
"""""--'--'~----""""-""'---"-----(-~:;:L=="=::::::-\--~~------C:-:/?:-:/-;:l>::-:;:'5;-;7:;:t§"~(:;:;7;
-tfJ 

WATER RESOURCES RESEARCH. VOL 33. NO. 10. PAGES 2301-2314, OCTOBER 1997 

Runoff from 8 semiarid ponderosa pine hillslope in New Mexico 

Bradford P. Wilcox, 1 Brent D. ~ewman. David Brandes. David W. Davenport. 
and Kevin Reid 
ErMroamenW Saeru:c Group. Lor. Al.amo6 Nallonal LaboralOry. Los A.I&m~. t-Iev.' McllW 

Absmact. The mechanisms by which runoff I» generated- IfI- sennarid forest$- have l'\een 
htue swdied. Over the past 4 years we nave been tnvestl~atmg runoff processes In 
semiarid regIons by continuously morutonng runoff. both surtaCC' and lateral 5ubsurtacc. 
from an 87()..m1 ponderosa pine billslope In nonhem New MelUco. We have found that 
runoff acx:ounts for between 3 and 1] c;:'( of the annual water bud~el. We have also tound 
that lateral subsurface flow is a major mecharusm of runoff ~eneratlon. especIalI, 
foUCJIIi\'ing periods of above-average fall and wmter precIpitation. In one winter. latera! 
subsurface How was equivalent to about 20% of the snowpack (about 50 mm,. When 
antca:dent soil moisture was high, lateral subsurlace flow was ememeJy responsIVe to 
snowmelt and rainfall events and was much more ~ .la.nuc th8.lt would be suggested. by the' 
low (laboratory determined) bydraulic conductivity oj the soil. The rapidity with which 
lateral subsurface flOW' follows these events suggests that macropore flow is occurrmg. In 
the case of surface runoff. the majOr generauon mechanIsms are intense summer 
lhunderstorms, proloDged frontal storms.. and snowmeh over frozen soils. Surlace runoff at 
our site took the form of iniiluation-cxcess overland Bow; this type of surface runoff ha.l, 
not been found 10 dominate at other ponderosa pine sites studied. These detailed and 
continuous investlgations are inc:rC'.8Smg OUT understanding of runoff processes In semIarid 
forests and are thereby laying the ~oundwork for improved predIctIons. not only of 
runoff. but also of the concomitant transpon of sediment and confamlnants wlthm and 
from these lones. 

1. Introduction what condmons It occurs remam larflelv unanswered on the 
hillslope scale (Thonu. IIN4I. In addllton. the scaraty of hill

Runoff in semiarid landscapes 15 an UDponant. yet poorly llope-sc:aIe studies has maeas.ed the need for models c:apabie 
undentood. pbenomenon. It IS important because It is a maJor ot Stmulatmg runoff processes.. but at the same lime It is dif
mec:b.anism bv wbich water. sediment. nutnenlS. and contam· ficult if not impossible 10 adequately validate such models 
inants are ~ed and redIStributed; It 15 poorly undemood WlthOUI long-term. rehlble data on runoff processes (Ngnm rl 
because relatively few detailed StUdies of runoff bave bc:c:n ai., 1988). 
tarried out in these regions. In most semiarid settmp. runoff occurs as ramfall..excess or 

Measuring runoff in semiarid envuon.menL~ presents formi inIiItrallon-excess overland flow (lEOF). the process whereby
dable cbalIeuges. Because nmoff.produc::ins events are infrc· the rainfall rate ctceCds the infiJtnltion rate of the soil (Horron.
queut aDd of abort duration. me time required to adequatcty 1933: Abrahams I.'t 4/.. 1994]. The iDiltration rate is contrOlled 
chlll'lClerize nmoff is relatively long.. and opportunities to tor· by many variables ,e.g., vcgetation. Itone cc:wer. soil character
re~~ for equipment faiJures or a flawed eoI..Ic:ction strategy ma:.' IStlCS) and is highly spatially variable. lnflltration-ucess over
be few aDd far berwc:en. For these reasons. the method of land ftow. theD. may be ,eneraled from one area of a hillslope
cboice for iDYestigating runoff in aemiarid landscapes bas been rather than from tbe enure area. and in many cases the s.Iope
raiDfJU ril:DulltioD at relatively small scales IBIanson d aJ.• length wilJ be great enough that much of the runoff will infil
1981]. 1'bcIc ItUd:ies have uuquestiooabty added to our under· trate before reaclung a stream c:banaeJ. 1bese dyrwbjc:s ex
IIJDC1iD1 of aemi.arid bycbolo&Y. fur c:ample in the areas of plain wby. on a UDit-arca basIS. nmoff in semiarid landscapes is 
bydraulic:a of overland 80w IPGnOrU' II11II. A.bnIhams. 1992) and otten observed to decrease as the scale ('If measurement in·
aM impacu of various land IIJ&DIFIIICDt pl¥ticcs (Black· creases IY!IUI' GIld J."m,w. 1985).
bum et Ill.. 1982). but becauIe of lbeir IlDAIJ scale and artificial Saturallon..excess overland (tow (SEOF) is relativety uncom· 
cond.itJODS., they bave not Jed to a deeper understanding of mon an semiarid &enmgs (Grat. 1988). Notable ex.c:eptiCm are
hil1sk1pe bydroIogy per Ie. Compan:d with qat is known the pmyon-juruper and ponderosa pine woodlands of Arizona. 
about more bumid landscapes. our kDc:PNiedge of semiarid bill where prolonged frontal ramfaIJ or IDOWIDelt am saturate the
&1ope bydrology is in its iD.fancy. BasIc questJons such as bO\llt' sbaUow. 10000-permeabilirv soils. causm, OIICrland runoff to be
much runoff occurs., at what frequency It occurs, and under ~enerated fl..ope:s and Flolilol. 1993]. 

Fm.aIJy, lateral subsurface ftow L\ DOt commonly COIWdered 
INOIf at mler-Ammcan Imtinnc tor Global c::h.anJe Studies.. Sio an Important ageut of runoff gf:nCf8non ill semiarid clMron.

