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Runoff from a semiarid ponderosa pine hillslope in New Mexico
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Abstract.  The mechanisms by which runoff is generated 1n semsarid forests have been
hittie studied. Over the past 4 vears we have been investigating runoff processes in
semiarid regions by conunuousiv monitonng runoff. both surface and lateral subsurtace.
from an 870-m° ponderosa pine hilislope 1n northermn New Mexico. We have tound that
runoff accounts for between 3 and 115 of the annual water budget. We have also tound
that Jateral subsurface flow is 2 major mechamusm of runoff generation. especialh
following periods of above-average fall and winter precipitation. In one winter. lateral
subsurface flow was equivalent (o about 20% of the snowpack (about 50 mm). When
antecedent soil moisture was high, lateral subsurface fiow was extremely responsive to
snowmelt and rainfall events and was much more d ;amic than would be suggested by the
low (laboratory determined) hydraulic conductivity of the soil. The rapndmz with which
lateral subsurface flow follows these evenis suggests that macropore flow is occurring. In
the case of surface runoff, the major generauon mechamsms are intense summer

thunderstorms, prolonged frontal storms. and snowmeit over frozen soils. Surface runoff at R S A £
our site took the form of infiltration-excess overland flow; this type of surface runoff has
not been found to dominate at other ponderosa pine sites studied. These detailed and o !
continuous investigations are increasing our understanding of runoff processes in semuarid
forests and are thereby laying the groundwork for improved predictions. not oniv of

e by 1

runoff, but also of the concormitant transport of sediment and contamsnants within and

from these zoncs.

1. Introduction

Runoff in semiand landscapes 15 an unponant, yet poorly
understood, phenomenon. 1t 1s imporntant because 1t is a major
mechanism bv which water, sediment. nutnents, and contam-
inants are moved and redistributed: it 15 poorly understood
because relatively few detailed studies of runoff have been
cammicd out in these regions.

Measuring runoff in semiarid envronments presents formi-
dable challenges. Because runoff-producing events are infre-
quent and of short durntion, the time required to adequately
characterize runoff is reiatively long. and opportunities to cor-
re.* for equipment failures or a flawed collection strategy may
be few and far between. For these reasons, the method of
choice for tovestigating runoff in semiarid landscapes has been
rainfall simulation at reiatively small scales [Branson et al.,
1981]. These studies have unquestionably added to our under-
standing of semiarid hydrology, for cxampie in the areas of
hydraulics of overland flow [Parsons and Abrahams, 1992} and
relative impacts of vanious land management practices (Black-
bem e1 al., 1982}, but because of their small scale and artificial
condivons, they have not led to 8 deeper undersianding of
hilisiope hydrology per se. Compared with what is known
about more humid landscapes, our knowiedge of semiarid hill-
slope hydrology is in its infancy. Basic questions such as bow
much runoff occurs, at what frequency it occurs, and under
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what conditions 1t occurs remain {argely unanswered on the
hilisiope scale [Thoms, 1994|. In addibon, the scaraty of hill-
siope-scale studies has increased the need for modeis capabie
of simulating runoff processes., but at the same ume 1 is dif-
ficult if not umpossible to adequately validate such models
without long-term. reliablie data on runoff processes | Pilgrim s
al., 1988).

in most semiand setungs. runoff occurs as ranfall-excess or
infiltration-excess overiand fiow (IEOF), the process whereby
the rainfall rate exceeds the infittration rate of the soil {Horton,
1933; Abrahams et al.. 1994). The infiltration rate is controlied
by many variables {¢.g., vegetation, stone cover, soil character-
istics} and is highly spatially variabie. Infilration-excess over-
land flow. then, may be generated from one area of a hillslope
rather than from the enure area, and in many cases the siope
length will be great enough that much of the runoff will infil-
trate before reaching a stream channel. These dynamics ex-
plan why. on a unit-area basis, runoff in semiarid landscapes is
often observed o decrease as the scale of measurement in-
creases |Yarr and Lavee, 1985].

Saturation-excess overiand fiow (SEOF) is relatively uncom-
mon 1n semianid setungs [Graf, 1988]. Notable exceptions are
the pinyon-juniper and ponderosa pine woodlands of Arizona,
where prolonged frontal ramnfall or snowmelt can saturste the
shallow, low-permeability soils. causing overland runoff 1o be
generated [Lopes and Flolaoi, 1993].

Finally, iateral subsurface flow 15 not commonly considered
an important agent of runoff generation in semiarid coviron.
ments, although some previous researchers have found pedo-
gewc evidence that it does occur [Thorns, 1994).

