moisture index than was the natural log of duration for dry-soil rain events.

3.4.4.4 Watershed 2 Wet-soil Rain vs. Wet-soil Rain-on-Snow Peakflow Hydrograph
Analysis

The presence of a snowpack delayed all aspects of peakflow hydrograph timing,

while increasing quickflow peak magnitude and quickflow:precipitation ratio (Table 3.8,

Figure 3.9). The snowpack appears to retard the initiation of peakflows by detaining

rainfall to satisfy available storage capacity. Initial baseflow levels for rain-on-snow

events were nearly double that of wet-soil rain events (p = 0.00), indicating greater rates

of subsurface flow prior to peakflow event initiation. However, these greater initial flow

rates for rain-on-snow events did not result in shorter initiation times compared to rain

events. Rain-on-snow events began five hours later than did rain events (p = 0.02),

despite receiving nearly twice the amount of pre-runoff precipitation (p = 0.03). This

likely represents the amount of water and time necessary to satisfy available water storage

capacity of the snowpack.
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Figure 3.9 Synthetic mean quickIlow hydrographs for dry-soil rain, wet-soil rain, and
wet-soil rain-on-snow events for a) Watershed 9, b) Watershed 2, and c) Watershed 8.
Methods used to calculate synthetic mean quickflow hydrographs are described in section
3.3.5.1.
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Once the event is initiated, the snowpack appears to augment precipitation inputs

to lengthen the timing and increase both the rate and volume of quickflow response. Wet-

soil rain-on-snow events peaked ten hours later (p = 0.03), and had centroid lags five

hours longer (p = 0.00) than did wet-soil rain events. Quickflow peak was not

significantly larger during wet-soil rain-on-snow events than during wet-soil rain events,

but quickflow:precipitation ratios of wet-soil rain-on-snow events were on average 50

percent larger than those of wet-soil rain events (p = 0.00). Since total precipitation was

also not significantly different between event types, snowmelt in Watershed 2 appears to

primarily influence the hydrograph recession limb rather than contributing to quickflow

peak discharge.

Wet-soil rain-on-snow events appear to have a greater source area contributing to

event duration than do wet-soil rain events. Wet-soil rain-on-snow peakflows lasted 20

hours longer (p = 0.02) than did wet-soil rain events. Though this is possibly caused by

more prolonged precipitation input during rain-on-snow events, the centroid lag was also

longer in wet-soil rain-on-snow events. This suggests that even after accounting for

variability in precipitation timing, Watershed 2 responds to rain input differently between

event types. The inclusion of soil moisture index in regression models for event size,

duration, and quickflow:precipitation supports the hypothesis that the source area

contributing to wet-soil rain-on-snow events is dynamic. Small coefficients for snow

water equivalent in the regression models may indicate that water equivalent is not an

adequate descriptor of the snowpack effect on hydrograph response. Density, free-water
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holding capacity, and spatial distribution within the watershed may be more appropriate

ways of characterizing snowpack as it affects the hydrograph.

As might be expected, timing and magnitude characteristics were strongly related

to total event precipitation (Table 3.9). After accounting for precipitation variables, wet-

soil rain-on-snow quickflow peak and quickflow:precipitation were significantly

associated with snow water equivalent, though the coefficients were small (0.002 and

0.001, respectively). Small coefficients were due to the use of millimeter depth units for

snow water equivalent. Interestingly, wet-soil rain-on-snow quickflow:precipitation was

also associated with soil moisture index, indicating that small changes in soil moisture

may be influencing hydrograph shape even at relatively high soil moisture levels.

3.4.4.5 Watershed 8 Dry-soil Rain vs. Wet-soil Rain Peakflow Hydrograph Analysis

Watershed 8 wet-soil rain events began sooner, had larger quickflow:precipitation

values, and had longer times-to-peak and event durations than did dry-soil rain events

(Table 3.10) (Figure 3.8). A smaller area contributing to event initiation for dry-soil rain

events than for wet-soil rain events is indicated by initial baseflow levels of dry-soil rain

events being less than 33 percent those of wet-soil rain events (p = 0.00). As soil

moisture index increases, water transmission efficiency of the area controlling event

initiation appears to increase and start lag time is decreased by an average of eight hours

(p = 0.03). There were no significant differences between event types in total

precipitation or maximum 1 5-minute intensity.



Table 3.10 Watershed 8 ANOVA results for dependent and independent variables for dry-soil rain, wet-soil rain, and wet-soil rain-on-
snow event comparisons.

mean and standard error values were calculated using untransformed data.
b p-values represent significance level of Tukey-Kramer tests using log transformed data.

-- = not significant at 0.05 level

Dry-soil Raina Wet-soil Raina Wet-soil Rain-on-
SUOWa

Dry-soil Rain
vs.

Wet-soil Rain

Wet-soil Rain
vs.

Wet-soil Rain-
on-Snow

Predictive Variables:
mean std. error mean std. error mean std. error p-value pvaluea

TotalPrecipitation(mm) 7 115.8 14.3 14 110.7 11.9 23 120.2 6.4
Maximum 15-minute 7 46.1 8.7 14 40.6 7.0 23 38.0 15.9 -- --

Intensity (mm/hr)
Initial Baseflow

(mmlhr)
30 0.05 0.01 60 0.17 0.02 94 0.20 0.01 0.00 --

Pre-Runoff Precipitation
(mm)

7 17.5 4.4 14 10.5 3.6 23 25.5 6.4 0.08 0.10

Response Variables:
StartLag(hr) 7 21.0 3.1 14 13.0 4.8 23 23.4 5.0 0.03 0.02
Time-to-Peak(hr) 30 20.5 2.2 60 40.2 4.8 94 39.4 3.0 0.01 --
Event Duration (hr) 30 66.8 5.2 60 105.0 7.6 94 105.5 5.0 0.00 --
CentroidLag(hr) 7 12.3 3.3 14 19.8 2.9 23 25.9 3.3 0.10 --
QuickflowPeak(mmlhr) 30 0.40 0.07 60 0.76 0.10 94 0.95 0.12 0.07 --
Quickflow: Precipitation

(mm/mm)
7 0.05 0.01 14 0.18 0.03 23 0.22 0.03 0.00 --
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A larger source area operating during wet-soil rain events is also suggested by

significantly longer times-to-peak and event durations. Dry-soil rain events peaked 20

hours sooner (p = 0.01) and lasted 38 hours shorter (p = 0.00) than did wet-soil rain

events. An indication of the effect of a dry soil profile on peakflow response is given by

dry-soil rain quickflow:precipitation values being 28 percent that of wet-soil rain events

(p = 0.00). Hypothesized mechanisms for the dramatic increase in responsiveness of

Watershed 8 during wet-soil rain events include an expanding channel network or,

alternatively, macropore flow. In either case, flowpath distance to channelized flow is

decreased, and water begins moving at surface water velocities much more quickly than

during thy soil conditions. In addition, an increase in subsurface flow velocities

associated with increased near-channel saturation levels, regardless of network dynamics,

may shorten peakflow start lags.

Because of the small number of dry-soil rain events for which predictive variable

data were available (n = 7), developing regression models for hydrograph characteristics

was difficult. The only response characteristic for which a model was fit was

quickflow:precipitation (Table 3.11). Ratio values were found to be positively related to

soil moisture index, with an increase in soil moisture index of one percent related to a

three percent increase in quickflow:precipitation. Results of regression model selection

for wet-soil rain events are included in section 3.3.3.4.



Table 3.11 Watershed 8 regression models for hydrograph characteristics significantly different between event types. (PRERO =
precipitation falling before initiation of runoff; PPT total event precipitation; MAX = maximum 15-minute precipitation intensity;
SAT soil moisture index; SNOW = snow water equivalent; and BASE = baseflow).

* p<ØØ5; ** p<OOl
DR = Dry-soil Rain; WR = Wet-soil Rain; WRS Wet-soil Rain-on-Snow
bracketed number is the standard error of the coefficient

Dependent Variable Event
Typea

n Regression Model r

Ln(Start Lag) DR 7 [no variables selected] -

WR 14 -0.27 + 1.09(LnPPT)** 0.74
[0.38]" [019]

WRS 23 1.45** + 0.48(LnPRERO)** 0.41
[0.36] [0.13]

Ln(Time-to-peak) DR 30 [no variables selected] -
WR 60 -4.18 + 1.62(InPPT)* 0.44

[2.45] [0.53]

Ln(Event duration) DR 30 [no variables selected]
WR 60 1.42* + 0.66(LnPPT)** 0.77

[0.49] [0.11]

Ln(Centroid lag) DR 7 [no variables selected]
WR 14 [no variables selected]

Ln(Quickflow peak) DR 30 [no variables selected]
WR 60 -1 1.21** + 1.81(LnPpT)** + 0.84(LnMAX)** + 0.51(LnBASE)* 0.89

[1.27] [0.27] [0.23] [0.18]

(Quickflow/ DR 7 0.12* + 0.18(SAT)* 0.56
Precipitation)°5 [0.04] [0.07]

WR 14 0.82** + 0.25(LnPPT)** + 0.08(LnMAX)* + 0.10(LnBASE)** 0.87
[0.19] [0.04] [0.03] [0.03]
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3.4.4.6 Watershed 8 Wet-soil Rain vs. Wet-soil Rain-on-Snow Peakflow Hydrograph
Analysis

Apart from delaying event initiation, the presence of a snowpack in Watershed 8

had little observed effect on peakfiow hydrograph characteristics (Table 3.10, Figure 3.8).

Wet-soil rain-on-snow events began approximately 10 hours later (p = 0.02) than did wet-

soil rain-on-snow events. Wet-soil rain-on-snow events began after nearly 250 percent

more pre-runoff precipitation than did wet-soil rain events, but this difference was not

significant (p = 0.10). Lack of significance in the latter difference may arise from the

small sample sizes used in analysis. Longer start lags and larger amounts of pre-runoff

precipitation during wet-soil rain-on-snow events likely reflect the snowpack satisfying

its available free water holding capacity. Once the event was initiated, however, the

snowpack had no significant effect on the timing and magnitude of quickilow response,

suggesting that: 1) the addition of snowmelt to precipitation does not affect water transfer

through the soil layer, and 2) the soil layer is the controlling factor in detennining

peakflow hydrograph characteristics once the event begins. There were no significant

differences between event types in total precipitation, and maximum 15-minute intensity.