Paulo. BrIzil 
menu, although some pnMOus researcbers have found pedo

eop,nabt 1997 by tbc A.mcricm GeopbysaJ UI1IOll. gemc evideDCIC that it does oa:ur 111Ioms. 1994). 
Paper DUI!IbeT 97WR.0)691. Semiarid 'WOOd.Iands and folUts bne probably bccD even 
0043·1391J117mwR.-01691$09.00 lea. irlWilltill'lllM ,h.n n'................ ~...."'- .-~-- .. -- "
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the United States.. ~work bas been done in piDyOD-junipcr 
{.&Ikn'. 1982: Wdcm;. 1994: Wu.cat D 4l.• 19961 and c:tJ.apaml 
(Hibbm ~ oJ" 1982) ~ and in me last dcc:adc the 
AustralianS have actively invcst!pted hillslopc runoff pro
cesseS ttl acmlarid tropical woodlands lBoMlJ OM Wd.l.uJnu. 
1986: Wdilams lind Bondi, 1988; 8wt:h tr G/.. 1989). 

Most of the bydrologic stuwe$ of ponderosa pme foresl!. 
bave been carried out wlthm the subbumid and humid lOne~. 
although these: forests span preCipttauon regmles. from ~ lov. 
as SOO mmtyr to as • as l<nJ mmtyr 184kn, 1986J. In Ibe 
higher-preCipitation rones, ponderosa forest.'i may even !tener· 
ate perenrual How r~', 1950; I..opo fJNi. FfolJJ.ol. IlJ931 
The best known and mosl CXlensfVe catchment-scale hydrn . 

\oglc studies ttl ponderosa pme forests were conducted at the: 
Beaver Creek. E.xpenmeDlal Watershed 10 Anzona (8rown ~I 
aI.. 1974: BQ~T. 198~ 19861. Runoff tram ponderU\3 pme: 
stands bas also been monnored al Worlanan Creek ttl Anzona 
(R;c::ft and Gorr{ru:4. 1976}; on the CAXlOnmo Placcau m Anwna 
fHf!II!IIk. 1984); in eastern Oregon rWdluJmr lIIUf ~, 
1993): in the Manitou &penmentaJ Forest in Colorado (Dun· 
ford. 19S4}: and In nonbcm New Me:uoo IGo.s::. ]975). 

Ow study differs from prevIOus mvestlgBuons m that ufo
CUICS on runoff ,enerabOn from a ponderosa pme hillslope 
wilhi.n the semiarid zone: (at me lower end of the preciptlatlon 
spectrum mat will support poode:rosal. The primary objectIVeS 
of the: study were to detemune the quanuultlve ID'Jponance of 
runoff and to identifv the mecharusms by which runoff is ,en· 
crated in thIS rom:. The study IS part of a broader efton to 
develop a high-quality. long-term database ot runoff and re:· 
lated parameters that caD be used to calibrare andlor evalu.alt' 
the models nceded tor predlCling me fate and transport of 
contammants on tbe Los Alamos Nanonal Laboralory 
(lANL) SIte. Our methodology 001151515 of deu.iled measure
ment of surface and subsurface How. weather parameten;., soil 
temperature. soil moisture. and snow accumulauon on the 
hilblope OYer a multiyear penod. 

We are particularly interested in the little-mJdied phenom
C1lOD of lateral !ubriurfa.c:e flow in semiarid landscapes. We 
bave found. after 4 yean of detailed observation. that lateral 
subsurface flow can be an uupol'Wlt component of runoff m 
ICIIIiarid ponderosa pme foresI:s. especiaUy during periods of 
~ Sl'IO'IIVfalJ. In addition. we have found that at OUf 

lire. Wllikc other pooderosa pUle foresu studied. IE OF is also 
an important mccbanism of runoff generation. 

2. 	 DescriptiOD of tile Study Site 
Oar audy lite lies witbm tbe Loa Alamos National Labora

torYl EDYironmeDtal Research Pm on the Pajarito Plateau of 
oortb cr:utraI New Maico (Figure 1).. It c:ooslsts of an 87o.m2 

biDUope II an eleYaboa oflbout 2315 m. m aD open ponderosa 
pi:De fDrat with an understory of grasses and forbs. The hill
Uopc. pan of a send)' IIopiDg ,average 6%) mesa that draiD5 
iDeo • uearby canyon. is divided Dna three experimental areas: 
(I) • 485-m1 area on tbe DOrth side of the biIb1ope; (2) a 
3S5-m2 area on the south side; and (3) a SO- x 3--m plot at tbe 
northcasl corner. These three areas.. hereinafter referred to a.\ 
the "nonh hillslope," the "south hillsIope." and the "small 
plot," are outJiDed m Fagure 1. 

The precipitation rcp:oe IS IC1DJarid in that the average 
amwaI precipitation of about SOO mm is wen below pou:otiaJ 
evapolDDlpirahon. wbic:b is arouud 1700 I'llIIIIyr fBowtn. 
1990). 'Ibis re,une repJeeenta the lower end of the pn::crptta. 

DOD spec:ttum Usal can suppon pooderosa pule. About 45% of 
Use annual preapnabOD oa:urs m Juty. August, and Septem· 
ber. The depth to groundwater is more Ulan 250 m IPkmmun. 
1984\. 

SOib at the Site were described durmg CltCtvation of the: 
subsurtaae flaw trench at tht bonom of tbe hillslope IWlln Gnd 
Mcf~. 19931 and by soil anlJI8 at 19 locatloll.') on the 
biUslopc (0. W. Davenpon. LANL unpubhsbed repan. J~,) 
The lleneral soLi profile IS ihown schemaucally 10 FqlU~ ~. The 
H haruon SOdlio developed pnmardv from allUVIum overlYln~ 
liandcbcf Tuff. This horIZOn 15 oomposcd 01 :a da,,·nch HI 
honz.on. c:on1amm8 rOOI c:bannel.s and VOId spatt!> berween 
pew., and a CD homon that IS kJwcr m cla\l content and tonn~ \ 
a uansmon rone berween the soil and the Bandelier Tuff. The 
H honz.on IS capped hv about 0.2 m of loc~ m which A and Hy, 
horIZOns have developed. Hvdrauhc propente~ ot the SOIl wert' •dc:temuned tor the 'OUt mam horuon!> at one locauon on me 
bil1.sklpe (Table 1) 

3. Methods 
3.1. Sarfact' Coftr 	 ", 

The dJaractt'r of understory vegetation cover was deter
uuned tbrough hoe·tnten:ept tranSeCl5 established by stretch· 
mg a fiberglass tape along the [UOund berween permanently 
marked endpomts. Data were recorded at l-cm intervals alOng 
ont' edge. 'f the tape rMutOt'T.lJorrIboIl and ~. 19'14j 
One transect ""a~ established on tht small plot. two on the 
nonh hllislOpe. and two on the south hiUslope 

J..!. Soli lDftltrabllity 

A 05-m rmg mfiltrometer IBou~. 19861 was used to mea· 
sure soil mfihrability In I1IU at 11 kx:ations across the biUsJope. 
The nog was large enough for integration of small-scale IUf
face vanabilny while DlJJlUI1iz.u1g the SlpiDc:antt of capiUuy 
suction effects at ItS edge. In61traboD tests were CODduaed for 
a vanety of surface awer conditioDl. dcfiDcd aa.::ordinB to the 
dammant plant type (grass. titter. bare 1Oil. ayptogams); tbeae 
were done m summer 19%. when ulleccdent soil mOIStUre was 
between 11) and 30% of satuntioa by \'Olume. 1be tau wen: 
conunued Wltil infiJtratioD tales became relatively cons&IDt. 