Semiarid woodlands and forests have probably been even
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the United States. some work has been done in pinyon-juniper
[Baker. 1982; Wilcax, 1994: Wilcax er al., 1996} and chaparral
[Hibbers et al. 1982} ecosystems, and in the last decade the
Australians have actively investigated hilisiope runoff pro-
cesses n scmiarid tropical woodiands {Bonell and Willams.,
1986: Williams and Bownell, 1988; Burch er al., 1989].

Most of the hydrologic studies of ponderosa pine forests
have been carried out within the subhumid and humid zones.
although these forests span precipitation regunes from as low
as 500 movyr to as bagh as 100U mmnvr [Baker, 1986). In the
higher-precipitation zones, ponderosa forests may even gener-
ate perenmial fiow [Domgnac, 1950 Lopes and Ffollor, 1993]
The best known and most extenstve catchment-scale hydro-
logac studies m pondertsa pine farests were conducted at the
Beaver Creek Expenmental Watershed in Anzona {Brown e
al., 1974; Baker. 1982. 1986). Runoff from ponderosa pine
stands has giso been monitored at Workman Creek 1o Anzona
[Rich and Gotred, 1976}, on the Coconino Platcau m Anzona
[Heede. 1984); in easiern Oregon [Williams and Buckhouse,
1993}; in the Manitou Expenmental Forest in Colorado [Dun-
ford. 1954} and n northern New Mexico {Gosz, 1975).

Qur study differs from previous invesugations in that it fo-
cuses on runoff generanon from a ponderosa pine hillslope
within the semiand 2one (st the lower end of the precipitation
gpectrum that will support ponderosa). The pnimary objectves
of the study were 10 determune the quanutative importance of
rupoff and to identifv the mechamsms by which runoff is gen-
crated in this zone. The study 15 pan of a broader eftort 1o
develop a high-quality, long-term database of runoff and re-
lated parameters that can be used 1o calibrate andror evaluaie
the models needed for predicting the fate and transport of
contaminants on the Los Alamos Nauonal Laboratory
{LANL) site. Our methodology consists of detailed measure-
ment of surface and subsurface flow, weather parameters, soil
temperature, soil moistyre, and snow accumulation on the
hilislope over a multivear penod.

We are particularly interested in the little-studied phenom-
enop of lateral subsurface flow in semiarid landscapes. We
have found, after 4 vears of detailed observation, that lateral
subsurface fiow can be an wnportant component of runoff in
scmiarid ponderosa pme forests, especially during penods of
above-xversge snowfall. In addition. we have found that at our
nte, unlike other ponderosa pine forests studied, IEOF i also
an important mechanism of runoff generanon.

2. Description of the Study Site

Our study site lies within the Los Alamos National Labore-
tory’s Environmental Research Park on the Pajarito Plateau of
north central New Mexico (Figure 1). It consists of an 870-m’
hillslope at an elevation of about 2315 m, m aa open ponderosa
pine forest with an understory of grasses and forbs. The hill-
slope, part of a gently sloping (average 6%) mesa that drains
nto & pearby canyon, is divided into three experimental areas:
(1) & 485-m? arca on the north side of the hillslope: (2} a
355-m? area on the south side; and (3) a 10- x 3-m piot at the
northeast corner. These three areas. hereinafter referred to as
the “porth hillslope.” the “south hillsiope.” and the “small
plot,” are outlined in Figure 1.

The precipitation regune 1s semuaricd in that the average
annual precipitstion of about 500 mm is well below potential
evapotranspiration, which is around 1700 mm/yr [Bowen,
1990]. This regime represents the lower end of the preczprta-
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noD spectrum that can support ponderosa pine. About 45% of
the annual precipitation occurs m July, August, and Septem-
ber. The depth 10 groundwater is more than 250 m |Purtvmun,
1984].

Soils at the mte were described dunng excavation of the
subsurtace flow trench at the borrom of the hillsiope [Wan and
McFadden, 1993] and by soil conng at 19 locauons on the
hilistope {D. W. Davenport, LANL. unpublished report. 1996,
The general sou profile 1s shown schematically in Figure 2. The
B horzon souls developed primaniy from alluvium overlving
Bandeber Tuff. Tius horizon 1s composed of a clav-nch B
honzon. contaming rool channels and void spaces between
peds, and a CB honzon that s lower in clav content and torms
a Iransiuon zone between the soil and the Bandebier Tuff. The
B honzon s capped bv about (1.2 m of loess in which A and Bw
honzouns have deveioped. Hvdraulic properues of the soif were
detcrmuned for the four mamn horzons at one iocauon on the

hilislope {Tabie 1)

3. Methods

3.1, Surface Cover

The character of understory vegelalion cover was deter-
muned through hne-intercept transects established by swreich-
g 2 fiberglass tape along the ground between permanently
marked endpomnts. Data were recorded at 1-cm intervals along
one cdge . the wape [Mueller-Dombois and Elienberg. 1974}
OUne transect was established on the small plot, two on the
nonh hilisiope. and two on the south hillslope.