As was the case for both Watersheds 9 and 2, total event precipitation was the

most common variable associated with peakflow hydrograph characteristics in Watershed

8 wet-soil rain and wet-soil rain-on-snow events (Table 3.11). Start lag of both wet-soil

rain and wet-soil rain-on-snow events, however, was significantly associated with pre-

runoff precipitation. Logged values of wet-soil rain event start lag were over twice as

responsive to increases in Ln(pre-runoff precipitation) as were start lag values of wet-soil



rain-on-snow events. Total event precipitation was the only variable significantly

associated with wet-soil rain event duration and centroid lag.

3.4.5 Between-Watershed Peakflow Hydrograph Analysis

3.4.5.1 Dry-Soil Rain Peakflow Hydrograph Analysis

For dry-soil rain events, significant differences existed between watersheds in

precipitation inputs, start lags, and quickflow peak magnitude. Once a dry-soil rain event

began, however, there was no significant difference in the timing of water delivery to the

channel between watersheds. Shallow soils and steep side slopes of Watershed 9 appear

to transmit a large proportion of precipitation to the channel. Though Watershed 9

quickflow peaks were associated with significantly less event precipitation than were

those in Watersheds 2 and 8, mean quickflow:precipitation ratio of Watershed 9 was

approximately 100 percent larger than that of Watershed 2 (p = 0.00) and 200 percent

larger than that of Watershed 8 (p = 0.00). In addition, Watershed 9 mean quickflow

peak was 88 percent larger than that of Watershed 2 (p = 0.01) and 49 percent larger than

that of Watershed 8 (p = 0.01).

Watershed 2 was the most responsive in initiating a runoff event of the three

watersheds. Of Watersheds 9, 2, and 8, Watershed 2 had the lowest initial baseflow rate

during dry-soil rain events, indicating a smaller initial contributing area; mean initial

baseflow level in Watershed 2 was approximately 50 percent of that of Watersheds 8 and

9 (p = 0.04 and p = 0.00, respectively). Still, Watershed 2 initiated events relatively

114
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quickly after small amounts of precipitation. Watershed 2 start lag was approximately

eight hours shorter than that of Watershed 8 (p = 0.03), despite receiving 60 percent of

Watershed 8 pre-runoff precipitation (p = 0.02), and 91 percent of Watershed 9 pre-runoff

precipitation (p = 0.01). Despite differences in event initiation, Watersheds 2 and 8 were

not significantly different in other hydrograph timing and magnitude characteristics.

Thicker soils and more moderate slopes in Watershed 8 appear to delay event

initiation, but not result in hydrograph characteristics significantly different from those in

the other watersheds. Watershed 8 receiveed the most pre-runoff precipitation, on

average 17.5 mm, compared with 10.2 mm in Watershed 2 (p = 0.02) and 11.10mm in

Watershed 9 (Watershed 8 vs. Watershed 9, p 0.08) (Table 3.12). Watershed 8 start lag

was approximately 7 1/2 hours longer than that of both Watershed 2 (p = 0.03), and

Watershed 9 (p 0.04).

3.4.5.2 Wet-soil Rain Peakflow Hydrograph Analysis

Wet-soil rain events were intennediate in size between dry-soil rain and wet-soil

rain-on-snow events in all watersheds, though wet-soil rain quickflow peaks differed

between watersheds in magnitude, quickflow:precipitation, and event duration.

Watersheds 2 and 8, despite physiographic differences, showed no significant differences

in any hydrograph characteristic. The general lack of statistical difference between

response characteristics may be due to relatively few Watershed 8 events with

precipitation data.



Table 3.12 ANOVA results for dependent and independent variables for Watersheds 9, 2, and 8 dry-soil rain event comparisons.
Watershed 9 Watershed 2 Watershed 8 9 vs. 2 9 vs. 8 2 vs. 8

Predictive Variables: n - mean std. mean std. error mean çj. p-value p-value p-value

EventPrecipitation
(mm)

109 77.6 32 92.4 5.77 7 115.8 0.01 0.02 -4.77 14.3

Maximum 15-minute 109 33.9 1.96 32 26.1 3.23 7 46.1 8.72 0.00 - 0.07
Intensity (mmlhr)

Soil Saturation (%) 109 67 2 32 67 4 7 58 5 - 0.08 -

Pre-Runoff 109 11.1 1.49 32 10.2 3.16 7 17.5 4.36 0.01 0.08 0.02
Precipitation
(mm)

Initial Baseflow
(mm/hr)

109 0.07 0.01 32 0.03 0.00 30 0.05 0.01 0.00 0.02 0.04

Response Variables:
StartLag(hr) 109 13.7 1.41 32 13.3 3.55 7 21.0 3.12 - 0.04 0.03
Time-to-Peak(hr) 109 22.5 1.67 32 20.3 2.41 30 20.5 2.16 - - -

Event Duration (hr) 109 58.9 3.00 32 55.5 3.95 30 66.8 5.15 - 0.09 0.08

Centroid Lag (hr) 109 12.7 0.71 32 12.03 1.57 7 12.3 3.34 - - -

Quickflow Peak 109 0.63 0.06 32 0.34 0.03 30 0.40 0.07 0.01 0.01 -
Discharge (mmlhr)

Quickflow: 109 0.16 0.01 32 0.08 0.01 7 0.05 0.01 0.00 0.00 -
Precipitation
(mm/mm)
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Watershed 9 wet-soil rain events were produced with the least precipitation of the

three watersheds. Wet-soil rain events in Watershed 9 were associated with 39 percent

less event precipitation than those in Watershed 2 (p 0.00) and 31 percent less event

precipitation than those in Watershed 8 (p = 0.02).

Watershed 9's shorter rising limb timing characteristics and larger quickflow

peaks and quickflow:precipitation ratios indicate a large, rapidly draining soil profile able

to transmit precipitation efficiently to the channel. Watershed 9 mean time-to-peak was

approximately 10 hours shorter than that of Watershed 2. (p = 0.00) and approximately 13

hours shorter than that of Watershed 8 (p = 0.00). Watershed 9 mean centroid lag was 5

approximately 1/2 hours shorter than in Watershed 2 (p = 0.00), and approximately 9

hours shorter than in Watershed 8 (p = 0.00). Mean quickflow peak was 43 percent larger

in Watershed 9 than in Watershed 2 (p = 0.01), and 33 percent larger in Watershed 9 than

in Watershed 8 (p = 0.02). Mean quickflow:precipitation ratio of Watershed 9 was

approximately 20 percent larger than that of Watershed 2, and 33 percent larger than that

of Watershed 8 (p = 0.02 and p.= 0.05, respectively). Therefore, Watershed 9 seems to

have the most responsive and largest source area contributing to the rising limb and

quickflow peak of the three watersheds.

Thinner soils and steeper slopes in Watershed 9 also appear to result in

significantly shorter event durations compared with those in Watersheds 2 and 8. Mean

event duration in Watershed 9 was approximately 27 hours shorter than that in Watershed

2 (p = 0.00), and approximately 34 hours shorter than that in Watershed 8 (p = 0.00). The

shorter event durations of Watershed 9 may be due to significantly lower total event
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precipitation in Watershed 9 than in Watersheds 2 and 8. However, significantly shorter

centroid lags in Watershed 9 indicate that hilislope routing processes simply transmit

water more efficiently than in Watersheds 2 and 8.

Similar to the pattern for dry-soil rain events, event initiation in Watershed 2

appears to be controlled by a source area more responsive than source areas in Watershed

9. While there were no significant differences in start lag times between watersheds,

Watershed 2 began a runoff event after the least amount of rain. During wet-soil rain

conditions, Watershed 2 initiated a runoff event after 22 percent less rain than did

Watershed 9 (p = 0.00) (Table 3.13). Mean initial baseflow level in Watershed 2 was 29

percent less than that of Watershed 9 and 21 percent less than that of Watershed 8 (p =

0.02 and p = 0.04, respectively). Near channel subsurface flow may be more rapid in

Watershed 2 than in Watershed 9.



Table 3.13 ANOVA results for dependent and independent variables for Watersheds 9, 2, and 8 wet-soil rain event comparisons.
Watershed 9 Watershed 2 Watershed 8 9 vs. 2 9 ;s. 8 2 vs. 8

Predictive Variable: mean mean mean p-value p-value p-value
error error error

EventPrecipitation
(mm)

226 84.7 4.54 67 117.4 8.24 60 110.7 11.9 0.00 0.02 -

Maximum 15-minute 226 36.2 1.50 67 23.1 2.26 14 40.6 6.96 0.00 - 0.01
Intensity (mm/hr)

Pre-Runoff 226 7.8 0.39 67 6.42 0.98 14 10.5 3.64 0.00 - -
Precipitation (mm)

Initial Baseflow
(mmlhr)

226 0.18 0.01 67 0.14 0.01 60 0.17 0.02 0.01 - 0.04

Response Variable:
Start Lag(hr) 226 9.61 0.54 67 10.2 1.35 14 13.0 4.81 - - -

Time-to-Peak(hr) 226 25.4 1.45 67 35.2 3.21 60 40.21 4.84 0.00 0.00 -

Event Duration (hr) 226 66.1 2.77 67 92.8 4.87 60 105.0 7.61 0.00 0.00 -

Centroid Lag (hr) 226 10.5 0.31 67 16.0 0.87 14 19.8 2.94 0.00 0.00 -

Quickflow Peak 226 0.96 0.06 67 0.67 0.07 60 0.76 0.10 0.01 0.02 -

Discharge (mm/hr)
Quickflow:Precipitation

(mm/mm)
226 0.24 0.01 67 0.20 0.02 14 0.18 0.03 0.02 0.05 -



3.4.5.3 Wet-soil Rain-on-Snow Peakflow Hydrograph Analysis

Snowpacks in Watershed 8 appear to have a greater ability to absorb rain than do

snowpacks in Watersheds 2 or 9, but this does not result in significantly different start

lags (Table 3.14). Watershed 8 wet-soil rain-on-snow events began after twice the

rainfall as in Watershed 2 (p = 0.02), and after nearly three times the rainfall as in

Watershed 9 (p = 0.03). Differences in pre-runoff precipitation may be related to possible

greater cold content and available water storage capacity of Watershed 8 snowpacks due

to colder air and snow temperatures. Alternatively, actual snowpack size may be greater

than that estimated by MMS, resulting in greater available water storage due to greater

snowpack volume. In either case, the snowpack of Watershed 8 appears to retain more

precipitation than snowpacks in Watersheds 2 or 9. Additional evidence is indicated by

Watershed 8 having significantly lower values of quickflow volume: precipitation than do

the other two watersheds. Mean quickfiow:precipitation ratio of Watershed 8 was

approximately 76 percent that of Watershed 9 (p = 0.05), and 73 percent that of

Watershed 2 (p 0.02).