3.3. 	 Sarhcc RaDOlf 

Surface runoff from the 87().m l hiIlsiope is measured. usiD& 
separate ooUCClIon systems. from eacb of die three ClpCrimeD
tal areas. In this way. we can doallDCDt dilfraeDCeS ill nmoIf 
associated with differen-es in vepUtioo ~r and witb differ
eoca in scale. 

A ooUcctor fXlDStniaed from 15-iDdl polyvinyl c:bloride 
(PVC) ptpe W85 lnIIaDed 81 tbc doIrDIIopc cod of each of tbe 
lbree areas for capturing and routmg nmoff (Fipues 1 and 2). 
In the summer. runoff from the DOrtb and IDQtb biIIIkIpca is 
routed through lS-an-dJamerer cimdar 8umea equipped with 
coUectton -..ells and pressure traJJIoduam (after ~~ till.. 
1990). in me winter. because flow rues are much lower. nmoff 
from each of the biJis10pe areas ts fOUled mto a 1Cparau: 
col.ltCtlon weU that ts IDIU'UIIlented .nib • pressure trI.DIducer 
for detctmtDiDs water levels. Water is n:rJIOVed wbeD a apeci
fled depth is reac.bed. As a backup. the volume of wucr 
pumped from Use wells D also moaiIored. by means of 8 low 
meter. For tile IIDIlI plot. 0DIy • cdtaioD well ill ...s 10 
morutor botb IUJlUDer and wiDter IUIfaee runoff. 

J 
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3.4. Lakt'al SabAu&ce flow 

l..at.eraJ subsurface flow was measured from the north hill· 
slope aDd the small plot. A trench. cut perpeudicuiar to tb(' 
Uope of the bill. mtcn:cpu the fiow of abalIow aubsw1ilC% 
ruaoff bolD tbese two an:u (FJIUI"=I 1 aDd 2). Tbc treDCb ts 

• 	 eqaipped with two 12-m:k1a& coUcaon: aD '"upper" colleculr 
It lOan from the suthIce ad. -lower'" coUec:tor at 95 an. The 
upper c:oi.Icc:tor ~ dcspcd to coUect waler from the k:.Ic», 
derifed A aDd Bw bori:Ioos. Tbe ~ coIlec:aor ia desipcd to 
coUcct water pnmari.Iy from the Bt bori.wus. Each coUcctor 
routes the waler to a weD that is equipped with • pressure 
t:1'1UIIdua:r and a 60w meier for monilOIlDI the volume of ftooI;. 

For the purposes of OW' auaIysi5, we bave estimated the 
coatribut1n8 area for lateral sub&wf.a: ftuow 10 be about 100 
mJ

• 'I'his esttmate (which auw:nes contributing area bound· 
aries that 1ft e:uctty perpeDd.ic:Wu to the treocb for the lensth 
of the billskJpe) 1$ probabiy biBb; if sablurface Bow lines follow 
t.tac.e of IUrlace fto'IIf. lhca the aru may be dOier 10 500 m~ 
We baM: chaeeD tbc bipr. and tbUlmorc comcrva1ive. value 
10 IS DOt to men::stimatc the iDrponaDa: of lat.c1"ai IUblurfICt 
ftow. 

3.5. Weatber 

We mstaDed a weather Quon on Slle to morutor pn:Qplta· 
lion. WUld speed and dlr"uon. ambIent tempcrarurc. relatM: 
bwrudny. lWd solar rad.iahOD.. Rainfall ia mea:un:d by IDC&DI or 
a bpping-buctet nUn pUF. Precipitation from mowfaII .. 
DOl measured on the SIte _If unlit 0cI0bc:r of 1993, _beD • 
beated tippmll-bucket gauge was iDsralled: but we did obtain 
data on WUltcr pn:apilaboO for the: pcnod from November 
liJ92 to February J993 from aD area of Iimilar elevatioa nearby 
(about ~ km south of the lite) that was cqwpped witb such a 
pugt:. 

3.6. SoU MoIItaIft aad T~ 

Sod moISture LS ~ncralty measured wcckty. by neutron I.bc,. 

mabzatlOl1 rGanintr. 1986J. Measurements were taken at 11 
locatIOnS lnirialty aDd have been ,"cn at 14 Ioc:abOOl IiDoe 
December 1993. At each locauon. IDCIUtJfeIDeDts are taken 
e¥l:ry 15 an to a depth of ISO em and thereafter eve!)' 30 an 
to a depth of 300 em. Soil temperature is IDODitored ~ry 2 
boars by tempcralUft probe to a depth of about 1m em. OIl the 
aortb border of tbe bilWope. 
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4. 	 Results 
The thn::e: e:xpenmcntal areas differ W'lth respect to ground 

CO't"eT (Table: 21. unit bJuesu:m CScluzlzcir;nwn sroparwm,. 8 

bunch ~ IS more: common on the south Iullslope. wbere II 

15 r.atcnpaced with atea5 of DXlIStIy bare ground; on the north 
biDI&ope. which bas lea bare ground. sod grasses (Koloia au· 
""". ~ pucilu) and pule needJ~ provide most of the: 
COYer. The small plot bas the bighest percentage of ground 
CXNer. 

T..... l. Laboratory ADaly5is of Hydraulic Properues at 
ODe Loc:auon on the HillIIope 

Depth. Parc:a.l Poromt')'. K•. • 
fbi:z:on em MarerW C!r mmIb 

A II Joca 4b r 
Bw 18 Joca 41 ~.l x lO'~ 
III 4} ChMum 40 9 " 10- 0 

CB 84 aJbmum 4b 4.7~ 10-' 
R NA NA NA 366-3600 

Infiltration rales differed by as much as two orden. of mag. 
mtude (Table J). bighlighting the spab&I wnabihty of surf.a.ce 
iofiJtraUOD rates across the biUslope Generally. the bare 
palche& bad the iowcsl rates. ~ em:puon was location 5 
(Table 3). wbere the soil surface. aItbougb Il10Idy bate, also 
ahibJtcd aacIWIg. wb.icb 'A'OUId fllcibllte iDfUtrltioD.. Soil Q

C8YatlODS in selected locations indjated that infiltration of 
water was aacntially vertal. 