32, Solf Infittrability

A 0.5-m nog infilirometer [Bowwer, 1986} was used 10 mea-
sure soil infiltrability in situ at 1} locations across the hilislope.
The nng was large enough for integration of small-scale sus-
face vanability while mummizing the symificance of capillary
sucuan cffects at us edge. Infiltration tests were conducted for
a vanety of surface cover conditions, defined according to the
dominant plant type (grass, litter, bare soil. cryptogams); these
were done i summer 1996, when antecedent soil morsture was
between 20 and 30% of ssturstion by volume. The tests were
conunued until infiltration rates became relarively constant.

3. Sarfsce Runoff

Surface runoff from the 870-m” hillsiope is measured. using
separate collecuon systems, from each of the three experimen-
tal arcas. In this way, we can document differences in runoff
associsted with differences in vegetation cover and with differ-
ences tn scale.

A collector constructed from 15-inch polyvinyl chioride
(PVC) pipe was mstalled at the downsiope end of each of the
three areas for captuning and routing runoff (Figures 1 and 2},
In the summer, runoff from the north and south hilislopes is
routed through 15-cm-diameter circuiar flumes equipped with
collection wells and pressure transducers [after Repiogle e al.,
1990}, In the winter. because flow rates are much lower, ranoff
from each of the hilislope areas s routed mto a separste
collection well that is mstrumented with 8 pressure transducer
for deicrmning water fevels. Water is removed when a speci-
fied depth is reached. As a backup, the volume of water
pumped from the wells s also monitored, by means of « flow

meter. For the smali plot, only a collection well is wed to ™

monstor both summer and winter surface rnoff. :
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Figure 1. Locavon map and schemanc of study area

3A.  Lateral Subsarface Flow

Lateral subsurface flow was measured from the north hill-
siope and the smail piot. A trench, cut perpendicular o the
slope of the hill mtercepts the flow of shallow subsurfuce
rutoff from these two areas (Figures 1 and 2). The wench is
equipped with two 12-m-long coliectors: an “upper™ coliector
8t 20 cm from the surface and a “lower” coliector 8t 95 cm. The
upper collector s designed (o collect water from the joess:
derived A and Bw borizons. The lower collector is designed to
collect water primarnily from the Bt bonzons. Each coliectar
routes the water 10 8 well that s equipped with a pressure
transducer and a fiow meter for monitormg the volume of fiow.

For the purposes of our analysis, we bave estimated the
contributing arca for lateral subsurface flow 10 be about 700
m®. This csumate (which assumes contributing area bound-
aries that are exactly perpendicular to the trench for the length
of the hilisiope) 15 probably high; if subsurface flow lines follow
those of surface flow, then the ares may be closer 10 500 o°
We have chosen the higher, and thus more conservative, vaiue
80 & DO! 1O Overestimate the importance of lateral subsurface
flow.

AS. Wenather

We nstalied 2 weather staton on site to mOMtor precipita-
tion, wind speed and direcuon, ambient temperature, relative
bBumidity, and solar radiation. Rainfall is measured by means of
a upping-bucket rain gauge. Precipitation from snowfall was
not measured on the site itself until October of 1993, when a
heated tipping-bucket gauge was installed: but we did obtain
data on winter precipitaton for the penod from November
1992 to February 1993 from an area of similar elevation nearby
{about 2 km south of the site) that was equipped with such a
gruge.

36 Soil Moistare and Temperature

Soil mousture s gencrally measured weekiy, by neutron they.
malzstron (Gardner. 1986]. Measurements were taken at 1)
locations initially and bave becn waken at 14 locations since
December 1993. At each location, measurements are taken
every 15 ¢m to s depth of 150 cm and thereafter every 30 omn
to0 8 depth of 300 cm. Soil temperawure is monitored every 2
bours by temperature probe to a depth of about 100 cm. on the
north border of the hilkiope.
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4. Resuits

The three expenmental areas differ with respect w ground
cover (Table 21, Lirtle bluestem (Schuizachvnum scopanum), a
bunch grass. 1s more common on the south hilisiope, where 1
s mterspaced with areas of mostly bare ground: on the north
hiflslope, which has less bare ground. sod grasses (Koleria cns-
sasa, Boustloua gracilis) and pine needles provide most of the
cover. The small plot has the highest percentage of ground
cver.

