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ABSTRACT

Road networks in mountainous forest catchments may increase peak streamflow by replacing subsurface
flow paths with surface flow paths. Forest roads affect runoff generation via two mechanisms: capture of
subsurface water by road incisions, and generation of infiltration excess runofl from road surfaces. The
quantity of ranoff intercepted by the road network was monitored in two small Western Washington
catchments, Hard and Ware Creeks {drainage areas 2.3 and 2.8 square kin, respectively). Road densities
in both catchments are approximately 5.0 and 3 8 km/square km, respectively, Observations indicate that
the highest peak culvert discharges in Hard and Ware Creeks are associated with subsurface flow
interception rather than road surface runoff. A total of 111 culverts in the two catchments were located
using GPS. For each of the road segments defined hy the culverts, road widths, slopes and the fraction of
the road surface draining to the culvert were measured, and each of the culvert outlets was field checked to
deterinine whether the culvert was hydranlicaily connected to the channel system.  Based on the field
study, the effective channel network density was found to have increased by 64% in Hard Creek and 32 %

in Ware Creek due to road construction.

The Distributed Hydrology-Soil-Vegetation Model (DHSVM) is an explicidy distributed hydrological
maodel thal simulates the land surface water and energy balance at the scale of a digital elevation model
(DEM)., DHSVM represents water movemenl through the unsaturated zone and the vegetation canopy in
one dimension, as well as subsurface and surface lateral flow. 1t accounts for intcreeption of precipitation
as both rain and snowfall in the forest canopy. A new scheme represents the effects of forest roads on
runoff generation in DHSVM via two mechanisms: capture of subsurface water by road incisions, and
generation of infiltration excess runoff from road surfaces. Runoff produced by both mechanisms is
routed through an expanded {roads plus pre-existing channelsy channel network using a Muskingum-
Cunge scheme. DHSVM-simulated flows with and without roads were compared 10 continuous recording
gauges at the outlets of each of the basins, and to crest-recording gauges installed on 12 culverts for
selected stortas during the winter of 1993-96.  Simuiated basin conditions indicate that the roads
redisiribute soil motsture throughout the basin, resulting in drier areas beneath the road right-of-way
relative 1o the simulation without roads, Based on retrospective simulations using eleven years of data. the
mean annual floods in Hard and Ware Creeks were predicted to have increased by 11%, and the mean of 4

peaks over threshold were predicted to have increased by 8 and 9%, respeclively.
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CHAPTER 1: INTRODUCTION

1.1: OYERYIEW

What amounts to a wide-spread land-use change experiment has taken place in the Pacific Northwest
over the past half-century through forest management, Flood damage associated with several extreme
weather events in recent years has focused public atiention on the possible contribution of forest harvest
and road construction to flood flows and their associated damage. In November 1990, a warmn front
following an extended period of cool, wet weather caused extreme flooding in many swestern Washington
rivers when as much as 13 inches of rain fell within a 48 hour period, combined with rapid snow melt.
The estimated flood damage in King County, which encompasses Seattle, exceeded § 20 million (Storck

eral, 1993),

Another storm in February 1996 was concenizated in southwestern Washington and westzrm Oregon.
Portland, OR barely avoided major flood damage as the Willamette River ¢came dangerously close to
overflowing itS containing dykes. Repair costs of forest roads in the national forests of Oregon and
Washington are estimated to exceed $ JO million (Bamard 1996, Bernton 1996). From an environmental
standpoint, storm damage was extensive. Hundreds of landslides occurred in the western Cascades, many
associated with clearcut forests and logging reads, sparking a debate in local newspapers regarding the
extent to which clearcut legging and the construction of forest roads were to blame for the high flows and
the associated damage (Robertson 1996). Headlines such as “The legacy of clear-cutting and road-
building: Swollen streams tied to logging (The Oregonian, 218196)" and “Clear-cuts hlamed for recent
landslides (The Register-Guard 2/14/96)" sparked responses in the form off “Flooding? Don't blame

logging ", Some example articles are included in Appendix A.



o]

As these neadlines indicate, the debate centers around two main mechanisms by which forest

management might affect hydrology. These include:

s Vegetation effects, primarily Rain-on-Snow (ROS) enhancement of floods; and
¢  Forest road network effects.

Along with tlood enhancernent, slope instability is a potentiat side effect of these two mechanisms. This

research will focus primarily on the effectof forest road networks on flood enhancement.

The transient snow zone includes (he range of elevations which accumulate and melt snow several fimes
throughout the winter. It is usually assumed o lic between 330 and 1100 m in the Pacific Northwest
{Berrys and Harr 1987). Because of the frequent accumulation and ablation of snow, the transient snow
zone is most affected by RGS enhancement. Forest harvest may influence the magnitude of response to

ROS evenis through two mechanisms:

s Increased snow accumulation in clearings; and

¢ Increased snowmelt rates in clearings during ROS ¢vents.

During accumulation, lack of snow interception results in greater & position in open sites (Kattelmann
1990, Berris and Harr 1987). The high exposure of gnow in the canopy paired with 3 higher surface-to-
volume ratio results in relatively quick melt of snow in the canopy, which ¢an result in significant

increases in sriow water equivalent (SWE) for open plots relative to forested plots (Berris and Harr 1987).

The convective transfer of sensible and latent heat to the snow is the dominant scurce of energy for melt
during rainfall (Harr 1986). ROS is the predominant means of me!lt on the western slopes of the Cascade
range in Washington and Oregon. Snowpacks in western Oregon and Washingron are ‘warm’, with

internal remperatures remaining near 0 "C for much of the winter which means they can yield water



quickly during periods of high temperature (Harr 1981). Removal of vegetation can increase turbulent

transfer of energy and water vapor {0 the snow surface, thus increasing the rate of snow melt (Harr 1981).

Road corridors in forested calchments act as a permanent clearcut, and as such, they are also a non-trivial
source of increased snow accumulation and roefr. In addition, roads built in forested carchments may
affect both the timing and magnitude of basin response by redistributing runoft through the road drainage

network. Roads built into the hillside can caprure and re-route runoff through two mechanisms:

s [nterception of subsurface flow by the road cutslope; and

+  Direct runoff from the compacted road surface which drains to the roadside ditch

Runoff intercepted by either of these mechanisms is routed through the ditch drainage system where it
either enters a patural stream ac a stream crossing culvert, or is diverted under the coad throush a ditch
relief culvert. Runoff which is diverted through a ditch relief culvert either infilirates downslope of the
culvert putfall, or continues to follow a surface flow path, in many cases entering the natural dramage

systemn quickly as overland flow.

In addition. runoff flowing in roadside ditches. on rpad ¢ut and fill slopes and on undisturbed slopes
below the road can cause surface erosion (Megahan 1972). Sediment production by forest roads is
predominantly finer than 2 mm, with large portions of silt and clay sized panicles (Bilby et al. 1989,
Duncan ¢t d. 1987, Fahey and Coker 1989), This fine-gained material is most detrimental to fish
through increased turbidity end damage to in-siream habitat. Increased sediment in stream bostoms can
clog interstitial pore spaces in salrnonid redds and suffocate the eggs or emerging fry {Cederholm et .

1961).

Much of the debate concerning forest roads in the popular press has centered around the contribution of

roads and glear-cuts to slope instability. The aftermath of the February 1996 storm emphasizes the



interactions batween forest harvest, road consunuction, and slope stability. A preliminary aerial survey in
the USFS Mapleton, OR Ranger District immediately following the February 1996 storm revealed 114
landslides associated with clear-cut areas, 68 slides associated with forest road right-of-ways and 3 in
undisturbed forested areas (Robertson 1996%).  Although some of the slides in forested arcas may go
undetected in areal surveys, similar studies support these results (Lvons and Beschua 1983, Sw;msén and
Dymess 1973). Landslides occuring in clear-cut arcas may also he larger than those occurring in
forested areas, Swanson and Dyvrness (1973 found that the totat volume of slide erosion from g zone of
unstable scil in the H.J. Andrews Experimenta! Forest in Western Oregen was 2.8 times greater in clear-
cut areas than in comparable toresied areas. The size and distance traveled by a landslide will determine
the effect on local streams due to the increased sediment load. High flows, supplemented by siides
entering streams can sceur stream bottoms.  This is clearly illustrated in Figare 1-1, which shows Mine
Creek, a headwater catchment in the Deschutes River of Western Washington following the February
1986 storm. A debris flow initated oa Mine Creek washed out the road in this location and destroyed a

bridge further downstream.

Damage such as that shewn in Figure 1-1 has focused wide-spread attention on the role that forest roads
may play in increasing streamflow respense during extreme storm events, and the resulting damage that
might be expected from tuture events. This research examines, through field investization and modeling,

the rechanisms that interact 1o increase streamilow following road construction and forest harvest,

1.2: OBJECTIVES

The purpose of this research is to evaluate, through field investigation, the ability of a spatially
distributed hydrological medel to predict the influence of forest roads on the magnitude and distribution
of catchment runoff response. It 1s based on the central hypothesis that avenues exist through which road

networks in mountainous forest catChments cun increase streamflow by replacing subsurface flow paths
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FIGURE 1-1: MINE CREEK FOLLOWING A DEBRIS FLOW IN FERRUARY 1996

with surface flow paths, and that these avenues can he represented by a spatially distributed hydrological

model. The specific objectives of this project are i:

v Assessthe overall connectivity of road drainage tothe stream network;

s Examine through ficld investigation the refative contribution of subsurface flow interception by,

and infiltration excess runoff from forest roads to peak streamflow cvents;

¢  Dewermine, through field investigation. causal factors assoctated with subsurince flow

interception by forest roads: and

¢+ Use the resulting field data to test the applicability of a road-routing algorithm in 4 distributed

hydrology model.
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1.3: AMNALYTICAL APPROACH

Extensive field experiments have been conducted to determine the localized effects of vegetation changes
and road constructicn, at the plot or sub-basin scale (&.g., Bosch and Hewlett 1932, Berris and Harr 1987,
Megahan 1972, Rothacher 1965, 1970). These experiments are important for understanding the physical
processes that interact in natural and disturbed landscapes. However, it is difficult to extrapolate the
effects found from small field experiments to river basins at the scale of concern during large flood
events (¢.3. 107 - 107 k'’ and up), where a combination of management practices interact (in a manner
sometimes termed “curnulative effects™). A larger scales, it is difficult if not impossible to collect
cnough field data to understand the complex interactions of surface condiions and catchment runoff
response. fn these cases, a model (either statistical or physical) is needed to integrate point observations

over the landscape.

A related issue is retrospective evaluation of re effects of jand management gyer 4 range of temporal

scales. This requires separaring the effects of land use changes from natural climate variability. The
classical approach is statistical analysis of paired watersheds (e.g., Jones and Crant 1996). If similar
watersheds cen be identified with different [ang use histories, statistical analysis of the discharge
difference series will filter sut systematic climate variations. An important limitation of the paired
catchment approach is that the catchments must have minimal geographic separation in order to have
nearly coincident meteorological records since it is essentially to difference flood events which were not
caused by the same storm. [dentification of paired catchments with long, coincident discharge records.

and significantly different land use histories can be problematic.

An altemate approach is 1o simulate the natural system using a deterministic, spatially distributed

hydrologic model, Since the model and the natural sysiem are driven by the sane seguence of climatic



variables, the residua time series (for instance modeled discharge versus observed streamflow) should

effectively filer out the effect of climate variability.

There are two problems to be addressed by mgde! application: hoth the production of an output variable
{e.2. streaniflow) and detection of a change in response to changing laid use scenarios. Both of these
problems rzly on the accuracy of the deterministic model. Therefore, it is critical to have field data to
evaluate the mechanisms represented hy the model. Extensive analysis has been done for some of the
mechanisms involved in hasin response to forest harvest and road constniction. For example, snow met
response during ROS events has been investigated with detailed data on sngw accumulation and ablation
for hoth foreseted and cleared sites (Berris and Hgrr 1987, Kattelman 1990, Storck 1997). However, field

investigation of road/channe! network effects on hydrology has been limited.

For this study. a distributed hydrology-soil-vegetation mode! (DHSVM) was used in conjunction with
ficld studies of two headwater creeks in the Deschutes River basin of the western Cascades of
Washingion to examine the affects of forest roads on streamflow. An explicit road network runoff
algorithm was tested by comparing simulated runoff for selected storms to observations of road runoff
from thirtezn road segments made during the winter of 1995 and 1996. Basin discharge was then
simulated for the period 19X.5 1996 with and without the road runoff algorithm. In addition, the overall

connectivity of the road network to the drainage network was assessed based on field observations and

QIS.

The remainder of this thesis is organized as follows: Chapter 2 reviews background research related to
this study. The physical bydrology of the study region and the field data collection program are
described in Chapter 3. A spatial analysis of potential road contribution to the drainage system of the
study basins is described in Chapler 4. Chapter 5 describes the model used a; well as the data pre-
processing needed to drive the model. The results of model calibration versus point observations and

continuous basin discharge are discussed in Chapter 6. In Chapter 1 the model is used to compare



observed discharge for a ten year period which includes the effects of extensive harvesting and road
construction with simulated discharge which does not include these effects.  Conclusions and

recommendations are presented in Chapter 8.



CHAPTER 2: BACKGROUND

The role of forest roads in basin storm response depends upon the physical and tempoeral scale of interest,
in addition to the interacting hydrological raechanisms described in Chapter 1. The effects of forest
harvest and road construction oa sireamflow have been investigated at a variety of spatiaf scales. For the
purpose of th_is study, hillslope scale will xefer to areas generally less than 2 ha which are dominated by
subsurface processes, i.e. below the scale of siream formation. Catchment scale will refer to the area
drained by a first or second order stream, approximately 100 - 300 ha ir area. Basin scale will be used to
refer to areas wherse the cumulative effects of several catchments interact, generally between 100 - 1000

km in area, The relationship of the different scales is illustrared in Figure 2-1,
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FIGURE 2-1: DESCRIPTION OF SPATIAL SCALES
This chapter will first review research that addresses the individual mechanisms of road network
contribution to runoff response at the hillslope scale. Secondly, it describes catchment and basin-scale
statistical studies aimed at detecting the cumulative effects of road construction and forest harvest.

Finally, it touches on other physically-based models which relate to modeling of forest roads.
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20 HELLSLOPE PROCESSES AND ROAD INTERACTION .

The hydrological impact of roads in a forested catchment will depend primarily on four factors:
vegetation, subsurface flow interception, suriuce runoff generation, and the overall network conuectivity.
By changing soil noisture conteént, removal of vegetation can influence the quantity and distribution of
water available for inwerception by the road network.  As Hlhustated in Figure 227, runoff taveling as
subsurface flow may be intercepted by a road cut and diverted throngh the roadside ditch. In addition,
precipitation falling on the compacted road surface is either diverted into the readside ditch or over the
side of the roud. Diverted rumoff travels as open channel flow in the roadside dicch until it reaches either
a stream crossing or ditch-relief culvert. The comnectivity of the road network to the natural drainage
system will control the timing of discharge response at the basin outlet followinyg redistribution of runoff

by the road network. Each of these mechanisims is explored further below,

2.1.1: YEGETATION EFFECTS

The removal of vegetation for forest harvest or road construction affects the water balance of a catchmeant
in several ways. The contribuden of precipitation to streamflow will vary depending on the quantity,
distribution. rooting depth and health of the vegetative cover through its control on evapotranspiration
{(Keppeler and Ziemer 1990). Reduced evapouanspiration means higher soil moisture storage at the end
of the growing season, which can cause a significant increase in the volume of small autumn storms

(Ziemer 1981).

Reduction in evapotranspiration primarily influences annual water yield. In a review of 84 catchment
experiments world-wide, Bosch and Hewlett (1982) found no instances where removal of cover caused a
reduction in water yield. Coaiferous forests in higher yainfall areas show the largest yield changes, with
an average increase of 40 mm per year per 10% of cover removed. Mean annual precipitation for the
sites examnined varied between 800 and 2500 mm with an increasing trend in annual water yield increase

across the entire range. The review is based primarily on studies in the Pacific Northwest, supplemented
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with a few studies of mixed conifer stands in Japan. Yield changes tend to be least persistent in high
rainfall arcas, due to faster regrowth {(Bosch and Hewlett 1982). The influence of vegetiation on soil
moisture distribution and quantity may enhance the effect of forest roads. By increasing soil moisture
upslope of the road cul, clearcuts will contribute greater subsurface flow for interception by the road
network.  [n contrast, removal of vegetation downslope of the road w1ll create a local increase in soil
moisture relative to the unharvesied basin during the growing season. This increase in soil moisture will
counteract the loss of moistare from runoff which is diverted by the road network during storms, thus

diminishing the consequences of this redistribution.
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FIGURE 2-2: MECHANISMS OF RUNOFF INTERCEPTION 8Y THE ROAD NETWORK
Within the transient snow zone of the Pacific Northwest increased rates of snow accumulation and melt
in clearcuis can increase ROS storm peaks and decrcase the time to peak. Kattelmann (1990) found 20
cm (98 cm vs. 78 cm) greater peak accumularion of SWE in a cleared area in the Sierra Nevada relative
to a forested area. The differences are increased if snowfall is separated by a pedod of slightly warmer

temperatures, s¢ that intercepted snow melis Irom the forest canopy, and therefore increases available
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interceptzon storage prior to the next storm (Berris and Hare 1937). In a paired watershed study in central
ldaho, Megahan {1983) founcd a statistically significant increase in annual peax snow water equivalent
after one basin was clearcut, with an average increase of 41 %. He [found litde difference in
accumulation in the unlogged walershed alfter a wild fire removed all leaves in that basin, which suggests
that aerodynamic effects, such as Increased deposition in clear curs caused by discontnuities in the

airflow across the forest canopy may be as important a8 interception losses (Megahan 1933).

Snowmeli caused by both dircet solar radiation and rain-on-snow (ROS) events is influenced by
deforestation. Saow melt in the Sierra Nevada is dominated by direct solar radintion, Kattelmann {1990)
found that the decreased shading in a ¢learing resulted in melt rates 75 % greater on average than in the
forest near Soda Springs, CA. Snow 1 the clearing disappeared between 10 and 30 days taster than

under the forest cover, depending on the peak snow accumulation (Kattelmann 1590).

In western Oregon, Berrls and Harr (1987) found that a forested plot at 800 m elevation consistently had
lower air and dew-point temperatures, and lower wind speeds than an adiacent clear-cut plot. This
resulied in 40% greater mejt in the clear-cut plot for the common period of melt during ROS events
(Berris and Harr 1987). They also detected iess shortwave radiation in the forested plot relative to the

clearing, but there 18 some question regarding e accuracy ot these shortwave mensurements.

The increased rate of snow accumulation and melr associated with clear cuts can result in larger pulses of
meltwater supply to the subsurface, Although the smallest relative snowmelt contribution to runoff wiil
cceur during high ra_inle'll events, this volume would mbst likely increase storm runoff volume and size of
instantaneous peaks from already swollen streqyns (Harr 1981}, On average, ROS peak flows were higher
than rain-only peak flows for a small catchment in western Oregon (Harr 1981). In additdon, all but two
of the fargest 23 annual peaks from 163 years of reconstructed historical data for the Willamette River
were associated with snowmelt during rainfall (Marr 1981). This is not suprising since in the Pacific

Northwest the largest storms occur in the winter when snow is present, Megahan (1972) found that
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subsurface tlow rates were driven by the rate of snowmelt.  As a result. the magnitide of streamflow

increase resulting from faster snowmelt will depend on the position of the clear cut relative to the road

systein.

2.1.2:  SUBSURFACEFLOW

As illustrated in Figure 2-2, ore component of the effect of forest roads on stream{low is the interception
of subsurface flow through die road cut and subsequent routing as surface flow, Conversion of
subsurface runoff to surface runoff may substantially decrease catchment response time. Dunne aid
Black (197(a) observed that the velocity of water emerging from the soil surface 45 return flow increased
by a factor of 100 to 500 relative {0 the rate of subsurface flow in g study near Danville, Vermont. Many
factors scer to influence the degree to which roads will intercept subsurface flow. NMegahan (1971)
found that the total volume of subsurface flow intercepted by aroad cut in an [daho catchment was over 7
times grealer than the estimated direct runoff from the road surface. In contrast, Reid and Dunne (1984)
found no significant subsurface contribution  ditch runoff in the Clearwater basin on the Olympic
Peninsula. Ditches carried np baseflow between events and cutbank scepage was not observed, despite
the fact that road cuts intercepted the entire soil column. These studies indicate that the quantity,
velocity and distribution of water traveling in the shallow subsurface will therefore control (he magnitude

ot forest road influence on basin hydrology.

in simplified terms, subsurface flow can be classified as either subsurface storm flow or deep

groundwater flow, as illustrated in Figure 2-3. Subsurface storm flow refers to the water which infiltrates
the surface and moves laterally through the upper soil layers as unsaturated flow or as shallow, perched
saturated flow above the main groundwater table, during and shortly after a stormn.  Groundwater flow is
derived from deep percolation of infiltrated water that enters the saturated groundwater flow system
(Freeze 1974). This represents a simplification because macropore and pipeflow can result in linkages of

the pathways shown in Figure 2-3, e.g. by bypassing the soil matrix o quickiy recharge the groundwater



table (Anderson and Burt 1990).  Runoff generation occurs by different mechanisms depending on
location. In areas with shallow groundwater tables, runoff may originate from smail source areas which
generate overland flow during rain events (Freeze 1974, Dunne and Black 19704, 1970b). Forested
basins in the Pacific Northwest have large infilration capacitics and relatively low rainfall rates. As a
result, overland flow is a rare occurrence and in many forested areas subsurface stormflow is the primary
source of streamtlow (Freeze 1974, Hewetl and Hibbert 1967, Monatgomery et al. 1997, Whipkey 1969).
The primary mechanism of runoff generation will depend on the rainfall intensity, infiltration rate, soil

permeability and local slope (Montgomery et al, 1997).
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FIGURE 2-3: SCHEMATIC OF HILLSL,OPE RUNOFF RESPONSE (FROM FREEZE 1974)



The volume and velocity of water teaveling as subsurface flow will control the influence of forest roads
on peak storm flow, If streamflow in a basin without roads originates largely from variable source areas,
it implies thar subsurface flow respoase must be slower. Therefore, subsurface flow may not reach the
rond network quickly enough during a storme to contribute to the hydrograph peak. However, this
sitnation would cause the largest change in runoff velocity as the slow moving groundwater flow is
eventually intercepted by the road network and converted to surface flow. Runoff taveling as subsurface
stormflow, including pipeflow, will reach the road network in time to contribute to the stream
hydrograph. However, in this case the differcnce in the runcff velocity may not he as great. In either
case, the interception ol subsurface tlow will still have an indircct effect on the storm hydrograph threugh

redistribution of seil moeisturs and through dicect runoff from saturated seepage fuces.

Field monitoring programs have yielded conteadictory results on the ability of subsurface stormflow to
contribute significant velume to the storm hydrograph (Dunne and Black 159704, 1970b, Hewlett and
Hibbert 1967, Montgomery et al. 1997, Whipkey 1969). Montgomery et al. (1997) found that all runoif
generation was due to subsurface stonnflow during three vears of observation in a zero order basin near
Coos Bay, Oregon. Also at the hillslope scale (13.7 m by 81 m), Whipkey (1969) found that subsurface
stormflow, rather than overland flow, was the major contributor to the storm bydrograph in the
Allegheny-Cumberland plateau of eastern Kentucky, In silt loam and loam soils, subsurface stormflow
began responding 20 to 60 minutes from the beginning of storms and peaksd shortly after rainfall
subsided. The rate of water fiux was approximately 3 m/hr. In contast, a relatively course textored
sandy loam soil at the same site did not respend until nearly 30 hours after the storm, and provided a

steady baseflow as a function of the matrix hydranlic conductivity (Whipkey 1969).

Megahan (1972) monitored subsurface flow intercepted by roads in two small Idaho watersheds.

Subsurface flow peaks were found to lag behind snowmelt peaks (measured using a snow lysimeter) by
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1.5 days with an average fravel distance of 200 feet, which yields an approximate lux rate ot 1.7 m/hr.
However, average saturated hydranlic conductivity measured from undisturbed core samples was
approximately 19 feet/day (0.24 m/hr). Subsurface stormtlow can be either Darcian, traveling through
the soil matrix, or non-Darcian, bypassing the seil matrix through macropores or pipes {Anderson and
Burt 1990%. The average flux rate observed by Megahan {1972) to be greater than the matrix hydraulic

conductivity suggests that some of the subsurface runoff may hypass the soil matrix.

Macropore flow, through capillary size pores, 15 likely to occur where root holes and other biopores exist
in abundance. Pipes are usually considered larger versions of macropores, bowever, they generally
exhibit a greater degree of connectivicy (Anderson and Burt 1990} Pipes in the Caspar Creek
Experimental Watershed in Northwestern California have been observed at depths ap to 2 meters, with
diameters ranze {rom 1 to 100 cm (Ziemer and Albright 1987). Research in a variety of landscapes has
shown that pipeflow mﬁy account for a substandal portion of subsurface stormtlow. Ziemer {1992) found
that pipeflow accounted for virtually all of (he stormflow from three monitored hollows in the Caspar
Creek Experimental Watershed in Northwestern California. A small percentage of seepage through the
soil matrix was observed during storms, and baseflow was sustained in the pipe network between storm
events (Zierner and Albright 1987). Tsukamoto et al. (1982) found that pipeflow was responsible for 95
% of the runoff from a small granitic catchment in Japan. Jones and Crane (1984) estimaied that 46 %

of streamfiow in an upland basin in mid-Wales originated as pipetlow,

Pipes are generally fed through saturation-sxcess overland flow or by drainage of saturated soil.
Thersfore they will only respond with sufficient moisture input (Anderson and Burt 1990). Wilson and
Smart (1984) observed that water was diverter. into the pipeflow system only after the surface seepage

capacity was exceeded in a catchment in Brecon Beacons, Wales.  Pipeflow in this basin swags ephemeral
0 narure, with tlow occurring for a limited duration during storms.  Under diy antecedent conditions

runoff infiltrates through the floor of the pipe network and contributes to throughflow (Smart and Wilson
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1984). Pipe discharge in Caspar Creek docs not begin until 4 threshold of soil moisture is reached, at
which point additional rainfall is quickly reflected in pipeflow hydrographs (Ziemer and Albright 1987).
Similarly, Tsukamoto ¢t al. (1982) found that pipeflow did not begin until groundswater saturation

reached the pipe level.

Once inititated, flow through macropores and pipes can greatly increase the rates of subsurface drainage.
Ziemer and Albright {1987) measured discharges up to 8.5 /s during storms through pipes between 15
and 43 co in diameter. Smart and Wilson (1984) calculated an average pipe flow velocity of 0.9 m/s was
found for 2 sample of 212 m of pipe, by timing measured volumes and dye travel times.  These velocities
are similar in magnitude to that of overland flow observed in the study arca, However, depending on the
connectivity of the network the pipes may not extend to an outlet.  Smart and Wilson (1984)
demonstrated that the general strecture of a pipe network .in a South Wales basin was stable over a five
year period, although micrescale changes occur within individual storm events. Through observing that
the quantity of pipe discharge decreased downslope, they concluded that the pipes serve to recharge the
soil moisture at the slope base. In this way the pipe network could enhance both saturated overland flow
by concentrating water quickly in topographic hollows or subsurface storm flow by increasing the depth

of the saturated zone and therefore the lateral hydraulic conductivity,

In contrast, Dunne and Black (1970a) found that the tming and quantity of observed subsurface
stormflow could not explain the stoun hydrograph in a field study near Danvilie, Vermont. They found
that there was very littie response 1o summer storms within the root zone and that base flow in the deep
sub-root zone did not respond o individual rainstorms, Subsurface flow during .a large autumn storm
with very wet antecedent conditions lageed the beginning of rainfall by 2.25 to 2.5 hours. Flow from the
sub-root zone lagged ramnfall by 1.33 to 3.33 hours. However, the volume was not sufficient to explain

the storm hydrograph. They concluded that the major contribution to stormflow was direct precipitation
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on saturated areas located near the stream in accordance with the partial area concept of runoff

production (Dunne and Black 1970b).