A monthly summary of precipitation and nmoff for (be 4
year study penod IS (D\'eD in Table 4. Tbe data are pracntcd 
aa::ordmg 10 waler year (Oc:tobcr-5cptembcr). PlccipRatioo 
ranged from less than SO) mm to aImOIt 100 mm. aDd I'UDDff 
aa:ounted for between J and 11CJr, of tbc aanual water bud&et. 
RUDoff lOOk the forms of botb lateral IUb!rarface 80rt and 
surface nmoff: in the case of the lan.cr. the YC'l1llDClS mcuu.rc:d 
varied aJIJOD3 the ~ ueas of the hiIIslope. In winter. for 

• 

t 

Tabif.'::. Estunated Suria.c:e Cover for the Three Areas of 
the Hillsiope 

~maJ! Soulb 
PIOI HilII&opc 

~umber of Gala POtDb 
Una&. If, 

Crypwp.m, 4l
Uncr. Cj\ 

Bare pound.. fI,. 


rr 818 590., 10 
3 7 

8B 1'9 

Q 

6." o 10 IR 



'hWe 3- FmaJ lIdUtraliaD Ratea, as MCUWIed I:Iy Poadcd IaIIrromefcr 

GI:Im. HiUIIope 	 FmalIdhnIIionAII.O"''''' 
J.oc:arjoo Suriace~ .. LaclIiO& MoIIlure-.... Itau. IIIIIIIh 

I bUCpOUDd 0 IOUlb TT 6 
2 ~JI'OUDd 0 IOUch 26 90 

3 buepoaDd 0 MlUtb 31 6 
4 "... bIIre pOUDd 60 IOUtb 2B 5J...,
S aypcopm. bate pound. soil cncb 2D aortb .-	 156 
6 crypq:am. bare powwI 	 2D DDftb 26 27 
7 bare pclUDd 	 0 DOt'lbIIoulh 26 7 

boaDduy 

, 8 JfUI, bare 1fOWId. ~am ~ oonh 26 24 
9 .,..~pound 7S IOUlh 26 3 

10 piDe~ Joo DOnb 20 36 
11 pus. ~ necdIes ]00 north 26 39 

e .,tIc. IIUd'acc ruoft' WU vpific»Wy differcat ill both 
...,... and timiDJ. 0IriD& 10 the differm::e:s iD dcpee or 
c::om'. eateDl offrozeD soil. depth ofsaowpact. udICIIe of Ibe 
line uaa (F1pI'C 3). Surface ruDOlf occumd maiDIy duriD& 
two periods of the yea::lat:e wimer (in Jeapuo:e to meIliDs IDOIW) 
aad IIa summer (as a n:sult of iDtaIIe IWDIJIIer tbu:rIdcnronDs). 

4.L 	 , ...... WiD......... 

Tbe major factors alfecMe the type aDd amounll of fall and 
wimer nmoff are the IUDOWIt aDd type of precipitation, pat
ImIS of mow ac::umulation. aDd· patterDs of soil free%iDg. The 
fust two f.lc:tors affect nmoff ,eacmion DOl oDly d.irecdy. but 
also inc:tin:ctIy (by iDftueuciDJ JOiI moisture levels). 

WIDu:r moisture amditioas are larJelya fLmcboD of prccip
itllion &om Oc:IObcr IhrouP MardI. We will coasider winter 
pncipiWioa. to·be dac. totaI·UIOUDt of precipitarioD nceiYed 
duri.al1bcR mootbs. 1D tile" JIlII'S of obIctv.ItioD. dIere,baYe 
bleD two wet winters ('Ifatef fears 1993 (WY93) aDd 1995 
(WY9S», oae averqewiDtei' (wy94)' and ODe·..::ry dry winter 
(WY96). The precipiutioD. ~ oftbc two 'ftt 
wiDIcr,anwere quiledilfereat:.iII1be wiater ofWY93. tIKJIC 
ofme pICCipiwion fell as IDOW. wbich produced a luJe mow
pICk; .ill a.ttaIt.duriJtatlle~fall Del Wiater ofWY9S. the bulk 
01 me pndpiWioo'WaI niDfa1I, IDOIt ofwbich ocaured ill tile 
&l1. TheIe cIiffereoc:eI.iII type of prccipitaaoa accov.ot for the 

T........ MoatbJy Summary of Precipitation and Runoff 


differeac:ea betweeD die 2 yean .ill batb the DafUre and . 
.ramouurs of nmotr (Tabit 4). 	

..~ 
Soow cover on the billsIope is FlCraUy CODtiDuous tbroup

out the wiIm:r~ lbe.locatioaswbm.18OWdriftI deft.Iopectwcre b 
~.'COIIIisIeDr from yew 10 year. die two primary __ beiDa (I) ) 

tbc lower IOUtbbilbkJpr Del (2) DeAl' tile lop 01 tile JdIJ. OD ~t
botbtbe aon.b aDd IIOUtb sides. 1be nauwet, Juaer driftJ on -\t 

the IOUtb billI.IDpe were • major coatributor 10 tbr: aeaeraUY " 
larger IUDOUDI5 of surixe runoff JCDCI1lted from tbis area. 7 

The p&nerDS aDd timirIe of soil frea:iaJ QIJ profOUDdJy 
affect nmoff. HIDO'N bqiDs 10 accumulate before tcmpen
twa d.rop below freezing for prokmpd periods, tbe JI'OUDd 
may remain UDfro%cn 0W'iDJ 10 the iDIulalion of Ihe IDCJW 

cover. If. bowew:r. prokmpd periods of frccziDa CDIIIJDC.DCC 

before tbc= is mow cow:r,lbe pouad will reIDaiD frozea aU 
wiDter. Tbc'cIeJrec of IbIdiaa 1110..,.... ill .pauems of 
soil freeziDa: the toUthsidc of the hi1IIIopc ..,. f.nJr.II:a IoapT 
IS • res&dt of Cbe sbIde provided by die aea tJoaa Ibe IDUtb 

border. 
4.LL W'ft3:Wet......,.............. B.rfarlbelllOlt 

winter nmoff was produced in the wiater of WY93, wben the 
IIIOWpKk was UDUIUIIIy Iup. WiDter p.leQpilltima. wbidI feU 
IDOItJy IS mow, wu ....doable die aftIIIC ....... Wbaa 
tbe mow melted. Jarae qwmtities of ruDOlf were paenled. 