120



Table 3.14 ANOVA results for dependent and independent variables for Watersheds 9, 2, and 8 wet-soil rain-on-snow event
comparisons.

9 2 8 9vs.2 9vs.8 2vs.8
Predictive Variable: mean mean mean std. error p-value p-value p-value

error error
Event Precipitation

(mm)
34 106.7 18.4 112 134.7 9.55 23 120.2 6.43 0.01 - -

Maximum 15-minute 34 37.8 4.31 112 18.3 1.37 23 38.0 15.9 0.00 - 0.00
Intensity (mm/hr)

SnowWaterEquivalent
(mm)

34 14.0 2.26 112 64.9 6.86 94 66.3 6.39 0.00 0.00 -

PreRunoff 34 8.67 1.52 112 12.3 1.52 23 25.5 6.43 0.06 0.03 0.02
Precipitation (mm)

Initial Baseflow
(mm/hr)

34 0.19 0.02 112 0.20 0.01 94 0.20 0.01 - - -

Response Variable:
StartLag(hr) 34 11.8 2.10 112 15.3 1.40 23 23.4 4.95 - 0.04 -

Time-to-Peak(hr) 34 35.9 7.82 112 46.4 3.41 94 39.4 3.01 0.01 0.05 -

Event Duration (hr) 34 84.5 10.6 112 113.4 5.13 94 105.5 5.00 0.00 0.00 -

CentroidLag(hr) 34 12.4 1.31 112 21.8 0.98 23 25.9 3.29 0.00 0.00 -

QuickflowPeak 34 1.13 0.18 112 0.96 0.10 94 0.95 0.12 - - -
Discharge (mm/hr)

Quickflow:Precipitation
(mm/mm)

34 0.29 0.03 112 0.30 0.02 23 0.22 0.03 - 0.05 0.02
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Overall, Watersheds 2 and 8, despite physiographic differences, responded very

similarly during wet-soil rain-on-snow events. Centroid lag, quickflow peak magnitude,

and peakflow timing and duration were not significantly different between the two

watersheds.

Watershed 9 was most efficient at transmitting water to the channel during wet-

soil rain-on-snow events. After event initiation, Watershed 9 was most responsive in

timing and magnitude, while Watersheds 2 and 8 were not very different. Mean time-to-

peak for Watershed 9 was ten hours shorter than that of Watershed 2 (p = 0.01) , and five

hours shorter than that of Watershed 8 (p = 0.03). Mean centroid lag in Watershed 9 was

approximately 9 1/2 hours shorter than that of Watershed 2 (p = 0.00), and 13 1/2 hours

shorter than that of Watershed 8 (p = 0.00). Mean event duration in Watershed 9 was

approximately 28 hours shorter than that in Watershed 2 (p = 0.00), and approximately 24

hours shorter than that in Watershed 8 (p = 0.00). This shorter timing variables were

likely related to mean event precipitation, 24 percent smaller in Watershed 9 than in

Watershed 2 (p = 0.01), and Watershed 9 snowpack, estimated as less than 25 percent

than those in Watersheds 2 or 8 (p = 0.00 and p = 0.00, respectively).

Wet-soil rain-on-snow quickflow peak size was non-linearly related to snow water

equivalent in Watersheds 2 and 8 (Figure 3.10). Wet-soil rain-on-snow quickflow peaks

in Watershed 9 were not related to quickflow peak size. In Watersheds 2 and 8,

maximum quickflow peaks occurred when a medium-sized snowpack (50-100 mni) was

present. One hypothesis based on this interpretation of Figure 3.10 is that large

snowpacks (i.e., > 200 mm snow water equivalent) have sufficient cold content to absorb
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rain and not contribute melt to noticeably increase quickflow peaks. Smaller snowpacks,

though they are more likely to be isothermal at 00 C and therefore more easily melted,

contribute relatively small volumes of water to the quickflow peak. Thus, medium-sized

snowpacks are an optimization between total water availability and susceptibility to

energy inputs causing melt. Alternatively, the apparent relationship between snow water

equivalent and unit area quickflow may be an artifact of few observations of large

snowpacks. It is possible that increased sampling of large snowpacks would be

associated with an increase in quickflow peak. Finally, an inability of the snow module

in MMS to accurately estimate large snowpacks may also bias this result.
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Figure 3.10 Unit area quickflow peak size plotted against snow water equivalent present
at the beginning of wet rain-on-snow events in a) Watersheds 9, b) Watershed 2, and c)
Watershed 8. Snow water equivalent was estimated using MMS.
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3.5 Conclusion

Through analysis of quickflow volume classified by event type, this study

provides information on the spatial (i.e., elevational) and temporal (i.e., seasonal)

variability of peakflow types in Watersheds 9, 2, and 8. Frequencies of occurrence of a

given event type are much different: a) within a watershed across seasons, and b)

between watersheds within a season. These results are consistent with the elevational and

seasonal dynamic of climate zones posited by Harr and co-workers, but point to some

interesting implications regarding the categorization of events based solely on weather

conditions.

First, a small change in elevation is associated with a major change in the type of

peakflows occurring in each season. This contradicts the notion that climate conditions

are a continuum throughout the elevations of the western Cascades (Coffin and Harr

1992). At the annual time scale, Watershed 9 (mean elevation 575 m) peakflow

hydrology is dominated by wet-soil rain events. Watersheds 2 and 8 (815 m and 1100 m,

respectively) are dominated by wet-soil rain-on-snow events. At the seasonal time scale,

the dominant weather event type causing peakfows varies with elevation. Peakflow type

variability is most pronounced when comparing Watershed 9 against Watersheds 2 and 8.

In fall, Watershed 9 quickflow volume is dominated by wet-soil rain events, while

Watershed 2 and 8 quickflow volume is dominated by wet-soil rain-on-snow events. In

winter, Watershed 9 continues to be dominated by wet-soil rain events, though wet-soil

rain-on-snow events also contribute a substantial portion of quickflow volume. In both
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Watersheds 2 and 8, wet-soil rain-on-snow events contribute most of winter quickfiow.

In spring, dry-soil rain events are again important in Watershed 9, while nearly all

quickflow volume in Watersheds 2 and 8 is contributed by wet-soil rain-on-snow events.

The importance of wet-soil rain events in annual quickflow volume in Watershed 2 is

limited to the fall and early winter months, while in Watershed 8, wet-soil rain events are

a significant contributor through late winter.

Second, c1assif'ing peakfiows by weather event type and soil moisture status

provides a basis for examining effects of snowpack and soil moisture storage, and the

relative importance of streamfiow generating mechanisms, on peakfiow hydrograph

shape. Within each watershed, events classified by weather event and antecedent soil

moisture index have significantly different distributions of hydrograph timing and

magnitude characteristics. Generally, dry-soil rain events are shortest in duration,

smallest in quickflow peak size, and are more likely to occur during fall, spring, and

summer, and at low elevations. As soil moisture storage increases within watersheds,

peakflow events begin sooner after precipitation, have greater quickflow peak magnitude,

last longer, and have a greater proportion of event precipitation released as quickflow.

Wet-soil rain-on-snow events are longest in duration and largest in quickflow peak

magnitude and are more likely to occur in winter and at higher elevations. Hydrograph

analysis results imply differences in factors controlling runoff response during peakflows

between watersheds and between event types.

The effect on increasing soil moisture on peakflow hydrographs varies between

watersheds. As soil moisture increases, effects on peakflow initiation and duration are
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greatest in Watershed 8, while effects on peakflow magnitude are largest in Watersheds 2

and 8. Changes in Watershed 8 peakflow timing could be caused by channel network

expansion facilitated by its more moderate surface slopes. As a result, as soil moisture

increases, a greater amount of water in Watershed 8 would be routed at surface velocities,

rather than the much slower subsurface velocities in Watersheds 9 and 2. Alternatively,

more macropore flow in Watershed 8 than in the other watersheds could occur without an

extension of the surface drainage network. In Watersheds 9 and 2, steep slopes increase

the hydraulic gradient acting on soil water, thus increasing the subsurface flow rate and

making upsiope channel extension less likely. Because no significant differences exist in

precipitation volume and maximum intensity between dry- and wet-soil rain events in

either watershed, hilislope processes appear to control variability of quickflow peak

magnitude and quickflow:precipitation ratio. A rapidly-drained soil moisture reservoir in

Watershed 9 appears to diminish the effect of antecedent dry soils on peakflow

characteristics.

The decrease in centroid lag time with increasing soil moisture index level in

Watershed 9 indicates that higher soil moisture affects subsurface flow rates, but not the

spatial extent of contributing source area. In contrast, Watersheds 2 and 8 centroid lag

time is increased with an increase in soil moisture index, indicating a larger contributing

area during wet conditions. Larger contributing areas in these two watersheds would also

contribute to the observed increases in quickflow peak and quickflow:precipitation ratios

by decreasing the amount of water retained to satisfy available moisture storage.
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Changing from wet-soil rain conditions to wet-soil rain-on-snow conditions has

the greatest effect on peakflow hydrographs in Watershed 2. Snowpacks in both

Watersheds 2 and 8 appear to act as a moisture reservoir during the initiation of wet-soil

rain-on-snow peakflow events, and as a moisture source during the rising limb and

quickflow peak. In Watershed 9, however, the presence of a snowpack has no effect on

start lag or pre-runoff precipitation and appears to significantly affect only event duration.