Table 1. Laboratory Analysis of Hydraulic Properues at
One Locauon on the Hillslope

Depth, Parent Poromty, K,*

Horzon cm Material % mavh
A [ loess 4 pA .
Bw 18 joems 41 1 x10°<
B 453 aibrvium 40 9 xi0°*
CB Ly allvviam 48 47 > 107
R NA NA NA 360- 3600

Source. Averie o1 o). [1981], Swphens [1993]. and P. M Watt and
L D. McFadden. LANL (unpublished report, 1993). NA. not apphcs-
bie.

*Valucs of sarursted hydraulc conductvity &, tor the A-CB bon-
20vs were measured usmg 10- x 30-cm-~bameter core sampies from
the hillsiope. K, vatues for the R horizom (mfl) are based oo a range
of semrples vollected &y differes tocations on the Pajarito Platean by
Abeele €1 al, {1981}

{nfiltranion rates differed by as much as f'wo orders of mag-
mtude (Table 3), highlighting the spatial vanability of surface
infiltration rates across the hilisiope Generally, the bare
patches had the lowest rates. The exepuon was location §
(Table 3}, where the soil surface, alihough mostly bare, also
exhibited cracking, which would facilitate infiltravion. Soil ex-
cavations in selected locations indicated that infiltration of
water was essentially vertcal.

A monthly summary of precipitation and runoff for the 4-
year study peniod s grven in Table 4. The data are presented
according 1o water year {October-Sepiember). Precipitation
ranged from less than 500 mm to almost 700 mm, and runoff
accounted for between 3 and 11% of the annual water budget.
Runoff took the forms of both lateral subsurface flow and
surface runoff; in the case of the latter. the volumes messured
vanied among the three areas of the hillslope. In winter, for

Table 2. Esumated Surface Cover for the Three Aress of
the Hilislope

Smal! Norntb South

Piot Halislope Hillsiope
Number of data ponts E A B8 S0
Grass, % 9 b 10
Cryprogam, % 3 2 7
Liner, % 8K ” r'\J
Bare ground, % 1] 10 1.}
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Table 3. Final Infilration Rates, as Measured by Pooded Infiltrometer
Cower, Hilisiope Antecedent Fmal Infiftration
Location Surisce Descripoon % Location Mousture, % Rate, mm/h
1 bare 0 south 14 6
2 mmpwnd 0 south 25 %0
3 bare ground 0 south 3 &
4 grass, bare &0 south b; | 51
5 bare ground. soil cracks 20 sorth g lzg
6 cryptogan, bare ground X aorth P4
7 bare ground Y north/south 26 7
boundary
8 prass, bare ground, cryplogam 40 north 26 24
9 grass. bere ground 7 south 26 3
10 pine peedies 100 north 20 36
11 grass, pooe needles 100 north 26 39

exmple, surfsce ropoff was significantly different in both
amount and timing. owing to the differences in degree of
cover, extent of frozen soil, depth of snowpack, and scale of the
three aress (Figure 3). Surface runoff occurred mainly during
two perinds of the year: late winter (in response 0 melting smow)
and Iate summer {35 a result of nterse summer thunderstorms).

4.1 Fall snd Wintzr Runoll

‘The major factors affecting the type and amounts of fall and
winter runoff are the amount and type of precipitation, pat-
terns of snow accumulation, and. patterns of soil freezing. The
first rwo factors affect mnoff generation not only directly. but
atso indirectly {by influencing soil moisture levels).

Winter moisture conditions are largely 2 function of precip-
itation from October through March. We will consider winter

ipitation to be the total amount of precipitation received
during these months. In the 4 years of observation, there have
been two wet winters (water years 1993 (WY93) and 1995
(WY95)), one average winter (WY94), and one very dry winter
{WY96). The precipitation characteristics of the two wet-
winter years were quite different: in the winter of WY93, most
of the precipitation fell as snow, which produced a large snow-
Mnmdmmgtheﬁl!ndmofﬂ%.&cm

differences between the 2 years in both the nature and
amounts of runoff {Table 4).

Soow cover on the hilislope is generally continuous through-
out the winter. The locatioas where snowdrifts developed were
consistent from year to year, the two primary areas being (1)
the lower south hillsiope and (2) near the top of the hill, on
both the porth and south sides. The relatively larger drifts on
the south hilisiope were a msjor contributor to the
larger amounts of surface runoff generated from this ares.

