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1 . 1 :  OVFXVEW

Another  storm  in February 19%  was concenr:ated  in soutbwes~ern  Washington arid  western  Oregon.

Portland, ORE  barely  avoided major flood danlaze  as the Willamette  River cama  dangerously close to

overflowing,  its containing  dykes.  Repair coss  of forest roads in the national forests of Oregon  and

Washington are estimated to (exceed  $ JO milliw (Barnard  1996, Bernton 1996). From au  environment;ll

srandpoinr,  sto:rm  damag was  extensive. Kundrecls  of landslides occurred in tbc  western Cascades, many

associated wvith  clearcut  forc!;ts  and logging road:i,  sparking a debate in local ni:wspapers  regarding the

extent  to which clearcur l.ogging  and the  construction of forest roads were to blame for the  high flows and

die  associated damage (Rohzrtson 1996). Headlines such as “The legacy of clear-curtini:  and road-

building: Swollen streiilns  t:icd  to logging (‘The  Oregonian, 218196)” and  “Clear-cuts blamed for recent

landslides (Th.:  Register.-Guxd  2111196)”  sparked responses in the  fora  of: “FLooding?  Don’t blxme

loggin:  “.  Some  ?xamplz  ti.cles  are included io Appendix A.



* Fo:cst  road network effects.

. 1ncre:ased  snowmelt  rakes  in clearings during ROS event%

During accumulation, lack of SIII~ interception results in greater &position in open sites (Xattelmann

1990, Benis  and Harr l!JX7).  The  high exposure of snow  in the canopy paired with n  higher surface-to-

volume ratio results in relatively quick melt of snow  in the canopy, which can  result in significant

increases in snow  water equivalent (SWE) for open plots relative to foreswd  plots (Bzrris  and Harr 1987).

The convective transfer of sensible  and Iatcnt  heat to the snow  is the  dominant scuxe  of energy for melt

during  r~tinfall,  (Hwr  1986).  ROS is the predominant means of melt  on the western slopes of the Cascade

range in Washington and Oregon. S~~~rvpacks  in western  Oregon ami Washingron are  ‘warn’,  wiih

intzmal  tempimtures  remaining: near  0 “C  fur much of the winter which nxar~  they can yield water



.A Direct runoff from the  compacted road surface which drni~~s  to the roads&  ditch

In addition. runoff flowing in :roadside  ditches. on broad  cut  and  fill slopes and on undisturbed slopes

bi:low  the road can  cause  surface erosion (I\lzgahan 1972). Sediment  produaion  by forest roads is

pi’edo.minantl~y  finer than 2 ~mrn,  wirb  large portions of silt Andy  clay sized panicles (Bilby et al. 1989,

Duncan ct  al. 1987, F&y  and Coker  19891.  This  fine-gained nlnwial  is most  derrimental  to fish

through  increased turbidity znd d;urqe  10  iwsueam  !xbiwt.  Increased iedunent  in stream bottoms  can

clo:  interstitial pore spaces in salmonid raids  :uxi  suffocate the eggs or  emergilig  fry (Cederholm  et al.

1961).

hlrlch of the  debate concsming  forest roads in the  popular press has cenrsred xoui~d  the contribution of

roads and s::le:u-cuts  to slope instability. Tbr:  aftermath of die  Fcbnxq  1996 storm cmphnsizes  tile





with surface ilow paths, and that these avenues can  he represented by a spadally  distributed hydrological

model. The specific objectives of this project are  to:

” Assess the overall connectivity of road dl-iinage  to  the  swam  network;

. Dercrmine, through field investigation. cnusal  f a c t o r s  associated  wiih suhsurfxe  f l o w

interception by forest  roads:  and

. Use  the  resulting fielcl  dara  to  test the applicability of a road-routing algorithm in a distributed

hydrology model.



A rei:ited issue is retrospecti~vc  evaiuxion  of tie  effects of land mana:i:ment  cn’cr  3 range of temporal

sales.  This requires separsing  the effects of land use changes from natural climate xxinbility.  The

classical approach is statistical analysis of paired watersheds (e.,n..  Jones and Grant 1996). If similar

water,sbrd!:  ~211  be identified with different .a& use histories, statistical analysis of tix discharge

difference sries  will filter out  sysrematic  climate variations. An important limitation  of the  paired

catchment  approach is tbx  l:hc  catchments  must  have minimal geographic sepuxion  in order to have

nearly coincident meteorological records  since rit  i.s  essentially to difference flood events which were not

caused by the same storm. identification of paired catcbments  with Ions:  coincident discharge records.

arid  significandy  different land ue  histories cx be problematic.
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variables, the  residual time ssries  (for instacr  ~nodeled  discharge vers~is  observed sucamflow)  should

cffecrively  fill:er  out  thr effect of climate vari;tbili.ty.

There arc  two problems to be addressed by model application: both  the production of an  output variable

(e.~. st~untlow)  and  detection of a change  in rqxx~se  to changing l;u#i  use scenarios. Both of these

problems ~r-ly on the accumcy of the deterministic model. Therefore, it is critical to have field data to

evaluate  thz  mechanisms represented hy the  model. Extensive analysis has berx done for some of the

mechanisms  involved in basin  response to foxst  harvest and road constnxtion.  For example, snow  melt

response during ROS events  has been investigated  with dctailzd  tl:tta  on snow  accumulation and ablation

for btrdl  forewed  and cleared sites  (Benis  and H,ur 1987, Kattelman  1990, Storck.  1997). However, field

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

For this study. a distributed hydr(,logy-sr)il-~j~~~~tion  modci (DHSVM)  was used in conjunction with

field  studies of two  hcadwntcr creeks in the Deschutes  River basin of the  western Cascades of

Wahingtori  to examine the effwts  of forest roads on stteamHow. .4n  explicit road network runoff

algorithm via?  tested by comparing simulated runoff for selected storms  to ohser&ians  of road runoff

from th~reen road segments made during the winter of 1995 and 1996. Basin discharge was then

simulated for the period 19X.5 19%  wilh  and wirhout  the  road runoff algorithm. In addition, the overatll

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

ci1.s.

The renwindel-  of this  thesis is orgnized  as follows: Chapter 2 reviews background research related to

ibis  study. The physical h,ydrology  of the study region and the field data  collection program are

described in Chapter 3. A :;patial  analysis of :potential  road contribution to the drainage  system of the

study basins is described in Chaptsr J. Chapter 5 describes  the model used a:; well  as  the data pre-

processiny  mxded  to tive  I.he  model. The results  of model calibration versus point observations and

continuous basin discharge iare discusst: d in Chapter 6. In Chapter 1 the model is used to compare
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observed tlisc:harge for a ten year period which includes the effecrs of extemi~ve harvesting and road

construction with simolate:d  discharge which does not include these effects. Conclusions and

recommendations arc presen,ted. in Chapter 8.
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2.12: Sl;USIxFhCEFI.oW

As ill~Mrwxl  in Figure 2-2, one  component of hi! effect of forest  roads on  slrelun~flow  is the interception

of subsuri~cc  flow through die road cut  and  subsequent routins as surface  tlow. Conversion of

subsurface runoff to  surface runoff may subst;mtially  decrease caCchmrnt  respcins,:  i.ime.  Dunne  arid

Black (19703)  observed I:haL  the  v&city  of W:II:X emqini:  from the  soil surface  as  retwn  tlow incrcused

thy  a factor .)I:  100 to 500 relaiive  10  tie  rati:  ol~sutwxface  flow in a study near Dxwille,  Vermont. Many

factors xem 10  influence Lhc  du,!;ree  to whiclr  roads will intercepl.  sub:;urface  flow. bfezahan (1971)

found that  the total volurnc  of subsurface Ilow iixwcepted  by a road cut in  an  Idah:)  caichment  w;ls  over  7

times greaux than the  estimated direct runoff from the road surface. In  contrast,  Reid  ad  Dunne  (1984)

found no sigificxlt  subsuri’act:  contribution KI  ditch  runoff in die  Clearwatsr  basin on  tbi Olympic

Pcnin:;ula.  Ditches carried n~o  bascflow between events and curbank  seepage  was  not observed, despite

the fa,ct  that  road cuts intercepted the entire soil column. These studies indicate that the quantity,

velocity and  di.stribution  of water traveliny in the r;hallow  subsurface will therefox:  control the  magnitude

oi forest ro:id influence on basin hydrology.

III  simplified terms, subsurface 110~  can lbt:  classified as either su~bsurface  storm Ulow  or deep

groundwarzr  flow, as illustraled  in Figure 2-3. !;ubsurfxe  smnn flow refers fo th6  water which infiltrates
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P i p e s  are  ;;enerally  fed,  tinough satiu’iltioC~i:.KCess  overland tlow or by drainayz of saturated soil.

Thertforc  l,he:i  will only ies:pond  with sufticicrir moisture input  (Anderson and Burt 1990). Wilson and

Smarr  (1984) observed that~  water was  divcrwi::  into the  pipeflow system only after the surface seepage

capacity was  exceeded in a catchmenr in Brecorl  13eacons,  Wales. Pipetlow in tb,is  basin ws  ephemeral

111 nxure, witi  flow occurring for a limited durxion  during stmms. Under d~rl;  xitccedent  corlditions

runoff iniil!rates  through the  floor  of the pipe network and  contributes to throughflow (Smart and Wilson
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l~Y84).  Pipe ,dischqe  in Caspar Creek dot:;  no1:  begin  until a threshold of soil moisture  is rached,  at

which point  additional rainfall  is quickly rctlccted  in pipeflow hydro~rapl~  (Zicmcr  and Alhright 1987).

Similarly, Tsukamoto ct  A.  (19112)  found iLllilt  pipeflow did not begin until groundwater saturation

reached the  pi~pe  level.
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later;~lly  a.3  rainfall proyres:icd. This was also  observed by Montgomery et al. (1997)  in a zrro-order

cntchmeni nex Coos Bay, CIre!~on.

In additiori.  Woods and  RO.W  (‘1996)  found that topographic  shape exerts little  influence under vet

,unecedent conditions in which soil moisture deficits are uniform. Dunne  and Black (1970a)  found that

the imporwncc  of hillslope shape dependzd  primarily  on the abiliry  of a given hillslope to generate

overland flow through return flow. Even durim; extreme events, no subsurface stormflow was produced

from a straight hillside. Subsurfact:  flow from the convergent hillslope  was laryer for the  root zones, but

smaller axtl slower for the  sub-soil layer (Dunne  and  Black 1970~~).

As  desctibzd  above,  field research done at  the  hillslope scale is useful  for exunining  the  connection

between  prc:cipitation  input, rsubsurface  flus rate, hillslope topography  and soil depth  to ihe  quantity  of

whsurfxx  Xow  which can be inwcepwd  by  ihe  road cut.  Meg&r,  (1983) showed  that  the  iate  o f

su’bsurfaci:  Slow intercepl~ion  by a road CuL  in the  Pine Creek carchment  in Idtio  was well  predicted by



Quantifying tie reduced inkiltiariovl  capacity from road surfaces is difticulr,  and much of tile information

available is based on qualitative observations. Some infiluation  does occur. Fchey  and Coker  (1989)

found that in caly  46 of 133 storms  geater  Iban  5 mm did total  precipitation produce measurable runoff

in Sourh  Nelson,  New Zealand. The  road surface was  freshly graded and surfaced with local river gravel.

In this  cast, ‘d:pression’  storage  m:ly play an  important role in preventing runoff of low intensity rainfall

before. intIluntion cm occm.