[n a study of a watershed in the H.J, Andrew’s Experimental Forest in western Oregon, Hazr (1977) found
that subsurtace tlow accounted for 97% of stormflow, with only 3% attributable to channel interception
of rainfall. The maximum rate of water movement in the top soil layer was 3 - 4.5 mum/hr. Subsurface
flow was concentrated in well-defined seeps which appeared to reflect the micro-topography of
unweathered bedrock near lme stream. A monztored seep of subsurface flow beaan to increase 5.5 hours
after rainfall began, which is when streamflow also began to rise. The maximum flux from the deeper
sub-soil laver was 0.5 mm/hr. This, coupled with the fact that during siorm events the vertical and
downslope components of {lux in the upper most soil layer were egual, means that a anit of rainfall
coruibutes less to guick flow and more to soil moisture storage and basefiow as one moves upslope from
a stream in an undisturbed basin.  As the density of the stream or road channel network increases, the
upstope tlow path will decrease and a decreasing percentage of rainfall will coninibute to seil moisture

storage and base flow,

It follows thar the spatial distribution of subsurface routing relative to road location will control the
magnitude of forest road interception. By making comparisons of intercepted subsurface flew to
perennial siveam discharge in neighboring catchments, Megahan (1972) concluded that approximately
35% of subsurface flow was captured by the road cut for a site in the Pine Creek catchment near Crouch,
[daho. The remaining 63% was assumed to pass heneath the level of the road cut at the measurement
site. As ancther measure, Megaban compared the upslope contributing area per unit length of road
draining the area for two watersheds and found that cne watershed could be expected to yield over 3
times more water per unit length of road, assuming equal yields per area of drainage, due to the

topography ahove the road cut..
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Topographic controls on the distribution of subsurface water inclde saturation of regions of reduced
storage due to thinner soils, as well as locations where lateral subsurface tlow conuibutes to soil water
stocage. Such lecations include topographic hoilows and fow gradient slopes where the rate of subsurface
drainage is reduced by the low hydraulic gradiznt (Anderson and Burt 1978). Anderson and Burt (1978)
have shown that topographic hollaws (convergent hillslopes) are a rmajor source af subsurface runoff. A
convergent hillslope includes a nellow in which flow from a wide contributing arsa is concentrated into a
narcower outlet downslope {see Figure 2-4), A divergent hillslope includes a local peak where runoff can
disperse info many directions. In the Slapton Wood catchment in South Devon, Anderson and Burt
{(1978) found that convergence of water into a subsurface hollow is responsible for a delayed peak in
stream discharge which occurs one o two days after the primary sueamtlow peak. The secondary peak
accounts for the majority of catchment runolf, Woods and Rowe (1996) investigated the spatial
variability of subsurface flows in a New Zealand catchment by dividing flow from sections of a hillside
into a series of collection woughs, The:? tound that the relattve proportion of flow between convergent,
divergent and straight hillslopes was not constant over time. Flows tended to be concentrated in troughs
draining the largest convergent area. However, two troughs draining divergent arcas occasionally had
high percentage contributions following extended dry periods, due to shallow soils (lower soil moisture
deficit) and short average flow distance (shorter response tme). Similarly, in the Slapton Wood
catchment lateral subsurtace flow does not occur when soil moisture deficits are high. In thesc cases,
flow convergence does not occur and only a primary hydrograph peak is observed (Anderson and Burt
1978, Burt ot al. 1933). Woods and Rowe (1998) also found that several troughs carried approximately
equal volumes during high flow events although their contributing areas seemed to be much different.
One explanation suggested by the authors is rhat the flow within the drainage leading to the most
convergent trough becomes 3o large that it ‘overflows’ laterally into the drainage for neighboring troughs.

Similardy, Harr (1977) ohserved that saturated zones at the base of the slope would expand upslope and
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laterally as rainfall progressed.  This was also observed by Montgomery et al. (1997) in a zero-order

catchment near Coos Bay, Oregon.

Divergent
Hillslope

I

3
{
Convergent t_
\

Hﬂlalope\\

FIGURE 2-4: DEFINITION OF HILLSLOPE TYPE

[n addidon. Woods and Rowe (1996) found that topographic shape exerts little influence under wet
antecedent conditions in which soil moisture deficits are uniform. Dunne and Black ({1970a) found that
the importance of hillslope shape depended prirnarily on the ability of 3 given hillslope to generate
overland flow through return flow. Even during extreme events, no subsurface stormflow was produced
from a straight hillside. Subsurface flow from the convergent hilislope was larger for the root zones, but

smaller and slower for the sub-soil layer (Dynne and Black 197Ga).

As described above, field research done at the hillslope scale is useful for examining the connection
between precipitation input, subsurface flus rate, hillslope topography and soil depth to the quantity of
subsurfaca flow Which can be inwercepted by the road cut. Megahan (1983) showed that the rate Of

subsurface Slow interception by a road cut in the Pine Creek catchment in dako was well predicted by



the volume of water storcd in the subsurface flow water table. The rate of subsurface depends on local
geology, with response times ranging from 20 minutes to 5.5 hours alter the beginning of rainfall for
typical hillslope lengths between 40 and 100 m (Whipkey 1969, Megahan 1972, Dunne and Black 1970a,
Harr 19773, The natural timing of subsurface response will influence the degree of change in catchment
response time due to roads. The depth and position of the road cut relative to soit depth and topography
will conuol the quz-unity of subsurface flow captured by the road network (Megahan 1972, Reid and
Dunne 1934, Harr 1977, Anderson and Burt 1978). These factors together will control the fraction of
subsurface water intercepted by the read cut and ultimately, the degree of change in hydrograph response

due to roads.

2.1.3:  RUNOFF FROM ROAD SURFACES

The compacted surfaces of Jorest roads have decreased infiltration capacity relative to the undisturbed
forest floor (Megahan 1972, Folz and Burroughs 1990, Reid and Dunne 1984, Luce and Cundy 1994). It
the rate of rainfall plus snowmelt over the road surface exceeds the rate of infiltration, Horton runoff over
the road surface will cccur. Depending on road surface conditions, this flow may become concentrated in
road ruts or other surface channels, before beinyg diverted either over the side of the fill slope or into the
roadside ditch at the base of the cutslope (see Figure 2-3). The quantity and timing of infiltration excess
runoff from the road surface will depend on the infiltration capacity of the road surface and drainage

ditch, the area and gradient of the road segment and the topography and roughness of the road surface.

Quantifying tie reduced infiltraticu capacity from road surfaces is difticult, and much of the information
available is based on qualitative observations. Some infiltration does occur. Fzhey and Coker (1989)
found that in cnly 46 of 133 storms greater than 5 mm did totai precipitation produce measurable runoff
in Sguth Neison, New Zealand. The road surface was freshly graded and surfaced with local river gravel.
[n this case, ‘depression’ slorage may play an important role in preventing runoff of low intensity rainfall

before. infiliration can 0HCeur.



The ratio of runoff tg rainfal for forest roads in (he Caribou National Forest near Idaho Falis, idaho was
found to vary from 0.55 to 0.99 for artificid gorms depending on antecedent conditions and the presence
or absence of an imposed wheel rut (Foltz and Burroughs 1990). The same experiment was conducted on
forest roads in the Routt National Forest near Steamboat Springs, Colorado, yielding rytipg between 0.X and
(1.9 1. The roads were freshly graded for both scts of experiments. After grading, artificia wheel ruts were
imposed on one plot at hoth sites. Total infiltration was highest for dry antecedent conditions and road

scgments with no whedl ruts. Based on rainfal wntensity and total runoff depth published by Foltz and

Burroughs, average arcal infiltration rates for the two experiments ranged between () and 215 mm/hi

FIGURE 2-3: ROAD SyrrFacE RUNOFF IN Harp CREEK, WA
for the Idaho sites and between 4.2 and 0.6 mm/ar for the Colorado site. As g basis of comparison, the
approximaie ¢ne year return period one hour precipitation for the Idaho site is § 3 mumn/hr (Hershfield

1961). Typical rainfal intensity would be somewhat less than this, but it is clear tha( in many cases the
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rainfall rate would exceed the derived infiltration rates. One hour precipitation foc the Colerado-sitcs is
approximately 127 mm/hr with a one year return period {Hershfield 1961), which is well above the
ohserved infliration rates, An average infilration rate of 9.5 mm/hr was found for {requently traveled
gravel surfaced roads in western Washington (Reid and Dunne 1984). The one hour precipitation with an
pccwrrence fraquency of ong year is also about 12.7 mm/hr for this area. Thess values indicate that a

significant, though variable, portion of rainfall may runof{ directly from the road surface.

Read gradient and surface arca directly influence the timing and volume of surface runoff from forest
roads. Droinage area is the main determinant of the size of runoff peaks. Stightly higher discharge per
unit ared, shorter time to peak and shorter flow duration are associated with steep road segments (Bilby et
al. 1989), Many studies that have related road area to catchment response have been unclear if the width
of road right-of-way was included in the calenlation. Assumed and measured road surface widihs in the
literature r;ﬁlge from 3.5 meters to 5.6 meters in Oregon, Washington and New Zealand (Pichl et al.
1988, Fahey ond Coker 1989, Reid and Dunne 1984; Montgomery 1994). The total width of disturbed
arca due to road construction includes the cuc and fill slopes as well.  This total width s often the only
road width reported. Pienl et al. (1988) found an average sub-grade width of 6.6 meters for roads in
United States Forest Service (USFS) land in the Oregon coast range. Other reported values for road
right-of-way range from 16 to 28 meters in the H.J. Andrews Experimental Forest, Western Oreson and
Caspar Creek watershed in Northern California (; Swanson and Dymess 19735, Wemple et al. 1996,
Wright et al. 1990). The ¢ut and fill slopes are generally not compacted, although they may have
reduced infiltration after being wetted. Therefore, it may not be appropriate to assume the same reduced

infileration capacity for the entire night-of-way,

In additior to infiltration rate, area and gradient, road surface conditions will alse control read sorface
ranoff hydrographs. Reid (1981) found tha: well-used gravel and paved roads in western Washington

produce un:t hydrographs that were similar in both size and shape, This suggests that the difference in



surface roughness between the road types does not control the hydrograph, probably because of the short
distance waveled as surface flow before mmnoff is concentrated in ruts or ditches (Reid 1981).
Hydrographs from abandoned forest roads were found to be more attenuated, probably due to increased
roughness and the absence of wheel ruts (Reid 1981). Flow responsc for the gravel and paved roads was
found to last for 50 - 33 minutes in responsc to a 15 minute storm.  fn contrast, Sullivan and Duncan
{19871} found {low daratons between 8 and 17 hours in response to stonms from 1 to 2 hours in duration.
{The longer responscs are most likely duc to the contibution of subsurfuce swrmflow which was
observed for at least some of the sites.) Once surface mmoff reaches the roadside ditches the speed of
delivery i3 controlled by roughness elemenis in the ditches. Foltz (1996) found that roughness
coefﬁcicn.ts are generally higher for ditch flow than for similar stream channeis since the water is not

deep encugh under normal conditions to cover the roughness elements completely.

The above studies indicate that forest road surfaces generate runoff when precipitation rates exceed the
rate of infiltration through the road surface. ‘The compacted surface width of roads in the Pacific
Northwest averages around 4.5 meters. Infiltration tates through the road surface vary between 0.0 to
215 mm/lr during a sforu, based on antecedent wetness, surfacing material and the degree of
compaction. The average of ail measured infiltration rates reported here is 5 mm/hr.  Using this average
rate, a typical storm in the Pacific Northwes: of 10 mm/hr Will generate 225 m' of runoff per km of

forest road for 2 one hour §:01t. The dewanstream effect of this surface runoff will depend on how it

ravelg from the road surface.

2.1.4:  DraAINAGENETWORK CONNECTIVITY

The ultimale effect of surface or subsurface runoff intercepted by forest roads on hydrograph timing and
peaks depends on the flow paths followed afler being intercepted by the road cetwork. For example,
Rothacher (1973} observed that localized surfice runoff generated from truck and skid roads in a newly

harvesied catchment usually travels to less compacted areas where infiltration can occur. It infiltration



oceurs soon after runoff interception there will be no detectable influence due to roads. However, if the
road dranage network directs intercepted runoff to a natural stream channel through a shortened surface
flow path, a significant reduction in respouse time may oceur, as discussed in Section 2.1.2. Basin
response will depena on the number and location of road drainage points in relation to the natural
drainage network. Possible flow paths for intercepted runoff are illustrated in Figure 2-6, taken from

Wemple (1994),

FIGURE 2-6: ROAD DRAINAGE AND INTEGRATION OF ROADS AND STREAMS
Road runoff may discharge a} to a ditch-relief culvert and infiltrate below outlet, ) to 2 stream Crossing
culvert, ¢) to a gully that extends some distance downslope or d) to a gully that connects to a stream
chanuel or satrated zone near the channel (Wemple 19943,

Bilby et al. (1989) four)d that 34 % of road runoff points surveyed in three large watersheds in western
Washington drain o a stream. For their study, a defined channel below the discharge point or some
evidence of intermittent surface flow between ihe discharge point and the channel was taken to indicate
drainage into streams. About 70 % of the sites enter first-order channels (Bilbv et al. 1989). Based on

topographic surveys, Reid and Dunne (1984) found that 16 % of road runoff generated is diverted off the
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outer side of the road where it infiltrates, For the runoff that enters the ditch. 75 % of the ditch relief
points are connected to streams. Wemple (1996) found that 56 4 percent of culverts surveyed network in
two western Oregon basins in the HJ. Andrews Experimental Forest divert water directly to the stream.
Of the culverts which divert water directly to the strearn, 59 % were stream crossings. The remaining 41

4 of the culverts were connected to the stream through incised gullies (Wempie et d. 1996).

The conceniration of road drainage to points where it can follow a surface pathway to a stream increases
the effecrive length of the channel network by decreasing the [engtls of subsurrace flow.  Integration of
the road ;pd channel nerworks was found © increase the effective drainage density by 37 % in a 1.2
square km basin in the Sierra Nevada without raking into account the length of ynv new channels incised
between culverts and channel heads (Montgomery 1994).  Drainage density was increased by 23 @ in
three basins on Mettnan Ridge, Oregon {Mentgomery 1994). Based on 3 sample of 2{} % of the road
network in two hasing in the H.J. Andrews Experimental Forest, the road network was found 1 increase
drainage density by 21 to 30 %, as summarized in Table 2-1 (Wemple et al. 1596). The studies described
ahove indicate that between 34 and 68 % of road runoff points discharge runoff directly to streams as
surface tlow. The subsequent increase in drainage density and decrease in the effective hillslope length

may have z significant effect on hydrograph timing from individual catchments.

Runoff routing througk the road drainage network may actually caise a decrease in flow response from
other parts of the catchment by concentrating suhsurface water below culvert gutfails rather than over the

entire: hillslope. Removing subsurface water by road interception decreases water available downslope
for vegetatior. growth and could affect species health and composition, although this has pever been
estabiished. In addition,, if culverts are spaced too far apart, they may rob onc busin of water at the

expensz of another (Megahan 1972).  Monctgomery (1994) found that culvert locations in a southern
Sterrn Nevada catchment divert water from four headwater hollows snd subsequentiy concentrate flow in

another three. The ridge top road is paved so runoff from s road surface i maximized. Channels



began immediately downslope of culverts in the hollows with additional drainage.  Channels began
significantly further downsiope for the other four hollows. Redistribution of drainage by roads did not
alter the dominant channel Initiation process, although less drainage area was required to initiate a
channe! for hollows receiving diverted road drainage (Montgomery 1994). Wemple et al. {19948) found
that the occurrence of gullying within 10 m of the culvert cuttill increased with increasing culvert
spacing and hillslope gradient. Piehl e al. {1988) also observed outlet erosion ar 384% of ditch relief
culverts surveved in the Oregon coast range., Tha volume of eroded material below calverts increased in -
response to a larger distance between culverss. Erosion at the culvert ontlet alone does not represent an
extension of the channel head unless 1t extends all the way to a natural steearn channel. Gullying is

indicative of excess energy at the cubvert outlet and the potential exdension of channel heads.

TABLE2-1: ESTIMATED CHANGES IN DRAINAGE DENSITY IN LOOKOUT CREEK AND BLYE
RIVER (FROM WEMPLE ET AL, 1996)

PERCENT CHANGE IN DRAINAGE DENSITY

ASSUNPTIONS LookotT CREEK BLUE RIVER
Only road ditches draining to stream-crossing culverts 21% 23 %
are connected to the natural drainage network
Road ditches draining to stream-crossing calverts and 36 % 39 %
ditch-relief culverts with gullies are connected
Road ditches draining to stream-crossing culverts or 40 % 41 %

ditch-relief culverts with gullies and the gullies
themselves are connected

Road ditches draining to stream-crossing calverts or 48 % 50 %
ditch-relief culverts with guliies and the gullies
themselves are connected bus the siream network is 25
Y% shorter than estimated usine a 2 ha source area,

- ——————————_____

215 WATERSHED SCaLL EFFRiTs
Watershed size and the cumulative effects of forest management in headwater catchments affect the
ohserved hvdrograph response. Most studies involving land use change have focused on runoff changes

tor small first and second order catchments (Bosch and Hewlett 1982), Of the 94 catchment experiments




reviewed by Bosch and Hewlett (1982), only 10% of the catchments svere larger than 16 km’®, 79% of the
catchments were smaller than 2 kin'. Observed changes in runoff depth and peak ranoff rate in small
headwater catchments will be attenuated as runoff accumulates downstream. Sparial variability in total
runoff depth is reducad in the downstream dicection and is less responsive o individual subwatersheds.
Accumulation of runeff forces the runeff depth to converge to a representative value for the entire
watershed as drainage area increuses, sce Figure 2-7 {(Garbrecht 1991). The magnitude of peak runoff
rate per unit area decreases in the downstream direction (Figure 2-7). This is because the upstream
drainage area increases faster than the accumulated peak runoff rate. Since the hydrographs from
downsiream watersheds reach the downsuearn location earlier than the accumulated hydrograph, they
contribute relatively less to the peak runoff ratz. The end eftect is that spatial runoff accumulation tends
to integrate upstream conditions into one representative downstream value, diminishing the importance of

spatial variability of catchment runoff {Garbracht 1991).
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TIGURE 2-7: VARIATION OF PEAK RUNOFF RATE AND RUNGOFF DEPTH a5 a FUNCTION
OF DISTANCE DOWN THE DRAINAGE NETWORK
(from Garbrecht 1991)
The relationship between the spatia distribution of subcatchments and tie timing of hydrographs at a

downstream location is depicted in Figure 2-S taken from Garbreche (1991). Figure 2-X also illustrates

how the downstream hydrograpit may respond to road construction in g headwater catchment (Catchment



Iin the figure), using 3 theoretical hydrograph response due to roads adapted from Wemple et d. (1996).

[n addition, by changing the liming of flood hydrographs, changes in vegetation may desynchronize
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FIGURE 2-8: SCHEMATIC ILLUSTRATION OF THE INTERPLAY BETWEEN SPATIAL DISTRIBUTION OF
SUBWATERSHEDS, HYDROGRAPH TIMING AND ACCUMULATED HYDROGRAPHS
{Adapted from Garbrecht 1991 and Wemple et al. 1996)

hydrographs and actually reduce peak flows downstream (Harr 1981). The lag between subcarchment

hydrographs piaces more weight on the hydrographs whose timing coincide with the accumulated

hydrograph, generally those nigar the centroid of the basin (Garbrecht 1991). Therefore, by advancing

time to peal, road construction and forest harvest in catchments near the basin centroid are more likdy to
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desynchroaize hydrographs, while forest management activities upsurcam of the centroid may be more

likely to coincide with the accumulated hydroeraph and increase peaks downstrean,

2.2: RIVTROSPECTIVE STUDIES

The previous section focused on the existing mechanisms which interact within a basin with roads to alter
the natural basin response. Yegetation, subsurface flow, surtace ranoff generation and the road network
connectivicy all interact o affect hydrographs at the basin outlet after road construction, Because of the
hillsiope interactions and spatial accumulation of runoff it is not swaightforward to pradict the effects of
forest manngement at catchinent and basin scales. The following sections describe retrospective studies
designed 10 detect changes in watershed response following forest management activities.  Since the
cffect of forest roads often cannet be separated from vegetation changes for more than a few years,
changes due to forest harves: will be investigaed first. These stndies may provide insight into the studies

which review the simuliineous effects of road construction and forest harvest.

2.2.1:  FOREST HARVEST EFFECTS ON STREAMEFLOW

Many researchers have found a range of walershed responses to timber harvest using statistical, paired
catchment techniques. The inost consistent response detected is an increase in summer and anneal water
yield due 1o a decrease in evapotranspiration losses. For instance, Keppeler and Ziemer (1990} found a
significant increase in both annual water yield and summer low flows following removal of 67% of the
timber volume from the 424 ha Caspar Creek watershed in Northwestern California.  Relative increases
in seasonal water yi-eld were greater during the sumumer, however increases in annual water yield were
mote persistent in time. The summer flow increases generally disappeared within five years. Similar to
the Caspar Creek study, summer low flows increased 12-28% for a 23% patch-cut basin in the H.J.
Andrews Experimental Forest relative to a coatrol basin for the six years of record (Rothacher 1963). A

statistically significant increase in annual water yleld was found for several years after road construction
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and cutring, aithough none was observed for roads alone. The percentage increase in summer low flows
each year for a third basin which was 100% clear cut over a peried of years mirrored the percentage of
the basin cut. There was also a statistically significant increase in annual water yield, with much of the
increase dug w0 increased mnoff volume during fall storms (Rothacher 1963; 1970}, [ another paired
catchment study in the H.J. Andrews Experimertal Forest, one watershed was clearcur and anoﬁmr had
60% of the total basal area removed in a shelterwood cut, Annual water vields increased by 30% for the
clearcut treatment relative to an undisturbed catchment and by 22% for the shelterwood cut (Harr et al.
1982). T hé cumber of sumimer low flow days also decreased for both waleesheds,  Altheugh no
significant post-logging increase was detected, an increasing trend in annual minima foliowing logging
was observec in a paired catchment study in the Cregon Coast Range (Harris 1977). A significant

increase in annual yield (26%) was also detected after one basin was 100% clearcut.

The effect of evapotranspiration decrease on peak tlows i3 less pronounced.  In the Caspar Creek
watershed, Ziemer (1981) found increases in the first streamtlow peaks in the Antmun of almost 300%.
However, these early fali storms were generally small and had little hydrauvlic consequence. There was
no significant increase in the larger winter storm peak flows once the basin was wetted (Ziemer 1981).
Wright eg ol (1990) found statistically significant increases in total storm volume, quick flow volume and
peak flow of small storms following logging. Quick flow was separated by projectng the line from the
initial rise until it ingersectad the hydrograph falling Himb, after Hewlett and Hibbert (1967). A
statistically significant increase of the volume of three day high flows after clear-cutting was also found
in the Alsea River bgsin in western Oregon (Hirris 1977). Increases in peak flow observed in three sub-
waltersieds in the Oregon coast range following clear-cutting were higly staristically significant, Non-
significant increases in wial volume were also observed. However, interpretation of these results is
problematic because no peak during the post cutting period exceeded the mean annual peak (Harr et al.

19737,
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Rothacher ( 1965) found no measured increase in peak flows in 3 basin in the H.J. Andrew Experimental
Forast with 8% of the basin ar¢a occupied by roads and an additional 23% patch cut.  The size and
timing of peak flows was not altered significantly by ciear cut or shelterwood logging two basins in the
1.7, Andrew Experimental Forest (Harr et a. 1982). In a paired catchment study in western Oregon,
Jones gnd Grant (1996) observed increased average peak discharges of 50¢, in small basins (0.6 1.0
kin®) and up to 100% in large basing (60 6000 km’) over the past 50 years. The peak discharge record
included on average 10 storms pee year for-small basins and 3 to 5 storms per year for larse basins. They
found a significant number of storms to produce higher peak discharge, higher volume, advanced
hydrograph rise times and delayed peak times following 100% ¢learcutting of 2 small watershed, with

areater changes for small rainfall depths.

At g larger scale, Rosencrantz et a. (1995) found statistically significant increases in die instantaneous
annual peak discharge (annual maxima) for four cgtchments of the Snogualmic River basin in western
Washington from 1961 1993. The catchments have been harvested during this period and the percent of
basin area with trees younger than 20 years averages between X and 13 % for the 30 year history. A
statistically significant increasing trend was also detected in the peaks-over-threshold (POT) series for the
most heavily harvested carchment. The threshold was selected to include on average thrae events per
year, based on the mean daly discharge, No statistically significant trends were detected in the

difference series for two subcatchments with contrasting harvest histories.

Storck et al. (1993) controlled for climatological changes by analyzing the difference series between
observed streamflow and discharge simulated using DHSYM (Storck et al. 1993, Wigmosta 1994), a
distributed hydrology model, for the main stem Snoqualmie River. Since the model is driven with
observed meteorological data and vegetation is fixed in the simulation, any trends in the residual series
should be due to vegetation changes alone. No statistically significant trends were detected in the annual

maxima peak flood flow series for the main siern Snoqualmie, the POT series which included on average



one storm per year, based on mean daily discharge, or the POT series which mcluded on average two to
three storms per year, A statistically significant increase was detected in the smaller floods of the POT

series which included approximately the 2 and 3% largest storms per year {Storck et al. 1995).

in an attempt to account for the influence of accumulated snow on hydrograph response, Harr (1988)
reanalyzed Rothacher’s 1973 data from the H. . Andrews Experimental Forest. He found that peak flows
associated with snowmelt appeared to be highec following logging, with the greatest change in moderate-
sized flows. In looking at data first presented by Harr and MceCorison (1979), Harr tound considerable
variation in the relationship between peak tlows in the pre-logged basins, which seemed 10 relate 0
antecedent snow conditions.  The original analysis of two poired caichments in the FLI. Andrews
Experimenial Forest suggested a 36 % reduction and delayed response for anaual peak flows caused by
rain on snow following clear-cutiing. No significant changes were detected w flows resulting from
rainfall alone (Harr and McCorisen 1979). No clear conclustons could be drawn from the reanalysis, but
it 1s cleur that not separating data according to antecedent snow conditons can skew the results when

comparing pre- and post-logging peak flows (Harr 1986},

oo

Rosencrantz et al. (1993) partitioned the POT series for the main stem Snoqualmie River and four
subcatchments based on snowmelt contribution as a percentage of rainfall. The totwal water available for
runoff (WAR) was obtained using DHSVM. A swmtistically significant increase was detected in the POT
series from 1961 . 1993 for the main stem Snogualmie alnd the most heavily harvested subcatchment for
those avents in which snowmelt was less than 5% of precipitation. Storck et al. (1995} found that the
largest changes due to vegetation harvest in the Snoquaimie basin occurred for spring peak flows, rather
than Autumn ROS events. However, the Spring peak flow rate for this wes- slope Cascade Mountains

basin are srealler than bankfull capacity.

The etfeers of timber harvest on streamflow are varied at the catchment and basin scale. Many stadies

have demonstrated an increase in annual water vield following forest harvest (Keppeler and Ziemer 1990,
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Rothacher 1965;1970, Harr ot al. 1982). Stutistically significant increases in peak flows have also been
demonstrated (Wright ec af, 1990, Jones and Grant 1996, Rosencrantz et al. 1993, Storck et al, 1995, Harr
1986). [n many cases the change in peak flow response depends on antecedent snow conditions (Harr
1986, Rosencrantz et al. 1993). By effecting the volume and variability of subsurface water, forest

harvest wiil influence the degree of subsurface flow interception by forest roads.