After event initiation, the effect of a snowpack on subsequent event timing and

magnitude is different between watersheds. In Watershed 2, time-to-peak, centroid lag,

and event duration are significantly longer during wet-soil rain-on-snow conditions than

during wet-soil rain conditions. Delay of these timing variables is likely due to the

greater source area active during rain-on-snow conditions and the additional volume of

water being input to the soil profile from snowmelt. Significantly larger quickflow peak

and quickflow:precipitation ratios during wet-soil rain-on-snow conditions compared

with wet-soil rain conditions reflects not only the additional moisture input from

snowmelt, but the increased efficiency in subsurface water routing in near-saturated

conditions.

Observed data of snowpack condition in Watershed 8 are not available, but

considering air temperature data and anecdotal evidence, Watershed 8 snowpack is likely

colder with greater moisture storage capacity than that of Watershed 2. This condition

appears to result in the observed delay of event initiation by snowpack absorption of early

event precipitation. Watershed 8 time-to-peak and centroid lag are not significantly

different between wet-soil rain and wet-soil rain-on-snow conditions, suggesting that
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these timing characteristics are controlled by hilislope conditions and subsurface flow

processes in Watershed 8, rather than climate and snowmelt dynamics. The lack of

increase in event duration in Watershed 8 during wet-soil rain-on-snow conditions may

be due to colder night air temperatures decreasing the temperature of the snowpack, thus

increasing its ability to retain moisture. Though greater quickflow peak magnitude and

quickflow:precipitation ratios in wet-soil rain-on-snow compared with wet-soil rain

peakflow events in Watershed 8 are not significant, this may be a result of the small

sample size.

Watershed 9 snowpack is likely small and easily melted. This condition results in

a relatively rapid contribution of water to streamfiow, but with no significant effect on

peakflow initiation, rising limb timing, or quickf1ow peak magnitude. Only event

duration and quickflow:precipitation are signifiàantly greater in wet-soil rain-on-snow

conditions than during wet-soil rain conditions. These differences suggest that the effect

of a snowpack in Watershed 9 is limited to the recession limb of the peakflow

hydrograph.

Variability in first-order watershed peakflow hydrographs results from variation

in climate and hilislope conditions. Higher-order watershed peakflows reflect the

accumulation of different sub-watershed peakflows which may be caused by different

precipitation inputs, even during the same higher-order event. The following chapter will

investigate temporal and spatial variability of climate zones driving first-order watershed

peakflow hydrology.



4. Fffm-Oiu)ER PEAKFLOW ANALYSIS

4.1 Introduction

Because higher-order peakflow hydrograpbs result from the accumulation of sub-

watershed hydrographs and lateral inflows to the mainstem channel, it is reasonable to

expect that variability in the peakflow types in sub-watersheds will have a noticeable

effect on the downstream hydrograph. In other words, differences in peakflow type and

hydrograph response in Watersheds 2 and 8 should have a predictable relationship with

peakflow magnitude and timing at Lookout Creek. If these relationships are borne out by

the data, they may permit generalized predictions about peakflow timing and magnitude

in similiarly sized watersheds (approximately 10 km2) the western Cascades. Watershed

9 was excluded from this analysis because it does not drain into to Lookout Creek and

because the topography and soils of Watershed 9 are not representative of similar

elevations in Lookout Creek Watershed.

4.2 Hypotheses

Chapter 3 showed that, within Watersheds 2 and 8, quickflow peak size is

positively correlated with precipitation volume and is non-linearly associated with

modeled snowpack water equivalent. The largest events in small watersheds are caused

by rain-on-snow events occurring on a wet (soil moisture index> 90 percent) soil profile
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and medium (-50-l00 mm) snowpack. In addition, times-to-peak in Watersheds 2 and 8

were most synchronized for wet-soil rain-on-snow events. Because approximately 80

percent of Lookout Creek Watershed area lies within the elevation range represented by

Watersheds 2 and 8, the largest Lookout Creek instantaneous peaks are hypothesized to

be associated with synchronized wet-soil rain-on-snow events in Watershed 2 and

Watershed 8.

Therefore, it is hypothesized that Lookout Creek instantaneous peak size is

positively related to the following properties of small watershed peakflows:

size;
total event precipitation; and
synchronization among small watershed .quickflow peak times.

4.3 Methods

4.3.1 Event Matching

Instantaneous peaks exceeding 1.32 mm/hr (equivalent to a Log Pearson III 1.0

year return interval event magnitude based on annual series) during 1964-1992 were

manually selected from Lookout Creek stripchart hydrographs (Jones and Grant 1996);

hydrograph characteristics for temporally matched peakflows in Watersheds 2 and 8 were

also obtained. The only hydrograph parameters collected from archived Lookout Creek

data were magnitude and timing of the instantaneous peak discharge (Jones and Grant

1996). Peaks in Watershed 2, Watershed 8, and Lookout Creek Watershed were

considered matched if they occurred within six hours of each other. Routing exercises
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conducted by Connelly and Cundy (1992) indicate that peakflow travel through channel

network of Lookout Creek Watershed may take less than three hours, suggesting that

channel routing is unlikely to cause desynchronization of peakflows. The matching

criterion of six hours was determined to allow for variability in small watershed peakflow

timing and inaccuracies of gage clocks.

Peakflows were required to be matched in an effort to relate conditions present in

the small watersheds with the discharge in Lookout Creek. Because soil and snowpack

moisture storage conditions are highly temporally variable in Lookout Creek Watershed,

unmatched peakflows were not considered. Hydrograph peaks at Watersheds 2 and 8 and

Lookout Creek that were matched within a six hour period were assumed to result from

the same precipitation event, and from estimated antecedent conditions.

Single precipitation events often produce multiple peaks at Lookout Creek gage.

In such events, only the largest Lookout Creek instantaneous peak of the multiple peaks

was included in the analysis. Precipitation events were defmed as different if separated

by a period of at least 72 hours with zero precipitation at CS2. Information associated

with each matched peakflow in Watershed 2 and 8 consisted of quickilow peak size,

peakflow type, peak time, antecedent precipitation index, antecedent temperature index,

and antecedent snow water equivalent.



4.3.1.1 Matched Event Hydrographs

Combinations of Watershed 2, 8, and Lookout Creek hydrographs were plotted to

provide visual comparisons of hydrograph shape. Data from the largest Lookout Creek

peakflow (December 22, 1964) were unavailable, but matched peaks ranked second,

third and fourth were plotted with associated hydrographs from Watersheds 2 and 8 for

analysis. The two smallest matched Lookout Creek peaks were also plotted with

associated hydrographs from Watersheds 2 and 8.

4.3.1.2 Regression Analysis

Two regression models were tested. In both models, Lookout Creek peak size

was the dependent variable. In the first model, Watershed 2 and 8 quickflow peak sizes

were continuous independent variables, and event type was a categorical variable. In the

second model, antecedent precipitation index, antecedent temperature, and snow water

equivalent were continuous independent variables.

Daily antecedent precipitation index (API) was calculated as:

API = O.6API..1 + PPT

where t is the current day and PPT is daily precipitation (mm). The coefficient of

0.6 was selected following Fedora and Beschta (1986) to discount the value of previous
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precipitation. Antecedent temperature index (ATI) was calculated as the mean of the

minimum and maximum air temperatures for a three day period including the day of the

quickflow peak and the two days prior. Event type categories were defmed as described

in section 3.3.3.2. All variables were tested for normality and independence prior to

analysis and were logarithmically transformed.

Lookout Creek peak size categories were defined by:

Small: Q <2.25 mm/hr
Medium: 2.26mm/hr <Q<3.00mm/hr
Large: 3.Olmmlhr<Q

4.3.2 Rank-Order Analysis

Spearman rank order analysis was used to relate the observed rank of Lookout

Creek peak magnitude with the rank of individual, or combinations of, small watershed

predictive variables. Spearman rank correlation measures the linear relationship between

variables. If there is no linear relationship, the Spearman correlation is approximately

zero. A correlation coefficient of one (or negative one) indicates that a given variable can

be predicted perfectly by a positive (negative) linear function of the other (Systat 5.01 for

Windows manual 1992).

A spreadsheet of Watershed 2 and 8 matched quickflow peak dates, times, types,

and sizes was compiled. Each event was ranked according to:

type
size
timing variability
type + size
type + timing



size + timing
type + size + timing

Ranks of combinations of event characteristics were calculated as the sum of each

individual characteristic. For example, if an event's rank value based on type was three,

its rank based on size was six, and its rank value based on timing was eight, then its rank

value sum was 17. The summed values for all matched events were then ranked on a 1

n scale, with n = number of matched events, to produce the final type x size rankings.

The same procedure is followed for type x timing, size x timing, and type x size x timing

variables. The size ranking of Lookout Creek peaks was then predicted based on these

hypotheses using Spearman rank analysis. It is hypothesized that wet-soil rain-on-snow

conditions at all elevations are related to the largest Lookout Creek peaks. Similarly, dry-

soil rain conditions are expected to produce the smallest Lookout Creek peaks.

The size rank of a matched peakflow in Watersheds 2 and 8 was determined by

relative size of the mean 2 and 8 event size within list of matched events. The largest

peaks at small watersheds are hypothesized to be related to the largest Lookout Creek

peaks. The lowest timing variance of Watershed 2 and 8 quickflow peak times is

hypothesized to be related to the largest lookout Creek peaks.
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4.4 Results and Discussion

4.4.1 Matched Peakflow Population

Between 1964 and 1992, 62 peakflows exceeding 1.32 mm/hr occurred in

Lookout Creek (Appendix 3). Instantaneous peaks of 42 of these peakfiows occurred

within six hours of instantaneous peaks in Watersheds 2 and 8 (Appendix 4). Type

combination results for these peaks indicate that Lookout Creek is capable of

experiencing a runoff event under a wide variety of conditions present in the small

watersheds (Table 4.1). Conditions most common to matched peakflows in Watersheds 2

and 8 are a high soil moisture index and the presence ofa snowpack in both watersheds.