Tht:  ratio of runoff to  rainfall f~or  forest roads in the  Caribou National l!oresr near Idaho I-‘nlls, idaho  WRS

found to vary from 0.55 fu O.% for artificial storms  depending on antecedent conditions and rhe prcsencc

or absence OT  an imposed  wheel rut  (Foltz and Burroughs IYYO).  ‘k same experiment was conducted on

forest roads in the  Routt National Forest near  Steamboat Springs, Colorado, yielding ratios between 0.X and

0.9 I. The loads  were freshly graded for both sets  ‘:lf  experiments. After grading, artificial wheel ruts were

imposed on one plot at hoth sites. Total infiltraiion  was highest for dry antecedent conditions and road

segmenis  wirh no wheel ruts. Based on rainfall :ntensity and total runoff depth published by Foltz and

Burroughs, i~verage areal  infiltration rates for tbc  !:wo experiments ran& between 0 and 21.5 mm/hi

F~CIJRE  2-5: ROAD SUKLT~~CE  RUNOFF IN II,cw  CREEK, WA

SIX  the Idaho  sircs and bctwcen  ,4.2  :md 0.6 mmfnr  for the Colorado site. As a basis of comparison, the

approximnic  one year rct~~rn  pcsiod one hour pxcipiration  for the Idaho site is X,3  mmihr  (Hershficld

1Y61).  Typical rainfall inrensiry would  be somcwt~;~~  less than this, but it is clear tba~  in many cases the
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The  :abovi:  studies indicate that foresr  road surfaces  generate runoff  whw precifiitaiion  rxcs  cvcesd  the

rate of infiltration through the road  s~~~rfxc. ‘The compacrsd surface  width ,of  roads in the Pacific

Nmtwesl  averages around 4.5 meters. Infiltration rates  through the  road surfxe  nq  hetwcn  0.0 to

21.5 mmi11r  during a sKx:n, based on  antecedent  wetness~  surfacing material and the degree of

compaction. The average of all measured infill:ration rates reported here is 5 mm/hr. Using this averaxe

rate, a typical storm in the Pacific Northwest  of 10 mmlhr  will generato  22.5 m’ of runoff  per km of

forest  10x1 for n  one hour s::onn.  The downstream effect of this surface runoff will depend on  how it

uavels  from the road surfxe.
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outer side  of the road wh~:e it infiltrxcs.  For the runoff that  entixs  the ditch. '75 % of tile  ditch relief

points xe connected to suams.  Wempie  (1996)  found that 56 % percent of culverts  surveyed network in

two  W~S~ITTI  ~Orqon  basins in the H.J. Andrws  Experimental Forest divert wwx directly to the stream.

Of UK culverts which divert water directly tc (0~ swam,  59 5 %  were sucam  cros,iiqs.  The  remaining 41

i%;  of the ci~lverts  were connected 10  thz  sIream  thron;oh  incised  gullies  (IVlmplc  i:t al. 1996).

The  concznrr%ion  of road drainaye to points where it can follow n  si~tiacz  pathway to a sueam  increxes

the effecti’x  1en:th of the  chnnnel  network by decreasing the  Icngh  of subsun’&e  flow. Integration 01

the road and  channel nznvorks  was  found IO increase the effective drainage density by 57 % in a 1.2

sqwue  km basin in the Sierra Nevada withour  lking  into account the  len<th  of an\;  new ch,uu~els  incised

between  c~ilv~xts  and channzl  heads (Mont~rmer:y  1994). Drainage density IUS increased by 23 % in

Ume  basins on Mettmw  Ridge, Oregon (M~xrt:omery  1994). Based on a sample of 20 % of the road

oetwxk  ii1 two  basins  in the H.J. Andrew  Experimental Fotcst,  the road nerwork  was  found to increase

drainage density  by 21 to 50 5%. as summarized in Table 2-l (Wemple  et al. 1996:1.  The studies described

above  indicate that betweeo  34 and 6X % of road  runoff  points discharge runoff directly to streams as

suiface tlow. The subsequent increase in drairqe  density and decrease in @e  effective hillslope  length

may have a significant effects  on hydrograph  timing from individual catchments.

Runoff routiny  through  the road drainage ntxwork may actually cans~  ;i  decrease in fiorv  response from

other  parts of the  catchment by concentrating sub:ufacc  water below culvert outf.alls  rather ihan  over the

entire: hillslope. Removing  subsurl5.c~  wauzr  by road interception decreases  wxer available  downslope

for vqetntioc.  gowth  and could affect species health and comnpositioi~  although tihis  has wver  been

estabiished  In addition,, if culverts are spaced too far  apat.  they may rob one  basin  of water xt the

expense of another (Megalhan  1972). Moqomery  (1994) found that culven  locations in a soufhem

Sierra  X;cvxla  catchment divert YI:L~%T from fwr headwarer hollows and  subseque::~dy  concentrate tlow in

anorher  tirei:.  The ridse top road is paved so runoff from thz  road surface is  maximized. Channels





Thz relationship between tic  spatial distribution of subcutchments  and tie timi:q  of hydrogaphs  at  a

downstre;au~  location is depicted in Figure 2-S ticzn  from Garbrecht  (1991). Fii;ur:  2-X also illustrates

how the downstream hydrogr:aph  m;ly  respond  to i-oad  construction in :I headwatsr catchment  (Catchment
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I in the  figure), using a theoretic;ll hydqrapli  ~wsponse  due to roads adapted from Wemple  et al. (1996).

In  addition, by changing ihe  liming of flood hy&ographs,  changes in vegt!tntion  may desynclironize

hydrographs  and  actually rcduci: peak flows dowxtream  (Han  19X1.1. The lag between subcarchment

hydrogaphs  pi:aces  more w:i:ht  on  the hydr;Jgraphs  whose timing coincide with the accumulated

hydrograph,  gemxally  those near the centmid  o:f  the basin (Carbrecht  1991). Therefore, by advancing

time to peak. road construction and forest harest  in catchments near the basin centroid  are more  likely to
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[:othacher ! 1965) found no measured incrasc  in peak flows in a basin in the  H.j.  Andrew Experimental

Forest  with 8%  of the basin arca occupied  by  roads and an additional 25%  pxtcb cut. The  size and

timin!; of peal: flows was not altered significantl:i  by clear cut  or  shelterwood logging two  basins in the

H.J. Andrew Experimental Forest  (Han  et  al. 1982). In a paired catchment  study  in western Oregon,

Jones and  Gr:mt  (1996) observed increzxd  ;~wrngc  peak dischrug~s  of 50 % in small  basins (0.6 1.0

km’) and up to 100% in large bas~,ns  (60 6110  k:m’)  over the past 90 years. The peak discbarge  record

included on average 10 storms  per  year for~small  basins and 3 to 5 sronns  per year for lar$  basins. They

found  a si;;niticant  number of storms to produce higher peak dischxze, bi$er  volume, advanced

bydrograpb  rise times and delayed peak timcs following 100% clcxcutting  of a~  small watershed, with

grratt:r  ch,mgtts  for small rai:nfall depths.

At :I largei-  sale,  Rosencrnntr  et al. (1995) fiund  statistically significant increases in die instantaneous

anilual penli  discharge (annual maxima) for four ctitchments  of the Snoqualmic  River basin in western

Washingon  from 1961 1993. The catchments  hove  been harvested during this period and the  percent of

basin area with trees younger  thxl  20 years avwages  between X and 15 41, for Ihe  30 year history. A

sratistically significant incrcasin$ Bend  was also  detected in tk peaks..over-d~~iresl~~?ld  (POT) series for the

most heavily  l~mrvested  catcbment. The  threshold was selected to include on awage  three  events per

year,  based on the  mean daily tlischar&s  :<o statistically sig~iticant  trends were detected in the

difference series for two  subc:atchments  with contrasting harvest histories.

Storcl;  et 31. IL19951 cor~trolled  for climatologi~cal  changes by analyzin:;  the diffirence  serizs  between

observed srrezmflow  and discharge simulated using DHSVM  (Storck et al. 1995; Wigmosta  1994,  a

distributed hydrolog  model, for cbe  main stem  Snoquabnie  River. Since the model is driven with

observed meteorological &%I  and vegetation  is fixed  in the simulation, ;my  trends in the residual series

should be due  to  veyetation changes  alone. No  stxistically  si_eniticanr  trends were dsrected  in the annual

maxima  peak flood flow series for the main siem Snoqualmie,  the POT series which included on average
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Kin5 and  ‘Tennyson (19841~ monitored the  elkixt  of road consiruction  on six forested headwater

catchmrnt:;  in north  central Idaho. ranging in xci:.  from 2X to 14X ha. Roads constituted betwceu  1.8 to

4.3 5 %  of tix catchmat  areu  The annual &low  vtiables  included in the analysik  were  peak tlow rate,
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Harr i:t al. (1975)  found  a statistically signil!icant  increase in peah-  flows  for the  Aurumn  and Winter

period following road conso-uc:iori  in four On,:gon  Coat Range waterslxds. Significant increases in

peak .flow  i?O%)  were observed in the  basin with the hizhcst fraction (12%) road area. Roads were

separated  as  a Weatment  effect for only  on?  sawn  prior to forest harvest. Hydrogniphs  were sepamted

into quick and.  delayed llow following, ~Hewlztt  and  Hihbert (1967).  The aver:~ge  quick tlow volume

dccrfxsed  lilllowing  road construction.  with a subsequent increase in delayed tlow. However, tilis  may

have  been due:  to errors  in idztermining  runoff initiation. No consistent change: in  time to peak was

observed.

1111 Ziemw’s  (1’38  1) ‘&par  C:r,eek  sl.udy,  in which approximately  5%  of basin  are;i  was  in roads and 10%

in skid trails  and landings, the percent of Uie ueated watershed compacted by roads,  lnridinys  and skid

trtils  was the most SignikiGmt independent variable for prrdictinx  annual flo~.v  volume differences

betwet:n  the  treated  and control w:~rersheds.  111 contrast, Rodx~cher  (1965) found :no  significant increase

in annuxl  yield. afier road  colxuuxion  alone in tile  H.J. Andrew’s Espe~imental  Forest. The continued
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pzrsistenci: of the increase in annual  flow voiume  over that  of Summer low flows fwnd  by Keppeler and

Ziemer  wiu attributed to a Ireduction  in interception losses from roads, landing!; and skid trails, which

would not grow  back, accixnpanied  hy a minimal  reduction in soil moisture (Keppclcr  and Zicmer  1990).

III the same paired catchmenr stud!/.  Wright et  ai. (1990) concluded that  Iroads  alone did not significantiy

affect tcml sionn  or quick flow voiu~nes,  peak  flows or Ias  times.

approuimat~:ly  1.3  hours following boCh  road building and lo&y  (Wrij;ht et xl. 1990). The resulrs  of

the C;ispu  Creek study suggest an enhanced contribution due to roads followins  logging (Ziemer  1981,

Kzppeicr ni~ti  Ziemer  1990, Wright et al. 1990). Jones and Grant (1996) also detected a synqism

bztue?n  iorssl:  harvest and road conswucrion  effects for iwo  pai&  cutchmcnts  in the H.J. Andrew

Exper&~e~~r~xl  Forest. This seems logical since an increase in water input to tilt: soil following timber

harvest will result in more intixcepted  subsnr.Jce tlow. hlegtian  (1983)  found that the volume of

subsurface  flow intercepted by a road cut  increased  by 2.3 times following clearcutting  in the Pine Creek

catchmcni  in central Idaho. An increase in the  quantity of inrercepred suhsurface  flow may result in a

more  detecubl~  road effect.

To  date, studies of the effect of forest roads on  sireamflow  have focused primivily  on identification of

mechanisms  aad  detection of effects, rathsr tinn prediction. Prediction of tit  effects of vegetation

icha~igt:s  through physically-based modeling ins  generally ne@xsd  road nttwork  effects (Storck et al.

1993, Rosencrantz. et al. 1995). Storck et  al. (1~995)  found tbat  observed chanyes  in the POT series  for

rhs  Snoquxlmir:  River basin were:  much larger than  those predicted usins  DHSVhl.  They concluded diat

land  USC  effect5  not represented by DHSVM,  such  as  forest roads, may be the CXLSI:.
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Sornc  modeling  has been done which addresses the  individual componenrs  of road network interception

ol sobsurf;lci:  flow and rainfall excess. Dunn and lLIackny (1996) incorporated the effect  of open ditch

drainage  into a physically based hydroloyic  model (SHETRAN).  The  model wz;  first applied wi& a grid

resolution of 100 m by 1000 m antl’then  p,xunsterized to run at a resolution of 1 km by 1 km. Ditches

running parallel to the slope wwi: explicitly added to the model as channel grid clzments  for the case of a

simple l~illslope. The rr~od:l V&IS  firccd usin,(1 data  from Northumberland.  UK, an area of poor soil

drnirqc  and very high water tables. For these simulations an increase in ditch drainage resulted in

higher peak. :ilows, increased wilter table de@  and increased subsurfnce  flow, although there  was no

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

The SHEYRAN  model was adapted 10  the hsin scale by p:uxnetcrizn~ the two major fexurzs of the

ditch drainage: increased subsurface flow csosed by head diff?xences and increased speed of surface

runoff by changes in path  length and surface roughness (Dunn and Macksy  1996;).  Application to a 114

sq.  kilom&r  catchmax in northeast Engiud  indicated an improvement over previous model

simulations.