2.2.2:  INFLUENCE OF CONSTRUCTED ROADS ON STREAMFLOW

Many of the paired watersheds used in the studies described above include the efiects of forest roads, but
it is difficult to segregate the effects of roads at the catchment scale. Furthermore, even in the small
number of controlled experiments that do sesregate road effects the period with roads alone often lasts
only a few years for the obvious reason that road construction usually accompanies logzing. Jones and
Grant (1996) analyzed a four year period with roads alone in a smait Western Oregon watershed. They
found that the time to-onsct of storm funoft was reduced and peak flows were higher for the largest
winter events in the study period. They concluded that the observed changes in peak flow found
throughout the record were largely attributable to changes in fiow paths due to roads (Jones and Grant
1996). Inmcan (1986) examined the combined effect of harvesting and roads -for the Deschules
watershed in western Washington in comparison to the relatively unlogged Naselle basin, on the
southwestern Wasington coast, The Deschutes basin is approximately 429 km’® and the Naselle basin is
approximately 142 km®. Using a linear regression of peak flow versus total storm rainfall depth, he found
no time trond in the residuzls for either the Deschutes or the Naselle. However, the variance in the
residuals was much larger for the Deschutes, and less than half of the variance in peak flows could be

accounted for by storm ranfall.

King and ‘Tennyson {1984 monitored the ¢ffect of road construction on six forested headwater
catchments in north central I1daho. ranging in area from 28 to 14X ha. Roads constituted between 1.8 to

43 % of the catchment areas. The annual flow variables included in the analysis were peak flow rate,
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instantangous minimum How rate, annual water yield (in mm) and the flow rate equaled or exceeded 3%,
23% and 75% of the time. A statistically significant increase in the “streamflow exceeded 25% of the
time™ was found in cne watcrshed following road construction. The road in this watershed was located
mid-slope with a potenial for intecepling sudsurface flow from a 0.5 km® upslope area. Intercepted
subsurface flow was diverted to the stream as surface flow. A statistically significant decrease was
observed in “flows exceeded only 5% of the 1ime” in the watershed which had the highest fraction of
road area. In this case the road was lecated on the upper slopes of the catchment, with only 24% of the
catchment area above the road, Desyncronization of the subsurface and surface water flow from different
units of the watershed may have .ca.used this decrease in flow rates (King and Tennvson 1984}, For
example, a decrease in soil moisture downslope of the road resulting from subsurface interception may

decrease basin response at the initiation of a subsequent storm (King and Tennyson 19844,

Harr et d. (1973) found a statistically significant increase in peak flows for e Apmumep and Winter
period following road construciion in four Oregon Coast Range watersheds,  Significant increases in
peak fiow {20%) were observed in the basin with the highest fraction (12%) road area. Roads were
scparated as a treatment effect for only one season prior to forest harvest. Hydrographs were separated
into quick and delayed flow following, Hewlctt and Hihbert (1967). The average quick flow volume
decreased following road construction, with a subsequent increase in delayed flow, However, this may
have been due to errors in determining runoff initiation. No consistent change: in time to pesk was

observed.

In Ziemer's (198 1) Caspar Creek study, in which approximately 3% of basin are:l was in roads and 10%
in skid trails and landings, the percent of the treated watershed compacted by roads, landings and skid

trails was the most significant independent variable for predicting annual fiow volume differences
between the treated and control waiersheds. [s contrast, Rothacher (1965) found no significant increase

in annual yield. after road consuuction alone in the H.J. Andrew’s Experimentnl Forest. The continued
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persistence of the increase in annual flow volurae over that of Summer low flows found by Keppeler and
Ziemer was attributed to a reduction in interception losses from roads, landing!; and skid trails, which
would not grow back, accompanied hy a minimnal reduction in soil moisture (Keppeler and Zicmer 1990).

In the same paired catchment study, Wright et al. (1990) concluded that roads alone did not significantly

affect total storm or quick tlow volumes, peak flows or lag times.

Although roads alone did not significantly aftfect the tming of basin response, lag time was decreased
approximately 1.5 hours following both road building and logging (Wright et al. 1990). The results of
the Caspur Cregk study suggest an enhanced contribution due to roads following logging (Ziemer 1981,
Keppeler and Ziemer 1990, Wright et al. 1990}, Jones and Grant (1996) also detected a synergism
hetwezn forest harvest and road construction effects for two paired catchments in the H.J. Andrew
Experimental Forest. This seems logical since an increase in water input to the soil following timber
harvest will result in more intercepted subsurface flow. Megahan (1983) found that the volume of
subsurface flow intercepted by 3 road cut increased by 2.5 times following clearcutting in the Pine Creek
catchpient in central 1daho.  An increase in the quantity of intercepted subsurface flow may result in a

more detectable road effect.

2.3: PREVIOUS MODELING APPROACHES

To date, studies of the effect of forest roads o sireamflow have focused primarily on identification of
rmechanisins and detection of effects, rather than prediction. Prediction of the effects of vegetation
changes through physically-based modeling has gznerally neglected road network effects (Storck et al.
1993, Roseacrantz. et a. 1995). Storck et d. (1993) found that observed changes in the POT serjes for
the Snoqualmie River basin were much larger than those predicted using DEHSVM, They concluded that

land use effects not represented by [YHS VM, such as forest roads, may be the cause.
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Some modeiing has been done which addresses the individual components of road network interception
of subsurface flow and rainfall excess. Dunn and Mackay (1996) incorporated the effect of open ditch
drainage into a physically based hydrelogic modd (SHETRAN). The model wag first applied with agrid

resolution of 100 m by 1000 m and ‘then parameterized to run at a resolution of 1 km by 1 km.  Ditches
running paraliel 1o the slope were explicitly added to the model as channel grid elements for the case of a
smple hillslope. The modzl was forced using data from Northumberland, UK, an area of poor soil
drainage and very high water tables. For these Smulations an increase in ditch drainage resulted in
higher peak flows, increased water table depth and increased subsurface flow, although there was no

detectable change in total runoff. The time to peak was also decreased.

The SHETRAN model was adapted to the hasin scale by parameterizng the two major features of the
ditch drainage: increased subsurface flow caused by head differences and increased speed of surface
runoff by changes in path length and surface roughness (Dunn and Mackay 199€). Application to a 114
sq. kilometer catchment in northeast Engiand indicated an improvement over previous model

simulations.

Luce and Cundy (1994) modeled hydroyraphs from forest road segments with a physically based model
of Horton overland fiow, depression storage and routing. Infiltration parameters were fit using two
different Jinear programming algorithms. Simulated hydrographs were compared to 92 hydroyraphs
observed from 11 field stes in Idaho, Montana and Colorado. The two 1p formulations both converged to
the same set of physically reasonable parameters and were able to reasonably replicate hydrographs for

other antecedent conditions and plot sizes (Luce and Cundy 1994).

Open channel ditch drainage and road surface runoff are two examples of the relatively unexplored
model components which must be accommodated in g physically based hydrology model to account for

road network effects. The modeling approach taken in this study is further explored in Chapter 4.



CHAPTER 3 ¥ELD DATA COLLECTION

3.1:  BASIN CHARACTERISTICS

Field investigation of the mechanisms associated with forest road interception and routing of surface
runoff was conducted in Hard and Ware Creeks, two headwater catclhunents of the Deschutes River in
western Washington (Figure, 3-1). These two adjacent catchments are separated by a steep southeasterly
trending ridge and drain to the southwest. Wire Creek is 2.84 km' in area; Hard Creek area is 2.31 km'.
The basins are characterized by stegp, v-shaped valleys, as illustrated in Figure 3-2. Elevations range
between 463 1220 meters in Hard Creek, with slopes between 6(-100%. Ware Creek is slightly lower
in elevation, ranging between 457 - 1180 meters, with slopes between 40-60% (Sullivan et a. 1987).
Slopes are underlain by resistant and weathered andesite, basalt and hreccia bedrock. Soils are stony and
shallow, averaging 0.6 meters depth in Hard Creek and 1.0 meter depth in Ware Creek. Ware Creek soils

are finer textured, derived from softer, more highly weathered bedrock (Sullivan et al. 1987).

3.1.1:  PRECIFITATION

Average aanual precipitation measured at the lowest elevation in the basins, just upstream Of the
conflzence of Ware Creck and the Deschutes River is 2600 mm/year. This average is relatively high for
an elevation of 460 m. Comparison of Ware Creek precipitation with four regional precipitation gauges
indicates that Ware Creek precipitation is much higher than other gauges in the same elevation range (see
Figure 3.3, The predominant storm path ;cross the basins is from the southwest although there is
significant variability. This is evident from :he frequency of tie estimated $3C millibar wind direction
interpolated to a point in the basins, illustrated in Figure 3-4. ‘The high annunal precipitation and
predominant storm direction suggasts that air masses traveling inland from the Pacific Coast have already

undergone sormne orographic lifting to pass over previous ridges, causing relatively high precipitation at
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FIGURE 3-2: PHOTO OF Harn AND WARE CREEK WATERSHEDS
(taken from Hard Creek looking north east)

the Ware Creck precipitation cauge. ‘This reducesths orographic effect observed within Ware Creek itself.
To investigate the effect of orographic lifting on precipitation a sccond precipitation gauge was installed
within Ware Creek at an clevation of approximately 855 m for three months in 1996. The second gauge
shows that there is some increase in precipitation with elevation, averaging 3789 mm/yr/km gver the period
of record. This variation within the basin can cause significant giffercnces in storm totals. Figure 3-5
illustratas the differences in rainfall hyetographs recorded for an extreme event in February 1996. Total

storm precipitation differed by 51 mm for the four day event.

The basins have 4 Mediterranean climate, with the greatest quantity of precipitation Falling in the autumn
and winter, On average, based on data from 1974 through 1993, November is the wettest month and July

is the dryest month. Average precipitation hy month is shown in Figure 3-6. The basins lie almost
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elevation in Western Washington. Thin sncowpacks develop and melt several times throughout the

winter. Snow accumulation at the basin outiet usually only amounts to a few centimeters and melis very

quickly.

The highest basin elevations are generally snow covered between December and March.

Intermediate elevations may develop a 0.5 mewr snowpack 210 3 times throughout the winter.
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3.1.2: TEMPERATURE

Average annual temperature is 2.6 “C at the base of Ware Creek and 3.0°C at the base of Hard Creek.
Alr temperature measurements for 1993 are available at both the outlet of Ware Creek and the top of
Cougar Mountain, the highest point in the Deschutes watershed. The data were used to investigate the

change in temperature with elevation within the basins.

Air temperature in the near surface layers usually decreases with elevation.  Under appropriate
meteorological conditions, temperature inversions can form, causing temperature to increase with
elevation. Temperature inversions are most likely to form during early moming hours under the

following combination of conditons (Bras 1990):

Clzar, cloudless skies and dry air;

Calm, stable air;

Long nights; and
e Snow-covered ground‘

Steep lapse rates generated by high air temperatures ngar the ground usually destroy 4 surface inversion
before noon. As the day progresses temperature lapse rates may reach the dry adiabatic lapse rate of 10

*Clkrn (Linsley et al. 1982},

Inversions occur quite frequently between Ware Creek and Cougar Mountain, The frequency of
inversion occurrence by month and time is summarized in Table 3-1. Temperature comparisons were
made at &-hour time intervals. Causal factors were investigated using a swrrogate for cloudiness,

precipitation and wind gpeed to predict inversion occurtence. This is described further in Chapter 3,



;H

The observed temperature lapse rate behaves differently depending on the time of year, as indicated in
Figure 3-7. During the summer months, the wmperature lapse rate reaches a maximam (negative) value
of 7-8 "Cfhme at 6 pm. The daily Ware Creck temperature has a reuch lacger range than the Cougar
Mountain temperature. Over night, the lapse rote becomes more positive as the Ware Creek temperature
dieviaies further below its daily mean. I the Ware Creek temperature drops far enoush, o temperatuse
iversion oceurs. [t is not clear why the “Ware Creek temperature should vary more than Cougar

Mountain. The gauge is more shiclded due o both the valley location and the presence of mature forest,

Tanrk 3-1: FREQUENCY oF TEMPERATURE INVERSIONS
BY MONTH FOR 1995

9o OF MONTH & OF INVERSIONS OCCURING FOR EACH TIME
MonT W/ INVERSION MIDNIGHT - 6 6 AM - NOON NOON - 6 6 PM -
LAYER AM PAL MIDNIGHT

January 20 23 23 31 19

Febrary 39 23 30 25 23

March 31 29 24 16 26

April 18 41 32 0 27
Mav 29 47 42 0
June 23 4 37 4

fulv A 33 15 0 30

September 33 23 23 31 23

October 31 26 20 21 24

November 23 249 20 18 25

December 31 260 | 26 24 24

Note:
~o Cougar Mceuntain temperature data was avaiiable for August.

The lapse rate dees not depend on the diumal cvele during the winter months.  As shown for December
1995 in Figure 3-7h, there s significantly more vagdability of each station relative to the other. In
addition, inversions appear to be equally likely anyume of day. This scems to be because inversions may

fust for several days once stable condidons prevait,
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3.1.3:  DISCHARGE

Mean annuad fow i 0,19 m™/s (0066 m’/s/km’) far Ware Creek and 0.13 m’/s (0.056 m’/s/ ki) for Hard
Creek, The greatest quantity of runoff usually occurs in December and January for Ware Creek, in
response to heavy raing coupled with snowmeit. On average, the greatest runoff in Hard Creek occurs in
December.  However, both basing usually have several runoff peaks throughout the rainy season.
Average discharge by month for both basing for the period 1974 - 1993 is shown in Figure 3-8, For
intermediate events in the fall and spring the basin résponds quickly to rainfall, depending on antecedent
conditions, Busin response (o a typical storm occurring in October 1993 is shown in Figure 3-9a. This
was the tirst significant stonm of the season and soil moisture would have been near the seasonal low.
Total precipitaion between QOctober 8" and 16" was 127 mm.,  Total discharge for this period was

110,000 m" for Hard Creek and 117,000 m’ for Ware Creek. Time to peak for the first 16 hour burst of
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FIGURE 3-8: MONTHLY MEaAN DISCHARGE, 1974-1993
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rainfall was approximately 4 hours. Basin response to a similar storm occeurring in January 1996 with wet
antecedent conditions is shown i Figure 3-9%. Total precipitation between January 5" and January 12"
was slightly lower at 112 mm. However tor! discharge for this pericd was 314,000 m’ for Hard Creek
and 306,000 m’ for Ware Creek, Time to peak for the entire rain storm was less than one hour. It is also
interesting to note that although Hard Creek i3 smaller in area, it has a higher discharge for the January
storm. This may result trom higher precipitation in Hard Creek due to its slightly higher elevation.

314 FOREST MANAGEMENT

Hard and Ware Creeks lie entirely within the Weyerhaeuser Compay’s Vail Tree Farm where extensive
harvesting and road construction have taken place, beginning in the 1930%s, The road construction and
harvest history for Hard and Ware Creeks is summarized in Table 3-2. Logging began in 1974 and
continues to the present. Vegetation consists primarily of Douglas-fir (Pseudotsnga menziessii), western
hemlock {Tsuga heterophylla) and Pacific .s.ilver fir (Abies amabilis). Harvested areas have been

replanted with Douwglas-fir, but regrowth has been limited in many areas. A rich undersiory of meadow

grass and bushes has developed in these areas (see Figure 3-10).

TABLE 3-2: HARD AND WARE
CREEKS LanD USE HISTORY

WARE CREEK HARD CREEK
Basin aren 2.8 ki’ 2.3 km’
Road construction 1973 -1 1977 - 1980
Total road length 10.7 km 114km
Harvesting 1979 - present 1984 - present
Harvested area (estimated) | 66 % 33 %

The majority of road construction in Ware Cresk was conducted between 1973 and 1984 (Sullivan et al.
1987). However, an additional 2.3 km of road were constructed at an unknown time between 1987 and

189935, The length of roads consiructed over me is illustrated in Figure 3-11. Roads were constructed
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by cut and fill. Excavated materiai from the road cuy is used as the foundation for part of the road bed.
Construction of roads in such steep terrain requires constderable excavation 1o produce a road surface of
required width, and cutslopes are therefore quite high in some places. Cutslopes range in height from 0

meters on the: ridgetop roads to over | () meters for midstope roads, as shown in Figure 3.12, Iy many cases

the ¢yt intercepts the entire soil column, and vertical bedrock forms the roadeut in many places.

FIGURE 3-10: PHOTO OF REGENERATING CLEAR-CUT IN WARE CREEXK
(looking west, showing ahtllslope across the Descutes valley in the background)
Continuous seepage of subsurface flow is visible in many parts of the basin, Unweathered bedrock
outcrops oflen have a moist face with seepage visible b.etween cracks. Based on observation alone, a larger
velume of subsurface tlow seems to be intercepted in zones ol locally deep soil. Macropores appear to be
the main mechanism for transport of this subsurface water and several different points of exfiltration can be

observed on exposed sandy banlas.




Ditches are hned with either very coarse rock fragments or vegetation. Infiftration rates are very high in
the crushed rock and intercepted subsurface flow often infiltrates into the ditch between storms. As in
most forested catchments in the Pacific Nertawest, surface overland flow is limited on the hillslopes,
However, it is common for flow to concentratz in the top few inches of soil just below the root mass in
clearcut areas. Runoff travels in this surface zone and. accumaulates in small topographic depressions,
The subsuwrface stream is typically audible bencath the tangle of roots and surface vegetation, but it is not
visible from the surface. These subsurface sireams of water emerge from the cuwslope just below the

vegetation layer and are subsequently routed through the ditch drainage network. This phenomenon was

only witnessed in clear cut areas,
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32  STUDY SITE SELECTION
Peak culvert discharge was measured for thirreen road segments within the Hard 3nd Ware Creek basins.

Road segrnents were selected based on characteristics considered most influential tgp generating a road

segment response. including:

¢« Hillslope position and elevation;
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FiGure 3-12: Two EXAMPLES oF ExPOSED CUT SLOPES



s Soil depth and bedrock condition; and

«  Vegeration treatment above the road segment.

The cross-section of characizrisiics of the chosen locations are suminarized in Table 3-3. The focation of
monitored culverts and the area contributing o each are shown in Figure 3-13. Contributing areas were
calculated by delineating the upslope portion of land draining (o each monitered road segment.
Delineations were performed by hand in Arc/info (Geographic Information System sottware produced by
the Environmental Systems Research Inc.} nsing elevations from a 30 meter resolution digital elevation
model (DEM), Using this technique the boundary of the contributing area 1s most likely placed within
the correct 30 m pixel. Therefore, the most error in this technique comes from placement of the
boundary of the contributing area within the pixel. The placement of the boundary within the pixel may
be off by up to one bhalf the pixel width. Assuming that the boundary was placed in the correct pixel, this
could resuit in an error in the contributing area by up to one-quarter the pixel area or 225 m’ for each
border pixel. The contributing area and the road length draining to each culvert are sumumarized in Table
3-4. An estimate of the range in error associuted with the contributing area calculation is also included in

Table 3-4.

Crest recording gauges were constructed at the entrance to twelve culverts. The gauges consisted of a 4"
(10.2 c¢m) diameter stilling well and infet pipe, as shown in Figure 3-14, Peak stages were measured
using floating cork and were recorded periodically from January - Mav 1996. Stage was measured as the
distance from the top of the gauge to the uvppermost cork tine. These values were later transformed to
stage above the culvert lip by subtracting them from a measured base distance between the culvert lip to
the top of that gange. The discharge rate was measured in triplicate for ditfersat stages by timing and
capturing the discharge from the ¢ulvert owrtall in a five gallon bucket. The stage-discharge curve for

cach culvert type was derived using a combinafion of field measurements and experimental results from



TABLE 3-3: CHARACTERISTICS OF ROAD SEGMENTS SELECTED FOR MONITORING

HHLSLOPE POSYFION UBSLOPE VEGETATION SO CHARACTERISTICS PREDOMINANT HUNOYE Cur SLoeg HEIGHT
MECHANISM
Bask Mip Top InIM, MATURE Soir. | Soi/B BED, Roan sSuB Borh <16 10-20 > 20
: ED ‘ KT I K

HOO7 X ' i X X X
HOTO X X X X X
HO1& X X X X X
H(23 X X X X X
HO28 X X X X X
042 X X X X X
46 X X X X X
Wild X X X X X
WOL8 X X X X X
W029 x X X X X
W32 X X X X X
W03% X X X X X
W33 X X X X X

£c
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FIGURE 3-13: CULVERT LOCATIONS AND CONTRIBUTING AREAS
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TABLE 3-d: CriverT CONTRIBUTING AREAS AND
Roap LENGTHS

CULVERT CONTRIBUTING AREA CONTRIBUTING ROAD LENGTH (M)
D AREA ErROR ToTaL INSLOPED OUTSLOPED CRrOWN
{11a) HA)
HOO7 7.67 0.60 164.4 83.9 733 0.0
HO10 1.17 0.22 1443 165.5 303 1283
H)18 2.27 0.72 160.9 93,2 101 37.3
HO23 0.49 .22 16.1 16.1 .0 469
HO238 3.89 0.54 202.8 37.4 398 63.6
HO42 6.93 1.04 250.3 82.5 104.6 734
HO46 422 0.68 1884 08.3 0.0 91.1
WO l4 7.27 0.72 147.8 113.8 0.0 32.0
W13 1.9 0.40 347.3 - - -
W20 0.73 0,40 02.0 238 149 533
. W032 1.77 0.76 111.6 38.4 321 21.1
W3R ; 1.34 0,40 136.0 0.0 737 713
W33 : 1.09 (.40 191.6 0.0 0.0 191.6

the Federul Highway Administation (FHA) {Normann et al, 1983, Ditch relief culverts in Hard and
Ware Creeks we cormgated metal, They gencrally have a pool of water at the upstream end and a free
fall at the culvert outlet, so there is no backwater influence on the water surfuce profile within the culvert,
Culvert slopes are hydraclically steep, ranging between 0.02 and 0.14 for the monitored road segments,
These conditions create an inlet-conuolied situation, so discharge can be estimated from the head at the
culvert inlet. For each of the monitored road segments, the pool in tfront of the calvert was enlarged and
deepened when the crest gauge was installed. Sediment was removed from the pool periodically, after
large storms. Nevertheless, the pools did tend 1o fll again rapidly. For the range of stages measured in
Hard and Ware Creeks, velocities in the roadside dirch were generally low and were further damped by
the pool at the inlet to each culvert. Therefore. the velocity head of the pool car be neglected, and the

headwater depth at the culvert talet, HW, 13 equal to the stage above the lp of the culvert pipe,



FIGURE 3.14: EXAMPLE CREST-RECORDING GAUGE

The FHA has developed guidelines for the hydraulic design of highway culverts based ¢n laboratory
experiments to determine culvert diameter and entrance type based on design discharges (Normann et al.
1985). Culvert entrance types include headwall, projecting or mitered to conform to slope. For a known

entrance type and culvert diameter, the normalized headwater depth over diameter can he used to determine
the discharge in cfs from the design table for a corrugated metal pipe with inlet conwrol (see Figure 3-15).
However, since this table was derived for design considerations. it is concerned with maximum discharges
and does not extend low enough for most of the field observations in Hard and Ware Creeks. It was

therefore necessary to extrapolale below the end of the discharge and HW/D lines shawn in Figure 3-13.
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The space bhetwcen each {15 increment on [he HW/D line in Figure 3-15 was found 1o follow g

exponcential profile, of the form:

y=ce™*

3-1

An exponential profile was fit to the incremental distances {in mm) between values of headwater depth

over diameter for the headwall and projecting entrance types, as shown in Figure 3-16. The parameters

of the derived curves, ¢ and 0, are given in Tuble 3-3. The incremental distance in mm between each 0.5

cfs on the discharge line was found to fit a power curve, according to;

The fitted profile is shown i Figure 3-17 and the parameters are given in Table 3-3.

y= o

TABLE 3-5: CORVE-FITTING PARAMETERS

DESCRIPTION PROFILE C B
Headwall HW/D Exponential 32.78 -2.009
Projecting HW/D Exponential 26.52 -1.72%

Discharge Power 11.71 -1.098

The 12 monitored ditch relief culverts were grouped into one of four categories:

&

¢

The characteristics of each of the monitored culverts are summarized in Table 3-4.

L8” projecting entrance;

18" headwall entrance;

13" projecting entrance; and

15" headwall entrance

In some cases, the

culvert entrance has been damaged and is no longer ronnd. The original pipe diameter was ased in these
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cases, but the entrance conditions will impose some error on the observed discharge. The fitted profiles
of incremental distance were used to extrapolate discharge from Figure 3-13 down to HW/D values of
0.2, Discharge values from the expanded char: were plotted in conjuncﬁon with observed values of stage
and discharge for each of the four culvert caiegories. A polynomial was fitted to each of these values to

obtain a stage discharge curve for each culvert class. The fitted stage-discharge curves are shown in
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TaBLE 3-6: DISCHARGE CALCULATION PARAMETERS

CrLvirriD ENTRANCETYPE SLoprg P1rE DIAMETER BASE DISTANCE
{EINCHES) {INCHES)
HO10 Headwall 0.02 13 21,13
HO1% Headwall 0.02 13 22.50
HO23 Projecting (.14 15 22,60
HOZS Projecting 0.07 13 21,69
HO42 Fleadwall 0.07 15 24,56
H46 Headwall (.02 18 23,13
WOt Proiecting 0.03 . 13 1681
WOLR Headwall 0.04 1€ 19.88
WOrG Headwall 0.02 18 2788
W32 Projecting 0.02 18 24 88
WSS Projecting 0.05 13 20.40
W51 Headwall (.06 18 21.06
Notes:

1 Base distonce is the distancs from the top of the crest-recording gauge to the culvert lip. It is used to
¢ adjust the measurements of stage (measured from the top of the gauge o the
1 cork line) to height above the culvert lip.

Figure 3-18.  Discharge for recorded peak stages was obtained by reading from the derived stage-

discharge curves. No observations of peak stage exceeded the height of the culvert.

Sharp-crested V-notch box weirs were constructed on either side of a thirteenth road segment to segregate
subsurface und road surface runoff. One weir captured runoff generated by the road surface. The other

captured primarily subsurface flow captared by the roadside ditch.

Discharge through & wewr can be calentated according to:

Q=C, tan(%)\/;g HY 3.3

Where 6 is the notch angle and H is the head above the crest of the v-notch.  C, is the discharge
coefticient. taken to be 044 for @ v-notch weir meeting prescribed geometry 2uidelines (Leupold and
Stevens 1578). These guidelines specify that the width on either side of the notch should exceed twice

the maximum head above the weir crast, o additdon, the height of the weir crest above the bottom
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should exceed twice the maximum head above the weir crest, as illustrated in Figure 3.19. The
completed weir dimensions are also given in Figure 3.19. As can be seen from this figure, the weir
height does not exceed twice the head for the highest observed flows. This may result in 3 departure
from the theoretical equation for these flows. No values for observed discharge are available for
comparison. Due to the low velocity of the observed flows, the departure should he small, and the

theoretical equration was used for calculations of weir discharge. -

A=244 C_"L{
N\g=60, H=10.5cn
AS2H _ T
Cofl C~I5|.2 cm

FIGURE 3-19: WEIR CROSS-SECTION

3.3:  ROAD MONITORWING KESULTS

Crest recording gauges were installed in early January 1996. Peak stage during the interval from the
previous ohservation and stage at the time of observation were recorded approximately once per week
from Januvary June, weather pemmitting. All sites were inaccessible for much of January due to snow.
Sites were aiso inaccessible the second week of February due to numerous road failures following a large

stonin February 5-8, 1996.