W.... V... l993 	 'NaIer Yar 1995 Wilier V.,. 1996 
• TOW Total Total TOW Tocal Tocal TOIaI TOfal 

P1ecipt- SubIurfI,ce SurfIee PrecIpi- SuII::;uDc:c SurUc:c Pn:api. ~ Surf.IIce PreQpi- Subow.... SarfMe , ... .... ... ....
Mc.da RUDCIlIII a..acr bDoIf R.... taUoa RUDOlf R.aft RIIIIIaIf 

Ott. 21 0 0 16 0 0 11.6 	 IS 0 0 0,NoIf. 34 0 0 ..5 0 0 S8 11 0 0 
Dec. .... 0 0 0 0 21 J lJ 0 0"' 
Ja. !9 0 0 8 0 0 64 0 33 0 0 
Feb. 67 2 0 l!I 0 J 12 I 10 19 0 0 
WIrrdl 33 ..s 1 SS 0 .. ~ 6 3 IS 0 0 
April 2 J 0 ~ 0 0 31 1 0 5 0 0.,..MIy 3S 0 0 0 5 59 0 0 0 0 
JUlIe 20 I 0 46 9 6S 0 108 0 7 
Jvty 57 2 2 101 8 34 0 102 0 2 
Au&- 127 I 3 73 6 106 , :z 19 0 1 
Sepl. 34 t 1 l7 0 57 , 0 68 2 
Total 563 50 8 S22 33 693 8 36 12.1 

AI ___ iD miDiIIIeIIn;' irlllialrlelaat ___ 
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Fipre 3. Cumulative surface runoff during the wiDters of water years (a) 1993. (b) 1994. and (c) 1995. 

maiDiy • Jatera! IUbswface &ow. Sw:face nmoff WIS quite low billalope. rwo soil moIStUre pe.u were n=eordcd, ODe at • 
tTM* ..). dcptb 010.4-05 m aDd ODe at 0.6-1.0 m.. The &rat conupoacls 

A. pmnntry of daily lateral IIUbrurf:Icc ...... for both !be 10 the middJc-ro-lower ponioD of Cbc day-rich Bt borima.. aDd • 
upper (A. and Bw botiIDDI) aDd tbe lower (Bt borizoas) col· the IeCODd CIOIitllpODds to tbc CB borizoD immediatety abcM 
....... iI shown in FJPIC 4. IIoag witt prcQpitatioD and the UIlftIIbcred tuff (Table 1). On the aortb bilWnpe. wbe:re 
~ da1:a. MeltiDa of !be ~ bepn iD Cbc latter the CD borizoD is IbIeDt or ¥elY tbiD., - IIiDak moiIturc peat •
half of Febnw:y. wbc:D air ccmperatun:s bcpD 10 rile. We was recorded that corresponds to the Bt horimn just above tbt 
recaded dJrec major Iar.eniIUblurfac:e flow eYCtItJ in Nan:b. lOil·tuff ~. 
tile ..cwo of wbic:b dearty corrdated with air terJJperahlreS. In spite of t.be beavy IDOI'daIJ in WY93. very Iit1lc __ 
Tbe third JeIUltecl from • niD-oIHrJow eYeDt late iD the mootb ruooff was mcuurcd from the DOrtb aad south bilIskJpa duro • 
tb11111dtcd much of me ft'INininI ~ AD CJltDjnatioD iD& IIIO'IIrIDeIt (Tlble 4; FIJID'C 3_). Bec:auae lOiIs mnaiDc:d 
of bourIy Iatera1I1II:IIurfIce low data &bowed that in paenl. onfrozeD. IOU iDfiItrability was biBb cmoup to absorb the run ~ 
peak fkJw Iaged peat daily tcIIIpCrature by about :3 holm. off. In CIOIltrast. _ relatWely ... IIIDOUDI of IWfJc:e nmoft was jSoil moiIture dala coIlecled dariDg WY93 (F'sprr: S) iDdi recorded from the small plot, larJdy because the t'OIlec:Ior was 
cate that the tuff aaderiJ'iDI dlc ..(Xl the hQ!tIope rcmaiDs dole to -1DIltiD8 IDOWdlift. 
ODaIiIIcady dry ud tbII die IaImJ IUbIurfIec ..obIerwed 4.U. wns: Wet ..... -'........ 1be wilner of 
iD Man:b was produced by !be ~t of _ mae of WY95 WIll _ .... OIIC U weI1" bat bath the limiDIad _ 
latWatiou wi1biD Cbc <MII'lyiDa ... On Cbc I01Itb side of tbc of precipiWir:ID dif.feftd from tboIe ofWY93. Aiaal2mmm J 
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F'ipre 4. Daily lateral subsurface flow YeISUS temperature and precipitation. Febnwy 14 to AprilS. 1993. 


of precipitation. ram or ram miw1 with snow, fell in October 
ud NO\'CUlbcr. f~cziug temperamrcs then set in before any 
pcnD&DCmt snow cover developed. and the soils froze. Prec:ip
iWioo for the remainder of the winter was close to "normal." 

The froutalilorm tbat oa:umd iD October was esccptional 
for this Rpm. AboUll2S mm of prcapilabon (a mixture of 
raiD and mow) feU over a 76-bour period. produciDs 15 mm of 
ftIIIOIf from the hi1IsIopc, the Iatp:st IiDI1e IWfacc nmoff 
ew:ar in the .. yean ofobseMtion (Table 4). In November a 
Iimilar low-inlCDlity (motaJ S*Orm alia JCDCrau:d surfac:e nmotf. 