L.uce  and Candy  (1994)  modeled hydroyraphs from forest road seqxnts  witi a physically based model

of Horton overland flow,  depression sroragc  and routing. Infiltration parameters wtxe  fit using two

different !ine:lr progmmmiq, a&Iithms. Simnlated hydrographs  were compared to 92 hydroyraphs

observed from  11 field sites fin Idaho, Montann  and Colorado. The two Ip Sormula.tions both converged fo

the s:une  sef  of physically r~sasonable pammt:t~:rs and were able to reasonabiy  replicate hydrographs  for

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

Open charnel. ditch drjinaj!e and road surface runoff are two  exunples of die relatively unexplored

model components which must  be accommodated in ZI physically based hydrology model to account for

road network effects. TIE modeling approach wken in this  study is further explored in Chapter 4.



CH.M’TER  3: I:#E:LD DATA COLL:tSCTION

Field inwstigation  of the mechanisms associ:1tt:d  with forest road interception and routing of surface

runoff wx conducted in Hard and Ware Cri:e:ks,,  two  headwater caccbrnents  of the  Deschutes  River in

western Washington  (Figure, 3-l). These two  adjacent cntcbments  are separnted  by a steep southeasterIy

trending rid::t: and drain to the southwest. Wxe  Creek is 2.84 km’ in area; Hard Creek area is 2.31 km’.

The basins ;xe characterinxl  by steep,  v-sbapcd  valleys, as illustrated in Figure 3-2. Elevations range

between 463 1220 meters in Kxd  Creek, with  :slopes  between 60-1004’0.  Ware  Creek is slightly  lower

in elcvarion, ranging between 457 _ 1180 m~tcrs,  witi slopes between 40-60%  (Sullivan et al. 1987).

Slopes are  underlain by resistant and weathered andesite,  basalt and breccia  bedrock. Soils are  stony and

shnllow,  averqing  0.6 mete:rs  depth in Hard Creek and 1.0 meter depth  in Ware Creek. Ware Creek soils

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

3.1.1: PRECmTATIO~

Average ;rnnual  precipi~tation  measured at the lowest elevation in the  basins, just upstrum  of tie

conflwxu  of Ware Crezk  and the  Descbutes  R.iver  is 2600 mm/year. This average is relativriy  high for

an  elevation c,f  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.:i1. The predominant storm path  across  the basins is from die  southwest although there  is

si@icarit  variability.  This is evident from the  frequency of tie estimated 850 millibar wind direction

interpolated fly a point in t.he  basins, Illustmtecl  in Figure 3-4. ‘The high annual precipitation and

predominauir  storm direction su ggests that  air mases  traveling inland from the  Pacific Coast have already

undergone some  orographic lifting to pass over previous ridges, causing relatively high precipitation at





FIGURE  J-2: PHOTO  OF HAIW  AND  WARE:  CREEK %‘ATERSHEUS
(taken  iiom Hard Creek looking north east)

rhe  Ware CR:&  precipiration  gauge. ‘This reduces rhe  orographic effect observed within Wart  Creek itself.

To investigate the effect 01’ orographic lifting on precipitation a second  precipitation gauge was insralled

within ‘Nare  Creek at an cleval:ion  of approximalely  855 m for three months in 1996. The second gauge

shows that dlt:re  is some inuea!;e in precipitation with clevation,  averaging 3789 mmlyrikm  over  the  period

of record. This variation within the basin can c~u~;e  significant diffwcnces in sform  totals. Figure 3-5

illustrates  the differences in iai~nfall  ihyetographs  recorded for an extreme event in February  1996. Total

storm precipiiarion differed by 61 mm for the four day event.

The basins have a Mediterranean  climate, with the  greatest quantiiy  of precipitation Falling in the  autumn

and wintkr.  On sverage,  based  on data from 1974 through 1993, November is the wetlest  month and July

is rhe  drycst  month. Average:  precipitation hy month is shown in Figure 3-6. The basins lie almost
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Air tempernture in the  m:iil’ surface  layers  usually  decreases  with slevatic~n. Under appropriate

mereorolo::ic;ll  conditions,  temperature  inversions  can  form,  causing  temperature  to increase with

&vation.  Temperature  inversions  are mw  likely  to form during  early m~orning  hours  under  the

following combination of conditions  (Bras  1990):

. Clear, cloudless  skies  and  dry  air;

l Calm,  stable  air;

. L.ong  nights;  and

l Snow-covered  gr~xmd.

Steep  lap%:  rates  genemted by  high  air ti‘mper:xures  near the  ground  usually  desrroy  a surface  inversion

before noon!.  As  tie  day  progresses  temperature  lapse  rates  may reach the  dry  adiabatic  lapse  rate of 10

“C/km &a&y  et  al. 1982).

Inversions  oc,cu quite  frequently  between  Varc  Creek and  Cougar Mountain.  The frequency  of

inversion  occurrence by  month  and  time  is  summarized  in Table 3-l. Temperxure  comparisons were

made at  h-hour  time  intervals. Causal factors  were investigated  using  a sunogate for cloudiness,

precipitation  and  wind speed  to  predict  inversion  occurrence.  This  is  described further in  Chapter 5.
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by cut  and fill. Excavated malerial from the road cul  is used as the foundation for part of the road bed.

Consrruction  of roads in such rzteep  terrain requires  xnsiderable  excavation to produce a road surface of

required width, and cutslopes  arc  therefore quite ihigh in some  places. Cutslopes  range  in height from 0

me~crs  on the: ridgetop  roads to over IO  meters for midslope  roads, as shown in Figure 3.12.  In  many cases

the  cut  intercepts the entire soil column, and vertical bedrock forms the roadcut  in many places.

I’ICUKE  3-10:  :I’HOTo  OF REGENFRLTING  CLEAIHlrI  IN W.ARE  Clu3EK
(looking west, showing a hillslope  across the Descutes  valley in the hackground)
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3.2: swI)‘Y  SITE  SELE’CTION

Peak culved  discharge was measured for  thine!!n  road segments within the Hard ;iod  Ware Creek basins.

Road se:gnents  were selected based oil  characteristics considered most influential to  generating a road

segment response. including:

” Hillslope  position and elev:zion;
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FIGURE :il-12: Two EXAMPLES OF EXPOSED Ccr SLOPES
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FIGURE  3.14: EXAMI’LK CREST-KECORMNG GAUGE

T’hc  FHA has developed guidelines for the hydraulic design of highway culverts based on  laboratory

experiments to determine culvert diameter and  enwance  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 diamcrer, the  normaiized beadwater  depth over  diameter can  he used to determine

tbc  discharge in cfs  from the  design table  for a corrugated metal pipe wirh  inlet con~n~l  (see Figure 3.15).

However, since Ibis  table wns  ilerived  for design considerations. it is concerned with ~muimun  discharges

and does not extend low  enou:gh  for most  of ihr field observations  in Hard and Ware  Creeks. It was

iherel~?xe  ncccssxy  to extrapoialc  below the  end  of Ihc  discharge 2nd  HWiD lines shown  in Figure  3.15,
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The space between each (I.5  increment on 11x HWiD line in Figure 3.15  WLS  found to follow a

wponcnti;rl  profk,  of the form:

y=  up
Tbc  fitted profile is shown in Figorc 3-17 and  die  parameters are given in Table i-.5.

3-2.

The 12 monitored ditch relief culvi:r~ were grwped  into one of four categories:

Y 1.5”  headwall  enu~ance
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lkclrqe  tiirsugh a weir  Cm  bi Cakuintztl  xsnrding  to:
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should cxcee~d  twice the maximum head above die  weir crust,  as illustrated in Figure 3-19. The

completed  weir dimensions are  also  given iri Fi.gure  3.19.  As can be seen  from this figure, the  weir

height does not exceed twice tie  head for thy,:  highest observed flows. This may result  in  R departure

from the r.heoretical  equation for these  flows. No values for obsemed  dischx~e  are available  for

comparison. Due to the  low velocity of tbc  observed flows, die  departure  sholuid  he small, and the

FICURE3-19:  l,VEIR CROSS-SECTION

3.3: ROAD  MONITOKC~G WCXLTS

Crest recording gauges wen: installed in early  January  1996. Peak swze  during the inrerval from the

previous observation  and stage  at the time of observation were recorded appron:imately once per week

from Janua.ry  June, weathi:r  permitting. All sites were inaccessible for much of lanuxy  due 10  snow.

Sites were also  inaccessi.hle  tl~  second  week of February  due to numerous road failures following a large

stormFebruary  5-8, 1996.

Based on rhese  observation:; the 13 monitored road segnents  can  be divided i:oto  the  following three

categories:
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s Class 2: Continuosly  responding  ~cuivsrts:  Segments H04?, WO18  and  WO38;  and

. Cl,zss  3 :  Fxqwntly  responding  culvs&:  Szgmznu\ WO32,  Wll53, HOlO,  H018, H O 2 3  a n d

HO07 (weir location).

3.3.1: Prhx FLOWRESPO:EUINC  CULVERTS

The  c.haracreristics  of the thr~ix  culvsrts  which cnl:y  respond to exrremi!  fitin  events do not  lead to a simple

explanation. Culvert WO14  has the second largest  contributing area,  WO29  has die  smallest and  H02S

Ins w aver:i;;t:  contributing ax%  The recorded peak flow responses normalized  b’y  contributing area for

culverts WO14,  WO2.9  arId  H02X  are  shown in Figure 3-20. As shown  in Table 3.4;  the  error associated

with delineation of the  contrihutinp  areas is hi$.  Rscorded peak stages were assumed to occur on the

idate  of maximum  daily rainfall since the last recorded stage. Signiiican~ peak stges  were recorded for

these ~culvcrrs  for the  two largest  storms over  the  period. The first storm occurred from February 5-X.

To131  precipiiation  for the  fax (day  event  was  365  mm. Less than  one-third of the  totnl  precipitation of

liic February storm, 148 mm,  fill during  the second storm between April 22.24..

Culvert  WO 14 is located in 3~  small topographic hollow covered in mature foresr.  In addition, the  ditch

leading to Il~it:  ~culvert  recel~es s0mZ  runoff from the  road surface. There ins  a large depression directly in
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FIGURE 3.20: PEAK D~sca,\~cl:  FORPEhX  FLOW KESPOmING CCLYERTS

In contrast. C:ulvert  WOB  is located on a straight hillslope witi1  an  exposed, loose sand cutslope

approximati:ly  3 meters tall. Seepage was never observed from tilis  slope. The road segment adjacent (0

this culverr is part of a long straight stretch with very little lateral slope. Surface,  runoff is routed along

the  road wdace  which is evident from surface erosion and gullies. Many prominent new gullies were

formed follow~ing  the  February storm which direcl,ed  much of the sw-face  runoff  oya  the side of the  road

onto the fillsl.ope.  The location of the  surface channels  was observed  LO  clian$  over the  season, possibly

increasing the fraction of surt;lce  nmoff  diverted to the roadside ditch. Thus, the increase in response for

this  culveil for the  April  storm  may be a result of changing surface runoff  patterns. in addition, the cork

line from which pwak  stlze  is  read was scattered  and unclear followin::  the  February  storm  This may be



3.32: cOVTIVUOUSI;Y KE:SPO?J;I)IxG  cur.vr,cT:i

Culwrts  iHO42, WOIX  and WO38  showed :i peak response for airnost  every observation period and

discharge  Irequcnrly  contiined~  over extcndecl  dry periods. Figure 3-21 illusv;ltcs  observed and peak

dischqe  over time for each of Uiese  culverts. Although the  general paNem of response is similar, there

are several important differences in how tbcse  road segments respond to rainfall wents.

Culvert Ha42 is located in an  8rcz1 of maure  forest  just below a slight topog~p1~1i.c  hollow. Tile cutbank

varie:s  from :3 to 6 meters  in height and is compsszd  of a mixture of bedrock, exposed soil and vegetation.