Based on these observation:; the 13 monitored road segments can be divided into the following three

categories:
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s Class 1: Pcak tlow responding culvers: Segments W014, W029 and HO28;

o« (Cass 2. Continuosly responding culverts: Segments H042, W0 18 and W038; and

o (Class 3: Frequently responding culverts: Segments W032, W033, HOL0, HOT8, HO23 and

HOO7 (weir location).

Culvert HC46 never registered a response.  In addition, the weir designed to caplure subsurface flow
never registercd a response above the weir crest. This was most likely due to infiltration losses from the
bottom of the gauge. The peak flow responding segments only registered stages above zero for the 2 or 3
largest storms over the period of record.  Frequently responding road segments registered discharge for
most rainfall events, but would dry cut afier a period with no precipitation. Continuously responding
road segments received continuous subsurface flow throughout the summer after long periods with no

precipitation. Each of these categories is explored further below,

331 pPrak FrLow ResponpiNG CULVERTS

The characteristics of the three culverts which enly respond to extreme ram events do not lead to a simple
explanation. Culvert W(14 has the second largest contributing area, W29 has the smallest and H{328
has an average contributing area. The recorded peak flow responses normalized by contributing area for
culverts W14, w029 and H028 are shown in Figure 3-20. As shown in Table 3-4, the error associated
with delineation of the contributing areas is high. Recorded peak stages were assumed to occur on the
date of maximum daily rainfall since the last recorded stage. Significant peak stages were recorded for
these culverts for the two largest storms aver the period. The first storm occurred from February 3-8,
Total precipitation for the tour day event was 365 mm. Less than one-third of the toral precipitation of

the February stomm, 148 mm, fell during the second storm between April 22-24.

Culvert WO 14 is located in 2 small topographic hollow covered in mature forest. In addition, the ditch

leading to the culvert recerves soma runoff from the road surface. There is a large depression directly in



front of the culvert mouth that is often damp. This depression is overgrown with skunk cabbage
(Lysichitum americanum) during the spring and summer. It appears that this area must allow any surface
runoff to nfiltrate and teavel as subsurface {low under the road surface for moderate rain storms. For
extreme events, the soil matrix becomes sufticiently saturated that surface runoff can no longer infiltrate

and i3 forced 0 travel through the road culvert.
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FIGURE 3-21: PEAK DISCHARGE FOR PEAK FLOW RESPONDING CULVERTS
In contrast. Culvert W020 is located on a straight hillslope with an exposed, loose sand cutslope
approximately 3 meters tall. Seepage was never observed from this slope. The road segment adjacent ip
this culvert is part of along straight stretch with very little lateral slope.  Surface runoff is routed along
the road surface which is evident from surface erosion and gullies. Many prominent new gullies were
formed following the February storm which directed much of the surface ranoff vver the side of the road
onto the filislope. The location of the surface channels was observed to change over the season, possibly
increasing the fraction of surface runoff diverted to the roadside ditch. Thus, the increase in response for
this culveri for the April storm may be a result of changing surface runoff patterns. in addition, the cork

line from which peak stage 15 read was scattercd and unclear following the February storm. This may be



due 1o several fluctuations in the peak flow over a period of hours. In any case, the peak discharge

recorded for the February storm may be inaccurate,

The gauge at Culvert HO2R was not operating correctly for much of the season, including the February
storm, so it is not clear if this segment will only respond to peak flows, Culvert HOZ8 also showed a low
response tor a much smaller rain evenr on May 18" (37 mm total precipifation). The roadside dirch
draining 1o this cubvent does not receive significant road surface runoff.  Subsurface seepage was
observed emerging from a fractured bedrock cutcrop directly above the culvert mouth.  This small
seepage stream flows to a large vock-lined area in front of the culvert and often icfiloates. Therefore, the

response could be controlled by the same mechanism as Cuivert WO 14

33.2:  CONTINUOUSLY RESPONDING CULVERTS

Culverts H042, W018 and W038 showed i peak response for aimost every observation period and
discharge frequently continaed over extended dry periods. Figure 3-21 iliustratcs observed and peak
discharge over time for each of these culverts. Although the general pattern of response is similar, there

are several important differences in how these road segments respond to rainfall ¢vents.

Culvert H)42 is located in an area of mature forest just below a slight topographic hollow. The cutbank
varies from 3to 6 meters in height and is composed of a mixture of bedrock, exposed soil and vegetation.
It has a large upslope contributing area, but recsives negligible road surface runoff. A steady flow of
water way first observed to be seeping from i fractured bedrock outcrop just zbove the culvert. The
phserved seepage wag later traced (o asmall girpam that begins approximately 100 meters up the hillslope
and flow nver the exposed bedrock of the cutslope. There is no clearty defined incised channel for this
surface How The discharge from this culveri appears to be consistent with the rainfall record ang was

never observed to be completely dry.
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FIGURE 3-21: IMSCHARGE V8. TInE FOR CONTINUOUSLY RESPONDING CULVERTS

Culvert WO12 is located on the opposite side of the ridge from Culvert H042. It is clearcut upslope with
very little pverstory regrowth. The cutbank is L-:omposed of unvegetated toose, sandy soil, approximately
5 meters deep. Several macropores are visible which seep constantly. Subsurface flow is captured by the
roadside ditch all along the exposed face. The road segment is fairly flat with many holes and
depressions and no clearly defined laterat {low direction. It appears that precipifation from most
moderate events pools on the road surface and eventually infiltrates. The coniributing area for this
culvert is approximately 2 ha. This is the constant area threshold which was found to be appropriate for
stream iniliaion when concentrated at a point in the Hard and Ware Creek watershads, as described in
Chapter 4. Given this information it is not surprising that a roadside ditch which is able to capture the

distributed flow from this subsurface area is found to contain discharge most of the time.
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Culvert W03K is located at a simifar elevation to Culvert WG18 on the opposite side of the Ware Creek
basin. However, this segment is closer to the ridgetop and in a much more exposed location. The aspect
of the road segment is almaost due west and it always seems much windier at this site. The contributing
area is clearcut although smaller than the contributing area for W018, As would be expected, Culvert
W34 had a consistent bat somewhat smaller response than Culverts HO42 and WOE up until the April
22 storra. Following that event, it responds significantly more for the April storm and two subsequent

peaks than Culvert HO4Z

3.3.3:  FREQUENTLY RESPONDING CULVERTS
The remaining group of respond frequently to moderate rainfall events to channel runoff efficiently trom
the road and ditch. However, they do not contnue to flow for a significant time following precipitation

cvents.

To investizate the role of physical factors on the effect of roads on watershed function, the flow response
from these culverts was analyzed according to hillslope position, soil depth, age of upslope vegetation
and predorninant runoff mechanism. Nermalized peak flow response according to hillslope position is
shown in Figure 3-22(a). From this figure it appears that the largest peaks are eften associated with
culverts located at the bottom and middie of the hillslope, althcugh therz is not a consistent trend. It is
logical that the trend s insignificant since the discharge data are already normalized by the contributing

ared.

Figure 3-2(b) shows the flow response according to upslepe vegetation age. [In this case, all of the
largest peaks were recorded for road segments below pmmature forests. This reflects the importance of
antecedent conditions on subsurface flow generation. Increased soil moisture for the clear-cut plots may

have made these segments more respensive to precipitation events.
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Figure 3-23(a) shows the relationship between sotl type and segment flow response. This figure indicates
that the largest observed discharges are associuted with regions of deep soil. This seems consistent with
observations. The exposed soil slopes appear loose and porous, with many visible macropores. In many
locations the bedrock appears fairly dense, with large spaces between fractures. There is one large
discharge value associated with dense bedrock. This culvert drains two rock outcrops divided by a slight
depression and tallus slope. There 13 evidence of a past slope faiture in the tallus region. The high peak
discharges associated with this site may indicate the development of surface flow in this region under

saturated conditions.

Finally, the relationship between road runoff mechanism and peak discharge is illustrated in Figure 3-
23{h). For only one rain event is the fargest observed discharge associated with road runoff alone. The
magnitude of the respense from e road surface is limited by the contibating lengds of road. Since the
roads in Hard and Ware Creeks are steep and curvy, the lateral road slope changes frequently. Surface
road runoff is often directed over the side of the road, decreasing the peak concentrated flow observed at
the culvert. The mechanism for the highest tlows is spiit fairly evenly between road segments with
subsurface contribution alone and segments with both subsurface and surface runctt components, This is
likely dependent on the timing and magnitude of the precipitation event. For extended storms sﬁch as the
February event, several days of rain created saturated conditions and initiated subsurface flow. When the
highest intensity rain fell on February 8" the rearly instantaneous runoff from the road surface coincided
with the subsurface responsé, creating a larger peak flow. For shorter events, the subsurface and surface
responses may be offset, creating respenses of similar magnitude among culverts receiving subsurface

flow slone and culverts receiving both subsurface and surface flow.

3.3.4:  EXTREME STORM EVENTS
Two signtficant stormn events occurred during the study pertod which merit closer examination. The

February 1996 event caused flooding in Orzgon and the southern third of Washington State,  The
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precipitation measured at Ware Creek between February 5 - 8, 1996 is shown in Figure 3-24. A
neighboring river, the Chehalis River near Doty, WA tied a 37 year (low record of 27,300 ¢fs during this
evenl. In addition, the Chehalis River exceeded all records at gauge locarons Iurther downstream. The
Nisgually River. near Mational, WA peaked at 20,000 cfs, exceeding the previous flood of record fora 33
vear record, The previous food of record was 17,100 ¢fs which occurred on December 2, 1977, In the
Deschutes basin itself, storm damage included several slope failures along the road aetwork as well as a
debas flow initiated in Mine Creek, a tributacy adjacent to Hard Creek. The debris flow washed out the

road above a culvert crossing in the headwaters as well as a bridge farther downsteam {Figure 1-1).

Hourly Precipitation (mm)

Date

FIGURE 3-24: HOURLY PRECIPITATION 2/5/96 - 2/8/96

TOTAL PRECIPITATION = 417 MM

PEAK INTENSITY = 174 MM/DAY
Far a secoud storm. in April 1996, roughly one third of the towal precipitadon of the February storm fell,
bt at similar intensity for the two day event. The recorded precipitation for this event 13 shown in Figure
3-23 The recorded discharge for the February and April storms normalized by the culvert contributing
area is shown in Figure 3-26 for eleven of the culvert locations and Hard and Ware Creeks. Several
features stand out in this figure. The gauges for road segments HO2S8 and HOO7 wore not functioning

during the February storm. Culvert HO18 shews a negligible response tor the April event. When this
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culvert was checked on April 277 it was no fonger reading the correct current staze due to about 135 cm of
accurnuiated sedimernts which blocked the inlet hose. Therefore, the recorded peak may not be accurate,
Culvert W32 also shows a much lower respoase for the April event. As discussed in Section 3.3.3, this
ray be a result of overland flow during the February storm. The response for culvert WO29 in April
exceeds the response for the February stomn. The differsnce may be due o alteration of surface ranotf

flow paths over time, or inaccuracy of the February peak measurement.

Flourly Precipitation (nuy)

Date

FIGURE 3-23: HOURLY PRECIPITATION 4/22/96 - 4/23/96

TOTAL PRECIPITATION = 148 My

PEAK INTENSITY = 128 MM/DAY
Tor both peak events Hard Creek shows a larger response per unit area than Ware Creek. Although the
Ware Creek basin has been clear cut significantly more, the Hard Creek basin has a greater road and
drainage density. In addition, the Hard Creek basin is slighidy higher in elevarion and therefore may
recelve graater precipitation. Average summer runoff (April trrough September) is consistently higher
for Hard Creek than Ware Creek for the period 1973 - 1983 (Sullivan et al. 19871, However, for winter

flows (October through March), the average normalized runoff for Ware Creek excesds Hard Creek flows

for 1975, 1976, 1984 and 1985. Road construction began in Hard and Ware Creeks in 1976 and 1974,
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respectively. Harvest began in 1984 and 1979, respectively. In 1984 and 1983 67 ha were harvested in
the Ware Creek basin, compared to only 2 ba in the Hard Creek basin (Sullivan et al. 1987). Therefore,
the differcnce in response for these two basins seems to he tied to both forest harvest and road

construction, as well as natural climatological conditions,

1. km)
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Peak Discharge
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F1GURE 3-26: PEAK FSTIMATED DISCHARGE FOR THE
FEBRUARY AND APRIL STORMS



CHAPTER 4: EFFECT OF ROADS ON SURFACE AND SUBSURFACE F'LOW PATHS IN
HARD AND WARE CREEKS

As described in Chapters 1 and 2, road networks in forested catchments capture water through intercepied
subsurface flow and direct runoff from the road surface. Runoff captured by the road network is routed
through the readside ditch uatil it either intercepts a stream crossing or ditch relief culvert. Road runoff
enters the nataral drainage vetwork directly at stream crossings. Ditch relief culverts transter runolt from
the roadside ditch to the opposite side of the road where runoff is discharged to the hillslope below the
road. Runoff which is diverted to the hillslope can either reinfiltrate at the culvert outfall or travel as
surface flow in an incised gally below the cuivert outfall (Figure 2-6). Therefore, runoff captured by the
road network can travel to the basin outlet entirely as surface flow through two flow paths: by entering a
strearmn crossing culvert or through a ditch relief culvert and eroded gully which extends to the natural

drainage network.

The drainage density, taken as the total length of all channels in a basin divided by the basin area, is one
of several linear measures used for comparison of the scale of topographbic features. Horton (1945) used
drainage doensity to characierize the degree 0* drainage within a basin . If drainage density is assumed to
be constant everywhere in a catchment, the average length of a contributing hillslope is approximately

one-half the average distance between streams, or:

1 A
L = /éD - ALY 41

Where D is the drainage density, 4 is the basin area and L is the tetal length of channels within a basin
{Horton 19435). In the Pacific Northwest, very little runoff travels as overland flow, so L, is a measure of

the length of subsurface flow. An increase in the draivage density decreases the length of the subsurface
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flow path, which will result in changes in travel time to the basin outlet. By converting subsurface runoff

to surface runoff, the road network also decreases the length of the subsurface pathway, as illustrated in

Figure 4-1.
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FIGURE 41 ILLUSTRATION OF SURFACE FLOW PATHS DUE TO A ROAD NETWORK

The significance of a change from subsurface o surface flow depends on the natural method of runoff
generation in a catchment, as discussed in Sec:ion 2.1.2. Conversion of Darcian flow through the soil
matrix to surface flow can substantially increase the flow velocity (see e.g. Dunne and Black 19702),
whereas localized pipe flow velocities may already approach the velocity of overland flow (Ziemer and
Albright 1987, Smart and Wilson 1984). Pipeflow networks have been dernonstrared to account for up to
95 4 of subsurface flow {Tsukamoto et a. (1982). The proportion of subsurface pipeflow will vary with
time, geological setting and antecedent wetness (Smart and Wilson 1984, Tsukamoto et d. 1982, Ziemer
and Albright 1987). Therefore, conversion of the flow path will result in different changes for variable
regions of he watershed. (o some cases, flow emerging from the subsurface will arrive gt the basin
outlet more quickly. At other times, runoff may trayel at comparable speeds over a different flow path.
In alt cases, runoff captured by the road network will travel a different route to the basin outlet which will

most likely change the (ravel time. Even dight changes in timing will tend ty increase or offset the



accumuiatad basin hydrograph, as discussed in Section 2.1.3. The degree of change in natral flow paths

can be related to the length of road ‘channels” which supply surface runott to the natural stream network,

The length of road channels which contribute surface runoff to streams depends on the number of stream
crossing culverts and the occasrence of eroded gullies which extend to the drainage network. Cuivert
spacing, road location and tcpography will all influence the amount gullving that takes place. Guidelines
for the placement of ditch relief culverts on federal lands are specitied by the USDA Forest Service in its
Road Preconstruction Handbook (USDA Forest Service, 1987). These guidelines include consideration
of road gradient, surface material, soil type, runoff characteristics and the expected effects of water
concentration below the road. Piekl et a. (1988) observed outlet erosion at 38% of surveyed ditch relief
culverts in the Oregon coast range, with an incrzase in erosion volumes relative to distance between ditch
relief culverts. For any contributing mad length, Wemple et al. (1996) found that the likelihood of gully
occurrencs was substantially higher for hill slopes greater than 40% than for hill slopes less than 40 4.
In addition; the likelihood of gullying on steep slopes increased with increasing culvert spacing (Wemple

et a. 1996).

Culvert location is also important relative to topography. Haupt et al. {1963) noted that the roadside
slope is generally more disturbed at the inside of curves, and is therefore less: likely to absorb road
drainage. Placement of ditch relief culverts at the inside of curves will not only increase the chances of
gullying al the culvert cutlet, but may increase the likelihood of the gully extending all the way to the

surface drainage network, through conceniration of subsurface flow in the topographic hollow.

The physical 2xtent of road contribution of sucface flow to streams was estimated for Hard and Ware
Creeks through field investigation and a Geographical Information Sysiem (GIS), The natural drainage
density of the carchments was first determined for reference purposes by delineating the stream network
and basin area using Arc/Info routines. as descabed in Section 4.3. For this analysis, a road segment was

considered to significantly alter tie natural runoff pathway if runoff from the segment followed a



predominately surface tlow path o the nalural drainage network. Therefore, road segmeonts were
classified according to the flow path {surface or subsurface) at the culvert outfall. Once the length of
road segments contributing to the drainage network was determined, an extended drainage network, and

therefors, the reduction in the length of subsurface flow due to roads, was determined.

4.1: CULVERT CLASSIFICATION

Ditch-relief aad stream crossing culverts i th: Hard and Ware Creek Watersheds were located using a
hand-held portable Global Positicning System (GPS). A Trimble GeoExplorer |l was used to record
culvert locations. (One hundred twenty positions were averaged to ohtain each culvert location to
improve the location accuracy.} The dilution of position (DOP) is a dimensionless number which
indicates the degree of error associated with the geomeuy of satellite positions at the rime position is
calculated DOP values range from one to infinity, with gne being the most accurate. The position DOP
(PDOP) is a combination of horizontal, vertical, geometeric and time DOP and is the measure of
accuracy available gn common (GPS receivers. PDOP can increase dramatically as satellites pear tbe
honzon (Beadles 1995). For this project, a PDOP threshold of 8.0 was selected. If the PP exceeded
this threshold, position data were not collected untii more favorable satellife conditions returned.
Positions were differentially corrected with sienal data obtained from the Heritage-CBS Continuous
Operating Reference Statdon (CORS) in Olympia, WA for an estimated position precision of 2-5 m. This
range is significanty less (7-179%) than the resolution of the 30 m DEM available for this area.

Therefore, culverts were most likely located within the correct DEM pixel. A total of 111 culverts were

located: 69 in the Had Creek basin and 47 in ihe Ware Creek basin.

Each culvert was classified for its potential connectivity to the drainage network during an extensive

field survey using the following categories adapted from Wemple et a. (1996):

o Directly Connected -
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Stream Crossing: road segment delivers water directly to g natural stream, identified by
achannel hoth above and below the culvert;

«  Gully: road segment delivers water to an eroded golly, evidence: of 4 surface flow path
exists which eventually connects to a natural stream channel; and

Not Connected:  road scgment delivers water to a soil surface or shoit golly where
reinfiltration occurs well before a nasural stream.

Road segments were classificd in the summer of 1996 by following the flow path below each culvert
outlet. A culvert was considered directly connccied through 3 gully if evidence of erosion and overiand
flow existed from the culvert outlet until the point at which a permanent stream channel was first
encouatered. If there were no visible signs of an gverland flow path leading to 1 permanent channel, all
runoff was assumed to rzinfiltrate after exiting the culvert. No precise rules were followed regarding the
length of the overland flow path required for culvert classification. Rathe r, classifications were
individually tased on the physical characteristics of each hillslope and the presence of a continuous,

channelized, surface flow path between the culvert outfall and the stream network

Culverts waich were difficult to classify were flagged for verification following rainstorms in the winter
and spring of 1997. A total of 2X culverts (2.5%) were identified for resurveying. Following the
verification survey, 6 of the culveris (5% of (otal) were reclassified (see Table 4-1). ‘Two of the 28
culverts were not verified due to the presence of snow on the last survey date in May 1997. One
additional culvert classification could not be verified since a slope failure destroyed the culvert crossing
during the winger of 1997. The final results of the culvert classification gre summarized in Table 4-1 and

d-eillustrated in Figure 4-2,

4.2: ROADSEGMENT CONTRIBUTION
Road locations were surveyed on foot using GPS. Positions were calculated every tive seconds as the
roads were traveled. Attributes were associated with the road yactors in the field to distinguish between

insloped, outsloped and crown road portions. A road segment is considered instoped if greater than one
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TaBLE4-1: CULVERT CLASSIFICATION RESULTS

CULVERT CLASS WARE CREEK Harp CREEK
NUMBER PERCENT NUMBER PERCENT
Directlv Connected (stream) 18 43 % 18 26 %
Directly Connected (gully) 6 4% 13 19 %
Not Connected 13 43 % 38 55%
Culverts Nagued for resurveving 16 38 % 12 17 %
Culverts resmveved 14 33 % 11 16 %
Culverts reclessified 2 3% a4 o %

half of the road surface drains to the ditch and outsloped if greater Lhzm‘one half of the road surface drains
over the hillside. A combination of techniques were used to determine the drainage direction of the road
surface.  Where possible, channels on the read surface were used to specify the dominant drainage
direction. [f no surface patiemns were visible, @ rod and level were used to determine the predominant
slope of the road. A total of 22.0 km of roads were located in the twe basing, 10.6 km in Ware Creek
and 11.4 km in Hard Creek, vielding a road density of 3.7 km/km’® and 4.9 km/km’, respectively. Of the
22 koo of roads, 21.8 % were insloped. 23.7 % were outsloped and 32.5 % were crowned. As shown in
Figure 4-3 the drainage direction of the road surface changes frequendy in response to the underlying
topoeraphy.  Therefore, the length of flow paths over the road surface are ofien much less than the

distance hetween culverts,

4.3: STREANMNETWORX DERIVATION

Total streawn channel length was calculated using the grid analysis features of the Arc/Info geographical
information system and a 30 meter resolution (approximately 1 arc-second) Digital Elevation Model
(DEM). The DEM was obtained from the raw USGS 1 arc-second product and reprojected to the
Universal Transverse Mercator (UTM) coordinate system. The DEM was first processed to fill any
anomalous depressions. A flow accumulation map was generated based on eight-point pixel tlow

directions. The extent of the stream network was determined from the flow accurnulation map hy
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specifying a minimum aumber of contributing pixels for siream channel initiation, ‘ Twenty-two pixels (2
ha) were used as the minimum number of contributing pixels. Therefors, the derived streamn network is

based on (ke constant threshold drga theory for stream channel initiation.

There ar¢ two main methods of channel nerwork extraction from divital terrain data: the constant
threshold area method and the slope-dependent critical area method (Montgomery and Foufoula-
Georgiou 1993). The most commonly used method is to specify 3 critical support area that defines the
minimum drainage area required (o initiate 4 channel. Use of a threshold area for channel initiation is
based on the assumption that channel heads represent a transition from slope-dependent sediment
transport on hiflstopes to discharge and slope-dependent sediment transport in channels.  For & constant-
area threshold, the transition point is related to the change in sediment transport rate per change in

support arey through assumed sediment transpoet models (Montgomery and Foufoula-Georgiou 1993).

The initial stream locations for Hard and Ware Creeks were determined by specifying a minimum
contributing area of 2 ha (¢ represent the approximate stream length during high flow winter runoff
events. Stream vectors wers derived from the grid of flow accumulation using the Arc/Info Streamline
function. This algorithm uses the flow ditection from each pixel to aid in vectorizing intersecting and
adjacent cells. The derived stream network wig compared with field classifications of culvert types for
accuracy. The 2 ha stream network was found to most cleselv match the observed extent of stream

channels based on visual examination.

Montgomery and Foufouvla-Georgiou (1993) explored problems with the constant support ;g conceptual
model and found that it is mire appropriate for estimating the scale of transition between convergent and

divergent topegraphy than for estimating channel inititation, They found that a slope-dependent critical
support area is both theoretically and empirically more appropriate for defining, the extent of channel

networks. For tis application, data is not available across the range of slopes required to estimate 3 slope-
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dependent model. Since the derived channel netwerk only serves as a base to be modified using field

ohscrvations, the constant area threshold was deemed appropriate for identiyving runeff producing zones.

The intersecrion of the derived stream neovork with rhe roads did not match exactly with culvert
locations, dae to the DEM tesolution and the accuracy of the strearn location within a 38 m pixel. Steam
vectors were assigned to the center of each pixel they pass through, Stream crossings were within 30 m
of the true culvert location for 23 of the 36 culverts classified as strearn crossings, Five of the culverts
had DEM-based stream crossings greater than 30 m from the culvert location. The extent of the DEM-
based streamn network stopped below the road crossing for the remaining six culverts. The positions of all
of the stream crossing culverts were adjusted to match the stream positions. This was done rather than
adjusting :he stream positions ia order to kesp the streams in the valley axes of the DEM. Stueam
crossings and stream crossing culverts muost be aligned for the mode! sunulation. Although it may seem
rnore reasonable to move the stream locations since these were not located in the field, this weould require
changing the DEM in a consistent way. (Mherwise, the modeled subsurface tlow would drain to
topographic hollows, but not neccssarii.y to the stream channels. Culverts were moved between 0.6 m

and 80.8 m. The average distance moved was 17 m. Five culverts were moved (0 a new pixel,

The derived streams crossed the roads in nine jocations where there either was no culvert within 30 m or
the culvert was not classified as a stream crossing. In these cases the strearns were adjusted so the
chanael head was downhill from the road crossing. A total of 1,183 m of streams (6% of the final stream
network) werz deleted from the derived network on this hasis. In cases where the derived streams ended
below the observed stream crossing, the streams were extended along the path of the topographic hollow,
Aol of 1,602 m of streams (or 9% of the final stream network) were added to the derived network.
The final stream network included 3,282 m in Hard Creek and 10,460 m in Ware Creek. This yields a
natural drainage density of 3.6 km/km® and 3.7 km/km’®, respectively. The final stream network is also

shown in Figure 4-2.
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4.4:  EXTENDED DRAINAGE NETWORK

Surface and subsarface runoff intercepted by the road network travel to the strizam network by slightly
di fferent paths.  Intercepted surface runofi, generated by infiluation excess precipitation cn the
compacted road surface, will drain either into tbe rondsidc ditch or over the side of the fill stope
depending on the road drainage direction. For outsloped roads, it is assumed that drainage over the fill
stope is distributed along the length of the road. and therefore reinfiltration occurs, If roads are insloped
or crowned, a portion of the excess precipitation is immediately concentrated in the rondsidc ditch where
it may follow a surface flow path to the patural stream channel or reinfiltrate below the culvert outfall.
Therefore, orly insloped and crowned roads draining to gullies or streams can contribute intercepted

surface runoff to the stoym hydrograph.

Most of the roads in the Hard and Ware Creek basins have a drainage ditch between the cutbank and the
road surface. Intercepted subsurface water reaches the drainage ditch as surface flow regardless of the
road surfacs slope, ii the seepage rate exceeds the Infiltration capacity of the drainage ditch. Therefore,
the length of road segments contributing surfacz runoff to streams is different for intercepted surface and

subsurface mnoff,

The extended dratnage network for road sucfacs drainage was calculated by summing the total length of
insloped roads and one-half the length of crowned roads, for each road sezment which drains to either a
stream or gully. Only cne-half of the crowrned road length is included to represeat the fact that these
segments contribute half as much water as the insloped segments. This distinction is somewhat
qualitative, since the analysis does not tiake inwe account contributing area through variable road widths.
For road seoments draining 1o gullies, the shorrest distance between the culvert outfall and a permanent
stream was also included. In many cases the culverts which are connected to the stream network through
newly erodad gullies drain into topographic hollows. In these cases the eroded gullies represent the

migration of channe! heads up the valleys as 3 result of the concentration of runoff in these hollows.  This



anadysis does not take into account the possible reduction of channel lengths in other hollows due to the

diversion of drainage by the road network. The total length of roads which contribute surface ranoff to

streams 13 205 ko in Ware Creek and 1.8 km in Hard Creek, as itlustrated in Figure 4-4,

Bold road

segments which appear disconnected in this figurs are connected through the road side ditch. The

separating road segment is outsloped, therefors it does not contribute to the changes in flow path. The

chanye in drainage charcteristics 1s swnmarized in Tabie 4-2.