The patterns and timing of soil freexing can profoundly
affect runoff. If snow begins to accumulate before tempers-
tures drop below freezing for prolonged periods, the ground
may remain unfrozen owing to the insulation of the spow
cover. If, bowever, prolonged periods of freezing commence
before there is snow cover, the ground will remain frozen all
winter. The degree of shading also plays a role in patterns of
soil freezing: the south side of the hillslope stays frazen longer
as s result of the shade provided by the trees along the south
border.

4LL WY93: Wet winter, large smewpack. By far the most
winter runoff was produced in the winter of WY93, when the
snowpack was unusually large. Winter precipitation, which fell
mostly as snow, was almost doubie the average amount. When
the snow melted, large quantities of runoff were generated,

Water Year 1993 Water Year 1994 Warer Year 1995 Water Yess 1996
Total Toesl Total ‘Total Towad Total Total ‘Toual
Momth tation Runoff Runoff oo Runoff Runoff tatom Runolf  Runoff tation Runolf  Rumoff
Oct 21 0 ¢ 16 0 0 126 t 15 i [ 1] 0
Nov. 34 0 1] 45 0 0 58 ! s n 1] 0
Dex. 4“4 0 4] ? 0 0 21 t 1 23 (1] 4]
Jan. 89 0 0 8 0 0 64 t 0 3 o L4
Feb. 67 2 0 15 0 1 32 ] 10 19 0 0
Mxrch 3 45 2 56 0 ] 40 6 3 15 0 1]
Apeil 2 1 0 & o 0 3 1 0 5 0 ¢
My 35 o 0 - 0 5 59 ! 0 0 0 0
June 20 ] 4] 46 ' e 65 1 o 108 0 7
July 57 p/ 2 il t 8 k] t 0 102 0 2
Aug. 127 1 3 73 ' 6 106 ' P Kid o 1
Sept. M t 1 27 t U] 57 t 0 58 t 2
Total 563 50 8 7.5 ¢ k] 93 -4 » 465} t 12

All valwes are in millimesers; ¢ indicates trace zmounts.
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Figure 3. Cumulative surface runoff during the winters of water vears (a) 1993, (b) 1994, and (c) 1995.

mainly as [ateral subsurface Gow. Surface runoff was quite iow
(Table 4).

A summary of daily istersl sobsurface fiow, for botb the
upper (A and Bw horizons) and the Jower (Bt horizons) col-
Joctors, i shown in Figure 4, sloag witk precipitation snd
temperature data. Mehting of the snowpack began in the latter
half of February, when sir temperaturcs began 1o rise. We
rocorded three major faters] subsurface flow events in March,
the first two of which clearly correlated with air temperatares.
The third resulted from & nin-on-snow event late in the moath
that melted much of the remaining snowpack. An exsmination
of hourly lateral subsurface fiow data showed that in general,
peak flow lagged peak daily temperature by about 3 hours.

Soil moisture data collected during WY93 (Figure 5) indi-
cate that the tuff underlying the soils on the hillsiope remains
coasistently dry and that the {atersl subsurface flow obectved
in March was produced by the development of a zone of
ssturation within the overlying soils. On the south side of the

hilisiope, two soil moisture peals were recorded, ome at o
depth of 0.4-0.5 m and one at 0.6-1.0m. The firm

to the middie-to-lower portion of the clay-rich Bt borizon, and
the second corresponds to the CB horizon immediately above
the unweathered tuff (Tabie 1). On the north hillslope, where
the CB horizon is absent or very thin, a single moisture peak
was recorded that corresponds to the Bt horizon just above the
soil-taff inerface.

In spite of the hesvy snowfall in WY93, very littie surface
runoff was measured from the north and south hilislopes dur-
ing snowmelt (Table 4; Figure 3a). Because soils remained
unfrozen, soil infiltrability was high enough to absorb the run-
off. In contrast, a relatively large amount of surface runoff was
recorded from the small plot, largely because the collector was
close to 3 melting snowdrift.

412 WYYS: Wet fall, mormal snowpack. The winter of
WY95 was a wet one as well, but both the timing and amount
of precipitation differed from those of WY93. Almost 200 o

m%-rm* R



T o IS i A A R BV M SR s I N R S SR S
”'g A RN IME S s ? T s Rty ty T

Mean Daily Alr

Temperature (*C)