SUrDce nmoff for the remainder of the winter ofWY9S was 
hiP cor.apt.red witb the Ie¥eIs obIem:d durin& the wiater of 
WY93 (Table 4, FIpta.3a aDd 3c). A cuocrete-tike·1IOiI frost 
de¥eloped witbt.beOllSCt of IUStaiDed frec:zingtempentures iD 
Dooell.... wheadlelOilawere wet bilt DOt CXJYered by mow. 
nae ~ tbatlCCUanaiated later be,U to melt is 
FebrII.uy. wbcn ~t ponioas of tbe ~ of the bilI
IIape were iIiU.fIozea.Tbc Dorrb .'biUI.Iope and the small ptot 
prodIad about die IIIDC IIDOUDt of.nmoff per UBit area. 
IJthoup I'IIDOff bepD IOOIIel from.1be small·pIot. 1be largest 
_of IUdac:c ftIIIOft_lIIoduoedfromtlle drif10D die 
.... WMpc. wIIeIe.1DiII ,....;iMI·..... Joa&erbccause

• me, WIn tbadod bytbe ......... dlelOUlbbontlr. 

l..MenI .....tiIcc law Clll.'lC'llSWdilUIle wiater· ofWY95 but 

DOt to .aarem tbar ac&diDlVY9l._daoaP daerc: was, 
IDOft tocaI wiDII::r psedpiWiaD ·ilfWY95. The two froataI 
IIOrIDS in October IDd NcMaaber.,eaeratcd 1JKC amounts. 
bat .. of· tbeJatenl ........,....... altnaredCMl' a 
J.4ay period ill MudJ (F.... 6)•• coDdiIioDs that led to 
tbislate __ e¥eD1 iaduded' (I)MIr.....tcd IoiIa due to 
bip plecipttatioD in t.be fIB. IddCd to by the meltiDg of the 
1OOWpact.1Dd (2) aweek ofpn:cipitaaioD (26 mm of IDOW aDd 
13I11III afraiD). 0Ilt.be aonb htll!dnpe. wbm soils bldtbned 
by tile lime of this railH:JD.IDow ewau. lateral subIud1ce Bow 
bepD with the GIllet of niIIfaD ad coatiDued for OYer a 
...... 1IdIauP .. of it .............·tIIe lint 3 daJs. 
Pelt a.o.t,law.. ID __ of .....hIde bieber tbID tile 
b.t,pIII rtODIded dIaiDI dlewilderofWY93.AI tbeSllDe 1ime. 

surfaa: runoff was being geoerated from tbe soutb biUslope. 
wbere soils remamed frozeD bcc:ause of shading; tb.Js runoff 
was bigbJy diurnal .in Dature (Figure 6). 

4.1.3. wn.: N..... precipiUUoD. Winter pre.c:ipitatioD 
in WY94 was wery close to aormal (Table 4). The IDOWpI(.t 
\bat deYeklped was small and pDCRted only surface ruDOlf 
when it melted: no lateral subsurface flow was meuured. Most 
of the runoff was scnentedfmm the drift 011 tile IOUIb bill. 
slope (Fipre 3b). As in1bc wiater of 1995. wbiJe this drift was 
melting. the downslope aoiIs ft!IDained frozen. S~ nmofI 
followed a diurnai. pattern Iimilar to but smaller Ibm that 
f.'lbIsenediu WY9S.abowa in F.pre 6. 

4lA. III the winter orWY96. precipWY96:.,.....
itation was only about 65% of normal, and DO runoff was 
obIctved. 

.u. Suawr IbaIIoIr 
Summer runoff at our lite iI JCIlCnted primarily by tInm· 

dctstorms that form CMI' the adjaceat Jemez MOUDtaiDs in the 
WI'IIOOn ud eveniDB and drift down tile plateau. Tbae 
storms are typically. brief bat ft:J')' iDtcnte. pIOduciaa abort 
bums of·raiD II bip as 2 II8IIIIIIia. 

A 'lUIDJDUyof RiIPmer nmaIf IIIIIOIIDU for the .. ,... of 
obIeIvatioD is Pn in Table 5. At tile biDIIope ICIIe we __ 
JURd29 surface raDoff eftDU, but moa of tbae were crW 
aaIt oaIy iii procbac:cd IDOIC tban 1 DIm of ruaoIf. NmmD 
probe data iodicaled tbat raiafaD was DeYer suftic:ieat to am
rate die IOiJs. 

The quantities of lateral I1IbIurface flow obIeMd in the 
IUi.fIIieI bave been wry IIDaIL 0DIy IWO rainfall eYeDts. botb of 
them the tint summer, yielded meuurable IIDOUIIIS (table S). 
The lateral subsuJface flow pnented by these eveDts bepn 
just 40-80 miD followiDg nDWIB ud was measurIbIe for pe. 
riods of 60-210 miD. 

S. DiIaIuioa 
Ja tbis IIDiarid .... we bmcI tbat aIt.bou&b naaoff ae

CDIIIII forllWlll:ivelyBlll px1ioa of tile aanuaI WIder ........ 

http:dlewilderofWY93.AI
http:FebrII.uy
http:FIpta.3a
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20.3 ···t 0.2 U NO ND 0.0 
30.7 2.0 6.S NO NO 0.1 
9.9 0.1 0.6 NO NO 0.0 

12.0 
8.6 

10.4 
13.7 
11.1 

LO 
2.0 
10 
0.5 

0.3 
0.2 
0,4 
1.0 
0.2 

1.1 
0.5 
1.3 ...: 
.. 'i 

NO 
NO 
ND 
NO 
NO 

NO 
NO 
NO 
NO 
ND 

0.0 
0.0 
0.0 
0.1 
0.0 

7.4 - 1.0 0.2 0.7 NO NO 0.0 
12.1' 0.3 0_1 2.6 NO NO 0.0 
8.4 

11.4 
7.6 

0.8 
O.S 
1.0 

0.6 
.. 'i 
...: 

2.1 
2.4 
2.6 

NO 
NO 
NO 

NO 
NO 
NO 

0.0 
0.0 
0.0 

8.6 0.3 0.1 0.4 NO NO 0.0 

28.2 2.0 8.8 5.3 13.6 0.0 
13.6 l..'i 0.6 1.4 0.2 1.2 0.0 
"3.0 2..1 7.7 5.6 IDS 0.0 
122 0.3 0.1 0.2 0.0 0.1 0.0 
11.1 0.11 0.3 0.3 0.1 0.6 0.0 
17.0 0.3 l.O 1.1 1.6 ".9 0.0 

199' 
26.0 0.6 0.1 0.4 0.2 .t 0.0 
36.9 0.7 0.3 0.5 0.5 0.1 0.0 
15.9 0.6 0.1 OS 0.1 0.0 0..0 
17.6 0.9 I 0." 0.0 I 0.0 
J6.8 1.8 1.4 2.0 0.4 2.7 0.0 
13.2 0.8 0.2 0.8 0.0 0': 0.0 

1996 
26.9 2 7.0 4.5 3.6 11.7 0.0 
2l.9
n.9 

0.9 
1 

IS 
0.8 

1.9 
1.7 

0.1 
0.2 

2.6 
1.9 

0.0 
0..0 

ND jndicetn DO diu coIIeaed 

-JD 1993. _ nmoI' froal1he DOrth IIJId IIOUth bilWnpa WU FOUled to aliDlk mIlcaor. 

tPt- ",.doD ... recorded at 15-aIiDute iDterva.II oa.Iy.
$Eq .,...1DIIIfuDdioI1. 