TasrLr 4-2: CONTRIBUTION OF ROADS TO DRAINAGE DENSTTY

|
| Hard Creek | Ware Creek
‘ Basin ares (bn) 2.3 2.8
, Stream length (em) 3.3 10.3
| Orivinal drainage density (kn/km®) 3.6 3.7
| Originai length of subsurface flow, L (k) 0.1+ 0,14
Lenath of roads draining to streams (k) 2.2 4.0
Insloped Roads (km) (.6 0.6
OQutsloced Roads (k) 0.3 1.4
- Crown Roads {km) L1 2.0 ;
Length of roads draining to sullies tkm) } 22 0.9
insloped Roads (km) . - . . 0.6 0.1
it Outsloned Roads (km) 0.6 0.3
i Crown Roads (km) 1.0 0.3
angth of ouilies (km) 0.9 0.6
Extended network drainage density for intercepted surface 5.0 4.6
flow (kmkm’)'
[ncrease in drainage density due to roads for iniercepted 379 232
| surfaca flow (%)
I Extended network drainage density for intercepted subsurface 59 3.6
flow (ko™
(ncrease in drainags density due o roads for intercepted 63.3 523
subsurtface flow (%)
Reduced length of subsurface flow due to roads (km) 0.08 0.09
Decrease in lenoth of subsurface flow (%) 42 9 337

Notes:

‘Includes -otal stream length, guily length. length of insloped roads draining to streams or gullies and one-haif

the tength of crown roads draining to streams or gullies.

“Tnclades total steam lenvth. gallv length. and the lenegth of all reads drainine to streams or sullies,
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For intercepted subsurtace tlow the entire road length draining to streams or gullies is considered to
contribute Lo the drainage network (sce Figure 4-35 and Table 4-2). This represeats the maximum extent
of flow path: conversion due w intercepted subsurface flow. Surface runoff may be generated by all roads
when the precipitation rate exceeds the infiltration rate through the road surface. However, not all
cutsiopes will contribute significant runoff to the roadside ditch. Since it is not clear how to classify

contributing cutslopes, the maximuom extent of contribution is presented here,

4.53:  DISCUSSION

There i a temptation to infer from drainage deasity how catchment behavior may change in response Lo
forest management. For example, the work with geomorphological instantanecus unit hydrographs
(GIUH) calculates hydrological response based on inferred drainage networks f{e.g., Gandolfi and
Bischetti 1997). However, the change in ‘drainage density’ due to roads alove may not be a good
indicator of catchment response. High drainage densites often occur in areas of highly erodibie and
relatively impermeable soil such as in the Baclands National Monument, South Dakota {Linsley et al.
1982). These conditions decrease the volume and velocity of runoff needed for channel erosion to begin.
in the case of roadside ditches, the channels are artificially imposed on the landscape and so are not
related to a threshold of channel iitiation. Therefore, although the network mayv exist for channelized

surface flow, there is no guarantee that sufficient discharge exists to fill these channels.

In addition, the artificially imposed drainage network will change the distribution of soil moisture within
a basin. thus altering the function of the natural drainage network. in an undeveloped basin, soil moisture
is expected toincrease more or less progressivaly downsiope from the ridges, with localized exceptions
due to soil and vegetation characteristics, creating areas near saturation on either side of the channel.
These arcas may reach sawration quickly during a storm event and contribute significantly to the storm
hydrograph (e.g. Dunne and Black 1970b). [it 4 catchment with roads, hillslopes below roads will likely

he tier than the undeveloped equivalent duc 1o the redistribution of subsurface watgr, This may reduce
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the component. of storm respoanse due to runelf from saturated areas, which would tend to mitigate the
effect of increased drainage density. The eftect of soil moisture redistribution can he investigated further

through distributed modeling.

The importance of this distinction between n:itural and road-induced drainage density remgaing to be
resolved and may be catchment-specific. The intzgrated road/channel network may actually change the

controlling response mechanism of the catchment from runoff from saturated areas to a system dominated
hy channel flow. Therefore, the total length of' road segments jp a hasin which convert subsurface flow
to surface flow is not an indicator of a proportional increase in peak flow due 1o roads. It is only an
indicator ¢f the degree to which natural drainage pathways have been altered by the road network.
Subsurface flow paths, road position, construction technique and culvert spacing will interact to
determine the effect of thess charged pathways on the accumulated hydrograph. Calculation of the

length of contributing road segments serves to verify that flow routes do exist through which roads can

interact with the drainage network, as well as allowing spatial analysis of road segments which most
influence watershed response. Such analysis will he useful for design and restoration of forest road

svstems.



CHAPTER 5: IHSTRIBUTED HYDROLOGY-SOIL-VEGETATION MODEL

51: MODEL DESCRIPTION

DHSVM, originally developed by Wigmosta er a. (1994) and extended for use in maritime mountainous
watersheds by Storck et al (1993, is a physically-based hydrologic model which explicitly solves the
water and enargy balance for cach model grid cell. Therefore, DHSVM requires spatial image data
which represent die distribution of land surface characteristics of the modeled. catchmen: (vegetation
type, ¢levation and soil type) and meteorological forcing (precipitation, ar temperature, wind speed,
relative humadity @ n d  incomishort- and longwave radiation). Meteorological forcing must be
specifie¢ for each timestep. Pollowing g brief summary o f the model structure, the source a n d
development of the land surface characteristic images and meteoroiogical forcings are described in this

chapter.

5.1.1; G ENERAL MODEL DESCRIPTION

The governing equations of DHSVM in its criginal form are described in Wigmosia €t d. (1994) and
Storck et al. (1993) and summarized briefly hers. Recent enhancements to DHSVM are described in
detail by Storck et al. (1997). DHSVM consists of a two-layer canopy representadon for
evapotranspiration, a two-layer energy-balance model for snow accumulation and melt, a one-
dimensional ymsaturated soil model, and a rwo-dimensional saturated, subsurface flow model. An
independent ax-dimensional {vertical) water talance is calculated for each pixci. Stomatal resistance is
calcnlated sor cach vegetation layer based on ar temperature, the vapor pressure deficit, soil moisture
conditions, and photosynthetically active radiation. Evaporation of intercepted water from the surface of
wet vagetation IS assumed to occur it the potential rate, while transpiration fyom dry vegetative surfaces

is caleulated using a Penman-Monteith approach
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Downward moisture flux in the unsaturated zone is calculated using Darcy's law.  Soil moisture is
removed from the unsaturated zone via evaporation and teanspiration. The soil prolile can consist of a
variable number of rooting lavers zmd a deep Luyer, The fraction of both overstory and understory roots
in each soil layer is specified. This determines ‘I;llC relative amount of available sotl moisture removed
from each layer as wanspiration. Soil evaperation is calculated from the surface soil layer only when no
understory s specified, using a soil physics-based approach (Entekhabi and Eagleson 1989). No soil
evaporation or understory transpiration occurs when snow is present. The downward ux of moisture
which is not removed through evapotranspiraticn serves to recharge the grid cell water table. Each DEM
grid cell exchanges saturatec subsurface flow with its four adjacent neighbors, by assuming that the local
hydraulic sradient is equal to the local ground surface, Return flow and saturation overland flow are

cenerated in locations where grid cell water tables intersect the ground surface.

Precipitativn occurring below a threshold temperature is assumed to be snow. Snow Interception by the
overstory is calculated as a function of Leat Area Index and is adjusted downward for windy or cold
condidons {Schmidt and Troendle, 1992}, lntercepted snow can be remoeved from the canopy through
snow melt, sublimation, and mass release. Melt of intercepted snow is colculated based on a single layer
energy baiance approach. Mass release occurs if sufficient melt water is generated ducing an individual
time step such that the snow slides off the canopy (Bunnell et al,, 1983; Calder, 1990}, Drip from the
canopy 1s added 1o the ground snowpack (if present) as rain while the cold content of any mass release or

urnintercepted snow is added directly to the ground snowpack.

Ground snow accumulation and melt are simulated using a two-layer energy-balance model at the snow
surface. The model accounts for the energy advected by rain, throughfall or deip, as well as net radiation
and sensible and latent heat.  Incoming short and long wave radiation and wind speed are attennated
through the canopy. Separate shortwave and longwave radiation budgets are developed for the overstory,

understory. and ground surface. If snow is present. it is assumed o cover e understory and thus affects
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radiation transfer and the wind profiles via increased albede and decreased surface roughness.
Temperature and relative humidity are not adjusted through the canopy.

3.1.2: RoaD AND CHANNEL ALGORITHM

A recent addirion to DPHSVM includes a road and channel network algorithm to represent the formation
of direct runoff from road surfaces and intercepted subsurtace tlow and the subsequent routing as open
channel flow. The algorithin uses explicit information on the locadon of stream chaanels and road

networks based on GIS coverages.

The fraction of each pixel covered by a road or stream along with the depth of the road cut and/or
channe! incision is calculated prior to the mode! run by mapping GIS coverages of the road and channel
network 1o specific rows and columns in the DEM. At present, each road segment is assumed to he
crowned within the model. Subsurface flow is discharged into these networks based on the height of the
loca water table relative to the bottom of the channel or road. Once in the network, intercepted
subsurface flow and directly intercepied precipitation are routed through roadside ditches and stream
chanrels using a Muskingum-Cunge scheme. Open channel flow in tie roadside ditches is released to the
stream network at specitied culvert locations, yhere the road rynoff is added to the stream channel flow.
If the specified culvert locaticn does not correspond tg a stream: crossing, the runoff is added to the soil
surface and is then available for reinfiltration. Surface water not in the channel or road networks is

modeled as overland flow and can reinfiltrate inw neighboring model pixais.

32: SPATIAL DATA

3210 DIGITAL ELEVATION DaTa

Digital elevation data are required to determine topographic controls on radiation, saturated subsurface

flow, air temperature and precipitation, at the scale of the model pixel. Digital elevation data for Hard
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The DEMs were

and Ware Creeks was obtained from raw USOS 1-arc second DEMs for WA state.

merged and converted to the Universal Transverse Mercator (GTM) coordinate system. The DEM was
A mask file which defines the basin

processed within Arc/Info to fill two anomalous depressions.
boundary is also required for input. Hard and Ware Creeks were delineated using the watershed analysis

features of Arc/Info, following Jenson and Domingue (1988). The masked DEM is shown in Figare 3-1.

52.2:

DISTRIBUTED VEGETATION DATA
In each model pixel, the modeled land surface may be composed of overstory vegetation, and/or either

understory vegetation or soil. The overstory may cover a variable prescribed fraction of the land surface.
The mode! allows land surface

The wunderstory, if present, covers the endre ground surface,
representations ranging from. a closed two-story forest, to sparse low-lying natural vegetation or hare soil,
through the specification of canopy closure, vegetation height and leaf aren index (LAD.
Vegetation in Hard and Ware Creek consists ol mature and regenerating sccond growth mixed conifers,
including white fir, silver fir zm;l douglas fir. Weyerheauser provided Arc/Info coverages of torest stand
boundaries for 1996 with accompanying attributes of LAI, tree height and canopy closure. The attributes
were calculated based on literature values of LAI and height provided to Weyerheauser, which were
scaled by the 1996 tree height. Stands with similar values were grouped together into vegetation classes
Thirteen

and the weighted average LAL height and canopy closure was computed for each class.

vegetation classes were used, as illustrated in Figure 5-1. The derived parameters for each vegetation
e to a lack of age and species-specific information, the remaining

class are listed in Table 3-1
vegetation parameters were not changed for each vegetation class (Table 5-2). These parameters were

taken from Stork et al. (1993) and are based on literature valuss consistent with Pacific Northwest

conifers.
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FIGURE 5-1: HARD AND WARE CREEK SPATIAL INPUT FILES



TABLE 2-1: YEGETATION CLASS PARAMETERS

| VEGETATION CLASS

| £ 3 6 7 8 Y

‘ Vevetation helvht (m) 1.2 2.1 4.3 10.4 19.1 19.8
Fractional coverque .03 0.05 0.1 0.23 0.69 n.9
Seacrional trunk space 0.3 3.2 0.5 0.3 0.3 0.5
LAl L 068 | 043 173 5.83 766 1413
Orverstory root fraction in seil laver | 0.31 (0.3 0.3 0.3 .51 0.3

1 Owverstory root fraction ih soil laver 2 3,36 0.3 .35 0.3 0.36 0.5

| Overstory root fraction io soil laver 3 i 023 0.2 0.23 0.2 0.23 0.2

¢ Understory root fraction in soil Javer | | 062 | 086 0.62 06 | 062 | 06

| Understory oot fraction in soil laver 2 L 0.29 04 0.2G 0.4 (.29 04
Understory root fraction in soil laver 3 0,09 0.0 (.09 0, 0.09 0.0

VEGETATION CLASS

10 11 12 13 UNDERSTORY
1 % eremtion height im) 228 | 244 | 13 421 0.3
§ Feactional coverase 0.9 09 0.9 (.63 1.0
) Fractional wunk space 3 0.5 0.3 0.5 -
| LAl 13.5 9.5 234 16.8 30
1 Overstory roct fraction 1a soil laver | .31 0.3 0.3 (.51 -
E_{_)verstor’f' soctfraction in soil laver 2 0,36 0.3 (.3 0.36 -
| Overstory root fraction in soil laver 3 0.23 0.2 0.2 0.23 -
[ Understory roct fraction in soil layer 1 0.62 0.6 0.6 0.62 -
| Undersiory root fraction in soil laver 2 Co0.25 .4 04 0.29 -
Understory root fraction in soil laver 3 L 0.09 .0 0.0 0.09 -

" Vevetation classes I - 3 do not have an overstory,

TABLE 5-2: CONSTANT VEGETATION PARAMETERS

: OVERSTORY {NDERSTORY

! Max. stomatal resistance 1600 5000

[ Min. stomaal gesisance 3333 250.0
suil moisture threshold which restricts 0.33 (.13
transpiration

| Yapor prassurz deficie threshold which 4000 4G00

I causes stomatal closure (Pa)

{ Rdiation atreauation coefficicnt 0.3 0.5

{ Alpedo 0.13 0.20

| Aerodvawric attenuation coefticient for 33 3.3

| wind through the overstory




96

5.2.3: DISTRIBUTED Sorn Data

Basin sor data were extracted {rom the State Soil Geographic (STATSGO) Data Base produced by the
United Swates Deparunent of Agriculture (USDA) Soif Coaservation Servicz (SCS) (USDA 1994,
STATSGO units are defined with a minimum area of f km® Therefore, several soil types are contained
within each STATSGO unit, STATSGO dat provides a rough characterizaton of soils widhin Hard and
Ware Creeks, Areal extent, USDA soil textore, depth, and percentage sand, clav and silt for gach soil
layer are available from the daabase for cach soil type within the STATSGO unit.  The physical
boundaries are only available for each unit. For this application, soil horizon lavers were chosen to be

consisten: with the majority of the soil types. Percentage sand, clay and silt were computed asing a

— e -
TABLE 5-3: STATSGO SOIL PARAMETERS
LLAYER DepTH USDA TEXTURE % CLAY o SAND Ge SILT
{M)
SoiL Tyer
! 0-0.1 gravely aift loam 21.8 295 48.7
2 0.1-04 gravely sili clay loam 30.0 24.6 45.4
3 0.4 - 0.85 sravely clay loam 321 29.8 38.1
4 variabic gravely silr loam 135 b.0 77.3
SOIL TYre 2
1 0-0.05 sravety loam 139 417 4.9
2 0.05-02 aravely silt loam 17.9 39.8 47 3
3 0.2-0.83 very aravely loam silt 16.6 460 374
4 variable silt 8.7 { 8.1 87.2
So1L Tyrr 3
1 0-0.11 aravely silt loam 19.7 323 480
|2 011-041 | gravely silt loam 19.7 36.0 44.3
3 | 0.41 - 0.81 yerv oravelv loam 239 36.8 37.3
4 J variabie silty clav loam 27.2 21.1 31.7




97

weighted average of the soil types. The resniting average parameters for the three STATSGO soil units
within Hard and Ware Creeks are listed in Table 5-3. The soil parameters required for DHSVM were

derived from pubtlished empirical relationships using this data. The derived soil parameters are listed in
p I g f

Table 3-4. A complete description of the derivation of these parameters can be found in Appendix B,

TABLE 5-4: DERIVED SOIL PARAMETERS

Parameter Name Soil Tvpe 1 Soil Type 2 Soil Type 3
‘; Laver ﬂLayer 2{Laver 3| Layer ILaver 2]l.ayer 3| Laver ILaver 2iL.ayer
Porosity (%) 53 49 4l 48 33 33 33 33 53
Pore-size index’ 0.51 0.28 0.27 (.32 0,32 032 0 031 | 031 | 029
Adr bubbling pressure 0172 10292 {1 0243 1| 0.110 | 0,120 ¢ 0.103 |[0.133 { 0.3 | 0.124
: Fivld Capucity 0.330 1 0366 1 0318 jj 0.270 | 0.330 ] 0.270 3 0.330 | 0.330 1 £.270 1
i Wilting point ' 0.133 ] 0.208 | 0197 1 0417 | 0.133 | 0.133 90433 10433 [ 0.1 I’LJ
| Density (ke/m’) 1000 | 1200 { 1200 840 97 1030 4 540 943 1030
‘ Vertical satarated ‘ 92 9.2 9.2 1.3 1.8 2.7 | 1.1 2.1 31
; hydraulic cond (m/s) w10t | oo et oot | wee | ' 107 | x| x10f
| Rpc’ | 0.108 0.108 0.108
Lateral saturated hydraulic 0.002 0.002 0.002
conductivity {m/dav)
i Latera] hydeaulic 2.0 2.0 2.0
| conductivity exponent :
! Effectve solics thermal 6.29 6.56 574 1 731 6.97 7.24 | 637 [ 071 | 636
| conductivity (W/mK) |
Maximurmn infiltration rate 1.68 x10° 1.68 x10° 1.68 x10”
(rn/s)
Thermal Capacity (J/m'K) 1.4 x10° L4 %10 14 x10° il
Note:
iT‘nc pore-size index is a parameter of the Brooks and Corey model for soil water retention.
"R, is the hight level where the soil surface resistance to vapor transport, 1, is equal to two times the

minimum soil surface resistance. i
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The depth to each soti horizon is available from STATSGO, however, the scale is wo large to distinguish
topographic controls on soil depth. Therefore, a map of soil depth was created by specilying buffer arcas
around the stream channels and ridgetops.  Cocsistent with tizld observations, soils adjacent to stream
channels were assigned the largest depths and seils adjacent to ridge tops were assigned the shallowest.
The primary source of field observations for determining soil depth were road cuis. All exposed road
cuts in both basins were ¢lassified as having deep, moderate or shallow soil during the field investigation.
These classifications were not based on a measured seil depth. Road cuts were classified as having deep
301l if the cut was covered in soil and vegetaton, Road segments were considersd to have shallow soil if
the cut cousisted primartly of rock outcreppines.  The moederats classification reprasented a mixtore of
s01] and rock visible in the road cut. The assigned buffer widths wers adjusted te match the boundaries of
these observations, Depths were assigned to cach buffer such that the average soil depth for each basin
matched the average depth deteranined by a Weyerheauser Company survey (Sullivan et al, 19389), which
reperted soil depth averages of 0.6 m in Hard Creek and 1.0 m in Ware Creek. The final variable soil
depth map and associaled values are iilustrazed in Figare 3-2. For purposes of sensitivity analyses

reported in Chapter 8, a second map of soil depth was created with a constant depth of 0.9 m,

5.3: ROAD AND STREAM NETWORK [NPUTS

The road and stream netwoerking algorithm requires information about the spatial distribution of the road
and stream channels, as well as their hydraulic characteristics. Required stréam characteristics include
the channel width, depth and Manning’s rougaoess coefficient. GIS overlays of ihe stream network were
derived as discussed in Chaprer 4.0, The stream coverage was processed within ArcfInfo to generate
DHSVM input files which map the length, slope, aspect and channel characteristics of each stream
segment to the appropriate pixel. The local slope of each steam segment within a pixel is found by
sampling the DEM at intervals of 1.5 times the DEM spacing, along the stream leagth. The sampling

spacing was chosen arbitrarily tw ensure that the same pixel was not sampled twicz. The depth and width
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FIGURE 5-2: HARD AND WARF. CREEK SOIL INIUT FILES
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of the channel incision into the soil layer is specified for each channel class and were estimated from
ficld observation. Classes were assigned to stream channels based on the Strahler stream order. The
stream channel tnput files also explicitly specified the location of the gullies which connect ditch relief
culverts with the nﬁtural drainage system. These gullies were assigned a separate channel class, The
parameters assigned to each channel class are given in Table 5-5. The Manning's roughness coefticient
of 0.015 listed in Table 3-3 5 low. Based on literature values for saight, natural channels with weeds
and stones a value of (),035 would be more appropriate for Hard and Ware Creeks (Linsley er al. 1982).
The coefficients used were changed experimentally in the early part of moedel calibration and were
inadvertently never changed back. This error will route runoff in the channel network to the basin outlet
more quickiy. Based on comparisen of modcl results when the coetficient was first altered, the effect on

model timing is not large lor these small basins.

TABLE 5-3: STrEAM CHANNEL PARAMETERS
Channel Crder Width Depth Manning’s Roughness
{m) (m)
Gullies 0.4 0.135 0.015
1 0.3 0.25 0.015
2 1.0 0.35 0.015
3 2.5 0.50 0.015
1 3.3 1.00 0.013
3 (Deschutes) 3 2.50 0.015 ]

Specification of the road network requires information regarding cuthank height, cutbank slope, road
surface width, roadside ditch depth and width and road surface drainage direction. Determination of road
surface drainage was described in Chaptct 4. Ditch width and depth were measured al a representative
point for each road segment draining to a particular culvert. Cuthank height and slope were visually

cstimated for the same road segments. Road surface width was estimated (by pacing} for each road
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seament Jefined by o new surface draivage direction.  Channel segments with similar physical
characteristics were grouper! into classes. Oue hundred and eighteen classes were formed. The full set of
paramelers associated with cach road class are included as Appendix B. Basin average values are given

in Tahle 5-6.

TABLE 5-6: AVERAGE ROAD DIMENSIONS

VARIABLE MINIMU M NEAN MLAXIMUM
Road width 24 m 33 m 10.4 m
Cutbank height 0.0m 33 m 12.2m
Cutbank slope 0.0 m/m 19.31 m/m 61,4 m/m
Ditch depth 0.05m 0.21 048 m
Ditch width 0.25m 0.04 m 4 1.98m

Preparation of the road nerwork is performed within Arc/Info using Are Macro Language (AML)
programs ceveloped by Battelle Pacific Northwest Laboratories specifically for use with DHSVM. The
(IS coverage of the road network is first split ad known culvert locations, after they have been adjusted to
match stream locations, The location of oiher sinks and divides along the road network is estimated based
on the slope direction of each road segment. The local slope of each road segment is found by sampling
the DEM ar intervals of 1.5 vimes the DEM spacing. Since this does net ke ino account the hgight of
the cut slope, there are errors between the predicted and true sink and divide locations. The drainage
direction of each road segment was checked and adjusted by hand to make the road drainage consistent

with field observation.

3.4 METEOROLOGICAL DATA
Meteorological conditions (precipitation, air temperature, solar radiation, wind speed and vapor pressure)
are prescribed at a specified reference height well above the oversiory for each model time step at

specitic station locations. The model allows for a variable number of stations, with a minimum of one
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station located within the model boundary. Meteorological conditions were specified at one location
within Hard and Ware Creeks, the Ware Creek stream gauge (Figure 3-3).  Air temperature has been
collected continuously at Ware Creek by the Weyerhaeuser Company since 1989, Precipitation has been
collected at Ware Creek since Qctober 1974, but the pre-1985 data have been lost. A two hour model
tine step was used since this was the minimum frequency at which precipitation data were collected. A
two-hour timestep represents a reasonable compromise between the response time of the catchment

{approximately 0 to 4 hours) and limitations of computation tima.

Ware Creek Gaugtz_,d"
. e "% _Ware Creek

§ Kev
i ?Md a Solar rad, air temp, RE,
Creek @ wind speed and direction
| Gauge COllgﬂl & Diischargs, 3ic temg
Mourtain and water temp
Previous /ﬁ ' B Frecipitaiicn
Flard Creek
Crauge
Okm lkm 2km
'1

Hard Creek _

Ormu 1

FIGURE 5-3: LoCATION OF THE HARD AND WARYE CREEK GAUGES

5.4.1:  ARTEMPERATURE

Fourly air temperature data were coilected at the Ware Creek gauge between Aprl and July 1989, and
January 1995 through the present. Half-hourly air temperature data were collected between July 1590
and December 1994, A owo hourly time series was created for this period by averaging all air
temperature measurements collected within each two hour interval.  Adr temperarare prior to 1989 wag

culcalated based on the air temperature at Olyiapia Alrport. Monthly mean temperatures were caleulated



tfor both locations using data from 1989 -1996. On an average annual basis, Olyvmpia Airport is 2.4 °C
warmer than Ware Creek, ranging from 1.5 "C wammer in January to 4.3 °C warmer in June, Ajr
temperature from Olympia Airpors was adjusted by the difference in monthly meuns for each month to

create the Ware Creek temperature record for 1983-1988,

The temperature lapse rate is alse specified for eack model time step. As discussed in Chapter 3.1.2,
temperature inversions occur frequently in the Ware Creck basin. Higher elevaticon air temperature at the
Cougar Mountain site is ouly available from Januwary 1993 - June 1996, Thereiore, o account for
inversions in the specification of wemperature lzpse rale, a simple algorithm was developed to predict the
occurrence of temperature inversions. The cccurrence of an inversion within a 6 hour time pericd was
compared 10 wind speed, cloud cover and time since precipitation. The fellowing factors were tested as

prediciors of inversion occurrence:

¢ Wind speed < 7 m/s;
¢ Cloudiness < 30 % and
o Dryness (No precipitation for [2 hours before and 6 hours after),

The number of inversions predicted by each ot these factors alone for each month of 1995 is summarized

in Table 5.7. The numher of false predictivas for each month is also included in Table 5-7. Dryness

appears to be the best predictor of inversion pccurrence during the winter months,  All three factors can
predict the majority of inversion occurrences during the summer months. However, the number of false
prediction:; often exceeds thi number of inversions for a month.  From a modeling point of view, the
deveicpment of inversions is more important during winter and most during winger precipitation events,
when air temperature will control whether precipitation will fall s rain or snow, The temperature
records for Hard and Ware Creek indicate that temperature inversions generally do nor occur during

precipitaticn events, Giver. that, it becomes most important to correctly estimate the occurrence of



inversions during winter months, when the temperature lapse rate will effect the rate of ablation at higher

elevations.