Of the 42 Lookout Creek runoff events occurring within six hours of peaks in Watersheds

2 and 8,22 are classified as being wet-soil rain-on-snow at both small watersheds and

another 7 events involve a snowpack in at least one watershed. Interestingly, some large

peaks have occurred at Lookout Creek when portions of the watershed were still dry (<90

percent field capacity).
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Table 4.1 Peakflow type combinations by season of 42 Lookout Creek instantaneous
peaks occurring within six hours of instantaneous peaks in Watersheds 2 and 8 (wr = wet-
soil rain; wrs = wet-soil rain-on-snow; wms = wet-soil mixed-on-snow; dr = dry-soil rain;
din = dry-soil mixed, drs = dry-soil rain-on-snow).

Lookout Creek peaks which occur within 6 hours of quickflow peaks in

Watersheds 2 and 8 are nearly significantly larger than Lookout Creek peaks which are

unmatched with small watershed quickflow peaks (p 0.06) (Figure 4.1, Table 4.2).

Though this difference is not statistically significant, it suggests that the timing of

Watershed 2 and 8 peakflows may contribute to the size of Lookout Creek peak. In

particular, conditions which lead to increasing synchronization of peakflows in

Watersheds 2 and 8 may also lead to increasing instantaneous peak size in Lookout

Creek.

Season 2 type 8 type n
fall wr wr 3

wrs wrs 5

wr wins 1

VT dr 1

drs wrs 1

winter wrs wrs 15

wrs wr 1

wrs 'wms 1

wr wr 8

wins wms 2

wIns dm 1

spring wrs wrs 2
wr wr 1

total: 42
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Figure 4.1 Cumulative distributions of matched (n = 42) and unmatched (n = 20)
instantaneous peak discharges (ems = cubic meters per second) for Lookout Creek. A
peak is matched if it occurs within six hours of an instantaneous peak in Watersheds 2
and 8.

Patterns in matched peakflow hydrographs (Figure 4.2- Figure 4.6) are consistent

with the above hypotheses in the following respects. First, hydrographs in all three

watersheds are highly synchronous. Flow routing from the small watersheds to Lookout

Creek appears to result in minimum peakflow attenuation. The rates of rise and decay in

Lookout Creek and the small watersheds are almost identical. Overall hydrograph shape

at Lookout Creek is often indistinguishable from those of the small watersheds.
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Table 4.2 Single Factor Anova results of the size of matched Lookout Creek
instantaneous peaks (n = 42) (i.e., peaks occurring within six hours of instantaneous
peaks in Watersheds 2 and 8) compared with the size of unmatched Lookout Creek peaks
(n= 20).
Variable Sum-of-Squares Degrees of

Freedom
F-Ratio P-value

Between Groups
Within Groups

2860136
47378554

1

60
3.62 0.06



Figure 4.2 Peakflow hydrographs of total unit area flow for Watersheds 2 and 8 and Lookout Creek Watershed for January 21, 1971,
the second largest matched event during 1964-1992. Watershed 2: wet-soil rain-on-snow peakflow. Watershed 8: wet-soil mixed-on-
snow peakflow.
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Figure 4.3 Peakflow hydrographs of total unit area flow for Watersheds 2 and 8 and Lookout Creek Watershed for November 26,
1977, the third largest matched event during 1964-1992. Watershed 2: wet-soil rain peakflow. Watershed 8: wet-soil rain-on-snow
peakflow.
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Figure 4.4 Peakflow hydrographs of total unit area flow for Watersheds 2 and 8 and LOokout Creek Watershed for December 13,
1977, the fourth largest matched event during 1964-1992. Watershed 2: wet-soil rain-on-snow peakflow. Watershed 8: wet-soil rain-
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Figure 4.5 Peakflow hydrographs of total unit area flow for Watersheds 2 and 8 and Lookout Creek Watershed for October 27, 1967,
the second smallest matched event during 1964-1992. Watershed 2: wet-soil rain peakfiow. Watershed 8: dry-soil rain peakflow.
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Figure 4.6 Peakflow hydrographs of total unit area flow for Watersheds 2 and 8 and Lookout Creek Watershed for March 10, 1966, the
smallest matched event during 1964-1992. Watershed 2: wet-soil rain-on-snow peakflow. Watershed 8: wet-soil rain-on-snow
peakflow.
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Third, hydrographs of the largest Lookout Creek peaks most closely resemble

Watershed 8 peaks during matched wet-soil rain-on-snow events. Differences in
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Second, Lookout Creek unit area peakflows are consistently larger than matched

peakflows in Watersheds 2 and 8 (Table 4.3). Unit area peak discharge is generally

expected to decrease with increasing watershed area, but this is not observed during large

Lookout Creek peakflows. The most likely reason for the apparent downstream increase

in unit area discharge is that Watersheds 2 and 8 peakflow discharges may not be

representative of all sub-watershed peakflows contributing to Lookout Creek discharge.

Different parts of Lookout Creek watershed may make different contributions to Lookout

Creek discharge. For example, the greatest difference in Lookout Creek discharge and

small watershed instantaneous peak size was in the Lookout Creek peakflow associated

with a dry-soil rain event at Watershed 8. Also, spatial variability in precipitation may be

occurring. Watersheds 2 and 8 may receive less rainfall than do other areas of Lookout

Creek Watershed during large Lookout Creek peakflows.

Table 4.3 Unit area instantaneous peak sizes for matched event hydrographs in
Watersheds 2 and 8 and Lookout Creek Watershed. Matched Lookout Creek
instantaneous peaks are those which occur within six hours of instantaneous peaks in
Watersheds 2 and 8.
Event Date Lookout Creek

Size Rank
Lookout Creek

Peak Size
(mmlhr)

WS2 Peak Size
(mnilhr)

WS8 Peak Size
(mmlhr)

1/21/72 2 6.9 4.5 5.1
11/25/77 3 5.1 3.0 4.9
12/13/77 4 5.0 3.3 5.5
10/27/67 41 1.5 0.9 0.8
3/10/66 42 1.3 1.2 1.0



instantaneous peak timing and magnitude are greater between Lookout Creek and

Watershed 2 than between Lookout Creek and Watershed 8.

4.4.2 Regression Analysis

4.4.2.1 Relation of Small Watershed Peakflow Size and Timing to Lookout Creek

Instantaneous Peak Size

Lookout Creek unit area peak size is strongly associated with unit area quickflow

peak size of both Watershed 2 and Watershed 8 (Figure 4.7a-b). In the first regression

model (i.e., using unit area quickflow peak size and size x type interactions at both small

watersheds as predictive variables), Watershed 2 and 8 quickflow peak sizes and

Watershed 2 quickflow peak size and type interaction are significantly related to unit area

Lookout Creek peak size (Table 4.4). Because Pearson correlation and Bonferroni-

adjusted probability analyses indicate that unit area quickflow peak sizes in Watersheds 2

and 8 are significantly correlated (Table 4.5), it is difficult to infer a unique relation

between Lookout Creek peak size and either Watershed 2 or 8 individually. Conditions

which produce large peaks in both small watersheds also lead to large peaks in Lookout

Creek.
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Figure 4.7 Watersheds 2 and 8 unit area quickflow peak size vs. LookoutCreek unit area
peak size for 42 matched events 1964-1992. Peakflow events are coded by type for each
small watershed.
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a = Pearson Correlation
b = Bonferroni-adjusted Probability

Though regression results do not indicate a relation between small watershed

event type and Lookout Creek peak size, the largest Lookout Creek peaks occur during

large wet-soil rain-on-snow events in both small watersheds (Figure 4.7). Ten of the

twelve largest Lookout Creek peakflows occurred during wet-soil rain-on-snow events in

both small watersheds. However, differences in peak times between Lookout Creek and

the small watersheds do not predict Lookout Creek peak size; in fact, for roughly one half

of the events, Lookout Creek peaked one to six hours earlier than Watersheds 2 and 8
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Table 4.4 Anova table from a simple linear regression of 42 Lookout Creek peak size
against matching peak unit area quickflow peak size and peak size interaction with event
type for Watersheds 2 and 8 (r2 = 0.91). Peak sizes for all watersheds were log-
transformed.

Table 4.5 Pearson correlation levels and Bonferroni-adjusted probabilities for Watershed
2 and 8 unit area ciuickflow peak size and Lookout Creek unit area peak size.

Variable Sum of
Squares

Degrees of
Freedom

P-value

WS2 Peak Size
(mmlhr)

0.14 1 0.01

WS2 Peak Size
x Event Type

0.34 1 <0.01

WS8 Peak Size
(mmlhr)

1.01 3 <0.01

Residual 0.70 36

Lookout Creek
peak

WS2
quickflow peak

WS8
quickflow peak

pa B° P B P B
Ln(Lookout Creek
peak) (mm/hr)

1.00 0.00 - - - -

Ln(WS2 quickflow
peak) (mm/hr)

0.83 0.00 1.00 0.00 - -

Ln(WS8 quickflow
peak) (mmlhr)

0.92 0.00 0.77 0.00 1.00 0.00
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Figure 4.8 Peak time differences for 42 matched peaks in Lookout Creek and Watersheds
2 and 8. Events are coded by small watershed peakflow type: wrs = wet-soil rain-on-
snow; wr = wet-soil rain; dr = dry-soil rain; other = events not classified by above three
categories.

4.4.2.2 Relation of Lookout Creek Instantaneous Peak Size to Small Watershed
Precipitation and Antecedent Conditions

Multiple regression model two indicates that instantaneous peak size at Lookout
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(Figures 4.8a-b). During these runoff events, other portions of Lookout Creek Watershed

appear to contribute flow comprising the rising limb and peak discharge of the Lookout

Creek peak hydrograph.

Creek is positively and significantly related to antecedent precipitation in Watershed 8 (p

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

Lookout Creek - Watershed 2 Peak Time Difference (hr)
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0.02), but not in Watershed 2 (Table 4.6). The largest Lookout Creek peaks occur during

events with high API at Watershed 8, but at all levels of snow water equivalent

(Figures 4.9a-b). Large Lookout Creek peaks (seiisii section 4.3. 1.2) have a non-linear

relationship with the interaction between snow water equivalent and antecedent

temperature in Watersheds 2 and 8. The largest Lookout Creek peaks occur when

antecedent temperature is cold and snowpack is large (Figures 4.6a-b). As antecedent

temperature increases, large Lookout Creek peaks occur with increasingly small snow

water equivalents. Medium Lookout Creek peaks (sensu section 4.3.1.2) display a

similar curvilinear relation with snow water equivalent and antecedent temperature in the

small watersheds, but with lower snow water amounts and colder antecedent

temperatures.