L™ ~§

‘\L |
4

Precipitation (mm)

o -
Febid Feb19 Feb24é Mul Mwé

of precipitation, rain or rain mixed with snow, fell in October
and November. Freezing temperatures then set in before any
t snow cover developed, and the soils froze. Precip-
itation for the remainder of the winter was close to “normal.”
The frontal storm that occurred in October was exceptional
for this region. About 125 mm of precipitation (a mixture of
rain and snow) feli over a 76-bour period, producing 15 mm of
ranoff from the hilislope, the iargest single surface Tunoff
event in the 4 years of observation (Table 4). In November a
similar Jow-intensity frontal stonm also generated surface runoff.
Surface runoff for the remainder of the winter of WY95 was
high compared with the levels observed during the winter of
WY93 (Tabie 4, Figures: 3a and 3¢). A concrete-like soil frost
developed with the onset of sustained freezing temperatures in
wmmmmmmmmwm
The svowpack that accumulated later began to melt in
February, when significant portions of the surface of the hill-
slope were still frozen. The porth hilislope and the smail piot
about the same smount of runoff per unit arca,
although runoff began sooner from the small plol. The largest
amount of surface runoff was produced from the drift on the
south hilislope, where soils remained frozen longer because
they were shaded by the trees along the south border.
Lateral subsurface flow occurred in the winter of WY95 but
pot to the extent that it did is WY93, even though there was
more total winter - precipitation -in ' WY9S. The two frontal
storms in October and November generated trace amouats,
but most of the lateral subsurisce flow was méasured over 2
3-day period in March (Figure 6). The conditions that led to
- this iste winter event included (1) near-saturated soils due to
high precipitation in the fall, added to by the melting of the
snowpack, and (2) a week of precipitation (26 mm of snow and
13 mm of rain). On the north hillslope, where soils had thawed
by the time of this rain-on-snow event, iateral subsurface flow
began with the onset of minfall and continued for over 2
month, although most of it was measured in the first 3 days.
Pesk bourly flow was an order of magnitude higher than the

M 11

&

» o
Latera! Subsurface Flow {mm)

—

Mar26 Mar3l Aprs
Figure 4. Daily lateral subsurface fiow versus temperature and precipitation, Febraary 14 to April 5, 1993,
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surface runoff was being generated from the south hillsiope.
where soils remamned frozen because of shading; this runoff
was highly diurnal in nature (Figure 6).

4.13. 'WY%4: Norma) precipitstion. Winter precipitation
in WY94 was very close to normal (Table 4). The snowpack
that developed was small and generated only surface runoff
when it melted; nolateral subsurface flow was measured. Most
of the runoff was generated from the drift on the south hill-
slope (Figure 3b). As in the winter of 1995, while this drift was
meiting, the dowmslope soils remained frozen. Surface runoff
followed 8 diumal pattern similar to but smaller than that
observed in WY95, shown in Figure 6.

414, WY96: Dry winter. In the winter of WY96, precip-
itation was only about 65% of normal, and 0o runoff was
observed,

42. Sammer Rumol

Summer runoff at our site is generated primarily by thun-
derstorms that form over the adjacent Jemez Mountains in the
afternoon and evening and drift down the plateau. These
storms are typically brief but very intense, producing short
bwmdmuh;buzmlmm.

obletvauonug:vcnm'!'ables At the hillslope scale we mes-
sured 29 surface ranoff events, but most of these were quite
small; ooly six produced more than 1 nun of runoff. Neutron
probe data indicated that rainfall was never sufficient to satu-
rate the soils.

The quantities of lateral subsurface flow observed in the
summer have been very small. Only two rainfall events, both of
them the first summer, yiclded measarabie amounts (Tabie S).
The lateral subsurface fiow generated by these events began
just 4080 min following rainfall and was measurable for pe-
niods of 60-210 min.

5. Discussion

In this semiarid forest, we found that although runoff ac-
counts for & relatively small portion of the annual water budget
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Sartace Runoff, mm

Latersi

Precipiation Subsurfacc
Precipitation, Intensity, 870-m* 30-m? Small 485-m* Nonb 355-m* South Flow,
: 1993
June 15 23 + 02 16 ND ND 00
July 14 307 20 8.5 ND ND 0.1
July 19 99 0.1 06 ND ND 00
July 20 120 e 03 i ND ND 00
Aﬂ‘. 3 8.6 1.0 02 0.5 ND ND 0o
Aug. 6 104 20 0.4 13 ND ND o0
Aug. 7 13.7 1.0 10 -3 ND ND 0.1
Ayg 13 111 05 02 -3 ND ND 0.0
Aug. 26 74~ 1.0 02 a7 ND ND 00
Aug. 26 1277 0.3 03 26 ND ND 0.0
Aug. 77 8.4 0.3 0.6 2 ND ND 0.0
Sept. 6 114 0.8 g 24 ND ND 00
Sept. 6 16 1.0 -3 26 ND ND 00
Sepe. 12 85 03 01 04 ND ND 00
1994
June 21 282 20 88 e 53 136 00
July 19 136 15 0.6 14 02 1.2 00
July 24 430 21 7.2 wes 56 105 00
July 28 122 03 0.1 02 00 6.1 00
Ang | 1.7 038 03 03 0.1 0.6 00
Ang 24 170 03 30 17 16 49 00
1993
May 29 60 0.6 0.1 04 2 A 00
June 17 369 07 03 0.5 Q5 0.1 00
Ang 11 159 0.6 0] 0.5 01 0.0 1143
Aug 13 176 09 1 04 00 t 0.0
Aug. 29 168 1.8 14 10 0.4 27 00
Sept. 7 132 08 8.2 08 60 2 a0
1996
June 26 %9 2 10 4.3 16 117 00
July 17 29 09 15 19 07 26 00
Avg. 22 718 1 08 17 02 19 0.0
ND indicates no datx collected.