It  has a large upslope  contributing  area, but receives  negligible road surface runoff. A steady flow of

water w&s  iirrt  observed to be seeping from a fractured bedrock ourcrop  just a.hove  UK culvert. The

ohserved  seepage was  later traced Lo a small sucxn  that  begins ,?pprosimately 100 meters  up the  hillslope

and flow over  the exposed bedrock of UK  curslope.  There is no  clcxiy defined incised channel for tbis

surface How The discharge  from this  cnlwx appears  to be consistent with the  rainfall record and  was

nwer  ohscrved  to be completely dry.
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FIGURE 4-1: ILI:.I;STK~TION  OF Sciwac~  FLOW PATES  DCE  TO h Ko>w 1W~nvaa

The significance of a changi:  from subsurface  i:o  surface  flow depends on the nxural  method of runoff

gerwation  in ;I catcbment, as  discussed in Sec:ion 2.12  Conversion of Darcian flow through the soil

mui?: to suface  flow cm substarltially  increase the flow velocity (see e.g. Donne  and  Black 197Oa),

whereas localized pipe flow velocities m&y  ain:ady approach Ihe  veiocity of overland flow (Ziemer  and

Alhright 19X’7,  Smart  and  Wilson 19X4).  Pipeflou  networks have been demonstwed  to account for up to

95 % of subsuface  flow (Tsukamoto  et al. (1982). The propotion  of subsurface pipeflow will vary  with

time, geological setting and  antecedent wetness (Smart and Wilson 1984, Tsukamoto et  al. 1982, Ziemer

and Albright 1987). Therefore, corlversiorl  of lix: flow path will fault  in different changes for variable

regions of rhe  wateished. h  Some  CZISX.  flow emerging from the  subsurface will arrive at  the basin

outlet more qclickly.  AK  other  t&es,  runoff  may ~travel  at comparable speeds  ovs  :I different flow path.

In ~111 cases,  nnoff  captured by the  road ~letwork  will travel a different  route  to  the basin outlet which will

most likely change the uavel time. Even slight changes in timing will tend to  increase or offset tile



The Icngtii  of road channci:?  which contribute  surface runoff to suezmu depends on the number of sueam

cmssin~ cr-lverts  and the occuncnce  of emdcd gullies which extend to the drainage network.  Culvert

spacing,  road location and tc’pography  will nil  i!iiluencc the amouni gullying that ,~lkcs  place. Goidclines

for the placcm.erlt  of ditch relief culverts  on  feden  lands xe speciiicd by the USDA Forest Service in its

Road Preconstruction H;mdbook (USDi\  Forest Scrvict!.  1957). Those  guidelines include consideration

of road gncli~?nt,  surfxe  material,  soil type, ruwff  charactetistics  and  the expected effects of waier

concenwtioi~  below the road  Pi&l  et al. (19X:3)  observed outlet erosion at 38% of surveyed ditch relief

culwrts  in ihc  Oregon coast range,  wirb an  incr.::~!;e  in erosion volumes relative to distance between ditch

relief  culvsrt,s,  For any contributing mad lengiii, Wemple et al. (1996)  found  that the  likelihood of gully

occunenc;: wxs substantially higher for hill slopes greater than  40% than for hill slopes less than  40 %.

In addition; the likelihood of gullying  on steep  slopes increased with increasing culvert spacing (Wemple

et al. 1996).

Culvert location is also important relative tc  topography. Hnupt  et al. i1%3)  rnotcd  th3t  the  roadside

slope is genenlly  more dislxrbed  at the insidt:  of curves.  and  is Ihercfore less: likely to absorb road

drainage. Placement of dircil relief culvels  at the  inside of cuweles  will  not  only  increase the  chances of

gullyin:  al:  the culvert cut@  but (nay  increase the  hkelihood  of 011:  gully extending all the way to tie

surfxc  dr:,i.nage  network, through concentrations  of subsurfxe  flow in the topographic hollow.

The yhysic:ll.  ,?xtent  of road contribution of siurfr,ce  flow to streams  was  estimaed  for Hard and Ware

Crzrk,s  through field  invesrigati~ou  and a Geographical  Information Sysrem (GE). The  natural drainage

density of the catchments  w:s  first determined fa reference pqoses  by dclinearins  the stream network

and basin ixea  usins  .I\rc/lnfo routines. as  desctibed  in Section 4.3. For this  analy:;isl  a road segment was

considcrcd  to significantly &ix tie natural runoff pathway if runoff  from tiie  sqnenr  followed a
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Ditch-relief  aId  stream crossing culverts in  the  Hard and Ware Creek \Vatersbeds  were located using a

hand.,heid  porrable  Global  IPositionin~  Systsm  (GPS).  A Trirnble  GeoExplorcr  II was used t”  record

culvert locations. (One hundred  twenty positions were  averaged to obtain  wch  culvert location to

improve the location accuracy ) The dilution of position  (DOP) is n  dimensionless number which

indicates tbt degree of siror associated with tbe  geometry  of satellite positious  ar  the  rime position is

calculated DOP values ran::e liorn  “ne  to infinity, with “ne being the  most accurate. The position DOP

(PDOP)  is a combination of horizontal, vcrti.ctl, geometeric  and time DOP and is the  measure of

accuracy available “n  common GPS receivers. PDOP can increase dramatically as satellites near tbe

horizrm (Beadles  1995). Fox  this  project, il PDOP threshold of 8.0 was  selected. If the PQOP  exceeded

this  threshold, position data were not collected untii more favorable satellil:e  conditions returned.

Positions were differenl:iall!’ corrected with :s;gnzd  data obtained from the  Hr:rit?ge-CBS  Continuous

Operaing  R.&rence  Station  (CORS)  in Olympia, WA for an  estimated position precision of 2.5  m. This

range is si$i,ficantly  less (7-17%) tbau  the resolution of the  30 m DEM  available for this  area.

Therefore, ~:u~verts  were mor:t  likeiy  located within the  c”rrcct  DEM pixel. A total of 111 culverts were

located: 69 in tbe  Had Creek basin and 42 in die  Ware Creek basin.

Each culvut  was  classified f”or  its  potential connectivity 1”  the  dnirqe  netwock  during an  extensive

field $un’ey  using the  following categories adapted from Wemple  er  al. (1996):

. Directly Connected -
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- Stream  Crossing: road segment delivers water direct~ly  to a natwnl stream, identified by
a cbanncl  bolh  above and below the culvert;

- Gully: road segment delivers water to an eroded golly, evidence: of a surface flow path
exists wbicb event~nlly  connects to a natural stream channel; and

. INC~l  Connected: road segment deiivers water to a soil  surfacc  or short  golly where
reiotiltration  occws well before a nxural  stream.

Road segments  were cl:lssified in the  summer of 1996 by following the  flow path  below each  culvert

outlet. A culvert was  considered directly cowmred  tbrou:h  a gully if widence  of erosion arId  ovcriand

flow existed from the culvert outlet until tlx: point at which a permanent stream channel  was first

encouoter~:d.  If there  were  no  visible signs of :m overland flow path leading to :I permanent channel, all

runoff was assumed to rzinfiluate  after exitin:  the  culvert. No precise rules were followed regrding  the

length of the  overland flow path  required i-or culvert classification. Kathe  r, classiIic;kx~s  were

individually teased  on tile  physical characteristics of each hillslopc and  the  presence of a continuous,

cham~lizerl.  surface flow path  hctween  the culvert outfall and the stnxn  network

Culverts  w:lich were difficult to classify were flagged for veriftcation following rainstorms in the  winter

and spring  of 1997. A total of 2X culverts (2.5%) were identified for resurveying. Following the

vcrificatioi;  survey, 6 of the:  colvt!rts  (5% of toal)  were reclassified (see Table 4-l). ‘Two of the 2X

culve:rts  were not verified due to the  preserci:  131 mow on the  last survey date in May  1997. One

additional cnkiert  classiticat:.on  could not be verilied  since a slope failure destroyed the  culven  crossing

durin:: the wic.ter  of 199’7.  The fined  results of the culvert classilkation  are  summarized in Table 4-I  and

al-e illustrated in Figure il-2.

Road locatxx~s  were suweyi:d on foot using GPS. Positions were calculated every  five seconds as the

roads were traveled. Attibu~tes  were ;usociated  with the road wcfors  in the field to distinguish between

insloped,  oats:!oped  and crown  roxl portions. .! \  road segment is considered insloped  if greater than  one
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spccifyin~  :I minimum number “1’  contributing pixels for swam  channel initi:Kiorl. ‘Twenty-two pixels (2

ha) were uxd.  as the minimun  number of conlributing pixels. Therefoi~,  the derived  str~xn  network is

based  on the  constant thresix)ld area theory f”r stream channel initiation.

There xc tw”  main m~ethods  of channel nawbrk  extraction from disiral  twain  data:  tie  c”nstant

threshold area method :utl the  slope-dcpsn~lcnt  critical ,uea method  (Montgomery and  Foufoula-

Geor$)u  1993). The niosl commonly used  nreihod  is to specify 3 critical support :x23  that &tines  the

minimum diairqe  area rqlirt:d  1U~ initiate ii channel. Use of a Ihr;shold  are+ for,  channel iniriaLion  is

based on  the  assumption that channel head?,  rspresent  a transition from slope-dependent sediment

ttnnsport  on  hillslopes t”  dischar~r  and  slope-~dspendent  sediment transport in channels. For a c”~stant-

area  threshold,  tht:  transition point  is related t”  the change in sediment transport rate per chan$  in

support xw through as.wrnzd  sediment tianspwt  models (Montgomery and Fouf”lll:l-Georgiou  1993).

The jnitial  wezun location?,  for Hard  and  Ware Creeks wrc dctcimined  by  specifying a minimum

coninbuting area of 2 ha to reprwent  the approximate swam  length  during high flow winter runoff

events. Stream vectors wer:: derived from the grid of flow accumulations  using the Arc/Info Streamline

function. This algorithm uses  the flow direcrion from each pixel t”  aid in vectorizin~ intersecting and

adjacent cells. The derived stream network wa compared with field classifications of culvert types for

accuracy. The 2 ha  stvzam  network was  fumd  t”  most closely  match the “bservzd  extent of stream

channels brsed on visual examination.

Mont,g~mtry  and F”ufou,la-Georgiou  (1993) explcred  problems with the constant support area  conceptual

model and found that it is nwre  appropriate f”r estimating the scale “f warxition  beween  convergent and

divqent  rupoyraphy  thxn  fix estirrmting  channel inititatioii.  They f”und  that  a slope-dependent critical

support area is both theoret~Aly  and empirically  m”re  appropriate for defining, the extent of channel

networks. For tis  application, dat;l  is not ar~ailable:  across the range  of slopes requiral  t”  estimate h  slope-





Surface and  :iubsurfxe  runoff  intercepted by  the  road network trawl  tc  the siii.!iun  network by slightly

di fferenr @is. intercepkxJ  surface nmoff, genrrated by  inliluation  cxce,is  precipitation on  the

c01npactcxl  road surface, will  &in  eitbcr inm tbe rondsidc ditch or over the  side of ihe  fill siopc

dependin::  on the  road drainage direction. For outsloped  roads, it is assumed tb,al~  dxtinage over rile  fill

slope  is distributal  alon  lix: len~tb  of tile road. and thereforc  reirifiltraiou  OCCIIIX If roads  are insloped

or crowned:  a portion of the  excess pr’ccipitxion  is immediately concentrated in llle rondsidc ditch where

it ma.y  follow it surface flow path  to the  natural stream channel or reinliltrate  helow the  cuivcrt  outfall.

Therefore, oc,ly  insloped  and crowned roads drainin:  to gullies or streams can contribute interceped

surface  ruroff  to  the  St”*m  hydroyrapl1.

~Most  of ti!f: roads in the Hard  and  Wart  Creek basins have  a drainage ditch hetwxn  the  cutbank  and the

road suri;ice.  Intercsptcd sohsurfxe  writer  r~xbes  the  drainqe  ditch as surface flow regardless of the

road surfx.:  slope, ii the  secpagc  rate  exceeds tic  intiluation  capacity of the  dr:linagc ditch. Therefore,

tbc  Len@ of road segments conuibuting suti%x runoff  to streams is difierent  foi- intercepted surface and

subsurface  nmofff‘.

The extended drainage netwrk  for road surface  drainage was calculated by summing the  total length  of

insloped  roads and one-half ihe  ler~gtb  of crowned roads, for each road segnent  which drains to either a

swam  or gully. Only one-Miif  of tbc  crowned Iroad  Iengtb  is included to repn!sent  Ihe  fact that these

qments  conuihute  half  as  m u c h  w a t e r  a:;  r.bc  insloped  se;:menrs. This  distinction is somewhat

qualitative, since the  analysis does  not  ukc  iilio  account contributing:  xen tbroui:b  variable  road widths.