........ ill ,1mdiAwbed fonsIlI (Bna lU'Id GcrmMn, 1982~ 
IIIdeod. ljiowioa bodyol ewideace ,.rugests that delivery of 
1atenI.....a~ low. pady8COderatcd by.~ 
..,.-;·IJ"·1orcIt.ed bilWopetJ....,. '1976;.PJ.irim ttl Ill., 
1!F78; ..... 11 Ill.. 199O).· Water ~t "g,u.rpedal
_",_..b.~_ilWt.U~id:DOt 
CIIIIIt ........ _·I••~l"~).J.aIIo·~..,. 

~.......1Itied_.......19?9)1IId .,nadtural1Oils 

.,.......lIL.l___.JI_~ 

Itil.....ar _,..,IIIIl·eidM!r die illtuntGr 1be aact Joca.. 
,_afilwlNarieito.............,...oaoar bQItIope. 
TlaeR IIaIiIoo (1III'MdIered ......~Tuft) is, aD UDUteIJ 
.......:aMeitt ..... ~~~reponcd ....._.1... .n. iD,dleriDp:~~~·I-4be*,ttI Ill.. 

1_)........3-4.....Gl ...nil......&bIa,"·Gf 
lbecwa".., IOiILA'liIntiUlY' c::UdidIte'is··.·1ODe of 
weatben:d tuft' (CB horizuD)foIIIId bel.Wealtbe Btud R 
iIoai:Da"wbicbisPlOllliiDeDt OIidielOuth bUWope (aDd may 
be pi Ind, _ a mudl tItipDq".ODIbeDDrth ._weD).
Our __ ofa,maaIic eaiIIIiC1Mty forthis., an:...,1oIr cr... 1):, ad. 1Nlll1e1id adf is prabIbIy __ 
of........ A.1eCDDd ,...., _"Inedby • feIIure 


"smear" of tAaWlocated.,. tbat may be .......pores OIl abe 
bdf aurfac:e, IimitiD& euay Of ...ter into the tIlff. A third pos
IibBity is that .. could be teItric:ted at the base of the Bt 
borizoD..as is IUIIJiCIIed by IOilIDDiltuJe data fJOm IOIDe loca· 
tioascmtbdullllOpe (F,.un: 5). 

We Il1o ~ IiDIU __ or ..... 1UbIurfate .. 
UDder aIIIIlUrat.edtoadidoas:....ay of die .,... tMt)ie1ded 
bace aIDOIIIIII, lIIKJitmia Tible 5.oc:cumd ..dellucla eaadi • 
dca. "IhCIe.MIltI occ:uned. ill· rapaIIIO to either iDdividuaI 
railBtDrma orClClltiDoulclrlilJltp JoIkN" __1DOWIIIIe1t 
(rlble 4). Lateral lDICIopore low caD OCIICUI'UDder UDlltur
atecl CODCIitioDlwbaatlle8u:i of .... (prec:ipitatioa or ~ 
melt) is paw IbID tbehydraUlic CIOIIducIivity of tbe matrix 
(AleLbuIeIl, 1991). aDd • coaqwiloD ofidJlnlioDaad pre
c:ipitatioDnta at ouriite(delctibed beIoIr)iI COIIIiIteftt trhb 
tbisprocea. WiLron ttl til. (1990] alto DOted IatenllUblAlrfacc 
flaw in dry IOiIa and tugeIIed dulttbewater milia' be tmeliD& 
via aaacrop.xa. eitbet beclue.1DiDenl ......DO pod ·faca 
mIde tbe IIUtI.':I'Op)re 'WalIsbydropbGbit or beau. die hiP
dlytOll at dIeir tile were nlr_. to weaa.,. SiIIIilar fItUn 
eauId be facSiIatiDa·1ateraI ~..at our lite dIIriDa 

........... ~""II1be~ ·iiltat'ii.'lC: a ChiD periodi.... tbeaOll ... aDIIt'IlrIted. 
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S~ SarfKe RuDOlf' 

S.:l.l. FI'OUIlIOU naaorr. 1n the Wleter. most 1Ut'iaa: run
off occurs as frozen soli runoff Frozen soil runoff bas been 
reponed In n:gJons as Wldely separated as Vermont lDunn,. 
IUIIl BJDck, 1971) and the sagebrush rangelands of the north· 
wesl I~ and Wzlcax. 19951· We belleve t.h.a{ the major 
factors affec:tmg the presence and spatial distribtruon of tblS 
rype of runoff 31 our slle are (1) umlng of freenng tempera
tures In relation to developmem of the 'Wlnter 5nowpac ... 
f:!J soil mOiSture h:ve.ls al tbe UIDe ot trec:.nng.. C)~ spatW. 
dlstnbullon of snow dnhs. and (4, dlsmbul/on of shade When 
prolonged penods of treCZlJlg a>mmence before there IS SDav.· 

coyer. the ground will remam trou:n all wmler. setung up Ihe 
condiuon~ tor frozen Sftll runoff AIe;b that receIVe more 
shade will Stay irou:n loo"er. (If. on the other hand. sn~ 

f cover devel~ before the on!>ct of treezmg temperature!.. the 
ground may remam unfrozen all WlDter, and sw1ace runoff ~ 
be miDimaL) If soils are wet when they freeze (cooc:rete IOi.I 
frost). the i.nfiltrabihry of the soil bemmc.s uro Of very close to 

zero, greatly facilitating runoff. Finally. il a snowdrifl develop!' 
upsJope from an area of frozen soil. runoff will be greater. 