Table 4.6. Results of simple linear regression model for size of instantaneous matched
Lookout Creek peaks (n = 42) using antecedant precipitation index (API), snow water
equivalent (SNOW), antecedent temperature index (ATI), and interaction terms for
matched instantaneous peaks of Watersheds 2 and 8. Matched Lookout Creek
instantaneous peaks are those which occur within six hours of instantaneous peaks in
Watersheds 2 and 8. Peak sizes for all watersheds were log-transformed. Only API at
Watershed 8 was significantly related to Lookout Creek neak size.
Dependent Variable n Regression Model r2
Ln(Lookout Creek 42 -0.39 + 0.9Ln(WS8API) 0.53
Peak Size) (mm/hr) [0.62] [0.13]
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Figure 4.10 Antecedent Temperature Index (ATI) vs. Snowpack Water Equivalent (Snow
H20) in Watersheds 2 and 8 for 42 matched events. LOClarge : Lookout Creek peaks>
3.00 mm/br; LOCmed: 2.26 mm/hr< Lookout Creek peaks <3.00 mm/br; and LOCsmall:
Lookout Creek peaks <2.26 mm/hr.

4.4.3 Rank-Order Analysis

The predicted rankings of the 42 matched Lookout Creek events based on event

type combinations, mean size, and timing variance are listed in (Table 4.7). Generally,

large Lookout Creek peaks are related with large peaks in the small watersheds.
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However, there are exceptions to this pattern. For example, the fourth largest Lookout

Creek event is related to the 24th largest event in the small watersheds.

Of the variables used in this analysis, mean event size of Watershed 2 and 8 peaks

is the most powerful predictor of the relative magnitude of Lookout Creek events (Table

4.8). The combination of event types in Watersheds 2 and 8 is a poor predictor of the

rank of Lookout Creek magnitude (Table 4.8). The twelve largest peaks at Lookout

Creek were matched with seven different combinations of event types in Watersheds 2

and 8. As expected, the largest Lookout Creek events were related with wet-soil rain or

wet-soil rain-on-snow conditions in all small watersheds. However, the sixth largest

event is matched with dry-soil rain conditions at Watershed 9. Wet-soil rain-on-snow

conditions at all elevations produced the 34th largest event. Simply knowing the type of

events does not provide great predictive ability for Lookout Creek peak size.

Peakflow timing in the small watersheds is also a poor predictor of Lookout Creek

relative magnitude. Four of the five largest Lookout Creek events are highly

desyncbronized events in the small watersheds. The two most synchronized events in the

small watersheds are matched with the 18th and 27th largest Lookout Creek peaks,

respectively. Combinations of small watershed peakflow type, size, and timing variance

rankings also poorly predicted the observed size rank of Lookout Creek's fifty largest

instantaneous peaks.



Table 4.7 Observed and predicted size ranking of 42 matched instantaneous Lookout
creek peaks using Spearman rank correlation. Methods are given in section 4.3.1.3.
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Predicted Lookout Creek Peak Magnitude Rank
event # Lookout

peak
date

observed
Lookout

rank

type
rank

size
rank

time
rank

- type+
size
rank

type+
time
rank

size+
time
rank

type+size+
time
rank

9 771125 1 3 4 6 2 1 1 1

11 771213 2 11 1 22 4 11 10 7
26 860223 3 3 2 33 1 16 17 8

1 710118 4 11 24 20 15 10 23 17
15 801225 5 24 8 26 11 29 16 20
24 840213 6 33 5 13 18 26 7 14
32 900107 7 11 11 5 8 4 5 3

17 811206 8 11 7 7 5 5 3 2
4 711205 9 17 10 3 9 7 2 5

31 890109 10 11 9 9 7 7 7 4
3 711126 11 35 12 21 27 34 13 26
8 760108 12 31 3 12 14 24 4 11

2 701124 13 3 6 35 3 18 20 10
20 820214 14 32 13 4 24 16 6 12
13 800113 15 3 15 31 5 12 24 12
33 900427 16 33 17 15 30 27 12 24
21 821204 17 24 16 34 20 35 29 31
23 831214 18 11 21 1 11 2 9 6
7 750125 19 36 32 16 36 31 26 35
5 740115 20 11 18 23 10 12 20 15

6 741220 20 24 14 19 18 24 13 18
14 801203 20 24 20 36 23 36 31 33
30 881122 23 11 29 30 20 21 34 27
18 811215 24 24 19 14 22 18 13 18

35 911126 25 24 30 18 32 23 26 29
22 830218 26 24 25 10 29 12 17 21
12 781204 27 11 26 2 17 3 11 9
25 841103 28 24 28 29 31 33 32 34
16 810218 29 24 23 17 27 21 19 23
28 871209 30 24 22 27 26 30 28 30
10 771202 31 11 34 8 24 6 22 16
19 811219 31 24 36 11 35 15 25 28
29 880110 33 6 27 32 13 18 34 24
34 910112 33 3 33 25 16 9 33 22
36 911206 35 24 31 24 33 27 30 32
27 861128 36 24 35 28 34 31 36 36



4.5 Conclusion

Relations between small watershed peakflow type, timing, and size and

antecedent conditions and Lookout Creek peak magnitude were examined through

regression analyses of matched peakflows. Lookout Creek peakflow is most strongly

associated with small watershed peakflow. Lookout Creek peak size was regressed

against antecedent precipitation, antecedent temperature, and snow water equivalent in

Watersheds 2 and 8. Significant correlations between Lookout Creek peak size and

antecedent precipitation and the interaction of antecedent precipitation and snow water

equivalent in Watershed 8, and the interaction of antecedent precipitation and snow water

equivalent in Watershed 2 indicate the importance of both snowpack water storage and

precipitation in determining the size and timing of Lookout Creek instantaneous peaks.

Large Lookout Creek peaks tend to occur when large wet-soil rain-on-snow

events occur in both small watersheds. Large Lookout Creek peakflows may occur

during other than wet-soil rain-on-snow events in the small watersheds, but they are

uncommon. Lookout Creek peakflows are most closely related to the size of Watershed 8

peakflows. The apparent close association of Lookout Creek peakflow hydrology and
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Table 4.8 Spearman rank correlation coefficients of 42 matched Lookout Creek,
Watershed 2, and Watershed 8 peaks. Matched Lookout Creek instantaneous peaks are
those which occur within six hours of instantaneous peaks in Watersheds 2 and 8.
Variable Lookout

Creek rank
type size - time type+

size
type+
time

- size+
time

type+
size+
time

Lookout Creek
rank

1.00 0.13 0.86 0.18 0.67 0.24 0.69 0.66
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that of Watershed 8 is somewhat surprising given the amount of Lookout Creek

Watershed area represented by Watershed 8 (Figure 2.1). The elevation band of

Watershed 8 occupies approximately 20% of the area of Lookout Creek Watershed, while

the elevation band of Watershed 2 occupies approximately 60% of Lookout Creek.

However, the relation between Watershed 8 and Lookout Creek flows is reasonable,

considering the upper elevations of Lookout Creek Watershed (e.g., Watershed 8) are

typified by soils with high moisture contents, deep snowpacks, and equal or greater

amounts of precipitation compared to the lower elevations (e.g., Watershed 2).

Elevationally-stratifled climate zones do not appear to influence Lookout Creek

peak timing; Lookout Creek peaks greater than 1.32 mm/hr (i.e.,> 1-year return interval)

occur during a wide range in event type combinations for Watersheds 2 and 8. Still, the

largest peaks at Lookout Creek coincide with 1) large wet-soil rain-on-snow events at

Watershed 8 characterized by high API and high ATI x Snow water equivalent; and 2)

large wet-soil rain-on-snow events at Watershed 2 characterized by high API x snow

water equivalent. During these large peakflows, the small watersheds appear remarkably

well synchronized with the mainstem of Lookout Creek.



5. CoNcLusioNs

This analysis investigated the influence of soil moisture and snowpack moisture

on the shape of the peakflow hydrograph using distributed parameter modeling and

statistical analysis of 29 years of climate and streamfiow data from three small (<60 ha)

control watersheds and Lookout Creek Watershed (6200 ha) in the H. J. Andrews

Experimental Forest in the western Cascades of Oregon. Peakflow size and timing were

found to vary significantly with amount of antecedent snow and soil moisture storage for

the small watersheds, with the largest peakflows produced from medium-sized

snowpacks and high soil moisture levels. The largest peaks in Lookout Creek Watershed

were associated with highly synchronized rain-on-snow events in the small contributing

watersheds. Changes in climate or vegetation may alter the patterns of moisture storage

across the landscape and thus the frequency of event types which occur in the small

watersheds.

5.1 Landscape Moisture Storage

The interacting roles of soil moisture and snowpacks were examined by

comparing hydrograph shapes of three significantly different classes of peakflows: rain

on dry soil (soil moisture index < 90 percent), rain on wet soil (soil moisture index> 90

percent), and rain-on-snow on wet soil, which account for over 70 percent of peakflow

populations and 80 percent of annual quickflow volume in each watershed.
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Linear regression models indicated that peakflow hydrograph shapes were

associated with soil moisture index in Watersheds 9, 2, and 8. During dry-soil rain

events, quickflow:precipitation values were lowest in Watershed 8 (i.e., greatest

estimated soil moisture field capacity), and highest in Watershed 9 (i.e., smallest

estimated soil moisture field capacity). As soil moisture increased within these

watersheds, peakflows began sooner after precipitation, had greater quickflow peak

magnitude, lasted longer, and had a greater proportion of event precipitation released as

quickflow. Within each watershed, as the amount of water stored in the soil reservoir

increased, the ability of the soil profile to retain precipitation decreased and peakflow

response appeared to be influenced by physiographic factors such as slope, hillslope

flowpaths, and drainage density.