For road si:::ments  draining 1~0 gullies, the shori.zst  distance between the culvert outfall and a permanent

stream wu iilso  included. in many cases tbe  culverts which are conrwted  to the  stre;un  network throu~b

118z:wly  eroded  gullies drain into topographic hollows. In thcss  cxes thz  eroded gullies represent the

migration of channel  heads up  the  valleys as 3 r~csult  of the concentration of runoff in tbcse  hollows. This
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In addition, iha  tiEcially  imposed drainage network will change  the distribution of soil moisture within

a basin. thnr  alter&  the function of die  natuta!  drlinag?  nerwork. in xi undeveloped basin, soil moisture

is expeCted to increase more 01 less progcssil;;:l) dowslope  from the ridges, with localized exceptions

due  to soil and vegetation chasmeristics,  crearing  areas near saturation on eitiwr  side of the channel.

These  a~!as  may reach saruation  quickly durirlg  a storm  event  and conbibure  si:!nificantly  to the storm

hydrograpb  (e.~.  Dunne  ;md  Black 19;Obj  III  :i catchment witi  roads, hillslopes below roads will likely

bc  tier than  the undeveloped equivalent due  10  the  redistibution  of subsurface wnrer.  This  may reduce
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the  component. of storm res*on.se  due to nlnoli  from saturated nreas,  which woilld  tend to mitigte  the

effect of increased drainage density. The effxr of soil moisture rcdistrihution  can he  investigt<d  further

throu$  distri.huted  modelins.

The importance of this distinction between oatoral  and road-induced drainage density rcmnins to be

resolved arId  may be catchmcnt,-specific.  The i&sgratcd  road/cbnnnel  network may actwIly  change the

controlling response mechanism of the  catchmat  from runoff from saiur;lted  areas  to a sysrem  dominated

hy chamnel  tlo,w. Therefore, the total length  01.  road segments in a basin  which converr  subsurface  flow

to surface  f~low  is not an  indicator of a proportional incrcasz in pe;ak  klow  due 10  roads. It is only an

indicator tif the degree to which natural drairqe  pathways have been altered by the  road network.

Subsurface flow paths, roxl position, cons~uction  tzcbnique  and culvert spacin!:  will interact to

determine ths  effect  of t&s:: charged pathways on the  accumulated hydrograph. Calculation of the

lcnglh of conhibuting  road s~!gments  serves  to verify that flow routes  do sxist tlun@  which roads can

interact with the drainage ruxwork, as well as allowing spatial analysis of road segments which most

influence wati:rshed  req’o”““. Such analysis ,ivill  he useful for design and restoration of forest road

S‘,StUX$.



DHSVM, ori$xUy  devclopcd  by  Wi:mosw  ~1: al. (1994) and extended for  rise  in mx~irime  mountainous

watel-sheds  b:;  Storck CL aim  (1995).  is a physic;~lly-based  hydrologic made1  whiih  explicitly solves the

m:xer and  cmrg  balanct  for each  model grid cell. Therefore, DHSVM  rcqcrircs  spatial irrqe  dam

which rcpresenr die distribution of land surface  chxacteiistics  oft  the modeled. cntchment (vegetation

type, rlevntion and soil type) and  metaoroligical  forcing (precipintinn.  air t~:mperature.  wind speed,

ri:lative hcmidity  a n d  incomingshort-  a n d  lor~gwavc  radiationj. Meteorolo:;ical forcing must be

speciSisti  f o r  each  timestep Following a brief summ~aq  o f  the  model stn~ctur~.  the  source  a n d

dwelopmr:nl:  of tht:  land snrfxz  characteristic images and meteorolo$c:ii  forcing  xx described in Ihis

Chapter.

5 . 1 . 1 : I: IIN,x*L  ~lonlx  D~CKIPTI0.V

The gnemin;;  equations of DIWiM  in its  ar@inal Sorm  are described in Wigmosm et al. (1994) and

Storck et ~1.  (199ij and summarized briefly hi%. Recenr enhancements to DHSVM  are described  in

detail b y  St,xck  e t  ;d.  ( 1997) .  DHSVhI  c o n s i s t s  o f  a  t w o - l a y e r  canopy  rzpresenration f o r

evapouzu~spi:ra.tion,  a two-layer energy-balance model for snow accumulation and melt, a one-

dimensional wxaturated  soi.  model, and a rw-dimensional  saturated, subsurface flow model. An

independent ax-dimensional (vertical)  wara  ibalance  is calculated for each pixel.  S~~natal resistance is

caic~Aated  !ior  ?xh  vegetation layer based on  air temperaiure, the vapor pressure deficit, soil moisrure

conditions, and  photosynthetically active radiarion. Evaporation of intercepted water from the surface of

wet  ve~ention,  is assumt:d  to  OCCUI’  at  thz  potential rate, while transpiration from dry vegetative  surfaces

is calcullirzrl u,3ins  a Penmzu-CfontCth  approach
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The lhxtion  (of  each pixel covered by a road CT stream alon:;  will] tbc  depth  of the road cut  and/or

channel  incision  is calcnl;ltzd  prior to UK model run by mapping GIS covera~es  of the road and channel

network to specific row  and columns in thi:  Y13M.  At present, each  road segment is assurncd  to  he

crowned withi.11 the model. Subsurface flow is dischqed  into these networks based  on the  height oE  the

local waiir table relative to tiie  bottom of the channel or road. Once in the network, intercepted

subsurfacr flow and directly intercepted~  precipitation are routed through roadside ditches and stream

chxmels  rxing  a Muskingum-Cunpe  scheme. Open channel flow in tie roadside ditches is released to the

stream network at  specilied  Iculvert  locations, where  the road nmoff  is added to tile  stream channel flow.

If the  specified culvert locnt~ion  does not correspond to a stream crossing, the rurioff  is added to the soil

surface uid  is  then available for reinfiltration. Surface water not in the channel or road networks is

modrled  as  overland flow and  can reinfiltrate into  neighboring model pixzls.



93



94

Elevation (m)

Vegetation Class







Ft& _-.-- ----
L.xer:ii  saturated hydraulic



9Y



Ware Creek

Soil Depth (rn)

0.25 0.30 0.75 0.90 1.20 1 .25 1 .60
1



100





N



r ) Cloudiness L 50 C?;  :md

Y D~iness  (No precipiration for I.2  hours before and 6 hours after),

l‘he numhzr  of inversions predicted by each of dxse  factors alow  for each month of 1995 is summarized

in Table 5.7. The number of Calsz  predictiwls  for each month  is also included in Table 5-l. Dryness

appea.rs  to  ba  the best predictor of inversion uxurrence  during die  winrer month% All three  factors can

predict the m;qority of inversion ~ccurfencis  dilriny the  summer months. However, the  number of false

prediction:; often exceeds [hi::  number of inversions for a month. From a modeling point of view, thz

dcvclopmr:~~t  of inversions is  more important diti,ng winter and most during  wimer  precipiiation  events,

v;lxn  air temperature will ~conuol  whether precipitation will fall 2s rain or snow.  The remperaiure

records  fix Hard and  Wart  Creek Indicxe  i!i:u temperature inversions generally do nor occur during

precipiraticn  ~wents.  Giver. that,  i! becomes most  impormnt to correctly estimate the  occurrence of
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1,  =U,E,cfTa4 5-l

Where Ta  is the local ::tir temperature  (in Kelvin) for each timesep,  (is is the fraction of cloudless sky

insolation received on a day  with overcast skios, 0 is the Stefan-Boltzmann  constam,  equal to 5.67x10’

W/m’?? mii  i?, is the  armospheric  emissivity:

E,, := 0.7 + 0.0000595 e exp(1500/Ta ) 5.2

Where r is thm:  vapor pressure :It the gauge  in miilibxs.  The cloudiness, C/;,  is related to tile  fraction of

sky covered by opaque clouds, N. by (Bras 19911):

5.3

The amount of sunlight incidenl on tbhe  extb’s  ~snrface  depends on atmospheric conditions. Water vapor,

dusr,  pollutants, ozone and clouds will all attenatt  the  radiation incident on the cuter edge  of the  earth’s

atmosphere. The dtily  muxxnittance,  7;  is tlir: fraction of radiation ar the top of the  atmosphere which

reaches the ground along  the  zenith path (G;ri~s  19SO).  Detailed information about cloud cover is not

awtila.ble,  so fractional cloud cover  can  be estiinated from measured  shor&w&ve  radixion,  and therefore,

the  daily transmittance, 1;  (Iiras  1990, C&es  1980):

5.4

\Vhen: 7, is  the clew  sky transmittance which was assumed to be 0.72. l3My total  atmospheric

transmittance i.s  calculated according to the method of Bristow and Canbell  (198+1:
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j-5

When: j is :m index of UK CI.III‘CDI  julian  day. TIE  mean of the iwo minimum te:rnpcratures  was  used to

miuce  the  cSfect  of large-scale  hot or  cold air masses  which may cross the study area. For example, $1

warm air mm moving through  tile  area on day  j may incrensi:  Z;,,(j,  above tile value possible from

incoming r;rdi;xion alone (Rristow and Campbell  1984). Including the minimum temperature  on either

side of this d:ly  will reduce tile  short term iricrease  in temperature, since it will most likely not be

reflectrd  in both  daily mi~nim~ums.

The  variables A, B’and C in equation  5-5 are  emptical  coefficienrs  defined by Uristow and Campbell

(1984).  A and C were found to equal 0.72 and  2.1 respectively, for SeatdciTacomn  Washington.  B W:FS

calculated  from the monthly mean AT according to:

I3 := 0.036  E:Xp(-  0.154KT)
5-l

In order to obtain shortwax  radiation at 111~. ground surface, the  calculated transmittance must be

multiplied 1~:~  the  solar :radi:ition  above the  atmosphere. The  instantaneous amount  of solar  radiation

incident ori  a horizontal !~urfa.ce  at the top of tbr atmosphere can be computed by (Gates  1980):

IS the mean distance from earth to sun, d is the  local

distance l~?om  ,sun  to earth,  q  is the local lntitu&!,  6 is the solar  declination (Bras 1990):
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h.=2;15~co{~(172-  j ) )

5-11

To get thi:  total irradiance  in J/n<  for ellch  tine  step, Q,;  mw  be multiplied by 7?00  seconds/time step.

‘The average:  attenuated shortwave radiation for each time period is calculated &s  the product of the

average irxident  radiation aad the  daily total wulsmittance:

i, = T, Q,

The  :saturated  vapor pressure, e,  in @a_  is calwlated  from temperature as  follows:

5-12

5.13

TIIC  quanGty  of direct :;olnr  radiation observei  Iby  a hillslope depends on slope and aspect, as well as

shading effects  from surrou:xling topography. Solar radiation incident on a pixe:l is composed of dkrct

;md  diffuse:  mdiation.  Direct beam radintion has two  components: direct radiation from the sun arid





Where N is the  station norrxti  annual  precipicition  and P is the station precipiution  at each  time step.

Nomad  ;innwI precipitation  was calculated  ri~r  the  period 1974 - 1994 for K’xe  Creek and the four

@onal  si:~icns.  The statior!  11w1  and compu:ed precipitation ratios xc summnrizzd  in Table 5.9.

The comple~.ed  uniform precipitation record vas  tested for consistency  with the  prccipitatior! record at

Olympia A&on  usin::  a doublz mass  curw:  (Figure j-4). The break in slope which occurs around

Novemba  1, 1988 indicates that  therz was ii problem with the Ware Creek precipitation record at this

time. Subsequent conversarions  with tbc  Weyaheauser  field hydrologirt  confirmed that the  gauge was

malfunctioning during this p::riod. Therefox,  tlx Ware Creek p~recipilation  betwsen  November 1988 and

October1989 ‘was  replaced u~sin:f  the normti-rario  method described abovc.  The double mass  curve  for

the coneck!d  record  is shown in Figre  j-5.



5.5: W1XD DATA

hccunte  di:sa-iption  of the sufaee  wind field ins one of the most difiicult  model inputs to obtain.