TABLE 3-7: COMPARISON 61 INVERSION OCCURRENCE WITH WIND
SPEED, PRECTEITATION AND CLOUDINESS

Na. of Wind < 7 /s Cloudiness < 506 Dryness’

loversions' No. No. False No. No. False No. No. False

Predicted | Predicted | Predicted | Predicted | Prodicted | Predicted
January 16 1 14 ! 3 13 17
Febraary 44 20 25 8 16 37 13
March 38 26 23 24 3 33 ]
April 22 22 67 19 23 20 21
May 36 26 53 34 34 33 52
June 27 26 79 27 33 27 78
Julv 20 144 6 17 27 16 ek
September’ 13 3 {3 13 0 13 1
Qctober 38 27 44 3 7 33 24
November 23 13 8 2 6 21 4
December 38 29 11 0 3 27 13

Notes:

'The number of 6 hour time periods within the month for which the Cougar Mountzin temperature
exceeded the Ware Creek teriperature.

*Based on NCEP/NCAR reanalysis data interpolated to Cougar Mountain, as explainad in Section 5.5.1.
* Caleulated from equation 3-3 in Section 5.4.2,

* Precipitation at Ware Creek is used as a surrogate for dryness. If no precipitation occurred at Ware
Creek for the six hours prior to, after and during the current time step, the air is considered dry,

‘Nao data available August 1993

To reduce the number of false predictions, the two joint sets of inversion occurrence predicted by
wind/dryness and cloudiness/dryness were also examined, as summarized in Table 53-8, For summer
months, inclading cloudiness significanty reduces the number of false predictions with livde decrease in
the number of wue predictons. For winter months, dryness alone suill seems to be the best predictor of
inversions. Using this information, a lapse rate time series was created. The lapse rate was assumed
equal to -335 "Clien for time steps withount an inversion and 2qual to 3.3 "C/km tfor timesteps with an

inversion, For October - March, inversions ars assumed 1o occur in 4 given time step if no precipitation
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was recorded at Ware Creek for the 12 hours before and 8 houvrs following the given time step.
lnversions are assumed to oecur between April and September if there is no precipitation and the cloud

cover is less than 50%.

TABLE 5-8: COMPARISON OF INVERSION OCCURRENCE WITH COMBINED PREDICTORS
Wind < 7 m/s and Cloudiness « 50% and Dryness
No. of Dryness Dryness
Month Inversions | Predicted | No. False | Predicted | No. False | Predicted | No, False
No. | % | Predicted | No | % | Predicted | No l % | Predicted
January 16 1 6 3 1 6 3 13 81 17
4 February 44 17 39 11 7 16 6 37 84 L3
| March 38 25 | 66 6 23 | 61 5 35 | 92 8
L April 22 20 1 91 20 19 | 36 13 20 | 90 21
Mav 36 23 | 64 36 32 1 88 33 35 | 97 52
June 27 22 1 81 73 25 | 93 30 27 1 100 78
July 20 111 33 51 151 75 25 16 | 80 64
Seplember’ 13 8 62 0 13 1 140 0 i3 | 100 1
October 38 23 | 60 19 5 13 3 35 | 92 24
November 28 12 1 43 1 1 4 0 21 1 73 4
December 38 27 | 71| 11 0] 0 I 27 1 71 13
Note:
' No data available August 1993,

tr

420 B0LaR RADIATION AND HUMIDITY

Local observaions of solar radiation and vapor pressure were not available for the entire length of the
model run.  Therefore, these inputs were calculated using physically based formalas.  Longwave
radiation was calculated for sach timestep based on observed air temperature, following a method given

by Bras (1990):
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/, =U_E T 51
Where 1 is the local ir temperature (in Kelvin) for each timestep, I/, is the fraction of cloudless sky
insolation received on a day with overcast skics, ¢ isthe Stefan-Boltzmann constant, equal to 3.67x10"

W/m'K" and £, isthe atmospheric emissivity:

E, = 0.7 + 0.0000595 ¢ exp(’lSOO/ T,) 5.2
Where ¢ is the vapor pressure at the gauge in millibars. The cloudiness, U/, is related to the fraction of

sky covered by opaque clouds, ¥, by (Bras1%91):

U=1+0.17N 5.3

N takes a value of 1 for completely overcast skies,

The amount of sunlight incident on the earth’s surface depends on atmospheric conditions. Water vapor,

dust, pollutants, ozone and clouds will all attenuate the radiation incident on the cuter pdge of the earth’s
atmosphere. The daily transmittance, T; is the fraction of radiation at the top of the atmosphere which
reaches the ground along thz zenith path {Gates 1980). Detailed information about cloud cover is not
available, so fractional cloud ¢over can be estimated from measured shoriwave radiation, and therefore,

the daily transmittance, T, (Bras 1990, Cates 1930):

Where Tps is the clear sky transmittance which was assumed to be 0.72. Daily total ammospheric

transmittance is calculated according to the method of Bristow and Cambell (1984}
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T, = A[i ~cxp(— BATC)]

!.‘.'I
ih

Where AT is the daily rangz of aic temperature, calculated as:

L T+ 7L+
'AT{J) = Tmnx (J‘) o ( e (J) - (J )) 7 5“6
Where j S an index of the current julian day. The mean of the two minimum femperatures was used to

reduce the effect of large-scale hot or cold air masses which may cross the study area, For example, 4
warm alr mass moving through the area on (ay j may increase 7,,(j) above ihe value possible from
incoming radiation alone (Bristow and Campbell 1984). Including the minimum temperature on either

side of this day will reduce the short term incrcase in temperature, since it will most likely not be

reflected in both dally minimums.

The variables A, B and C in equation 3-5 are empirical coefficients defined by Bristow and Campbell
{1984), A and C were found to equal 0.72 and 2.1 respectively, for Seatde/Tacoma Washington, B was
calculated from the monthly mean AT according to:

B = 0036 exp(- 0.154AT ) iy
In order to obtain shoriwave radiation at thie ground surface, the calculated transmittance must be
multiplied by the solar radiation above the atmosphere. The instantaneous amount of solar radiation
incident o a horizontal surtzce at the top of the atmosphere can be computed by {Gates 1980):

0, =S5, (C—i) (sin $sind + cosg cosd cos(h_f))
d 5.8

Where S, is the solar constant {1360 !’%12 ), d 15 the mean distance from earth to sun, d is the local

distance from sun to earth, ¢p is the local latituds, § is the sglar declination (Bras 1990):
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s 2 (
y = 23.45-cod —= (172 — | -
165 i)) 5t
A, is the half daylength, given by:
COS(.’IJ =—tandtand 5-10

Ali angles are in radians. C.iates {(1980) noted that (%) never differed from unity by more than 3.5 %,

50 it was assumed to be one. In order to compute the average irradiance for cach model time step,

equation 3-8 is integrated between the corresponding sun angles, as follows:

.'zJ

QU = J SO (Sill O sind + COS¢ COS(h)) d%) S1l

A

=T {(hl ~ h, ) $in @ sind + cose cosc?(sin(hj) - si.n(h,- )ﬂ

To get the total irradiance in Jm’ for each tine step, Q, must be multiplied by 770() seconds/time step.
‘The average attenuated shortwave radiation for each time period is calculated as the product of the

average incident radiation and the daily total ¢ransmittance:

}ﬂj = ’Tt Ql] 512

The saturated vapor pressure, ¢, in kPa, is calculated from temperature as follows:

17277, )
5.13

2373+ T,

,=0.6108 exp(
atr

The guantty of direct solar radiation ohserved by a hillslope depends on slope and aspect, as well as

shading effects from surrounding topography. Solar radiation incident on a pixel is composed of direct

and diffuse tadiation. Direct beam radiation has two components: direct radiation from the sun ana
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ground-reflected radiation.  Direct radiation on the slope is controlled by the angle of illumination
between the incident solar rays and the normal o the slope (Gates 1980). Diffuse solar radiation consists

of the diffuse skylight and isowepically ground-reflected sunlight and skylight (Gates 1980).

The etfect of terrain reflectance and shadowing on the total clear sky shortwave radiation received by
cach model pixel was caleulated independentiy of DHSYM following the method of Arola {19923} and
Dubayah (1990}, using the Image Processing Workbench (IPW) developed by Frew (1991). Diffuse and
direct bearm radiation is c-al(:uizued monthly For each pixel based on the distribution of solar radiation at
the solar midpeint of each menth and then discretized into ten equiprobable classes.  This method
provides clear sky radiation for each pixel in the basin at each mode! time step. The [PW-derived solar

radiation s then scaled based on the radiation time series created using equation 3-11.

Retative humidity was calculated from obser/ed temperature using daily minimum temperature as a

surrogate for dew point temperature, as follows:

17277,
P 257347,
RH = % = ‘ min 5-14

¥

5.4.3.  PRECIPITATION

Peecipitation data from the Ware Creek gauge were provided by Weyerheauser for the period 1983 -
1993, The collection frequency changed many tirmes during this pesiod with collection intervals as short
a5 12 minutes and as long as 2 howrs. Precipitarion collected at shorter time intervals was aggregated up
t the two hour time step by summing the observations from the previcus two hours. Some of the data
collected at two bour intervals were recorded on the odd hour intervals, rather than the even. In these
cases, the total precipitation for each two hour interval was split evenly between the surrounding ‘even’

time intervals.



The primary precipitation gauge did not functicn between February 6, 1992 and March 24, 1992, Data
for this time interval was replaced with data from a backup gauge which was teraporarily in operation in
the basin, Dara was also missing for February 12 and 13, 1991, Precipitation for this time period was
filled with data from four regional stations using the normal-ratio method. For this method, the amount
of precipitation at Ware Creek, P, is weighted by the ratios of the normal annual precipitation, as
follow:

N N N N

e R R i el R N 5-14
_ Np

L
Al N

.
A N N,

Where ¥ is the station normal annual precipitation and P is the station precipitation at gacly time step.
Normal annual precipitation was calculated for the period 1974 . 1994 for Ware Creek and the four

revional staticns. The stations used and compuzed precipitation ratios are summarized in Table 5-9.

The completed uniform precipitation record g tested for consistency with the precipitation record at
Olympia Alrport using a double mass curve (Figure 3-4). The break in slope which occurs around
Novembet 1, 1988 indicates that thera was 3 problem with the Ware Creek precipitation record at this
time. Subsequent conversations With the Weyerheauser field hydrologist confirmed that the gauge was
malfunctioning during this period. Therefore, the Ware Creek precipitation between November 1988 and
October1989 was replaced usind the normal-ratic method described above. The double mass curve for

the corrected record is shown in Figure 5-5.

TARLE 5-9: NORMAL BATIO METHOD PARAMETERS

STATION NAME ELEVATION Katio P, /P
Longmire Rainier NPS 811.9m 1.395
Olympia Airport 594 m 2210
Rainier Carbon River 5288 m 1.889

| Cinebar 7m 1.587
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FiGURE 5-4: WARE CREEK PRECIPITATION VERSUS
OLYMYPIA AIRPORT PRECIPITATION, 1985 - 1994
55 WIND DATA

Accurate description of the surface wind field js one of the most difticult model inputs to obtain.

Measurements of wind speed. are sparse and the extreme influence of topography and other structures
makes interpolation from distant stations nearly meaningless. Wind speed is particutarly important for
quantifying turbulent heat transfer accurately during R()S events. Three different approaches of

increasing complexity were used to generate wind inputs for Hard and Ware Creek?,. These include:

¢ Annual average Cougar Mountain wind speed;
¢ Interpolation of NCEP/NCAR, reandyss fields, and
+  Digributed wind modeling

A recording anemometer Was ingtalled 6 meie:s aove the ground at the top of Cougar Mountain in

January 1993, An average annual wind speed of 9.2 m/s was calculated hased on the one year of
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available duta. For the first approach, this average wind speed was used for each model time step. Since
it was measured on the wp of a ridge, this average is relatively high, It is expected that average wind

speeds in the valley bottoms will be much lowe:. The other two input techniques are described below.
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Frouwe 5-5: CORRECTED WARE CREEK PRECIPITATION VERSUS OLYMPIA AIRFORT, 1985 - 1994

551: NCEP/NCAR REaxaLysis DaTA FreLps

The Nauonal Center for Environmental Prediction/National Center for Atmospheric Research
NCEP/NCAR Reanalysis Project is an effort 10 reanalyze historical data using 2 current and tixed
(January 1995) version of the NCEP data assimilation and operationz! forecast modei. The NCEP global
spectral mede! generates many output fields ar 2.5° resolution at a 6 hour timestep. U and V winds are
available ar 17 pressure levels. The geopotental height of each pressure level is also available.
Although at coarse resolution, the model dees reproduce the general nature of atmospheric circulation

including upper air wind speed and direction at 8-hourly intervals.
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To suppiement the Cougar Mountain record, thie 700, 830 and 923 mbar U and V winds were linearly
interpolated 1o Cougar Mountain from the four closest reanalysis fields. These include; -122.5%, 45.0°; -
122.5° 47.3 7, -120.0°, 45.0°; and -120.0°, 4757, U and V vectors were interpolated separately.
Yectors were interpolated in the longitudinal direction before interpolating in the latitudinal direction.
After horizontal interpolation, the wind vectors were interpolated in the vertical direction to bring them
to the height of Cougar Mountain. The NCAR data reproduce the range and variation of the observed
Cougar Mountain wind as illustrated in Figuse 3-6. Although the observed wind fields cannot be

reproduced, this data set allows us to reprosent the variability of the natural wind fields.

30

(m/s)

Measured Cougar Min Wind Speed

NCAR/NCEP Interpolated Wind Speed (m/s)

FIGURE 5-6: OBSERVED COUCAR MOUNTAIN WIND SPEED VERSUS NCAR/NCEP
»ODEr ED WIND SPEED

5.5.2:  NUATMOS DISTRIBUTED WIND MopEL
As noted above, interpolation of station observations to the catchment scale is a meaningless exercise.
Wind speed and direction are strongly controlled by topograpby. During field visits to Hard and Ware

Crecks, it hecame clear that sind speed varies widely within and between the catchments. For instance,
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even during relatively calm days elsewhere in the basin, one ridge in the northeast comer of Ware Creek
always seemed to have higher wind speeds. [n addition, during storms individuai clouds could be seen
ascending the slope, and their paths indicated 4 strong topographic influence. For these reasons, DHSVM
was modified to include the option of specifying wind maps for each time step and an effort was made to

model the distributed wind ficld,

Two-dimensional wind vectors for each model pixel were obtained using NUATMOS Version 6.0 (Ross
et al. 1988, NUATMOS 1992). This model was chosen because it employs tsrmiu- foliowing coordinates
and variable vertical layers, which are necessary to adequately represent complex mountainous terrain.
The structure of vertical layers in the NUATMOS model are illustrated in Figure 5-7. NUATMOS
produces wind velocity estimates, averaged over each layer in the vertical, by pushing user-specified
wind obsc:).vatibns over the topography. This means that for each vertical layer the station wind
observations are interpolated while accounting for the varying area of flow.  This produces a mass
consistent wird field based on interpolation of ohservations arbitrarily located within the model domain

(Ross et al. 1988).

A variational calculus method (Kitada et a. 1983) is used to constrain the flow 1 be divergence-free
using the continuity. equation. The method requires minimizing the difference between the initial
interpolated wind field and the final wind field, subject to the constraint that tbe divergence is zero. The
constraint equation is incorporated into the minimization integral using lagrange multiplier theory. The
choice of iagrange multiplier, A = 0, at the free boundaries allows adjustments to be made at the
domain houndaries, while c/A/dzat the surface ensures that the vertical velocity is preserved at the
carth's surface. These boundary conditions are possible due to the selection of terrain following

coordinates (sigma layers) in the vertical direcijon, as follows:



o={z, -2}l (z,=z,)=(z,~2) /7 5-15
Where z, is the top of the solution domain, z, is surface elevation and z is the zlevation above datum.
NUATMOS works with 3 rectangular elevation grid in UTM coordinates oriented with the four cardinal
point!; of the compass. For each time period, wind observations from locations within the grid boundary
are required 4 locations throughout the grid, with observations within each sigma level. A minimum of

one upper atmospheric observation is also required for model stability.
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FIGURE 5-7: ILLUSTRATION OF TERRAIN FOLLOWING (ZOORDINATES
There; arg only limited observations of wind within the DHSVM model domain. Therefore, a nested
approach was used to ¢btain the wind field over Hard and Ware Creeks. The NUATHMOS model was first
run at a course resolution with 900 m grid cells, to ericompass the 2.5°by 2.5°area bounded by the NCAR
reanalysis data. Wind vectors ouiput for the 900 m model were used ys “staticn” data to drive a fine
resolution model over Hard and Ware Creeks. ‘The two model domains are illustrated in Figure 5-8. The

tine resolution model wus ran with 30 m grid cells to correspond to the DHSVM resolution.
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Due to the large data requirements and time reguired o run the nested models, it is not feasibie to solve
for a new wind field for each DHSVM model timestep. Therefore, wind maps were developed for the
eight primary wind directions (NNE, ENE, ESE, SSE, SSW, WSW, WNW, NNW), based on the
reanalysis wind interpolated to Cougar Mountain. For each DHSVM model timestep, the reanalysis wind
direction at Cougar Mountain is used o select the appropriate wind map. Each wind map includes the
wind spead at each model pixel-for the dwm wind storm. Design wind speeds are based on wind
events which generated winds of approximately 10 m/s at Cougar Mountain in 1993, Therefore. for each
time step the map wind speed must be scaled according to the “observed’” wind speed at Cougar
Mountain. The NCEP/NCAR interpolated reanalysis fields are nsed as the “observed’ Cougar Mountain

time series. The eight completed wind maps are included as Appendix D.

To verify (hat 4 linear scaling is applicable, the model was run for 3 range of wind speeds for winds
originating from SSE, SSW, WSW and WNW. Winds at Cougar Mountain originate from the remaining
four directions less frequently and reanalysis wind speeds for these directions did not exceed 15 m/s
during 1995. Therefore, these directions were not checked for linearity. For sach of the wind directions
that were checked, wind speed at four poines in the two basins wag compared to the interpolated

reanalysis Cougar Mountain speed, as shown in Figure 3-9 for SSE.

This analysis indicates that 2 linear scaling factor is applicable, although the diffzrence in slope of the
rendlines indicates that the rate of increase is different for different points in the basins. It was also
found that th2 slope of each of the trendlines iy Figure 3-8 is not substantially different from the slope
betwezn the 10 m/s design storm and zero, as iliustrated in Figure S-9. Therefore, the rate of wind speed
increase fur ¢ach model pixel for an increase in Cougar Mountain wind speed can be approximated by
dividing the modeled pixel wind speed by the Cougar Mountain design wind speed. The design stomms

used for euch wind direction are summarized ic Table S-10. Wind speed for gach pixet for each time step
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is then found by multiplying the appropriate rate of increase by the Cougar Mountain wind speed for that

tme step.
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[n general, use of the NUATMOS model serves to attenvate the higher wind speeds observed on Cougar
Moungain within the protected valley bottoms, Depending on wind ditection, the wind speeds may be
increased elative to the NCAR/NCEP wind speed near ridge tops as air is pushed over the ridges.  Wind
storms orizinating parallel to the orientation of the basins (NW and SE) produce the largest wind speeds
along the top ridge. The effect of these wind fields, particularly on snow melt, will be explored further in

Chapter 6.

TaBLE 3-10: DESIGN WIND STORM CHARACTERISTICS

PRIMARY PATE i INTERPOLATED WIND WIND DIRECTION
D crioN SPEED (DEGREES)
(M/S)

NN 7I16/95 18:00 10.17 20,8
ENE 3/2/95 6:00 9 .85 828
ESE 1/3/95 18:00 10.18 122.8
SSE 1/23/95 18:00 9.53 138.1
SSW 4/20/95 0:00 9 88 2007
WISW 3154935 6:00 10.13 2476
WNW 11/9/95 18:00 9.94 202 4
NNW 2/11/85 12:00 10.43 3340

5.6: MODEL CONSTANTS
Several physical constants used in the model are not varied over time or space. Those values which are
prescribed at the beginning of the model ran ace listed in Table 5-11. Some of these values were changed

during model caltbration. as described in Chapter 6,



TABLE 5-11: CONSTANT MODEL PARAVETERS

PARAMETER DESCRIPEION VALUE
Roughness of soil surface (m) . . .. 0.01
Roughness of snow surface (m) - 0.01
Minimurm temperature at swhich rain occurs {C) -1.5
Maximum temperature at which snow occars (O 0.5
Snow liquid water holding capacity (fraction) 0.03
Reference heiaht {m)° , 90.0
LAI multiplier for rain interception 0.0001
LAI rultiplier for snow interception (.0005
Threshold for intercepted snow which must be melted (m) {(3.003
Precipitation lapse rate {m/m/2 hr) 0.00003
Edge lenatly o2 grid cell (m) 30
Number ol rows 115
Number of coiumns 110

Notes:
"The height of surface flux calculations above the overstory. Also the assumed height of the input wind
speed, :




CHAPTER 6: MODEL CALIBRATION AND SENSITIVITY

DHSVM is a physically-based model, which (eans that the parameters and inputs described in Chapter
5.0 are meant to be based on physically meuasurable quantities. For this reason, many parameters were
not adjusied during the model calibration process. However, it is nor always fusible to make the
¢xhaustive measurements that would be accessary to specify al parameters based on observations.
Therefore, some calibration of the less well-defined parameters is required. The time period from July 1,

1993 threugh June 30, 1996 was selected for model calibration.

Selectipn of this calibration period includes tli: period from January 1, 1996 to june 30, 1996 for which
field ohservations of culvert discharge were available. In addition, the calibration period encompasses
the large ROS event of Febmuary 5-8, 1996, a5 well as the smallexr April 28, 1996 event. The model run
was started g October 1, 1992 to allow sufficienr, time for the model to respond to inizial conditions. By
going through an entire annual cycle, the fall storms of 1995 reflect the modeled summer dry down
period. Inidal hydrological conditions on October 1, 1992 specified no snow and no precipitation
intercepted ir. the canopy. Soil moisture w35 assumed to be at field capacity. These are redistic
conditions for early autumn before significant rain has fallen, but nonetheless the first seyven months of

simulation were ignored during the calibration.

The model was first run with the parameters and inputs described in Chapter 3.{}. Since the calibration
period represents current conditions, the mode! representation of both road and channel networks was
implemented. In addition. the variable soil depth map and NUATMOS wind model (Section 5.52) were

used during calibration,



6.1: MODEL CALIBRATION

The first step in model calibration meluded o general check of snow aceurnuiation and ablation.  An
cstimation of the snow ¥ine gievation was made during fileld visits in 1996, The estimated snow line was
(:ompzlxéd to the modeted disuibution of snow water equivalent (SWE} for the date of each of the field
visits, a3 shown in Figure 6-1. The black line i these figures illustrates the snow line inferred from field
observations, The shaded areas represent the model&:d SWE. On January 4" anid 6", the modeled SWE
appears 1o be more widespread than was observed. However, the observed snow line was usually
estimated as the location where solid show cover began. The modefed SWE over much of the basin on
January 4" and 6" is very thin and most likely would appear as patchy cover in the field. For example, on
February 13, patches of snew were observed down o 670 meters, although the snow line was recorded
at 1067 m. This partinlly explains the higher modeled SWE equivalent relative o observed on February
15 and Murch 14, The February, 1996 ROS event was characterized by high winds and a high rate of
turbulent mixing of the air (Storck, persona! communication). This results in fairly homogeneous,
hydrostatic conditions with no temperature inversions. The NCEP/NCAR interpolated wind speeds at
Cougar Mountain during this storm vary between 16 m/s and 23 m/s. Although these wind speeds are
quite high, Cougar Mountain is an exposed site, and the effect of the distributed wind model attenuartes

the velocities. This effect will be explored further in Section 6.3,

The sequence of images beginning on April 12" indicates that the radiation-dominated melt-out in the
spring is well represented. The general comparisen presented in Figure 6-1 indicates rhat the distribution
of temperature, precipitation, wind and radiation performed by DHSVM is able to represent snow

accumulation and ablation reasonably,

DHSVM was further evaluatzd by comparison f the observed and modeled catchment water balance.
‘The total precipitation at the Ware Creek gauge during the calibration period was 7.972 m. The total

obsarved discharge during this period was 7.017 m for Hard Cresk and 6.135 1 for Ware Creek.
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Assuming constant precipitation over both basins and that all discharge is captured at the stream gauge,
mass balance yiclds an approximate water loss due to evapotranspiration and snow vapor flux
(sublimation from the sncw surface) of 1«4 m. Initisl model runs did not produce combined
evapolranspiration and snow vapor flux of this magnitude. Therefore, the LAIL indices for all vegetation
classes were ‘ncreased until evapotranspiration: was approximately correct, LAT was increased a total of
435 %. This reflects the uncertainty of the values uf LAL nsed. These LAI values were based on observed
values for mature trees. These were scaled downward linearly based on total tree height., As wees do not
grow leaves linearly, it is oot surprising thar these vatues required adjustment. Tt is also possible that
underflow at one or both of the stream gauges vields overestimation of the annual average evaporation by
the mass balance. Neither of the stream gauges is tied into bedrock and the valley material is very coarse
textured. DHSVM does not allow loss of water from the basin by deep subsurface scepage, therefore it is
assumed that all moisture losses are due to evapotranspiration and snow vapor flux. The possible over-
estimation of evaporation rates wouid contribute to underestimaticn of peak flows following dry periods.
Total evapotranspiration for the final model calibration averaged 1.36 m for the two basins. Estimated
evapotranspiration is slighty high when compared to the water balance, which in part reflects the

difficulty in matching the water balance for both Hard and Ware Creeks simultaneously,

The observed discharge record for Hard and Ware Creeks from July 1993 through June 1996 was used to
further evaluate model performance durdng the calibration period. The mean predicted Hard Creek
discharge for each two howr tmestep is compared to the mean observed discharge in Figure 6-2. A
similar ploc of Ware Creek discharge is given in Figure 6-3. Aside from LAIL the parameters adjusted
during this calibration inclode the lateral hvdrauiic conductivity, the exponent for decrease in lateral
hydraniic conductivity, the deep layer soil deplh and the height of the road cuts. The height of the road
cuts was adjusted when trving to match chserved culvert discharge, as described below. The need to

change this value may reflect an inaccurate represantation of the road geomety by the model,
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Most events wre fairly well represented. In general, the model underpredicts base How and overpredicts
storm peaks. There is evidence of a slight «delay in the model’s tireing of peak flows which creates g
relatively small percentage underprediction, tollowed by an overprediction. Since the overprediction
coincides with the falling limb of the observed hydrograph, the percentage difference can be quite high,
In addition, hoth Figures 6-2 and 6-3 show a very farge percentage error in July 1995. This is due to a
small sumiar rainstorm. The observed record shows no streamflow response for this storm. The model
discharge produced a sharp pulse. which resulis in alarge percentage error in comparison to the observed

low summer discharge.

Total simulated Hard and Ware Creek discharge for the calibration period was 6.62 and 631 m,
respectivety. This represents an overestumation of Ware Creek streamflow and. an underestimation of

Hard Creek streamilow.

There are two explanations for the difficulty in correctly simulating the water balance in both basins.
One is the effect of microctimatology in these steep mountainous basins. As the area elevation cugye in
Figure 6-4 indicates, the basins have a fairly similar distribution of elevation ranges. Therefore, 3 Smple
linear precipitation lapse rate will not result in a significant pracipitation difference for the two basins.
However, the data record indicates that localized precipitation differences must exist, since there is no
consistent trend in catchment response. For example, annual average discharge for the period of record is
higher for Ware Creek, however for the calibration period the normalized Hard Creek discharge is higher.
The predominant wind direction in these basins is from the sputhwest. Storms traveling in thig direction
will cross Hard Creek first and possibly dry our a hit before crossing into Ware Creek. These {gcalized
differences in precipitation rate cannot be accounted for within the simulation without an explicit

orographic precipitation model.