The presence of a snowpack significantly altered peakflow hydrograph shape in

all watersheds. Though the largest events in all small watersheds were produced during

wet-soil rain-on-snow conditions, the relation between snow moisture and quickflow

peak size was not linear. Maximum quickflow peak size in each small watershed was

associated with a medium-size snowpack (50-100 mm water equivalent) indicating that

these snowpacks may contribute the most water to quickflow peak during a precipitation

event. Small snowpacks (<25 mm) may be more likely to melt, but provide a

comparatively small amount of water. Large snowpacks (> 100 mm), though

representing a larger total storage of water, are more likely to be able to absorb

precipitation and related energy inputs without melting sufficiently to increase

instantaneous peaks.
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Between small watersheds, deeper soil profiles dampened the influence of the

snow reservoir on streamfiow. For example, few significant differences exist between

wet-soil rain and wet-soil rain-on-snow hydrographs in Watershed 8. Also, because of its

steep slopes and thin soils, Watershed 9 had the greatest ability to transmit water to the

channel. Conceptually then, largest quickflow peaks in small watersheds may be

expected from medium-sized snowpacks and small soil moisture reservoirs.

These results highlight the importance of considering the spatial and temporal

distribution of soil moisture storage and snowpack dynamics as fundamental attributes of

the landscape. Factors affecting spatial and temporal distribution of moisture storage

include precipitation amount and type, energy dynamics influencing rates of

evapotranspiration by plants, vegetation composition and physiology, soil characteristics,

and topography. Maximum soil moisture storage is essentially a fixed characteristic of

the landscape, and represents the long time-scale pedologic and geomorphic evolution of

the landscape. Mass movements and hilislope erosion may, however, exert local and

short time-scale influences on soil moisture storage. Snowpack water storage is subject

to climatic and vegetation influences and is much more variable than soil water storage

during winter months.

5.2 Effects of Climate and Vegetation Change

Location, size, and duration of snowpacks may be expected to change as climate

changes. Climate warming would be expected to produce an upward shift in elevational

boundaries between rain dominated and rain-on-snow dominated zones (Harr 1981). In a
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scenario of a 5° C warming and an associated 1000 m increase in elevation of boundaries

between hydrologic zones considered by Swanson etal. (1996), 94 percent of Lookout

Creek Watershed would become dominated by rain. The rain-on-snow events which

cunently dominate quickflow in Watersheds 2 and 8 would become wet-soil rain events.

Results from Chapters 3 indicate this shift would cause smaller and shorter peakflows in

Watershed 2, but little changes in Watershed 8 peakfiows. Through alteration of the

spatial and temporal patterns of snowpack water storage, the landscape appears

hydrologically sensitive to an increase in air temperature. Furthermore, this sensitivity

appears to vary between watersheds with different physiographic characteristics. A

watershed such as Watershed 8, with a deep soil profile and moderate slope, seems less

susceptible to changes in climate than does a watershed like Watershed 2 with relatively

shallow soil and steep slopes.

Changes in snowpack dynamics in the small watersheds may affect downstream

peakflows. A rain-dominated system induced by climate change may desynchronize

peakflow timing between Watersheds 2 and 8. The difference in average time-to-peak

between these two watersheds is only one hour for wet-soil rain-on-snow events, but

eight hours for wet-soil rain events. Since the estimated time for Watershed 8 peakflow

to reach Lookout Creek gage is less than six hours, a shift in time-to-peak of eight hours

may significantly lower Lookout Creek peak magnitudes and prolong event duration.

The effect of vegetation removal or succession on snowpack dynamics also may

differ between watersheds. Previous researchers have inferred that greater water delivery

to the soil from snowpacks in clearcuts as compared with those in forest stands implies
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that clearcutting produces higher peakflows (Harr and Coffm 1992, Harr and Berris

1987). However, results from this study indicate that an increase in snow water

accumulation may not necessarily be translated into an increase in instantaneous peak

size during rain-on-snow events if the soil profile is deep, or if increased snowpack depth

detains a larger portion of precipitation.

5.3 Management Implications

Current methods of watershed analysis (WA), a science-based management

approach for characterizing physical and biological processes within a watershed, use a

conceptual model of watershed hydrology that assumes the presence of rain-on-snow

zones on the landscape (e.g., Washington Forest Practices Board 1993, British Columbia

Environment 1995). While there does appear to be a general rain-on-snow zone in the

landscape, it is not discrete in elevation, and it varies with season.

Most methods of WA account for changes in rain-on-snow processes following

cutting by estimating the increase in snow water equivalent in cleared areas. The entire

increase in stored water is then assumed to be available for runoff during large rain

events. When examining the potential effects of land-use on peakflows based on changes

to snow moisture storage patterns, however, the ability of the underlying soil to transport

additional water input is overlooked.

One possible approach arising from this study would be to develop "rain-on-snow

susceptibility" zones, whereby the landscape is partitioned by potential size of rain-on-

snow events. Landscape features used in such a portrayal would include soil depth, soil



hydraulic conductivity, surface slope, and a probability density function of "medium-

sized" snowpack water equivalent.

5.4 Future research

It is certain that future research on small watershed hydrologic processeswill

include both modeling and empirical analyses. Topics which need to be addressed

include the links between snowpack dynamics and hilislope flow processes, field

mapping of snowpack dynamics (i.e., density, depth, layering, spatial variability, melt

rates) and a more explicit treatment of flow routing in medium-sized (10,000 ha)

mountainous watersheds. Specific research questions arising from this study include:

What effect will changes in rain-on-snow zone elevational boundaries
associated with climate change have on flow routing synchronization in Lookout
Creek Watershed?

What subsurface flowpaths (e.g., macropores, variable source areas) are
operating during peakflow events?

How do spatial variations in soil characteristics (e.g., structure, texture, depth)
affect small watershed peakflow hydrographs?
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APPENDIX 1. ESTIMATED DAILY SOIL WATER STORAGE FOR WATERSHEDS
9,2, AND 8 FOR THREE WET YEARS (1972, 1974, AND 1982) AND THREE
DRY YEARS (1973, 1977, AND 1992) AND DAILY SNOW WATER STORAGE

FOR THREE WET YEARS (1972, 1974, 1982).



0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

'II

ws9

ws2

- - - ws8

Oct Nov Dec Jan Feb Mar Apr May Jun

Month

Figure Appendix 1.1 Daily soil moisture saturation index for Watersheds 9,2, and 8 as estimated by MMS for 1972, the wettest year1964- 1992.
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Figure Appendix 1.2 Daily sOil moisture saturation index for Watersheds 9, 2, and 8 as estimated by MMS for 1974, the second

wettest year 1964 - 1992.
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Figure Appendix 1.3 Daily soil moisture saturation index for Watersheds 9,2, and 8 as estimated by MMS for 1982, the third wettestyear 1964- 1992.
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Figure Appendix 1.4 Daily soil moisture saturation index for Watersheds 9, 2, and 8 as estimated by MMS for 1973, the driest year
1964- 1992.
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Figure Appendix 1.5 Daily soil moisture saturation index for Watersheds 9, 2, and 8 as estimated by MMS for 1977, the second driest
year 1964- 1992.
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Figure Appendix 1.6 Daily soil moisture saturation index for Watersheds 9,2, and 8 as estimated by MMS for 1992, the third driest
year 1964 - 1992.
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Figure Appendix 1.7 Daily snow water equivalent (mm) for Watersheds 9, 2, and 8 as estimated by MMS for 1972, the wettest year
1964- 1992.
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Figure Appendix 1.8 Daily snow water equivalent (mm) fcsr Watersheds 9,2, and 8 as estimated by MMS for 1974, the second wettest
year 1964- 1992.
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Table Appendix 2.2 Pearson correlation coefficients for predictive variables for
Watershed 9 wet-soil rain peakflows.

Table Appendix 2.3 Pearson correlation coefficients for predictive variables for
Watershed 9 wet-soil rain-on-snow peakflows.
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Appendix 2. Pearson correlation coefficients for Watershed 9, 2, and 8
predictive and response variables with Bonferroni-adjusted significance

levels p <0.05.

2.1 Predictive Variables

Table Appendix 2.1 Pearson correlation coefficients for predictive variables for
Watershed 9 dry-soil rain peakflows.

Ln(PPT) - Ln(MAXI) - Ln(BASE) - Ln(PRERO) Ln(SAT)
Ln(PPT) - - - - -
Ln(MAXI) 0.56 - - - -
Ln(BASE) - - - - -
Ln(PRERO) - - - - -
Ln(SAT) 0.28 - - - -
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Table Appendix 2.4 Pearson correlation coefficients for predictive variables for
Watershed 2 dry-soil rain peakflows

Table Appendix 2.5 Pearson correlation coefficients for predictive variables for
Watershed 2 wet-soil rain peakflows.

Table Appendix 2.6 Pearson correlation coefficients for predictive variables for
Watershed 2 wet-soil rain-on-snow peakflows.
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Table Appendix 2.7 Pearson correlation coefficients for predictive variables for
Watershed 8 dry-soil rain peakflows.

Table Appendix 2.8 Pearson correlation coefficients for predictive variables for
Watershed 8 wet-soil rain peakflows.

Table Appendix 2.9 Pearson correlation coefficients for predictive variables for
Watershed 8 wet-soil rain-on-snow t,eakflows.
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Ln
(SAT)

Ln
(SNOW)

Ln(PPT) - - - - - -

Ln(MAXI) 0.59 - - - - -
Ln(BASE) -0.57 - - - - -
Ln(PRERO) - - - - - -
Ln(SAT) - - - - - -

Ln(SNOW) - - - - - -



2.2 Response Variabies

Table Appendix 2.10 Pearson correlation coefficients for response variables for
Watershed 9 dry-soil rain peakflows.

Table Appendix 2.11 Pearson correlation coefficients for response variables for
Watershed 9 wet-soil rain peakflows.