Me:wremer~s  of wind speed. are spuse and the extreme influence of topography and other structuxs

makes inteq~olation  from distant stations nearly meaningless. Wind speed is panicululy  impaunt  for

quantifying turbulent heat transfer accurately during ROS events. Tlree different approaches of

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

Y Interpolation of NCEI’NCAR reanalysis fields; and

. Distributed wind modeli~lg

A recording ;Inemometer  was installed 6 mee:s  aove the ground at the top of Cougar  Mountain  in

Ju~uzu-y  19!1,5,  An average :~nnuz~l wind speed of 9.2 m/s  was calculated bawl  on the one  year of
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even  duriil:: relatively calm  [days  elsewhere ill lhe  basin, one ridge in tbe  northeast cwwx  of Ware Creek

:ilways ss:med  to bavi:  bigbcr wind speeds. III  addition,  during storms individul  clouds could be seen

ascending I.he  slope,  and theik  paths indicated a so:ong  topographic influence. For these  reasons, DHSVM

was modified 10  include the  option of specifykg  wind maps for each  tims  step and  an effort was  made to

model the  distributed wind field

rI variational calcuIus  meth~:)d  (Kitada ct  al. 1983) is used TV  co~~suain  Llx!  flow LO  bt:  divergence-free

using the  corkuity.  equatixl. The mcthoil  requires minimizing rhe  difference between the  initial

interpolated wind field and tbi:  final wind ileld, subject to the  constnin~  lbat tbe divergence is zero. The

consuaint equation is incorporated into the  miiiimization  integral using l~agrange  multiplier theory.  The

choice of Sagange multiplier, 2. = 0,  at the  fke  boundaries allows adjustments to be made at  the

domain hoondaries,  while &/&at  the surface ensures  tba(  the vt:rti~ U velocity is preserved at the

cartb‘s  surface. These  h~ndary  conditions ax possible due to tbc  selection of tenain  following

coordinates isisma  layers) in,  tbc  vertical diiecti,on,  as follows:



lli

0 = (2,  - z) i (::(  - 7ir)  = (z, - z) i n 5.15

Where  z, is the  top of rhe  wlution  domain, I: is surfax  elevation and z is tbhe  cicvation above datum.

NLJATMOS  works with a rectangular elevation gid  in UTM coordinates oriented with the four cardinal

point!; of thz  compass. I’or  e:acb  li~me period, wind observations from locations within the  grid boundary

are requireid  a,:  locations throuyhout  the  grid, with observations within each sigma level. A minimum of

one upper atmospheric observation is also  rcqoired for model stabitity.

FIGT;RE  5-:Y: ILLUSTRX~IO?~  OF TERRAIN  FOL:LOWIWG  ICOORDIPL\TE.?

There; are only limited observations of wind within the DHSVM model domain. Therefore, a nested

approach was used to obtain  the  wind field  over H&d and Ware Creeks. The NUATMOS model was  first

run al:  a COIXS~:  resolution with 900 m glid  cells, to eticompass  the 2.5’by  2.S0area  bounded by the NCAR

reanalysis data.  Wind vectors ooi:put  for thz  !)OO  m model were used as  “s~tion”  data to drive a fine

resolution model over  Hard and  Ware Creeks. ‘The two  model domains are illustmted  in Fixme  5.8.’  The

tine resolution model wiis  11111  with 30 m grid cclla to correspond to the DHSVM resolution.





‘Tc  verify 11:13t a linear scaling is 2~ pplicablc, ilw model was run for a r:mge of wind speeds  for winds

originating lro.n SE, SW,  WSW and WNW. Winds at Cougar Mountain originate from the remaining

four  direr:t;ons  less  frequently and reanalysis iwird  speeds for these directions did not exceed 15 m/s

during 1995. Therefore, these  directions were not checked for linearity. For 2;xb  of the wind directions

rlxlt  were t:hecked,  wind spsctl  at  four poirir:,;  in the  two  basins was  compared to the  interpolated

rearmlysis  Coup  Mountain speed.  LS shown in Fi;:ure  3.9 for SE.

This analysis indicates that  2 . linear scaling  factor is applicable, although the difYerence  in slope of the

trendlines  indizates that the  rate  of increase is different for different points in the hasins. It was also

found that t?llj  slope of each of the trendlines  in Figure j-8 is not substantially different  from the slope

between  the  :I0 m/s  design st~xm  and zero, as ill~usuated  in Figure S-9. Therefore, the rate of wind speed

increase fur ea.ch  model piui:l for an  increase i!~ Couyat Mountxiri  wind speed can be approximated by

dividing the modeled pixel wind speed  by the  Cougar Mountain design wind speed. The design stormy

used for each  wind direction :li~e  Srunmtied  io Table S-10. Wind speed for exh  piscl  for each ttie  step



0 5 1 0 1 5 2 0 2 5 3 0

NCEPINCAR Wind Speed. (m/s) Interpolated to Cougar Mountain





-.--.--------- .-._-_~____-=,= -----=__
TABLET-11: COIS~ANTMODEI.  PAIIALIETEIIS

-7

P;\Rh~lETE11I)ESCRLPTLOV_:=-_ -=
cl soil surface Cm)--_-- - . - - -

Al
V.~LCE-.- -=

0.01- -  _ _ -II



DHSVM  is  a physic?.Ily-based  model, which mei\ns  that  the pammewrs  and inputs  described in Ch;tpter

5.0 are mzm!:  to be based on physically mexwr:ihle  quantities. For this re%m~.  many parameters were

M.I~ adjosu:tL  during the m:~del~ calibration p~‘ocess.  However, it is nor always fusible to make the

exhaustive measurements that  would bi:  ncc~:s!;ary  to specif:i  all parameters based  on observations.

Therefore, some calibration of the less well-dclined  parameters is required. The time period from July 1,

1993 throug~h  June 30, 1996 w&s selected for model calibration.

Selec~tion  of this calibration period includes th: period from January 1, I996  to lone  30, 1996 for which

field observ:ltions  of culvcr~  dikchxge  were x;a:ilable. III  addition, tile  calibration period encompasses

the  large ROS event  of Febnury  S-8, 1996, xs well as the smaller  April 28, 1996 went.  Tk model run

was started on  October 1, 1992 LO  ;Illow  suffS:ni  time for the model to respond I:o inkial  conditions. By

going through  an  entire  am:~ual  cycle, the I?111 storms  of 1995 reflect the  modeled summer dry down

period. Irliti:ll  hydrologica~l  conditions on October 1, 1992 specified no snow and  no prccipitxion

intercepted in.  the canopy. Soil moisture wrs assumed to be at field capacii.y.  These are  realistic

conditions for early auWrrm  before significam  rain has fallen, but nonetheless th,e  first seven  mouths  of

simulation were ignored during  tile  calibration.

The model was  first run witch  the parameters and inputs described in Chapter 5.0. Since the calibration

period rqmsents  current  cc~nditions,  the modirt representatiori  of both road and.  channel networks wils

implemenrcd.  In addition. tAe  vuiable  soil dzpti  map and NLJATMOS  wind model (Section 5.52) were

used durim:  calibrauon.



The sequexe  of images beginning on April 12’” indicates that the  radiation-dominated mzlt-out  in the

spring is well represented. Tilt  general compatison presented in Figure 6-l indicates tint  the  distribution

of temperatare:,  precipitation, wind :md radiation performed by DHSVM  is able to represeur snow

accumuixion  and ablarion  reasonably.

Of-IS/M  was Sunher  evalu:it::d  by comparison :,f the  observed and modeled catcbment  water balance.

‘The tomI  precipiration ar  the Ware Creek gau:<c  during the calibration period XI:  7.972 m. The total

obserwxl  dicharge  during this  period was  7.Cl;’ m for Hard Creek and 6.135’ m for Ware Creek.



.hi:;iry  16,1996

\Ixt:h  27,i996 .AIl’ii 3.1396

:\p:i:  17.1996 .April  27.1996

Llal  1?.!996
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FIG’.JF.K  6-3: ~BSERVEI)  YS. I;‘R~;J~ICTED  WhRE CREEK D~scrti~ci;
FORMODEL  CALIWRAT:IO\I,  JLZ,ZU  1, 1993 - JuxE~O,  lYY6

A)  Avr!nge 2hr predicted discharge. B) Average 2 ix obserwl
discharge, C) predicted  - observed discharge
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IMost  ew!nls  arc  fairly  well r?prCsented.  111 :alernl, UE  model underpredicts  baw tlow and  overpredicts

storm peaks. There is cvidznce  of a slight delay  in tbc  model‘s timinS of p&k  tlows  which  creates a

relatively sm,xll  percentage undetprcdiction,  lollowed  by an oxq,redictiori.  Since tbe  overprediction

coincides wlih the fallin  limb of the obscrvc:d~  hydrogrph.  the percentage diffwcnce  can be quite high.

In addition, both  Figures 6-2 and 6-3 show a vuy  large percentage  error in July 1995. This is due to a

small summsr  rainstorm. The absencd  record shows nc  sueam,flovv  response for tilis  storm. The  model

&xharge  producsd  a sharp  pulse. which results  in a large percentage  uro~ in comp~~timson  10  the  observed

low s~inurk:r  dischar~c..I

Total simulated Hard and  Ware  Creek disclurye  for the  calibration period ‘iwi 6.62 and  6.31 m,

rsspectively  This reprcsenu;  an  overestimxiirn  of Ware  Creek streamtlow  and. an  underestimation of

l~iard  Creek streamflow.

There ar:  ~~wo  explanations for the  difficulty in correctly simulating the wxter balance in both basins.

One is tie  ;:ffect of microclimatology  in these  itcep mountaii~ous  basins. As the areil elevation cure  in

Figure 6-4 indicates, the basins have a fjirly  similar distribution of elevation rang:i:s.  Therefore, a simple

linear prtxipitation  lapse rati: will not result in a significant precipitation difference for Ihe  two basins.

However, the  data record indicates that localized precipitation diffcrsnces  must exist, since there is no

consistent trend in catchmenl:  response. For example, annual average discharge for the period of record is

higher for IVxe  Creek, howc,ver for the  calibration period the normalized  Hard Creek discharye  is higher.

The predominant wind direcl.ion  in these basins is from the soudiwest.  Storms tra.vcling  in this  direction

will coxs  Hani Creek fu:st  and possibly dry 0~11. a hit before crossing into Ware Creek. These Iocalized

differences  in precipitarion  rate cannor  be accounted for within the simulation without an  explicit

orographic precipitation mod&



toa  steep. This is better ohseived  in a close-rip of the hydrogrnph  for the  April ZI.,  1996 event  in Figure

6-5. This figure shows iixit, the hydrograpb  pxik  is well reprcscr~ied.  The timing for tilt  beginnin,a  of rise

is also  f:Grly  well represented, with  simuland  response slightly lagged  in Hard Creek and slightly

advxxcd  in Ware Creek. In  both cases the difference in timing is approximately LIVO  hours and may be

due  in pan  to tile  discrctktion  of stnzun  flow into two  hour averages. Howcu:r,  for both  hydrographs,

the simulxr:d  recession is more abrupt than the  observed. The length  of the recession can be controlled

by tiiz deep I:3yer  soil depth  Increasing  the  dzptb  increases the soil moisture stor:l:o  throughout the basin

which  can dnin  more gmdually. The. final hydrograplls  presented hers represent a compromise between

simulated stxzun flow rec::ssions  and the  totals  basin water balance.

450 500 550 600 650 700 7~50 800 X50 900 950 1000 IO50 1100 1150 1200

Elevation (m)

The model calibration was further evaluated with  comparison to pe:ik culvert discharge mrasured  in the

fiield  between Januay  and  June  1996. Simukwd.  discharge from  ten of the monitored road seymeno;  is

compared to c~bserved  point values  in Figures 6-6 and 6-l.  The rcmaininy  two  moniiored  road s~gnents

lie ou~tside  the  basin  ancl  so are  not included in the model domain. Square poinls  represent  peak stages

measured between field visiLF (via crest srage  :recorders)  and round poinu  represent observed stages on

field visit dates. The peak stages were assigni.‘4 to  the day of m;kmum rainfall, so some  offset in timing
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In general the model seems to owpredict  road response for the  largest skxm  flow. Figure  h-8 shows a

compzison  of modeled versus  observed dischxge  for the Fzbtuary  and  April 15’96  events. Figure 6-S

shows,  a hisbei-  than expected number of discha:ge peaks are overestimated by the model, as indicated by

the numbe!-  and distance of points above thi:  line of equality. However, thz  simulaed  values fall within a

reasonable  range of tlx observed. Considering the  small spatial scale  of  di tches  and hillsiope

contCbutin$  a:eas. the  simulated  culvert discharge series seems  to be a reasonable representation of

:rwlity. It  mu:~t  be expected that  with subsurface flow determined based on 30 m pixels, there  will be

some error :usociated wiih  su~bsnrfxe  flow  bein?  routed to neighborin;;  road segments.