The final water balance is aiso very dependent on the total soil depth. Figures 6-2 and 6-3 indicate that

base flow 1s undercstimated in both basins. In sddition, the model recessions from peak flows tend to be
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too steep. This is better ghserved in 4 close-rip of the hydrograph for the April 23, 1996 even( in Figure
6-3. This figure shows that the hydrograph puak is well represented. The timing for the beginning of rise
is also fairly well represented, with simulated response slightly lagged in Hard Creek and slightly
advanced in Ware Creek. In both cases the difference in timing is approximately tswo hours and may be
due in part to the discretization of streaum flovs into two hour averages. However, for both hydrographs,
the simulated recession is more abrupt than the observed. The length of the recession can be controlled
by the deep ayer soil depth. [ncreasing the depth increases the soil moisture storage throughout the basin
which can drain more gradually, The. final hvdrographs presented hers represent a compromise between

simulated stream flow recessions and the total basin water balance.
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FIGURE 6-4: ARFA-ELEVATION CURVES FOR HARD AND WARE CREEKS

The model calibration was further evaluated with comparison to peak culvert discharge measured in the
field between January and fune 1996. Simulaied discharge from ten of the monitored road segments is
compared to observed point values in Figures -6 and 6-7. The remaining two moniiored road segments
lie outside the basin and so are not included in the model domain. Square points represent peak Stages
measured between field visits (via crest stage recorders) and round points represent observed stages gn

field visit dates. The peak stages were assigned to the day of maximum rainfall, so some offset in timing
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FIGURE 6-7: MoONITORED FlARD CREEK CULVERT DISCHARGE,

JANUARY 4, 1996 « JUNE 15, 1996

Squares represent estimated peak discharges, circles are abserved

discharge and lines are the simulated culvert discharge.
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may occur. The simulated discharge is seen to respond o individual rainfall events throughout the
scasen, with little baseflow between events. This is consistent with field chservations. Some of the
culverts, such as culvert HO42 in Figure 6-7 have tlow perennially throughout the year which is also
consistent with observations. Two of the culverts, culvert W018 in Figure 6-6 and c_ulvart HO23 in Figure
6-7 have much lower simulated responses than observed.  Culvert HO23 has a relatvely small
contributing orea as delineated from the DEM. It is possible that actual subsurface flow paths do oot
reflect the surface topography as represented by the DEM. In this case the contributing area may be
larger than is reflected in the simufation. In addition, the local soil depth relative to the road cut will
effect the ameunt of water storage in the pixel and therefore how quickly the water table can rise during a
storme. It i3 likely that the under prediction of response from culvert WOIE could be corrected by

adjusting esther the soil depth or cut bank height for this location.

In general the model seems [0 overpredict road response for the largast storm flows. Figure h-8 shows a
comparison of modeled versus observed dischiwrge for the February and April 1996 events.  Figure 6-S
shows a higher than expected number of discharge peaks are overestimated by the model, as indicated by

the numbe; and distance of points above the line of equality. However, tte simulated values fa]l within g

reasonable range of the observed. Considering the smalt spatial scale of ditches and hillsiope
contributing areas, the simulaied culvert discharge series szems to be a reasonable representation of
realiey. Jt raust be expected that with subsurface flow determined based on 30 i pixels, there wili be

some error associated with subsurface flow being routed to neighboring road segments.

In addition. the gverprediction of model peaks may be a result of overcompensating fir performance of
the current algorithm. To generate subsurface interception in between the two largest storms Of the
nbservation period (February and April 1906), it was necessary to increase the cuardepth. The ¢yt depth
was originally calculated based on the local hillslope and road surface width, by assuming that one-half

of the road surface width intersects the hillside. The road surfaces specified based on field examination
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only included the width of limited infiltration, therefore, it is likely that the cutdepth was subsequently
underestimaied. In addition, the current algorithen for infilaation through the mad surface assumes that
all rainfafl and snow melt infiltrates the road surface unless the water table is above the height of the road
cut. Several researchers have showr that the rate of infiltration through forest road surfaces is often less
than the precipitation rate (Megahan 1972, Folz and Burroughs 1990, Ried and Dunne 1981, Luce and

Cundy 1994). Since the model does not represent infiitration excess surface runoff generation for small

intermediate storms, the cutdepth was lowered to generate a4 response for these events. The lower

cutdepth caused g simulated response in gxcess of that observed for larger storms when road surface

runoff was generated.
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I'IGURE 6-8: SIMULATED V§. OBSERVED CULVERT DISCHARGE FOR THE FEBRUARY
AND APRIL 1996 STORM EVENT
Finaly the hasin average values of other variables, were checked for plausibility. Figure 6-9 shows the
variation of fotal evapotranspiration, snow waier equivalent and soil moisture over time. This figure
shows the development of a snow pack each year generally beginning sometime in October and melting

completely in early May. The snow pack is much larger in 1996 than in 1994, which is consistent with

the above normal precipitation that occurred in 1.996. Soil moisture shows a clear annual cycle, yspally
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approaching the wilting point in the top two soillayers during the summer. In addition, the soil moisture

reflects the anomaoudly dry conditions of water year 1993.

Following calibration, model perfermance gyer time was tested. The model was pun from October 1985
through October 1992 for Hard Creek and from October 1989 through October 1992 for Ware Creek.
Observed WWare Creek discharge prior to 1989 has been lost. The complete szt of evaluation runs is
presented i Appendix E. The residuals for this evauation show no trends which would indicate that the
basin either accumulates or loses water over ¢ach annual cycle.. The results appear consistent with the

calibration period.

6.1 MODEL SENSITIVITY TO SOIL DEPTH

The sensitivity of the model to the physical disiribution of soil depth was assessed by comparing the
culibrated model Smulations to simulations using a constant soil depth. The constant value of soil depth
chosen was 0.9 m, which is the weighted average of the estimated basin average depths. The effect of
soil depth on the distribution of subsurface water for severa days following the April 1996 storm is
shown in Figure 6-10. The first image shows the depth to water table just after the hydrograph peak.

White cells represent corapletely saturated pixeis. The water table is consistently higher in the constant
soil depth scenario, as it is restricted by the shallower soil depth. However, it can be seen in the
subsequent images that the localized reservoirs of goil moisture storage in the variable soil depth scenario
alow the basin to hold onto moisture longer. ‘The actual change in soil moisture due to this effect at the

basin scale is actually quite small (Figure 6-11).

As Figure 411 indicates the difference rarely exceeds 1% of the average soil moisture for the bottom
oot layer. However, this results in differences in the simulated culvert discharge, as indicated in Figure

6-1Z. The decrease in predicted culvert responss using the constant soil map follcwed by an increase of
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FIGURE 6-10: CHANGE IN THICKNESS OF THE SATURATED ZONE
DURING THE APRIL 1996 STORM DUE TO SOIL DEPTH
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roughly the same magnitude indicates that the constant map of soil depth served to advance the
catchment response time. As Figures 6-13 and 6-14 indicate, this effzct is not readily apparent in the

basin hydrograph; the difference series is very smilar for both series. In hoth cases, the simulated
streamflow ¢ver predicts the first storms in the fall. Under prediction of fall storms is a frequent problem
in the application of disuibuted models to mediterranean climates due to exireme dry down of soil
moisture during the snmmer. This was the origina reason for including a variable soil depth, to increase
soil moisture storage over the summer. [n this application, the soils seem to be: so shallow that the soil

moisture deticit is overcoms very quickly throughout the basin.

In conclusion, although the variable soil depth map may cause localized differences in soil moisture,
these differences do not seem to be enough (o effect basin response at the catchment scalé. Therefore,

there does not seem to be any clear advantage (o using a variable soil depth in this case.

6.3: MODEL SENSITIVITY TO WIND SPEED AND DISTRIBUTION

The sensitivity of modeled snownielt and evapotranspiration to the three sources of wind speed was also
analyzed. The three wind speed sources include the annual average Cougar Mountain wind speed, the
NCEP/MNCAR reanalysis wind speed interpolared to Cougar Mountain and NUATMOS distributed wind
modeling.  The difference in basin average SWE (both above and below the canopy) during the
calibration period for each of the wind sources is shown in Figure 6.15, Although the differences are not
large, they indicate that using a constant annnal wind speed generally causes greater snow accumulation
relative to the base case and using the interpolated wind speed generally causes less snow accumulation.
Both of these observations segm consistent. For the majority of tie winter, snow is concentrated on the

ridgetops.  During winter ROS events the average annual wind speed of 9.2 m/s will be much less than
both the interpolated winds or tie modeled wind field, therefore less snow will be melted. In contrast,

the distibuted wind model tends to atwenuate the interpolated wind speeds at all but the highest
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elevations. Therefore, the interpolated wind speed tends to cause greater melt. Figure 6-16 shows the
etfect this has on melt during the February 1996 event. It appears that more spowmelt occurs in the
valleys for both the interpolated and constant wind speeds, since there is no consideration for topography.

However, the wind model produces the highest melt rate over the higher elevations,

The effect of wind speed on modeled total evaporranspiration (ET) was also evaluated.  As indicated in
Figuge 6-17, the difference in total evapotranspiration is larger for the constant wind speed than tor the
interpolared wind speed. However, in both cases the changes osciflate between positive and negative.
Tota) ET for the base case was 1.6 m bhetween july 1, 1993 and June 30, 1996, Total ET for the
constant wind scenario was 1.57 m, and 1.63 meters for the interpelated wind. The spatial distribation of
evaporation differences is shown in Figure 6-18. This shows evaporation for one time step on July 23,
1995 which bad extremely high summer wind speeds. The interpmﬂated NCEPMNCAR wind speed at
Cougar Mountain for this time period was 20 m/s. White areas represent areas of no evaporation. All
three of the maps show no evaporation on the ridge tops, most likely due to soil moisture below the
wilting point in these locations which would restrict transpiration. The lowest evaporation rates result
from the distributed wind model. The other two scenarios most likely overestimate evaporation in the
valley bottorns. The resulting effect of wind source on Ware Creek discharge is shown in Figure 6-19

and 6-20.
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CHAPTER 7: SENSITIVITY OF STREAMFLOW TGO ROAD CONMSTRUCTION
AND FOREST HARVEST

Following model catibration DHSVM was used o simulate Hard and Ware Creek streamflow botb with
and without roads for the period 1985 through 1996. The modeled discharge was first used to evaluate
the effect of roads on catchment water halancz and individual storm hydrographs. The ability of forest
road networks to increase peak strcamflow was then analyzed with respect to the peaks-gver-threshold
(POT) series and discharge return intervals. A sensitivity analysis was performed to assess the influence
of calibration quality on predicted streamflow increases. Finally, DHSVM is used to assess the possible

synergism hepween forest harvest and road construction effects on streamflow,

7.1: ROAD EXFECTS ON BASINHYDROLOGY

The model-predicted effect ot roads on the distihution of soil moisture during the April 1996 storm event
is shown in Figure 7-1. This figure shows the water table thickness, both with and without roads as the
basin draing following the storm. The first image shows conditions immediately following the storm
when much of the catchment was saturated. No known landslides occurred during this stomi. The
influence of the road network is reflected in drier (more purple) arcas beneath the roads.  The points of

culvert discharge aiso show up as localized azeas of higher water table.

The differences in soil moisture observed in Figure 7-1 appear to decrease as the hasin dries out. As
described in Chapter 2. the development of drier argas below the roads is likely to counteract the effect of
the oad petwork 0N sireamflow, by decreasizg runoff from these hillslopes during storms.  The
diminishing differences in soil moisture betwezn the roaded and non-roaded scenarios for drier conditions
indicates that there would he a larger change in the timing and magnitude of peak flow due to roads for

storms with dry antecedent conditions since the effzct will not be diminished by slower responding areas
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FIGURE 7-1: DIFFERENCE IN WATER TABLE DEPTH (NG ROADS - ROADS)
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below roads. Figure 7-2 shows hydrographs for simulations both with and without the road network for a
moderile Aytumn stopn between September 23, 1992 and October 13, 1992 under dry antecedent
conditions. Comparison of the storm hydrograghs shows a stecper ascent in the rising limb due to roads
and an increase n peak discharge, The increase in discharge is approximately 17% for Hard Creek and
14% tor Ware Creek. 'The recession curve is steeper for the roaded scenario, reflecting the faster

drainage of subsurface areas by conversion to surface flow.

For contrast, Figure 7-3 shows the hydrographs for a storm between March 16, 1994 and March 26, 1994
which generated a response of similar size to the September 1992 event. The increase in magnitude of
the peak 1s only slightly smaller for this event, 14 % and 13 9% in Hard and Ware Creeks, respectively.
This could be a reflection of the antecedent scil moisture, or the fact that the peak streamflow for the
March storn is approximately 9% greater than the September 1992 peak. However, Figure 7-3 does
indicate that the hydrograph rising limb is not substantially steeper due to roads under wet antecedent

conditions.

There is no change in the time to peak due to roads for either wet or dry antecedent conditions reflected
in the model resalts, Changes in timing less than two hours cannot be resolved in the simulated results
since discharge is averaged over the two hour model timestep. 4s indicated in Figure 3.0, the peak
discharge in Hard and Ware Creeks responds to rainfall within one (o four hours. Therefore, it seems
likely that changes in timing due to the road network may exist at 3 magnitude sinaller than the model

amestep.

Both of the storms shown In Figures 7-2 and 7-3 are significantly smaller than the mean annoal flood,
They were presented here in order to explore the mechanisms of the road network/hillslope interaction.
The effect of roads on larger. channel forming events is explored in Section 7.2, Initial interpretation
sugzests that the forest road network, as represented by DHSVM, does redistribute soil moisture through

the road network. This results in drier areas downslope of roads, which might be expected to delay future
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storm peaks. However, ccmparison of two similar sized storms under different antecedent moisture
conditions suggests that the redisaibution of soil moisture does not have much effect on the magnitude of

peak dischurge increases due to roads,

7.2: ROAD NETWORK EFFECTS ON STREAMELOW

The cumulative effect of the road- network an peak flows was examined based on the POT series and
through a frequency analysis. First the annual mzmima'peak tlow rate serics was extracted to analyze the
effect of roads on the mean annual flood (averzge of the annual maxima). The base mean annual flood
was determined using the annual maxima series from a model simalation from Gctober 1985 - June 1996
with current vegetation and without the imposed road network. Under current vegetation conditions,
DHSVM indicates an 11 % ncrease in both Hard and Ware Crecks’ mean annual flood due to the read
network. All but one of the annual maxima cesulted from the same storm both with and without roads.
The mnnual maximum for water year 1993 for Hard Creek changed from December 20, 1994 to
November 30, 1994. Two of the eleven storms in Ware Creek and three in Hard Creek peaked between 2
and 6 hours faster with roads. In addition, twe storms in Hard Creek peaked 18 and 20 hours earlier due

o the road network.

To investigate road effects for higher magnimude flows, a (hreshold was next selected which would
generate approximately one storm every twe years for the 11 year record. A threshold of 3.25 c¢ms for
Hard Creek and 3.75 cms for Ware Creek was uscd to select four storm events bused on the simulation

without roads. The average peak discharge for rhese four storms was compared to the average peak
discharge for the four largest storms generated for 3 simulation with roads. For hoch basins, the largest
four storms were the same under both scenarios. This analysis indicated an 8 and 9% increase in the

magnitude of the POT series for Hard and Ware Creeks, respectively.
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A frequency analysis of the simulated annuad flood series was performed by fitting an Extreme Value
Type 1 distribution (EVD) to both the with- and without-road simulations. Parameters of the distribution
were found using the method of moments. The fitted distribution is shown in Figure 7-4 for the model
simulation without roads. Confidence intervals (93%) were calculated based on the moments of the EVI
distribution, foilowing the procedure of Kite (1975). This is based on the assumption that discharge
values are normally distribuied around a mean value, predicted by the tited EVI distribution.  Goodness

of fit was verified using the Kolomogorov-Smimoft test.

g ..‘..

Discharge (m3/3)
I
L

1.1 2.0 5.0 20.0

Return Period (years)

Estimated discharge ¢ Discharge {cms) + 2+ 954, Confidence Intervals

FiGURE 7-4: Frr1ED EVI DISTRIBUTION FOR WARE CREEK NON-ROADED SCENARIO
Although the length of the simulated discharge record limits analysis of extreme flows, the EVI
distribution was used to investigate the effect of roads on events with return intervals of 2. 5 and 10
vears. As summarized in Table 7-1, the forest road network as represented by DHSVM results in an
increase of the ten year flocd of & and 10% for Hard and Ware Creeks, respectively. Alternatively, this
means that th= flood with a ten year return period in a4 harvested basin without roads would have a return

interyal of 6.6 or 7 yearsin Hard or Ware Creeks after road construction (Table 7-2).
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Tabies 7-1 and 7-2 show a slightly larger increase in discharze due to rouds for all but the smallest flows
in the Hard Creek catchment as compared to Ware Creek. This is cousistent with the degree of change in
subsurface Now paths found i Chapter 4. For the two year retun interval flow and the mean annual
flood, the pwo catchments show roughly the same change. For these lower retum intervad flows, it is
likely that the greater road network density in Hard Creek is balanced by the larger percentage of .harvest

in Ware Creex.

TABLE7-1: ETFECT OF FOREST ROADS ON RETURN PERIOD

| RETURN WITHOUT ROADS WITH ROADS Te
PERIOD LowEr DISCHARGE LUPPER LowERr DISCHARGE UPPER CHANGE
| Livir {(CAs) Listrr LIMIT (CMS) LIMIT
FArRD CREEK
2 2.3 3.1 36 2.8 3.4 4.0 114
N] 3.3 4.2 30 3.9 4.7 5.4 10.3
10 4.1 5.0 6.0 4.6 5.5 6.4 9.9
WARE CREEK
2 3.0 3.6 [ an 34 4.0 47 118
3 4.3 5.0 5.8 4.7 3.3 6.3 9.4
10 3.1 6.0 6.9 5.6 6.3 7.4 8.4
Notes:

Y939 confidence interval

TABLET-2: CHANGE 1IN RETURN INTERVAL DUE TO ROADS

HArD CREEK WARE CREEK
RETURN RETURN RETURN RETURN
DISCHARGE INTERVAL w/O | INTERVAL W/ DISCHARGE INTERVALW/O | INTERVAL W/
] RoaDs Roaps Roaps RoaDs
3.1 cms 2 Y18 1.8 yrs 3.6 cms 2 1.6 yrs
4.2 ¢ms 5 yrs 3.6 vis 3.0 cms 3 3.7 yrs
3.0 ems 10 vrs 6.0 vrs 6.0 cms 10 T.0 yrs




7.3: SENSITIVIY OF PREDICTED INCREASES TO MODEL CALIBRATION

The sensitivity of the estirnated increase in peak discharge due to roads to the quality of the model
calibration was assessed by varying two calibration parameters; the lateral hydraulic conductivity and
the expouznt for decrease in lateral hydraulbic conductivity with depth. These are two of the most
sensitive calibration parameters. Model simulations were made both with and without roads for two

values of these parameters, as indicated in Table 7-3,

TABLE 7-3: PARAMETER SETS FOR SENSITIVITY ANALYSIS

LateralL HYDRAULIC EXPONENT FOR DECREASE IN KH
CONDUCTIVITY, KH
ORIGINAL CALIBRATION 0.002 1.0
SENSITIVITY CASE 1 0.01 0.75
SENSITIVITY CASE 2 0.0003 2.0

Figure i-5 shows simulated Hard Creek for sensitivity case 1 during the galibration period. Comparison
with observed streamflow indicates that simulated streamflow peaks too early due to the hiyh lateral
conductivily. This offset in timing results in & peak error three times larger than in the original
calibration. Simulated Hard Creek discharge for the second sensitivity case is shiown in Figure 7-6. In
this ¢ase the Low hydraulic conductivity and high exponent rend to keep watér in the pixel longer.
Therefore, the simulated hydcographs tend to have longer recessions and lower peak flow-rates than the
observed. This results in more frequent and larger negative errors for the sensitivity case than for the

base calibration.

The increase in mean annual ow dnd the POT series for the two scenarios are summarized in Table 7-4.
These results indicate that the guality of the model calibration does effect the magnitude of the observed
oad effect. Howewver, the alternative parameter scenarios shown in Figure 7-3 and 7-6 result in

noticeably different calibration hydrographs. [t is not likely that these parameter sets would be arrived at
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during the calibration process. A more rigorous analysis with more feasible piramerer sets is necessary

to truly determine the sensitvity of predicted streamflow increases o model calibration,

TABLE 7-4: INCREASE IN DISCHARGEFOR Two SENSITWITY ICASES

9o INCREASE IN MEAN ANNUAL % INCREASE IN MEAN OF POT

FLow SERIES
WARE CrriK | HarRp CREEK WARE CREEK HARD CREEK ||
ORIGINAL CALIBRATION 11.2 11.1 7.6 5.0
SENSITIVITY CASE 1 6.9 6.9 4.4 5.4
SENSITIVITY CASR 2 14.7 147 129 133

7.4: COMBINED FOREST HARVEST AND ROAD CONSTRUCTION EFFECTS

Finally, DHSVM was uszd to explore the tink between forest harvesi and road network effects on
simulated peck discharge. Comparisons performed up until now have focused on modeled changes due
o the imposed road network under harvested conditions. Thercfore, the modeled increase in streamflow
already reflects the effects of forest harvest. To simulate pre-hacvest conditions, both catchments were
assumed 1o be completely covered with the most mature (highest LAL) vegetation class from the original
vegetation map described in Chapter 3, Simulations were performed with this matare vegerative cover,
both with and without the road network. The changes in mean annual flood and POT were compared
with respect to vegetation cover and road network, as summarized in Table 7-5. Several patterns are
indicated by this wble. Comparison of peak flows before and after timber harvest indicate a larger
percent increase for Ware Creek than for Hard Creek. This is consistent with the harvest histeories; Ware
Creek has neen harvested significantly moere than Hard Creek, although the exact percentage of harvest
difference s unknown. The results in Table 7-3 show the expected result that the relative eftects of forest
harvest to road construction depend on the total harvested area. Relative to an undisturbed catchment,
the increase in streamflow due to roads alone is larger than that for forest harvest alone in Hard Creek.

The reverse is ue in Ware Creek,
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Some previous paired catchment studics have indicated a synergism hetween forest roads and timber
harvest, meaning that the combined effect is ereater than the additive effect of the individual components
(Jones and Orant 1996, Wright et al. 1990). With respect to mean annmual flow and the POT series,
DHSVM simatations do not support this theory, although there is some suggestion that the existence of
an interaction depends on the quantity of timber harvested. Specificaily, the combined effect of forest
harvest and reads is shghtly larger than the sum of the individual effects in Ware Creek, while the
combined effocts are approximately equal o the additive effects ia the less harvested Hard -Creek
catchment. But, in both basins there is a smaller relative increase in peak tlf;xv dire to forest harvest with

roads in place, than in forest harvest without roads,

The effect of road construction and forest harvest on discharge return interval is summarized in Table 7-
6. For the most pagt, the changes in mean annual flow and POT are consistent. There is a larger increase
in dischargs due to roads in Hard Creek relative to Ware Creek and a larger increase in discharge due to
forest harvest in Ware Creek. Once again, thers is a slightly greater percent increase in discharge due to
roads and harvest combined than for the sum of these individual weatments in Ware Creek. This

interaction was not present in Hard Creek.

TABLE 7-5: INCREASE IN PEAK DISCHARGE FOR TWO SENSITIVITY CASES

% INCREASE IN MEAN % INCREASEIN POT SERIES
ANNUAL FLow
WaARE CrEEK | HARD CREEK | WARE CREEK HarD CREEK
% CHANGE DUE TO ROADS W/ 11.7 i2.6 3.4 8.7
MATURE COVER
%o CHANGE DUE TO ROADS W/ 11.2 111 7.6 9.0
HARVESTED {1996} COVER
% CHANGE DUE TO FOREST 14.8 g7 12.0 1.6
HARVEST W/0 ROADS
%o CHANGE DUE TO FOREST 14.3 3.3 11.2 6.9
HARVEST W/ ROADS
9 CHANGE DUE TO ROAD 277 22.0 204 173
CONSTRUCTION AND FOREST )
HARVEST




TABLE7-6: PERCENT INCREASE IN PEAK DISCHARGE FOR VARIOUS RETURN INTERVALS

e Sat
WARE CREEK HARD CREEK
RETURN INTERVAL: 2 ¥R 5 YR 16 YR 2 YR 5YRr 10 YR
%% CHANGE DUE TO ROADS W/ 12.3 9.8 8.8 12.9 it.4 10.7
MATURE COVER
% CHANGE DUE TO RGADS W/
HARVESTED (1996) COVER 1.8 9.4 8.4 11.4 10.3 9.9
Y% CHANGE DUE TO FOREST
HARVEST W/O ROADS 15.4 13.1 122 10.1 8.3 7.8
% CHANGE DUE TO FOREST
HARVEST W/ ROADS 14.9 127 11.8 8.6 7.3 7.0
%% CHANGEDUE TO ROAD
CONSTRUCTION AND FOREST 29.0 237 21.7 22.6 20.0 18.5
HARVEST




CHAFPTER 8: CONCLYUSIONS AND RECOMMENDATIONS

This research has addressed the effect of forasy roads on streamflow in @ Pacific Northwest maritime
mountainous catchment. The central hypothesis of this research has been that forested road networks in
mountainous forest catchments increase streamflow by replacing subsurface flow paths with surface flow

paths, Road networks can capture runoff in two ways:

s By inteccepting subsurface flow through the cutbank when the water table is above the depth of the

road ¢ut; and

+ By capturing infiltraticn excess precipitation when the rainfall intensity exceeds the infiltration

capuacity through the compacted road surface.

Once in the road drainage network, runoff may reach the natural drainage network as surface flow
through direct entry at str¢am crossing culverts of indirectly through gullies eroded beneath ditch relief
culverts. ‘This hypothesis was explored usicg a combination of field investigation and distributed

hydrologic modeling.

The quantity of runoff intercepted by the road network was monitored in Hard and Ware Creeks, both of
which are tributaries to the Deschutes River , Western Washington. These observations showed that the
magnitude of the observed culvert dischargze wag controlled by subsurface flow interception rather than

road surface runoff. The most consistent pattern in the field results was that the quantity of intercepted
subsurface flow is higher bensath harvested hitlslopes. Medium or ‘bottom hillslope positions and
medinm t¢ deep soils also teaded to increase the quantity of intercepted subsurface flow. The limited
ficld study also indicated that some road segments do not generate surface runoff, because of infiltration

from the ditch above the culvert.
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The effect of roads en the spatial distribution of surface and subsurface flow paths in Hard and Ware
Creeks was estimiated using field observations of culvert drainage paths and road surface slopes.  Nearly
39 % of roads in Hard Creek and 46 % of roads in Ware Creek drain directly to streams or gullies. As a

result, the average length of subsurface flow was decreased 43 % in Hard Creek and 36 9% in Ware Creek.

Finally, the cumulative etfect of the forest road network on Hard and Creek streamflow wis explored
using the Distributed Hydrology-Soils-Vegetation Model (DHSVM) (Wigmosta ¢t al. 1994, Storck et al.

1993, 1897). A recent modification of DHSVM that represents interception of subsurface flow by the

road network explicitly was used. In this new model version, syrface flow in roadside ditches and stream
channels is reuted to the basin outlet using a Muskingum-Cunge scheme. The model wys calibrated for
the period July 1, 1993 through June 30, 1996. Comparison with basin discharge gnd point ohscrvations
of peak culvert discharge indicated that the model approximately represented the hydrological processes

of Hard and Ware Creeks.

An 11 year smulation (19851996) of Hard and Ware Creeks was performed using DHSVM with 199
vegetation conditions and compared with simulations made without the road network. The comparisons
indicated that the roads redistwribute soil moisture throughout the basin. reselting in drier areas bengath the

road right-of-way and localized saturated areas as a result of culvert discharge. The road network tends
1o increase peak flows. With current vegetation, the road network was estimated to increase the ten year
returt period flood by 8% in Ware Creek and 10 % in Hard Creek. Comparison of the current condition

simulation with results of a simutated undisturbed basin (mature vegetation and o roads) indicated that
the ten-year return peak flow rate might be increased by 22 ¢ and 18% in Ware and Hard Creeks

respectively, due to road building and clear cui .ogging.