Table Appendix 2.12 Pearson correlation coefficients for response variables for
Watershed 9 wet-soil rain-on-snow peakflows.
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Ln(START) Ln(RISE) Ln(DUR) Ln(CENT) Ln(Q
PEAK)

Ln(START) - - - - -
Ln(RISE) - 0.67 - - -
Ln(DUR) - - - - -
Ln(CENT) 0.53 - - - -
Ln(QPEAK) - 0.47 0.60 - -
(QVOL:PPT)°5 - 0.40 0.65 - 0.77

Ln(START) Ln(RISE) Ln(DUR) Ln(CENT) Ln(Q
PEAK)

Ln(START) - - - - -
Ln(RISE) - - - - -
Ln(DUR) - 0.78 - - -
Ln(CENT) 0.35 0.36 0.24 - -
Ln(QPEAK) - 0.48 0.69 - -
(QVOL:PPT)°5 - 0.45 0.66 - 0.90

Ln(START) Ln(RISE) Ln(DUR) Ln(CENT) Ln(Q
PEAK)

Ln(START) - - - - -
Ln(RISE) - - - - -
Ln(DUR) - 0.84 - - -
Ln(CENT) - - - - -
Ln(QPEAK) - 0.59 0.85 - -
(QVOL:PPT)° - 0.53 0.81 - 0.93



Table Appendix 2.13 Pearson correlation coefficients for response variables for
Watershed 2 dry-soil rain peakflows.

Table Appendix 2.14 Pearson correlation coefficients for response variables for
Watershed 2 wet-soil rain peakflows.

Table Appendix 2.15 Pearson correlation coefficients for response variables for
Watershed 2 wet-soil rain-on-snow peakflows.
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Ln(START) Ln(RISE) Ln(DUR) Ln(CENT) Ln(Q
PEAK)

Ln(START) - - - - -
Ln(RISE) - - - - -
Ln(DUR) - 0.59 - - -
Ln(CENT) 0.57 0.58 0.55 - -
Ln(QPEAK) - - - - -

(QVOL:PPT)°5 - - 0.70 - 0.65

Ln(START) Ln(RISE) Ln(DUR) Ln(CENT) Ln(Q-
PEAK)

Ln(START) - - - - -

Ln(RISE) - - - - -

Ln(DUR) - 0.66 - - -

Ln(CENT) - 0.52 0.58 - -
Ln(QPEAK) - - 0.64 0.38 -
(QVOL:PPT)°'5 - 0.44 0.68 0.49 0.93

Ln(START) Ln(RJSE) - Ln(DUR) Ln(CENT) Ln(Q-
PEAK)

Ln(START) - - - - -
Ln(RISE) - - - - -
Ln(DIJR) - 0.77 - - -
Ln(CENT) 0.46 0.52 0.39 - -
Ln(QPEAK) - 0.45 0.71 - -
(QVOL:PPT)°5 - 0.40 0.66 - 0.85



Table Appendix 2.16 Pearson correlation coefficients for response variables for
Watershed 8 dry-soil rain peakfLows.

Table Appendix 2.17 Pearson correlation coefficients for response variables for
Watershed 8 wet-soil rain peakflows.

Table Appendix 2.18 Pearson correlation coefficients for response variables for
Watershed 8 wet-soil rain-on-snow peakflows.
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Ln(START) Ln(RJSE) Ln(DUR) Ln(CENT) Ln(Q-
PEAK)

Ln(START)
Ln(RISE)
Ln(DUR)
Ln(CENT)
Ln(QPEAK)
(QVOL:PPT)°5

-
-
-

-
-
-

-
-

-

0.94
-

-

-
-

-

-
-

-

-
-
-

-
-
-

-
-

-

-
-
-

Ln(START) Ln(RISE) Ln(DUR) Ln(CENT) Ln(Q-
PEAK)

Ln(START)
Ln(RISE)
Ln(DUR)
Ln(CENT)
Ln(QPEAK)
(QVOL:PPT)°5

-

-
-
-
-
-

-
-
-

-
-

-

-
-
-
-
-
-

-
-
-
-
-

-

-
-
-

-

-

0.93

Ln(START) Ln(RJSE) Ln(DUR) Ln(CENT) Ln(Q-
PEAK)

Ln(START) - - - - -
Ln(RISE) - - - - -

Ln(DUR) - 0.79 - - -
Ln(CENT) - - - - -
Ln(QPEAK) - 0.62 0.82 - -
(QVOL:PPT)°3 - 0.62 0.77 - 0.89
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APPENDIX 3. LooKouT CREEK PEAKFLOWS EXCEEDING 22.65 (M3/sEC)

Peak Date

1964 - 1992.

Discharge Unit Area Discharge
(m3/sec) (mmlsec)

11/8/63 2:30 39.08 2.27
11/24/64 19:30 39.64 2.30
12/1/64 21:30 44.74 2.59
12/22/64 11:00 188.59 10.94
1/28/65 11:30 76.74 4.45

1/6/66 4:00 32.28 1.87
3/9166 18:00 22.77 1.32

12/13/66 22:00 31.43 1.82
1/28/67 8:30 44.17 2.56

10/27/67 22:30 23.45 1.36
2/23/68 5:30 55.50 3.22
11/8/68 22:30 49.27 2.86
12/4/68 22:30 61.16 3.55

12/21/69 10:00 24.98 1.45
1/18/70 9:30 54.37 3.15

11/24/70 5:00 45.31 2.63
1/18/71 1:00 66.83 3.88

11/26/71 12:00 47.29 2.74
12/5/71 21:00 48.99 2.84
1/21/72 2:00 118.36 6.87

2/17/72 10:00 30.30 1.76
3/2/72 18:00 43.32 2.51

3/13/72 13:00 26.16 1.52
12/20/72 23:00 23.28 1.35
12/7/73 10:30 23.62 1.37

12/29/73 15:30 23.45 1.36
1/15/74 14:30 37.10 2.15
12/20/74 15:30 37.10 2.15
1/25/75 18:30 37.38 2.17
12/4/75 9:30 39.64 2.30
1/8/76 5:00 46.16 2,68

11/25/77 18:00 86.37 5.01
12/2/77 21:00 28.88 1.68

12/13/77 11:30 84.38 4.89
12/4/78 14:00 32.85 1.91
2/7/79 8:00 32.00 1.86

1/12/80 19:30 44.17 2.56
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Peak Date Discharge
(m3/sec)

Unit Area Discharge
(mm/see)

12/3/80 11:30 37.10 2.15
12/25/80 17:00 62.86 3.65
2/18/81 18:00 32.00 1.86
12/6/81 6:30 49.55 2.87

12/15/81 2:00 35.11 2.04
2/20/82 19:00 46.16 2.68
10/29/82 0:00 22.71 1.32
12/4/82 4:00 41.63 2.41
1/7/83 8:00 37.66 2.18

2/18/83 0:30 33.98 1.97
3130/83 2:30 33.98 1.97

12/14/83 14:00 39.64 2.30
2/13/84 10:00 59.47 3.45
11/2/84 13:30 32.00 1.86
2/23/86 7:30 76.46 4.43
11/28/86 2:00 27.47 1,59
12/9/87 12:00 30.87 1.79
1/10/88 15:30 28.60 1.66

11/22/88 17:00 35.96 2.09
1/9/89 22:3 0 47.57 2.76
1/7/90 21:30 55.50 3.22

4/27/90 19:30 43.89 2.55
1/12/91 22:00 28.60 1.66
11/26/91 0:00 34.26 1.99
12/6/91 0:00 28.32 1.64



APPENDIX 4. FORTY TWO LOOKOUT CREEK PEAKS MATCHED WITH
WATERSHED 2 AND 8 PEAKS

a wr = wet-soil rain; wrs = wet-soil rain-on-snow; wms = wet-soil mixed-on-snow; dr
dry-soil rain; dm = dry-soil mixed; drs = dry-soil rain-on-snow
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Lookout Creek
Peak
Date and Time

Discharge Lookout
(cms) Creek Peak

Size Rank

WS 2
Peak
Typ?

WS 8
Peak
Typea

12/22/64 11:00 188.59 1 wrs wrs
1/21/72 2:00 118.36 2 wrs wms

11/25/77 18:00 86.37 3 wrs wrs
12/13/77 11:30 84.38 4 wrs wrs
2/23/86 7:30 76.46 5 wrs wrs
1/18/71 1:00 66.83 6 wrs wrs

12/25/80 17:00 62.86 7 wr wr
12/4/68 22:30 61.16 8 wrs wrs
2113184 10:00 59.47 9 wrs wrs
2/23/68 5:30 55.50 10 wrs wrs
1/7/90 21:30 55.50 11 wrs wrs
12/6/81 6:30 49.55 12 wrs wrs

11/8/68 22:30 49.27 13 wr dr
12/5/71 21:00 48.99 14 wrs wr
1/9/89 22:30 47.57 15 wrs wrs

11/26/71 12:00 47.29 16 wr wms
1/8/76 5:00 46.16 17 wms wms

11/24/70 5:00 45.31 18 wrs wrs
1/28/67 8:30 44.17 19 wrs wrs

4/27/90 19:30 43.89 20 wrs WrS

12/4/82 4:00 41.63 21 wr wr
11/24/64 19:30 39.64 22 drs drs
12/14/83 14:00 39.64 23 wrs wrs

11/8/63 2:30 39.08 24 wr dr
1/7/83 8:00 37.66 25 wr wr

1/25/75 18:30 37.38 26 wms dm
1/15/74 14:30 37.10 27 wrs wrs

12/20/74 15:30 37.10 28 wr wr
12/3/80 11:30 37.10 29 wr wr
11/22/88 17:00 35.96 30 wrs wrs
12/15/81 2:00 35.11 31 wr wr



Lookout Creek Discharge Lookout WS 2 WS 8
Peak (cms) Creek Peak Peak Peak
Date and Time Size Rank Typea Typea

2/18/83 0:30 33.98 32 wr wr
3/30/83 2:30 33.98 33 wr wr
12/4/78 14:00 32.85 34 wrs wrs
1/6/664:00 32.28 35 wrs wrs

12/2/77 21:00 28.88 36 wrs wrs
1/10/88 15:30 28.60 37 wms wms
11/28/862:00 27.47 38 wr wr

12/21/69 10:00 24.98 39 wr dr
12/7/73 10:30 23.62 40 wrs wrs

10/27/67 22:30 23.45 41 wr dr
3/9/66 18:00 22.77 42 wrs wrs

a wr = wet-soil rain; wrs = wet-soil rain-on-snow; wms wet-soil mixed-on-snow; dr =
dry-soil rain; dm = dry-soil mixed; drs = dry-soil rain-on-snow
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