‘In  addition. the ovexprediction of model peaks may be a result of overcompensating fur performance of

lhZ current  algoIithm. To  pmare subsurfacr:  interception in between rhe  IWO  Inrgest  stums  of cbe

observation  period (Febnxuy  and April 1.996).  it was necessary to increase the cutdepih.  The cut  depth

wits  ori$naJ~ly  calculated based on the local hill~slope  and road surface width, by ::usrimin:’  that one-half

01’ the  road surface width intersects the hillsid<. The  road surfaces specified bawl on field examination
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only  included the width of l,imited infiltration, dlerefore, it is likely that tic  cutdepth  was subsequently

undercstimared. In addi,tion,  the cwrent  algorithm fcx intiliiation  through the mad surfxe  assumes  tint

all rxinfidl  and  snow mcll  iniiltrates  the road snrfxe  unless the water table is above the height of the  road

cut.  :Seveml  rcsearcbers  have showy  tint  the me of intiltration  through forest road surfaces is often less

than Ihe  prxipiution  rilte (Megahau  1972, Folz and  Burroughs 1990, Ried and Dunne  1981, Lute  and

Cundy  1994). Since the mo~.iel  does not reprzscnt infiluation  excess surface runoff generation for small

intzrmedi:ite  s,tonns,  the curdepth  was lowered to generate  a response for these vxnt.s  “‘be  lower

cutdepth  caused a simulated response in excc:;s  of that observed for larger st~nns  when road surface

runoff was  :i:nernted.

() k--p+  <a
-~  -&-.--d-.-----i

0 0.02 0 . 0 4 0 . 0 6 0.08

Observed Peak Discharge (mYs)

Finally thz  bas:in  average val~ues  of other variables, were checked for plausibility. Figure 6-9 shows the

variation of total evapoWmsptiation,  snow  w~t:r  equivalent and solI  moistue  over time. This figure

shows the dsvelopmtnr  of a snow  pack eacli yii~r  generally beginniny  sometime in October and  melting

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

the  above normal  precipi(atioll  diar occurred in 1.996. Soil moisture shows a clear annual cycle, usually
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approaching the wilting point in the top two  soid  lnyers duriq the summer. In addition, the soil moisture

rctlects  the anomalously dq conditions of water year 1993.

Following c;d:.bration,  model perl~~nnance over time was tested. The model was run from October 1985

throu:h October 1992 for Hard Creek and fwn October 1989 through October 1992 for Ware  Creek.

Observed \Yxe Creek dischruge  prior to 1989 h,as  been lost. The complete set of evaluation runs is

presented ill Appendix E. The residuals for this evaluation show no trends which would indicate that the

basin either accumulates or l,oses  water over each annual cycle.. The results qpear  consistent with the

calibration period.

6.1: MODE:I. SENSITIVl[I’Y  1‘0 SOIL DEPTH

The sensitivity of the model to the  physical d.isribution  of soil depth was assessed by comparing the

c;dibr:xed  mod~el  simulations to simulations using a constant soil depth. The consI:zmt  value  of soil depth

chosen was O.!J  m, which is I!he  weighted avemge  of the estimated basin average depths. The effect of

soil depth on the distribution of subsurface war for several days following the April 1996 storm is

shown in Figure 6-10. The fist image shows the depth to water table just after the hydrograph  peak.

White cells qresent cor~plet~ly  saturated pix&.  The water table is consistently higher in the constant

soil depth scenario, as it is restricted by the ,sl~:rllower  soil depth. However, it can be seen in the

subsequent images that the localized reservoirs of r;oil  moisture storage in the variable soil depth scenwio

allow the ba~sin to hold onto moisture longer. ‘The actual change in soil moisture due to this effect at the

basin scale is xtually  quite small (Figure  6.11).

i\s Figure 6G1.1  indicates the difference rxely  exceeds 1% of the avem$e  soil moisture for the bottom

root  Iayer. Ilowever,  this results  in differences in the simulated culwxt  discharge, as indicated in Figure

6-13. The decrease in predicted culvert tesponx using the constant soil map follcwed  by an increase of
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roughly the  same magnitlude  indicates th:lt  the constant map of soil depth served to advance the

atchmsrit  rt:sponse  time. As Figures 6-13 and.  6-14 indicate, this effxt  is not  readily apparent in the

basin hyd~rograph;  the  differenct: series is w!ry  similar for both  series. in hotb  cases, the simulated

sucamflow  c,ver  predicrs  the first stotms  in tilt; f;til.  Under prediction of fall storms is a frequent problem

in the  application of distti~huted  models tc  me~diterranean  climaws  due to extreme  dry  down of soil

moisture during the  snmmcr.  This wils  the  original reasm~  for including a variable soil depth, to increase

soil moisture storage over l:he  summer. 111  01::s  application, the soils seem to be: so shallow that the soil

moisture deticit  is overcoms  vzry quickly tbroupbout  the basin.

In conclusion, although LIX: variable soil depth  mop  may cause localized differences in soil moisture,

tlxst: diffuznces  do not seem to be  enough Lo effect basin response at the caichment  scale.  Therefore,

6.3: MODI~1L  SENSITIVRY TO WIND SPIXD  AND DISTKIBUTION

The sensirivi!:y  of modeled snowmelt  and  evnpotranspiration  to the  three  sources  of wind speed was also

analyzed. The three wind !;peed  sources include the annual average Couyar Mxmtain  wind speed, the

NCE~P/XCM. reanalysis wind speed intcrpolaed  to Cougar Mountain and NUATMOS distributed wind

modeling. The difference in basin axrag SWE (both  above and below t.he  canopy) during the

calibration period for each of the  wind souxxs  is shown in Figure 6-15. Altiou::b  die.  differences are not

large, they indicate that using a consLant  anno:~l  wind speed generally causes greawr snow  accumulation

relative to the  base case  and  using the  interpolated wind speed geruzdly  causes l.ess  snow  accumulation.

130th of duse observations xem consistent. For the majority of tie winter, snon is concentrated on the

ridgetops. During  winter ROS events the average annual wind speed of 9.2 m/s will be much less than

borh  the  interpolated winds or tie modeled wind field, therefore less snow  will be melted. In conuast,

the  disttibwd  wind model tends to attznuate  the  interpolated wind speeds nr all but the  highest
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A) Simulated SWE:  using NUATMCX wind fields (BASE CASE), 8) Difference  in
SWE relative to base  case  using constant wind speed, C) Difference in SWE relative to

IXUS~  case using NCEPlj\lCAR  interpolated wind speed
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Y:L-ATMOS DISTRIBUTED WIND ;MO:DEL

:~CI:IMC4R  INTHXPOLATED  WIND SPEED
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FIGL~ 6-Z): OBSERVED Vs. I?RVDICTED \V,mx CKEER DISc&m<;F.
~~‘~INC:F,I’/SCAR  WLW SPEED, JULY 1,1993 _ Jum  30,1996

A) Average Zhrpredicted discharge, B) Average 2 hr observed
discharge, C) predicted  - observed @scharge



Followi~~g  model cniihiation  DHSVM  was  used to simulare  Hard  and W,ue  Crwk  streamflow  botb with

and  wiWut  roads for  the  puiod  1985 tixou~li  1996. The modeled discbarge  w&s first used LO  evaluate

the effect of roads on catchmenf water halnnc: and individual storm hydrograplis.  The ability OF  forest

road networks to increase peak sWantlow  was then  analyzed with respect to the peaks-over-threshold

(POT) series  and discharge return  intervals. i sensitivity  analysis was  perfanned  to assess  the  influence

of calibration quality on  prt:dicted  stieamllow  increases. Finally, DHSVM  is used to assess  the possible

synergism he~:ween  forcst inrvest and  road con:;truction  effects on streamflow.

l‘be model-predicted eflxt ~.)froads  on the distihution of soil moisture during die  April 1996 storm event

is shown in Figure 7-1. Thins  figure shows the water table thickness,  both  with and without roads as the

basin drains  following Lhe  :rtonn.  The first image shows conditioris  immediately following the  storm

when much of the catchrsnt  was saturated. No  known landslides occurred during this storm. The

inflwncc  of the road network is rsflected  in drier (more purple) areas  beneath die  roads. The points of

culvert discharge also  show up  as l.ocalized  arex of higher water table.

The diff:rences  in soil moi:sture  observed in Figure 7-1 appear to decrease 3s the basin  ties  out. As

described in Chapter 2. the development of iliier areas  below the roads is likely to counterilct the effect of

the  r3ad r;etwork  o n  sueamflow,  b y  decreasin .: runoff from these hillslopes during  s torms. T h e

diminishing:  differences in soil moisture hetwcen  lhe  roaded  and non-roaded  scemirior for drier conditions

indicates that  there  would lx a lqer  ch:mzc ill the timins  and  magnitude  of peak flow due to roads for

storms with dry  antecedent conditions since rhe  e~ffect  will not be diminished by slower responding areas
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There is no  clxmge in the time to peak due to roads for either wet or dry antecedznt  conditions reflected

in tie  modzl  rasults.  Changes in timirlg  less Cn;m  IWO  hours ciinno~  be rt:solved  i::l dre  simulated results

since  dischar:o  is averaged <over  the  two  hour model timestep. 4s indicated iri Figure 3.9,  the peak

iiischqe  in Hard and Ware Creeks responds to rainfall  wi&in  one to four hours. Therefore, it seems

likely that ~:h;ulges  in timing due to the road network may exist at a magnitude s::n;lller  than tie  model

tU,,eSti:p.
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To  investigate  road effects for higher magnitndiz  flows, a threshold  was next  selected which would

~wnerate  approximately one  :;torm  every  two  yt:ars  for the 11 year record. A threshold of 3.25 ems  for,>

Hard Creek and 3.75 am for Ware  Creek was used  LO  select four storm events b;~ised  on  thz  simulation

without  roads. The avenge  peak dischaye  for  rhhese  four  storms was compared to the avrrage  peak

discharge far the  four largest rtonns $nerated  for  II simulation witi  roacl~.  For both  basins, the largest

tow  skm~s were the same under both scenarios. This analysis indicated an  8 and  9% increxe  in the

magniiudc of the POT series for Hard and  Ware Creeks, respectively.



distribution, following the procedure of Kite (1975). This  is based on the assumption that  discharge

of fii. was verified using lhc  Kolornogorov-Sriiimoff  test.

Return Period (years)
r------

__--.-- __--
I- - - -  Eistimated d~.scharga Q Discharge (ems) - ‘. -. 95 9 %  Confidence Intervals

_-__-

I‘rom~ 7-4: 14n-117~~  EVI Drs~~rnn~ro~  FOR WARE CREEK  NOWIUJAI~ED  SCESARIO

Although &-ie length  of tha  simulated dischlr::e  record limits analysis of exrreme  flows, the EVI

distribution was  used to in~;esti&!ate  the effecc~  of roads on events  with return intervals of 2. 5 and 10

yarr:.  As  smumrized  in Table 7-1, the forzst road network as represented by DHSVM  results in an

increase of tie  ten year floc’d  of 8 and 10% for EGud  and Ware Creeks, respectively. Alternatively. this

means that  th: flood with a ten  year  return  peri~od  in a harvested basin without roads would have a return

inter{al of 6.6 or 7 years in IHard  or Ware Crcclcs  after road construction (Table 7-,2).





Figure i-5 shows simulated Hard  Creek for scuitivily  cast 1 during the calihraiion  period. Comparison

with observed streamtlow indicates that stinul~ed  streamflow peaks too early due to the hiyh lateral

conductivi.Ly.  T h i s  o f f s e t  i n  timin: resuiis  !.n  a peak  tour  t h r e e  times  lqer  Tim  i n  the  ori$nal

calibration. Smulated  :Hard  Creek discharge  for the second sensitivity case  is !;hown  in Figure 7-6. In

this  C;LS(:  the  Low hydraulic conductivity and high  exponent rend to keep water in ihe  pixel longer.