'h!’”.mmnmoﬂﬁmthcnmhmdmmhﬂwmmmtﬁmammm

1Precipitation data recorded at 15-minute intervals only.
$5quipment malfunction.

wmwmmmm 1982}

wyauimeded hﬁkbpa[wq 191&%»»::«1

m ‘ '
;WWMMIRILMMMW
“mnemt, i both forested soils [Mosley; 1979) and agricultural soils
[Paviange et al., 1989; inoue, 1993).

It is dificult to ninpoind either the nature or the exact loca-
-tiom of the barries to vertical water movement oa our hilislope.
“‘The R boriton (unweathered Bandelier Tuff) is an unlikely
aﬁ&,mbmmmmﬂm
sutements arc. iv- the range360-3600. mm/h {Abeclz er al.,
1981}, which is 3-4 orders of magnitude highér than those of
the overlying s0ils." A ‘more likely’ candidate ‘is-the 20nc of
weathered tuff (CB horizon) found between the Bt and R
borizons, which is promiinent on the south hilislope (and may
be present, as a much thinner layer; on the north side as well),
Ourmofhy&mhcmdxmtyfwﬁmhwm
very low (Tabic 1), and the westisered adf is probably devoid
of macropores. A second possibility is suggested by a feature
.rmmmwuuwmm s thin

“smear” of transiocated clsy that may be plugging pores on the
tuff surface, limiting entry of water into the wif. A third pos-
sibility is that fiow could be restricted at the base of the Bt
horizon, as is suggested by soil moisture dats from some loca-
tions on the hillslope (Figure 5).

We also observed small volumes of lateral subsurface fow
mdummdmdimmdﬂemwm
trace amounts, shown in Table 5, occurred under such condi-
tions. These events occurred in response to either individual
rainztonms or continuous drainage following winter snowmelt
(Table 4). Latersl macropore fiow can oocur under unsatur-
ated conditions when the fhux of water (precipitation or snow-
melt) is greater than the hydraulic conductivity of the matrix
[McDonnell, 1991}, and a comparison of infiltration and pre-
‘cipitation Tates at our site- {described below) is consistent with
this process. Wilson &1 al. {1990] also noted lateral subsurface
Mmmmmmgmmmemwmmm
via macropores, either because mineral coatings on ped faces
made the macropore walls hydrophobic or because the high-
Clay soils at their site were resistant 10 wetting. Similar factors
could be facilitating lateral subsuriace fiow at our site during
periods when the soils are unsaturated.
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52 Sartace Runofl

5£2.1. Froren soll ramoff. [n the winier. most surface run-
off occurs as frozen soud runoft. Frozen soil runoff has been
reporied in regions as widely separated as Vermont [Dunne
and Black, 1971} and the sagebrush rangeiands of the north-
west [Seyfried and Wicax. 1995]. We believe that the major
factors affecting the presence and spatial distribution of this
type of runcff at our sue are {1) nmng of freenng empera-
tures 1n relation to development of the winter snowpack.
{2; soi) moisture levels at the tme of freczing. (3) spatal
distnbution of snow dnifts, and {4) distribution of shade. When
prolonged penods of freezing commence before there s snow
cover, the ground will remain frozen all winter, setung up the
conditions for frozen soil runaff. Areas that recewve more
shade will stav frozen ionger. (If. on the other hand. snow
cover develops before the onset of trezzing temperatures. the
ground may remain unfrozen all winter, and surface runoff wall
be minimal.) If soils are wet when they freeze (concrete soil
frost ). the wnfiltrability of the soil becomes zero of very close to
zero, greatly facilitaung runoff. Finaliy, if a snowdrift deveiops
upslope from an arca of frozen soil. runoff will be greater.