A sensitivity analysis of the observed streamflow increase using three different estimates of lateral
hvdraalic conductivity was performed to determine the extent to which the observed changes wete

dependent on the quality of the moedel calibration. These results indicate that the simulated increase in
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steamfiow due to roads depends strongly o the choice of calibration parameters for the range of

parameters tested. Further analysis with more feasible parameter sets is necessary.

Difficulties in calibrating the model tncluded the inability to match the water halance and the peaks for
both catchments simultaneously. Thisis most likely duc to an inadequate representation of orographic
controls on precipitation. A simple precipitation: |apse rate does not seem appropriate. For some storms
Ware Creck discharge exceeds Hard Creek d:scharge, but not consistently. An agorithm which ties

into account the torm path might better represent precipitation differences within the basins.

‘The ability of roads {o intercept both precipitation and subsurface flow depends on the water table depth

above thie road cut. Therefore, model performance is quite sensitive to the soil depth and lateral
hydraulic conductivity which control. respectively, the quantity and duration of soil moisture storage
within a pixel.. Calibration versus ohserved culvert hydrographs may he improved with 4 more realistic
representatior: of infiltration through the road bed. Correct representation of the basin hydrographs
required 3 high rate of hydraulic conductivity. As a result, the simulated soil moisture is often near field
capacity. The water table responds quickly to storms and returns to near the bottom of the soil column

within a few days. Such behavior has been ghserved at other research basins (see e.g. Monlgomery
1997). A field study designed to wverify the realism of this behavior in Hard and Ware Creeks, for

instance via a pigzometar network, would be useful in evaluating model behavior.
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Flooding? Don’t blame logging
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soconsible for the prore...:on of forest
lands and conservation of forest re-
sourcas in Oragon, He can be reached at
Departmant of Fgrestry, 2500 Stars St
Saiem, 37210
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The legacy of clear-cuitting and road-building

Swollen streams

BY PETER IV BLEETH
.und HAL BERNTON .

of Tha Oregaman stakf

’I‘be effects of pabt logging Dract:cs*s
cn mountain strzams are far mare ax-
tensive and enduring than previously
- taought, federal researchers have de-
clarad in a study that reviews more
“than four decades’ worth of data gath-

. ered in the Willametie National For

cest.

Clear{uttmo forests” and bundmg
roads were found io increase neak

- fows in mountain streams by as

much as 50 percent, a finding that ee-
tablishes a long-disputed link between

_as much as 20 pereent to 50 percent

, after a watershed
. fects diminished gradually but-were
. apparent 25 years after clearcutting. .

was logged, The ef

- Pertiaps e most 3lgnificant ﬂndmg
h the apparent synergy betwesn log.
.ging roads and clear<cutting. The log-
*ging roads appear to act something
“like a plpeLne —-rapidly injecting
. flows of rain and $nowmelt running
off clear—cuts info streams,

. The study by:Gordon E.-Grant, a

Forast Service hydrologiat at the Da-
cific Northwest Research Station, and
Juwia A. Jones of Oregon State Univer-

‘3ity is to be published in the April

ied to Ioggmg

loggmg and swollen streams.

» While the- findings might seem |
trussed in cotmon sense, the bulk of

past studies has not supported such a ,
conclusion.  Extensive clear-cufting .

and road-bullding have been a staple !
of timber harvests in the Northwest,.
fcr 30 yedrs..

‘- Should the véséarch® “be Wdal ac 4
cepted it could accelerate a moverment
in place within the U.5. Forest Service
that calls for the obliteration of many
old logging roads and a move away |
from clear-cutting, f

|

- The rasearchers’ work found that in |
some cases streamflows increased by

Pissue of Water Resources Research, |
the journal of the American Geo- |

‘physical Union: \
The study dces nor gpeak to what

“happens in major events such as_

the Febrﬂm'v finnds, becausa of a ¢
Tack of sufficient records o large
floods to allow avalid study I
“What we're lcoking at is'a lega-
Cy of clearcutiing and roads over
the past 40 years,” Grant said.
“There is a strong component of
history here; and we arg noting
there are long-term Legame, mom

‘Pleass turn to
STUDY, Page 24



Study: I

U Cenlinued from Page Cl
past practices that continue into the
future.”

The authors work at two of the'na-
tion's most presligious centers of
forestry research. Thev have comn-
pited one of the mosi exhaustive

her data’ Grant said of Sullivan’s
comment. “So it is impossible for
me tforeact.”

The question of the relationship
between logging and major floods

hecame a pelitical hol potato after

February's hiph waters. Lnyiron-

studies on the subject Y&, taking In mentalists tried to condemn all ieg-
more than 40 years of data. it hag ging because of its contribution i0
been ‘“extensively” reviewed by the floods, while the timber indus-
other scientists who checked for try pooh-poohe{i thase claims.

flaws Inmethodology, Grant said.

Rut it aready is proving confro-
varsiat,

“S f."r.mlir\vg.."«:\n*.’.‘?\dh\,\s\uu& 15 %‘\li}-
04§ studies that showed logizing and
road-building had little or ng eftect’

“We don't know,” Grant said. “I
don't hnow of anvene that can an-

1,0
swer thal apestion, 1o 'mmu WGt

they're noltlcal pecsuasdois,”

indings contradict earlier works

What the study showed was that
for five years after clear-cutting,
peak tHows in streams in the basins
wern 50 percent higher than before
logeing, ’l‘wemv five years after tha
I“Db'”bp :hv qunb Y "d percent
higher han they waore before log-
ging took place,
In the larger valleys, Jgnes and
Grant reted on records of past tim:-
ber harvesting and streamilows to
do their study. But the results were

virtually the same as in small ha

sing, Past studies found that large
basins didn’t have the same impacts

Increasing W, scientists and others, from logging.

are peinting) to land m'mdgunent

“Previously,-we had thought the

L1

on peak flood flows in large drain. practices in forests as the culprit for | effects of gmatl basing would cancel
- ages. And egritles, both from indus.  damage to stream beds and {ish hab-* out downsiream" as they flowed
try and the Oregon Department of . itat, as well as ingreased runoff and:. inta large basing, Jones sai
Forestry, say that the new study Is  floading. But little definitive suallcc But large hasins showed the same
badly flawed.. -, has been available, - eftects from logging. the study show.
. “1 felt that the conuuslons inihis  To get at the guestion, Grant and’ et b
study far overreach the data that is. Jones studied stream-flow data f10m3‘9c Cléarcut’ log&g Is down 0"
sipresented,” said Kate Sullivan, a hy-  thiree small basins — those iess than ™ fraction of pat-World War 11 levels
drologlst with Weyerhaeuser, 250 acres — and three large basins: in federal, forests In tha Pacific .
* Sulljyan sald thaf none of her up to250 square miles in size. .  Northwest. Road hutlding also has,,
‘ studles of shoot 6 dramages show- The three small hasing were mon' dechnell ag _envirchmental restric-.
{ @i that logging had any major e+ toved beginning In the 1850s, hefore . Hons have eased the pressura to fog -
fects in big Heods, "She ‘said she any logglng was done, and then™ - forests, , ...
thaugh thaf the information clted -afferward. One valley was left alone, ... DBut extensiva networks of oId
Jn the new report did not show sig- a second was 25 percent clear-cut . "cads and clear-cuts may Pose prob-+
! nificant efects In blg floods: . with roads and a third was logged ' lems for ﬂood management In thd
21 “She has never published any of completely with no roads Init, future,

‘.:ﬂf . j,. ¢,
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Clear-cuts

W Lagging: Kavironmentalists attribute hundreds
of slides 1ast week to timber industry practices.

By L ANCE ROBERTSON

Frr Regisicr-Guald

Envirvamentallsls  and  many
ctologisls have heea warning for
yenss il there's a time bainb wail-
ing 0 go off fa ihe woods ine neat
BRe Tfajor SOvm Kl the Mosthe
manl

le happened last weck, they say,

All Gequss Uregon, heavy reing
Ji.u.:y uizlileg snow riggercd
peindps Hiotbandy -— of
logging tvads and in
clear-cuts, sc:xding nud and debrly
shooliag down Tivers and wiping sut
fixh hattat, conservadonists say.

Il may be weeks or moniha be-
farc Ihe cxtent of the dapwge s Luily
boown, bul epviroumenislisg say
sine quick weekend surveys of se-
lected river valleys uncovered tnus-
sive levelt of road washouty pad
tandsides caused by logging.

"We've bren spylng for years
ihai we have theae loaded guns ail
wver these wolersheds' ssys Bub
Lopgeil, directar of the Pacllic Riv-
erx Couneil tn Lugene, “Well, inose
guns weal olf. Hoad sysiens have
blown out 21l ev¥er the reglon. |, | |
The damare fiv ine forests bs severe,
s:gruficanl and widesprerd.”

Timber companies and publlc
lilnd managers gcknowieage thai the
heevy tain and Snowmcll weshed
nul nuperous [ogging roads, bul they
sdy lhe damage may Aot be ns devas-
taling o3 conscrvationlsts say.

“The majerry of our lands, sur
prisingly, were not affected.” satd
Paut  Barmum, z spokesman g
Springfietd for Weyerhgeuser, which
s it lenst (00 voads damoged in s
Fugene-Springfleld  area  timber.

iands.

{mpraperly bullt rapds —- cons
structed largely Lefore new staod-
ards were put | place durlng lhe
19803 w~ wre blimed for most of the
logging-related fandaildes.

The warin, heavy rala (hel came
on icp of heavy snowfaoll fayg week
usuaily causes nuany of lhuse roads
1o collupse Lecuuse they elther were
Budl ex vostable salls, cre ai
thal are ing sfeep,
cubveils thet afe los sumlL ur uc
not sialoluloed properiy.

“This klnd of event (storm) pro-
duees fallurey  (landsildest on &
broad scale,” adds Marvin Pyles, a
forest  englaceriag professor and
lanststlde expert si Oregon State Unl-
versity,

Pyles estimates that there sre
abouat FEO000 miles of logging roads
ln Gregon wad ¥ushingion, ur aboul
144 Hnea the lesgth of Lhe nation's
intersiaie highway aystenL

Moxt of hese rouds were bullt
under old comsdruction standurds,
Pyles sald For exwmple, soll carved
out of & hillside durlag canslrucilen
olles wax used Lo bulld the ouler
hell of the roadway, 2 method colled
“stdecasting.” Thal locse soil often
coilapses whea It becomey super-sai-
uraicd wiin waier, he Rdded.

Barnum sald the timber industey
recogniics the probieal.

“Morz Neety I8 s roed-bulfdlng
practices aad more specificalty past
road-bullding practices. thal were ot
feuil,” he said.

Bat Barnum sald the (ndostry s
deating with the problem, New rosd-
butidlag rulex and melhxis have
been adopled aver the years to e
duce the number of washouis, New

slate Depasiment of Foresiry siand-
urds also tequlve e compapiey
{o install much larger culverts la el
low wiler (0 drain Lader roadways

Aboul three yeois Lgd, Weyer-
hoeuser  launched on elffort lo
“slorm proof” logging roads in sév-
eral fiver dralnages. [ncluding the
Mohawk area [hal was flocded Ia
last week's sterny,

Some  environmenlalists  abo
clabia ihat excesstve clear<ulllag in
(e tegron contribuled lo the wide
spread Hoodiny, bul Barnwmn refects
ed tnaf notion,

“IUs prepasterous for anyoie bo
sty clearulling caused 1he fol-
ing.” Barnym sayi. “Now 1] you want
lo Ialk about sildey #nd roady, Lhal's
4 dillerenl issue. Flooding Is caused
by ioo much waler for Lhe earth fe
absorb™

Pyles ngrecd, to 2 polnk

e s2id sludies havs shown thers
b 2 s3ligh! lncTerse in Lhe amaunt of
water rune{f from eicar<uiy when
coinpared 16 forested areas. buj aaly
when soiis are relatively ¢ry.

When solls are saluvaled during
winier, there's virjuzlly ne differ-
ence n runef! volumes, he sald.
Blus, pry extra water coming {com
clear<uis would paie in compartson
to the vast velume of water fumbiing
out of Ihe mountains from last
week's rainfall and dnowmelt, he
added.

Eqvirenmentzitsts and the iim-
ber {ndustry slss heve heggled aver
whether cledrquis fead {0 & higher
rate of fandslides.

Barnum said there's no definillve
proof that more lendsitdes ocour tn
ciearculs (han in forested areny,

Dut Pyles sald & landmeek OSU
study of U.S, Forext Service land in
the Mapleton ares during the lale
19703 showed much flgher levels of
landstides from roads and clear<culs,

Inmtidides ln cleareute tend la
b dasger nnd lraved downdbll) much
farther then raturaliy occurring
shHdea e furested arens, he sfded,

The tregon Departinent of Flah
E ®ilgiife wlss has surveyed sonw
heavily logxed nreas of lhe stkle lo
dodument  landslides  afler  blg
Sorm

Pyles sakd, hawever, thal i of
the audlcs and suiveys sfc $ome-
whal yuspect because Il SHcutt {o
Cnipare tandalide retes e netureily
ocuinng furesled Brcas

white sludics poind (6 & b p;h-
1ol sildes Luwsed by
Lheie's alintsd N6 way Lo sa)‘ loy su::
thad @ spectlic sllde wouida'[ nave
occuried kayway, clearcul of fuad
aodwithstanding.

“Can | stale unequivecubly that |
wat & Clear<ut lhat caused Lhis par-
deutar silde? Mo, [ cun't,” Doppeit
sid VBut b just suw this huge shae
ou lhe McKenzie. | walked up (o
where |0 slafled and whal do you
now? [ staried al 8 clear<ut™

Aady Slahl pa environmentalist
wha used Iresuits [rom (he landslide
study (0 win & [SET [awsuil pgatnsl
the Foreat Service over togging in
the Mopicton aren, sald il is clear
thnt fopgshg and rord construction
acceleralk tandsiides.'”

Many are known s “debris for-
reais.”

Thet's when & small slide begins
al ifie very lop of u smell drainage,
bulldlng speed and gaihering mare
fucks, ud end logging siash as i
cascudes dawmsiradiin.

Some debris lorreals have beop
Engwn (o rocked for miles Jown
freoms, wiping out everything in
Iheir path and scounng creekbecs
needed by saimon (o spawin.

- Stshl, who now neads the Forest
Service Employces for Envaronmen-
tal Eihlcs in Eugene, 15 dolng & sur-
vey nl the Mapleton aree (o tee how

blamed for recent landslides

rarny cHdre wers crealed by s
week's slorm,
breliminary

but thice were Lo Clear<uls or alon;;
reads Stafit said.

Dappetl said kb group alsa wiil
Lo dolng wd abalysis Wf cericle
waltishicds {6 gauge the Impact of
logaingrelaled landsijdes

Thae {lois provide & ~perfect op-
poriunliy” 1o start rEMsGE TNy
welctzheds by tefaling possty bullt
roddy of clusing [hern glicgeiher, he
Sl

Eut orivzie forset crewe glreedy
are back bn the woods, repatilog lag-
Hog reads thet have been washed
oul, sald Doppeli.

CWe're Juut lowalag the gun
agaln.”

..l
LA



APPENDIX B: SOIL PARAMETER CALCULATIONS

The variabies which were extracted from the STATSGO database are summarized in Table B-1. Percent
sand (PS) and percent silt (P51 were derived from the STATSGO variables as follows:

PS = (vo 10 + NO10L)/2 - (NO2O0H + ~o200LY2 B-1

PSi= (NO2001 + NO200LY?2 - PC ' B2

The sources used for calculation of the DHSVM soil parameters based on the available STATSGO data

are summarized in Table B-2.

TABLE B-1: STATSGO VARIABLES

STATSGO
YARIABLE

VARIABLE NAME

DESCRIPTION

b bulk density Minimum value for range_in moist bulk densitv (g/cc)
hdh hidénsity Maximum value for range_in moist bulk density (g/cc)
clayl clay Maximum value for range in clay content (%)
clayl clay Minimum value for raneg in clay content (%)
ayeraydeph depth -Depth to the lower boundarv of [he soil |aver (in)
favdepl iayer depth Depth to the upper boundary of ihe soil layer (in)
nodh % passing si¢ve no. 4 Max. value for range in percent by weiglht which is less than
3inches and passes ano. 4 sieve
nodl % passing sieve 1o, 4 Min, value for range in percent by weight which is less than
3 inchesand passesi no. 4 sieve
nol0h % passing sieve no. 10 | Max. value for range in percent by weight which is less than
- - 3 inches and passes a n¢. 10sieve
no {01 % passing sieve no. 10 | Mix, value for range in percent by weight which is less than
3 inches and passesa no. 10 sieve
no2001 % passing sieve ng, 200 | Max. value for range in percent by weight which is less than
3 inches and passes ano. 200 Sieve
11020011 % passing sieve no. 200 | Min, value for range in percent by weight which is less than
- - - - 3 inches and passes g no. 200 sieve
permh permeability rate Maximum value for permeability {in/hr)
permi permeability rate Minimum value for permeabitity {in/hr)
L texturg soil texture class USDA texture of the specitiad laver




TABLE B-2: Sourcek or DERIVED SO1L PARAMETERS

PARAMETER NAME

VARIABLES NiEDED

SOURCE,

Porosity (%)

texture

Pore size distribution

Estimated from Table 5.3.2 in Maidment (1993)

PS, PC & porosity

Brooks-Cergy pore-size distribution index

calculated from Table 3.3.3 in Maidment (1993)

Air bubbling pressure

PS5, PC & porosity

Brooks-Corey bubbling pressure calcuiated from

Table 3.3 3 in Maidment (1993)

Flald Capacity rexture Esttmated from Table 5.3.2 in Maidment (1993) as
moisture retained as a suetion pressure of -33 kPa
in cm®/em’
Wilting point texture Estimated from Table 3.3.2 in Maidment {1993) as
moisture retained at a suction pressure of 1500 kPa
in cm’/em’
Density (ke/m’) hd. bdh {bd+hd)/2 * 1000 ke m’/e cm”

Vertical saturated

hydraulic cond. {m/$)

perml, permh

(perml+permh)/2 * (2.5:4/360,000) m s /in hr'

Effective solids thermal PS, PC (S . chwu + . TC"“‘"y
conductivity {W/mK) C= S+C
Maximum infiltration rate texture Interpolated from Figure 5.4.2. (a) in Maidment
(m/s)

Noles:

1C,,.= 8.8 W/m*K is the thermal conductivity of quartz
TC,.=29 Wimn*K is the thermal conductivity of clay (Elements of Soil Physics)




APPENDIN C: ROAD CLASS PARAMETERS

TABLE C-3. HoaD CLASS PARAMETERS
[ ROAD CLASS ROAD WIDTH CUTBANK DITCH DEPTH | DITCH WIDTH ROAD SLOVE
_ (METERS) SLOPE {METERS) {METERS)
; (373
| ! 3.1 .3 0.04 0.2 outsloped
2 3.1 0.3 (032 122 crowned
3 3.0 7.5 nne 0,473 crowned
il q 3.1 73 0.00 0.7 outsioped
i 5 3.1 PS5 ] 0.32 1.2 crowned
: 6 R 73 0.32 1272 outsioped
i 7 3.1 233 .09 022 crowned
8 3.1 2373 0,09 (.22 wsioped
O 3.1 233 0.09 027 outsloped
10 31 ! 233 (.09 04U crowned
11 3.1 23.3 0,20 .62 crowned
| 12 3.1 23.3 0.20 0.62 insloped
: 13 3.1 233 0.20 1.27 outsloped
14 4.9 03 009 n22 crowned
15 19 03 0.20 1.22 crowned
i Le 1.9 0.5 0.20 127 wsloped
17 4.9 0.2 (.43 1.22 crowned
i3 1.9 0.3 0.43 1,272 insloped
10 4.4 0.3 0.45 122 outsloped
20 4,9 ] .09 7(192 . i r ..ALLQ\ECEﬁd |
21 4.8 7.3 0.09 .92 insloped
22 49 7.3 0.08 0.92 putsloped
23 4.9 7 0.20 0.92 crowned
24 L9 7.5 0.20 0.92 insloped
I 25 4.9 7.5 0.20 092 outsloped
26 4.9 7.3 0.20 1.27 crowned
27 49 7.3 0.20 1,27 msloped
B 23 4.9 7.3 0.20 1.22 outsloped
29 4.9 7.3 0,32 1.22 crowned
30 4.9 7.5 0.32 1.22 insloped
31 4.9 7.5 0.32 1,22 outsloped
32 4.9 7.3 032 1.66 crowned
REE 4.9 73 37 166 insloped
34 4.9 7.5 0,32 .66 outsloped
33 4.0 7.5 0,43 1.22 crowned




e ——— ———————— e
TasLt C-3: RoaD CLASS PARAMETERS
ROAD CLLASS ROAD WIDTH CUTBANK DITCHDLPTH DITCH WIDTH ROADSLOPE
' {METERS) SLOPE (METERS) {METERS)
] (VA
36 4.9 7.3 0.43 L2 insloped
37 14 7.5 0.43 1.2 oursloped
| 38 4.9 7.3 (.43 1.66 crowned
349 4.9 7.z .43 1.66 insloped
| 40 4.9 s 0.43 1.656 outsloped
4i 4.9 23,3 0.00 0.22 crowned
: 12 4,9 233 0.09 0.2z insloped
E 19 2373 0.00 0.22 outsloped
44 4.9 233 (.09 .92 crowned
19 233 0.09 092 insloped
: 46 1.9 233 0.09 0.9z outsloped
; 47 4.9 223 (.20 N2 crowned
f 48 1.9 23 0.20 0.22 insloped
| 49 4.9 2313 020 0,22 outsloped
| 50 1.9 233 0.20 092 crowned
i 34 19 233 0.20 092 insloped
30 4.6 233 0.20 0.92 outsloped
33 4.9 233 0.20 1.22 crowned
54 4.9 233 0.20 1.22 insloped
33 4.9 233 .20 1.22 outsloped
36 4.9 233 0.32 1.22 crownad
57 4.9 233 0.32 1.272 insloped
38 19 23.3 0.32 122 ontsloped
39 4.9 233 (.45 1.22 crowned
60 4.9 233 0.43 1.22 insloped
| 51 L9 233 (.43 1,22 oursioped
i}f 62 49 23.3 0.43 1.66 crowned
i“ 63 1.9 233 0.43 1.66 insloped
| 64 4.9 233 0.43 166 outsioped
i 63 £.6 0.3 0,20 1.2 crowned
: 66 5.6 0.5 0.20 1.22 insloped
\' &7 6.0 0.3 0.20 1.22 outsloped
! 68 5.6 75 0.20 } 0.92 crowned
69 6.6 7.5 0.20 0.92 insloped
70 6.6 73 0.20 0.92 oursioped
} 71 6.6 7.5 | 0.32 1.22 crowned
| 72 6.6 7.5 32 122 insloped
! 73 6.5 7.3 0.32 1.22 outsloped
; 74 6.5 233 .09 0.272 crowned
l I8 5.6 233 0.09 022 tasloped




i
‘ TABLE C-3: RoaD CLASS PARAMETERS
=
ROAD CLASS ROAD WIDTH CUTBANK DITCHDEPTH DITCH WIDTH ROAD SLOPE
(METERS) SLOPY {(METERS) (METERS)
| ' (3N
75 6.6 233 0.09 (.22 outsloped
77 6.6 233 0.09 .92 crowned
78 6.5 233 0.04 0.92 insloped
| 79 8.6 23.3 (.00 (.92 outsloped
: i 6.5 233 0.20 0.9 crowned
: 1 6.5 233 0.20 0.92 insloped
! 22 5.6 3.3 0.20 0.0 outsloped
83 6.6 233 0.20 122 crowned
; Set 5.5 333 0.20) 1.22 insloped
83 6.6 233 0.20 122 outsloped
i 26 5.0 23.3 .32 1.22 crowned
; 87 6.5 233 0.32 1.22 insloped
i 34 6.6 231 0.32 1.2 outsioped
D 5.6 233 0.32 166 crowned
30 4.6 RETR .32 1.66 insloped
91 .0 233 0.32 1.a8 outsloped
02 0.6 235 0,43 1.22 crowned
] 92 6.6 233 43 1.22 insloped
J G 6.5 23.3 0.453 1,22 outsioned
93 5.6 23.3 043 1.6 crowned
" 96 5.6 23.3 0.435 1.66 insloped
97 .6 233 0.43 1.65 outsloped
9% 2.3 7.3 0.20 0.97 crowned
09 1.5 7.5 0.20 0.92 insloped
100 3.5 7.3 (.20 0.92 outsloped
| 161 8.3 7.3 0.20 122 crowned
: 102 8.3 7.3 0.20 1.22 insloped
| 103 8.5 7.5 0.2 {22 oussloped
104 8.3 7.3 .32 122 crowned
103 8.3 7.3 0.32 1.2 insloped
106 8.3 7.3 0.32 1.22 outsloped
107 8.3 23.3 0.09 (.22 crowned
108 8.3 233 0.09 0.22 insloped
169 8.3 233 0.09 0.22 outsioped
110 8.3 23.3 0.20 0.92 crowned
: 111 8.3 23.3 0.20 0,92 insloped
|1 8.3 23.3 0.20 0.92 outsloped
i 113 8.3 233 0.20 1.22 crowned
114 3.3 233 0.20 1.22 instoped
113 8.3 233 0.20 1.22 outsloped




TABLE C-3: Roab CLASS PARAMETERS

ROAD CLASS ROAD WIDTH CUTBANK DITCH DEPTH DITCH WIDTH ROAD SLOPE
{METERS) SLOPE (METERS) (METERS)
(M)
116 3.5 233 0.32 1.22 crowned
117 8.3 233 0.32 1.22 insloped
118 8.3 23.3 0.32 1.22 cuisloped




APPENDIX D: DESCHUTES BASIN SURFACE WIND FIELDS

The following figures represented wind fields simulated using the NUATMOS distributed mode! for the
eight primary wind directions. The vectors represent average wind fields for the surface layer which
varies between 0 and ¢ meters above the bottom boundary. Since NUATMOS does not recognize

vegetation, the boundary is taken as the top of the overstory. A reference height of 90 m is used within

DHSVM s the origin for wind speed ‘observations.
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FIGURE D6 SURFACE WINDS ORIGINATING FROM WNW
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FIGCRED-7: SURFACE WIND5 ORIGINATING FROM NNW

- "~

AN,

¥ e
W S

L T e
ARV A 4

(./... .un ﬁ.//.mwu,uw.w z /\N
’ AR ; /
= M\Q\u\ N\WNMAN@,&,\?

5.172e+08

5.1722+06 -

5.1712+086

5480€0

5470CC

FIGURED-3: SURFACE WINDS ORIGINATING FROM NNE



APPENDIX E: DHSVM EVALUATION HYDROGRAPHS

Following calibration for the period July 1, 1993 through June 30, 1996, the model was run for the
remaining length of record. This includes the period from July 1, 1989 through June 30, 1993 for Ware
Creek (Figure E-l) and from October 23, 1983 through June 30, 1992 for Hard Creek (Figure E-2).

These hydrographs indicate that no consistent bias develops in the mode. over time.
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FIGURE E-1: OBSERVED vs. PREDICTED HARD CREEK DISCHARGE,
OCTOBER 25, 1985 - JUNE 30, 1993
A) Average 2hr predicted discharge, B) Average 2 br observed
discharge, C) predictad - observed discharge
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FioUure E-2: WARE CriEK SIMULATED VS. OBSERVED DISCHARGE,
OcCTOBER 1, 1989 - JUNE 30, 1993
A) Average Zhr predicted discharge, B} Average 2 hr observed
discharge, ) predicted - observed discharge