We found thai the south slope produced the most frozen lOil 
runoff. The dense sUlDd of trees bordenng t.bJs are.a contrib
uted to the development of a snowdrift but &Iso provided 
shading. with the result that downslope soils remaanc:d frozen 
dunng melting of a large portIon of the drift. Dunng frozen 
soil runoff the upper few centimeters of Ihe SOli were thawed 
and completely saturated. tn addmon. we found that froun 
SOil runoff was hlghlv dIUrnal in nature (Figure 0) 

5.l.2. infiltralioa-euHs owriaad Imt. Surface runoff 
that is generated I"ty ramfaJl {both thunderstorms and trontal 
stonDS, occurs as IEOF The most frequent agent of this type 
of runoff ar our site. and the one that produced die highest 
peak flows. was short. Intense summer thundemonns. A sec· 
and agent was frontal storms Iutmg several days; these pm
duce mon: sustained runoff and larger lOlal volUlDC$. In both 
cases. surface runoff oa:urred as lEaF. Our observatioDS of 
lEaF in a ponderosa pine forest amtrast with tbose of other 
mvewgators. wbo conduded that lEaF rarely oa::u.rs In pon
dereD pine forests fDrutfont, 1954; H«*. J984; W.rliam.s lind 
1JudJtou#, 1993}. Surface runoffwu important in the Beaver 
Creek watershed but took the form of SEOF. At that Slle. 
w1deIprcad I8wrated cond.inom were created by the low per
meability of the soib (conditions simillu to those letD in trop
lc:aI rain forests of A~ (BmdI tmd GiImow', 1978) and 
Amaamia [Elst:nb«r_ CADd. 1991)). 

• 	 We tee no evideDcc for SEOF at our aile. In the c:ase of 
runoff raultiJlg from the brief~ iDteDSe thuadcmonDl of sum· 
mer, the IEOF D.U"1':ban rsm is dear. Data from two Storms 

\ 	 (FJPI'C 7) an: typical: within miDutel of the onset of ratnfall, 
the in6Jtration tate of the soil seems to be exceeded. and 
runoff bepDs; it generally lasts less than 20 min. FoIIc:wIios the 
methodoiogy of WII.WIms 4I1'UI BOMll fl988}. we calculated cu
mulative infiIuation (raiDfaU minus nmotJ) from the small plot 
for these two stonru.. The cumulative curves are Ihorwn in 
Flgun: 7. Note that m both ~ the infiItratJon nile (mcbcal' 
ed by the &lope of the bne) falls off rapidly within a few minute,<; 
after runoff begms. From tbeIe CUI'\'e$ we esttmale that the 
fin.a.I. infiltration rate was -5 mm/h for the fint storm (August 
29, 19(5) and -7 mmIb for the I«ODd storm (June 26, 1996). 
These rata are weJ.I below the precipitation rates. wbicb indi
cates lEaF. In addition. tbeae raUl$. dctermiDed UDder rainfall 

condiDODs.. are also 6oM:r than the mfiJuauon rates measured 
by poDded iDfittrometer ITable 3). TbLs differeoa: IS c:orwstenl 
Wlth rcsu.ks from raD8eland stuches. which abo show thai Ill· 

filuauon rates under rainfall COndillOm are typICally much 
iower than ponded infiltratJOn rate,<; ISroglng ond T'homrJ 
1m; Gijf9lfi ~I aI.. 19861 

in tbe cas.e of runoff produced by low·mtenslry fronlal 
stonn>. we agaan sec no evidencr of SEOF. The larllell even: 
of thIS lund. 10 terms of volume (75 mm). occurred In Octobet 
lCN4 The data (FlllUre 81 sh<M thai although ramfall mtensl' 
tie-'" were qwte ~. ramiall was unusually prolon~ed. Most Of 

the runoff occurred dunng the tirst 5 hours of the storm; runoff 
then contmued al a much lower rate for an addllJonal 4 boun. 
sloppm~ Wlill the onset of UJOW. The Infiltration nne for thl~ 
(".lent on the 101all plot. calawlled usmB the (."Umulauve mfii· 
tratlOn method described atlove. was around 4 mmlh. which 
Wa!> .bout half the average prcapltalKm rate 

Even UDder the wettest of aJDdiIions. SEOF is unlikely at 
our slle bec:aUSt (I) there is considerable stora~ capaclt'\. 
allove the- restncttve laver and (2) once a I8turaled zone doc!> 
develop In the B ho~n, water IS qwckly routed off the hili· 
slope through the mccharusm of lateral subsurface flow. 

5.l.3. ~c:t COYer. DiffcrcDteS in .runoff bc1WeCn the 
nonlt and south biHstopes are due largely to diffcrenc:a m 
surface awer. The south billslope contributes by far the bulk of 
the total runoff commg from the billslope (Table 4). As 91&.\ 

mentJOned earber. the north and south hillslopes an: sundar m 
iength but dafter Wlth respect to vegetaUon c:over~ speabc:ally. 
there L<; more bare ground on the south SIde. These diffefe~ 
til ve~etallon awer affect not only sod infiltration ratC5 ITable 
3) hut also storage capaary and ability to trampon water. For 
the most pan. the patches of bare pound on the south SIde 
form a conuouum. makutg tbem an effectIVe amdwt for ttaoll 
portIng waler off tbe slope. 

SU. Scale.. The mfluenc:e of scale was not great it wa!. 
most prol'JOUDCed for the small, high-intensity events and for 
the Iow·mtenslly frontal events. 

In evaluabDg the effect of scale. we compared runoff from 
the north hillslope with that from the llJIaU plot, becaUSt the 
surfage cover cba.raaenstits of the two are roughly compara· 
ble. We fouDd that nmof( per unit area was usually pealer 
from the small plot than from the DOrth hillsJope, but f.W'Ien11. 
the differences were quite small. Differences were greatest for 
the very small high-intensiry events. as illustrated in Figure 7a. 
and for the tow-mlensiry frootal stonos (Figure 8). In dJo5e 
ca.ses. the diften:nc:es In nmofI appear to be at1ributable to 
mcre.ued opportuniry for iDfi.tttatioa with inc:reasiD& &lope 
lengtb. huerestingly. for the luger SUmDlCr storms., teak 
seemed to make little differeoce (Frpre 7b). For these laqer 
storms the storage capaciry of the bi.UsIope swfacc may br 
qudty ow:rwhelmed. aDd runoff patbways can tbeo be coo
nected OYer the enttre h.i.Ua.lope. Further dalJl wiD be rcqwred 
10 venfy this cxplanahon. 

6. 	 Conclusions 
nus SIUav was deSl/PIed to answer some basac qutSllOt1~ 

about runoff generauDD from semwid ponderosa pme forest!>. 
such as bow much runoff ocx:urs. at what frequency It oa:un. 
aDd UDder whit amditioDs It occurs. Because of the mDequenl 
aature of runoff in semwid l.ncIIcIpa. obIenatiom Deed to 

be Iont-term and detailed illUdI queaiooa In! 10 be .te. 
quatdy 1.DIWered. UnfortuDl.lely, becallllC of &be paucity of 
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