Therctorz,  tile:  simulated hyiliographs tend to have longer recessions and lower peak tlow-rates  than  the

observed. This results in more frequent and  i,qer  negtive  enoxs  for the sensitivity case thaa  for the

base Icalibrxion.
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7-6: Ok?xvm  VS. P~ICTES  HARD CREEK DISCH~UKX  FOR
SEXSITNITY  CASEY,  .VLZY  1, 1993 - JGXEXI,  1996

.4) Average  2Lw  predicted disc~har~e,  B)  Average 2 lx obsewed
dischaf$,  C)  predicted - obserxd  dischqe
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CHAP’IER  8: CONCLIiSI~ONS  ASD RECOM4D~NDATI:ONS

This resea~rch  has  addrzssul  the effect of Forrest.  roads on streamflow in a Pacific Northwest mtitime

mountainous catchment:.  The ccnUal  hypothuis  of this research has been that iorcsted  road networks in

mour~tair~ous  forest catchments  increase strearntlow by replacing subsurface flow paths with surface flow

pathr;.  Road networks can  capture runoff  in two  ways:

* 13~  intzrcepting subsutirce  flow through  rhc  cutbank  when the  watzr table  is  above ihe  depth of the

road cu,::  and

Once  in the  road drainage network, runoff may reach the  wmxal  drainage network as surface flow

through  diiecl,  entry at stream crossing culverr!;  c#r  indirectly through gullies eroded henearh  ditch relief

culverts. ‘This hypothesis was explored osir:g a combination of field investigation and distributed

hydrologic modeling.

Thz quantity of runoff intercepted by the road network was  monitored~  in Hard and  Ware Creeks, both  of

which arc tributaries to the Deschutes  River , Western Washingon. Thesz obsewations showed that the

magnitude of the observed culvert dischqe  W;IS  controlled by suhsurfxe  flow interception rather than

road surface runoff. The most consistent pat&~-n  in the field results was tbnt  the quantity of intercepted

subsu.rface  flow is higher t~em:ath  harvested hiilslopes.  Medium or ‘bottom hillslope  positions and

medirun to deep soils also tended  to increase the quantity of intercepted subsurlxe  klow.  The limited

field  study  also  indicated tix~t  some road segnznts  do not generate suface  runoff, because OS  infiltration

from the  ditc.h  above the culvert.



E:inal~ly,  tbz  wmulativc  effect  01’ the forcst  road network on Hard and Creek s~.reamtlow  W;JS  explored

usin:< the  Distributed Hy~-l-ology-Soils-Vrgetation  Model (DHSV;\l)  (Wigmosta et  aI.  1991, Storck et al.

1995, 199’;‘).  A recent modificadon  of DHSVM  that reprwmts  interception of suhsur~ax flow by t!x

ioad  network explicitly was used. In  this riew  model version, surfxe  flow in roadside ditches and  stream

channels is rcuted to the  bxin ourlet using a JJuskinglm-Cunge  scheme. The model was  calibrated for

the  period July  1,  1993 tiirough  June 30;  1996. Comparison wi,th  basin discbqe  and  point obscrvatious

of peak calvut  discharge indicated tlyat  rhe  model approximately  represented  the hydrological processes

of Hard anil Ware  Creeks.

An  11 year simulation (19851996) of Hnrd  and  Ware  Creeks W;IS  performed uS:n#  DHSVM  with 1996

vegetation conditions and compared with sirmlations  made without the  road nerwork.  The comparisons

indicated that  the  roads rediwibute  soil moisture Idxoughout  tbe  basin. resultiny in drier axas  beneath  the

road light-of-way  and localized saturated areas a!;  a result of culvert discharge. m2 road network tends

tc  increase pezlk  flows. With crlnent vegetatiori~  tile  road network was estimated to increase the  ten year

return  petiod  flood by 8%  in Ware Creek and  10 ,%  in Hard Creek. Comparison of the  cun~nt  condition

simulation with results of a :;imulated undisturbed basin (mature veg:tati~on  and no  roads) indicated that

the  ten-year return peak flow rate might be increased by 22 % and 18% in Ware  ‘and  Hard Creeks

respectively, d,ue  co  road buildins  and clear cut  loging.
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Difficulties in calibrating the  model included the inability to match ihe  water bal;luce  and the  peaks  for

both  carchments  simultaneously. This is mast likely due  to  an inndequate  representation of orographic

controls on  precipitation. A simple precipir:irion,  lapse rate does not seem appropriate. For some  storms

Wm: Crwk  discbar~e  exceeds Hard Creek dxlnrge,  but nor  consistently.  An algorithm which ties

into accouni rhe  storm path  mi$t helter reprewnt  precipitation differences within die  basins.

‘The ability of roads to intercept both  precipirxion  and subsurface flow depends on due  water table depth

above the  roxd  cut. Therefore, model peiionnancc  is quite sensitive to the soil depth  and lateral

hydraulic  conductivity which control. respecrively, the  quanlltity  and  duration of soil moisture storage

within a pixel.. Calibration YZI’SUS  ohserred  c~.lvert  bydrographs  may he improved wiih 3 more realistic

represenwtion  of infiltration through the  road bed. Correct representation of the basin hydrographs

required a hi@  rate of hydraulic  conductivity. As a result, the  simulated soil moisture is often near field

capacity. ‘The  water table rssponds  quickly w storms  and  returns to  near the bottom of the soil  column

withi:n  a few days. Such behavior has been ohserved  at other  research basins (see e.g. Monr~omery

1997). h  field study designed to vwify  tix realism of this  behavior in Hard and Ware Creeks, for

instance via apiezometer  nework.  would be uszfnl in evaluating model behavior.
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~ksue  of Water Xesourc~s  Research,
.the  journal of the~+4merican  Fee-  )
:physical  Union:

The study dces  nor speax to what  I
:happens  in major events su.ch  ti’

lack of suf&ient  records on  large I
floods  to allow a valid study. /
:‘What  we’re iwkinp- at is’s  lee%:

cy  of cleaxuttinng  and ioadii o.;er
the  past 40 years,”  Grant said.
“There is a &ong  component of
historT  here;  and we are  noting..~. ~



q Ccnllnued from Page  Cl her datq’  Grant said of Sullivan’s What  the study  showed was  that
past  practiccn  that continue into the  comment. “So it is impossible for for five years after clear-cutting.
futolT.” m e  IO r e a c t . ” peak  Ilows  in streams i” the basins

‘The  mllrors  work at two of thdnz. ThC qoestion  o f  the  relntionhlp WELT  %I  percent l!ig!!L,?  !!I;!!!  IxSore
tlon’s  “lost  prcstiglous  centers  of between 1oggi”g  and “ujoi.  floods hg!$1g. ‘l’wellty-five  years after !!lC
ioIY!stry  l.liXil!.C!!.  ‘!‘!!EV  !!1Y!2  co!!!- !!gcap,?e  .? 7inlitilrF.l  !:ot po(3il^  ;irt-*jll.lll.bi.‘ jl;ggiiig,~  ttie  f>Lg:,:,:s  iii~C 25 jjt$iceiii
pi!cd  o”e  o f  t h e  mns~ exhsustive i’cbriiary’s  high  w a t e r s .  l<“virn”. IliPher ihan Li!cy W”!‘C  bcforr!  !og~
studleu  on ibe  solfect yet, taking in

.-
“~entallsts  tried to condemn all log- g!i!s  took ~!acc. *

more than 40 years of data. it has, gi”g  because of its contritaltion io Ill the  lill.&?T  valleys, Jones  and
heen “exte”slvelp” reviewed by  Ihe  flrnds.  while the  tinlbcr i”lllls. Grant reiled on records of past tiili-
olher scicritists  who checked for try pooh.poohed  !hose  claims. her  !;arves:ing  and  strean~fiows  to
tlaws  In methodolo~,  Grant said. “We don’t know,” Grant said. “ I do their study. But the  results were

But  it already is t~roving  contro- don’t k”o\v  of a”yc”e that ra!!  an- \~irtL!ally  i!1r sa!ne a s  in sli!:lll  !,a-
y,?rs!a!. ,ji:‘c!r tp,pt;  q::c;tic,;;, iii’ ii;at;er ,\Vi’ili;[ sins.  i?asi  siiidics  iound  ihat iargc

,,c  linr,in,,o  ,.n,,,raAlni  ‘p-3”  .%?-O.lZ. 1.,b”“.1...  _^._,...  I... :.,I,..” . . . . . . . . . L)-_”  . . . . ..\....\ ..,LLLL.  pi-“* :k&re paLi, ccl,  pcL~c,d,lolL  Ib.

I

basins didn’t hwe  the  s;lme  hnpacts
0”s  studies that showed logging  and Increasing  y, scientists and others, from logging.
road-building had little or “o  etYect:  +C poi”tin&,,  to land management “l’rcviously,‘we had thought the
o”  peak tlood  flows in  large  drain. practices in forests as the culprit for ,‘, effects of s~l~lll  basi”s  would cancel

~, ages. And critlc3, hbtb  Sroin  bidus- damage to stream beds  and fish  i?ab? out downstream”  as they  fiOWc!d
try and tbo  Oregon I)epertme”t  of, itat,  as well as increased  runoff and’,  i”to  !arge  b;iuins,  Joricv  said.
Forestry,  say  that  the  new stlldy  !s floodiiig.  But littIc defblitive sciewe
hilrlly  slawcd..  ,, ,. , ~ /,

But  large hasi”s  showed the same
has been  available.~ :~ efffxts  Ii’m logging. the study show.

.  “ I  felt  ihat ihe,conchken~s  ic lhh To gei  at  the  i]uesiion,  &it  &id’,><;& , . .~;  .,
study far overreach the data that is. ‘.Jones  studied streamflow  data frorn?tii: Cl&r+“t’  log&g ‘is~‘tidwil  ,‘ti’:j

/ ~!resen!e:!,‘!  said Kate Sull!v;i”,  a hy- three  Siliaii  basins 7 Ihose  iess ihan:,  I frnctiw  of pat-World War II levels
drologlst  with Weyerhaeoser., 250 ncres;-  and three large basins: in federal, forests In tha Pacific .’
Suill~an aatd  that  “o”e  ,of  h e r  up  t o 2 5 0  quare  mllev  I”  size..  , . .,.  ! . Northwest.,.Road-liollitlng a l s o  h a s , ,
studies  of shoot 60 drainages show ‘I’hc  three  small bnshio  were  “xm!.,~  riecli..e,.31 11 ns  .,e:~v!ro:ime;~tal  rcs:ric-,
txi ihat hissing  had  any major ef-, tored  bcgtnning  In the 1950s,  hefore,,.,’  lions  h&e  eased the pressure  to log  ‘,
fects  in hig  tloods.  ‘Sha  ‘said she any  logging  ,was  ,do”e,~  anil,  thc”:~~forcsts.,  .i :;_,, ~+i~,,i;:~I*;~  , . ,:..i :,,,,

thnught  that the information cltrd ~afterruanl.  Otie,valley  waS  left al~“e,‘~,;~  .lli~t,~exte~isl~o:.:networit~“6f,.  old
in the new report did not show sig- ,a  second was 2.5 percent clearaxt  , , ; :oads,nnd  clearats  inay  pose p~-ob-.~‘.
: “lficant  effects In big  floods.: ,, ‘.wlth roads and a lbird  was logged > lems  for flood  management In thd i:
:!  “She has newr  published any  of completely with no roads In It. future. :~,,  ,,.:2,  ~~

j,. :, ,.~::~~>~:1~~~ , . : _
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APPENDIX D: DESCHLTES  BASIN SURFACE WLiiD  FIELDS

The followio~: figures represented wind fields simulated usiq thlr.  NUA~TMOS distributed model for the

eight primary  wind directions. The vectors represent wxage  wind fields for the surface layer which

varies between 0 and 6 meters above the bottom boundary. Since :NUATMOS does not recognize

vegetation,  the boundq is laken as the top of die overstory.  A reference heighl: of 90 m is used within

DHSVM :a the ori@  for wind speed ‘observations’.
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Following calibration for the period July 1,  1993 through June 30, 1996, the model was run for the

rem&in:: length of record. This includes the period from July 1, 1989 through June 30, 1993 for Ware

Creek (Figure E-l) and from October 25, 1?8:i through June 30, 1992 for H>xd  Creek (Figure E-2).

These hydngraphs  indicate that no consistent bias  develops in Ihe  model. over time.
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