We found that the south slope produced the most frozen soil
runaff. The dense stand of trees bordenng this area contnb-
uted to the development of a2 snowdrift but also provided
shading. with the resuit that downslope soils remained frozen
dunng meltung of a large portion of the drift. Dunng frozen
soil runoff the upper few cepumeters of the soil were thawed
and completely saturated. In additon. we found that frozen
soil runoff was highly dwsrnal in nature (Figure 6)

5.2.2. Infiltration-excess overiand fiow. Surface runoff
that is generated hy ranfall (both thunderstorms and trontal
storms) occurs as IEOF. The most frequent agent of this type
of runoff ar our site, and the one that produced the highest
peak flows, was short, intense summer thundersiorms. A sec-
ond agent was fromal storms lasting several days: these pro-
ducc more sustained runoff and larger total volumes. In both
cases, surface runoff occurred as IEOF. Our observations of
IEOF in a ponderosa pine forest contrast with those of other
investgators, who concluded that IEOF rarely occurs in pon-
derosa pine forests {Dunford, 1954; Heede, 1984; Williams and
Buckhouse, 1993]. Surface runoff was important m the Beaver
Creek watershed but took the form of SEOF. At that site.
widespread satursted conditons were created by the iow per-
meability of the soils (condivons similar to those seen in trop-
ical rain forests of Australia [Bowell and Gilmour, 1978} and
Amazonia [Elsenbeer and Casse. 1991]).

We see po evidence for SEOF st our site. in the case of
runoff resulting from the brief. intense thunderstorms of sur-
mer, the [EOF mechamsm is clear. Data from two storms
(Figure 7) are typical: within minutes of the onset of rawmnfall,
the mfiltration rate of the soil seems to be exceeded. and
runoff begins; it generally lasts iess than 20 min. Following the
methodology of Williams and Bonell [1988], we cakuiated cu-
mulative infiltration (rainfall minus runoff) from the small plot
for these two storms. The cumulative curves are shown in
Figure 7. Note that in both cases. the infiltration rate {indicat-
¢d by the zlope of the ine) falis off rapidly within a few minutes
after runoff begins. From these curves we esumate that the
fmal infiftration rate was ~5 mm/h for the first storm (August
29, 1995) and ~7 mm/h for the second storm (June 26, 1996},
These rates are well beiow the precipitation rates, which indi-
cates IEOF. In addition. these rates, determined under rainfall

conditions. are also lower than the mfiltrauon rates measured
by ponded infiltrometer (Tabie 3). This difference 1s consisten:
with results from rangeland studies. which aiso show that in.
filration rates under rainfall condivons are typically much
lower than poaded infiltravon rates |Scomng and Thomes
1979: Gifford et ai.. 1986].

In the case of runoff produced by low-intensity frontal
storms. we again see no evidence of SEOF. The largest even!
of thus kind. 18 terms of volume {75 mm ). occurred in October
1994 The data (Figure B) show that although rainfall intens:
ties were quite low, rawnfall was unusually prolonged. Most of
the runoff occurred duning the first 5 hours of the storm: runoff
then continued at a much lower rate for an additional 4 houny,
stopping with the onset of snow. The infiltrauon rate for this
event on the small plot, calculated using the cumulatve infil-
tration method described above, was around 4 mm/h, which
was about half the average precipitation rate

Even under the wettest of conditions, SEOF is unlikely at
our site because (1) there is considerable storage capson
above the restrictive laver and (2) once & saturated zone does
develop m the B honzonp, water 1s quickly routed off the hil;-
siope through the mechanism of lateral subsurface flow.

52.3. Saurface cover. Differences in runoff between the
north and south hilistopes are due largely to differences in
surface cover. The south hillslope contributes by far the bulk of
the total runoff coming from the hilisiope {Tabic 4). As was
mentoned earlier, the north and south hilislopes are simdar in
iength but differ with respect 1o vegetation cover: specifically,
there 1s mote bare ground on the south side. These differences
in vegetauon cover affect not only sod infiltrauon rates (Tabie
3) but also storage capacity and ability to transport water. For
the most part, the patches of bare ground on the south side
form a conunuum, making them an effective condust for trans-
porung water off the siope.

52A4. Scale. The nfluence of scale was not greas. 1t was
most pronounced for the small, high-intensity events and for
the jow-intensity frontal events.

in evaluating the cffect of scale, we compared runoff from
the north hillslope with that from the smali plot, because the
surface cover charactenstics of the two are roughly compara-
ble. We found that runoff per unit ares was usually greater
from the smali plot than from the north hillslope, but overall,
the differences were quite xmall. Differences were greatest for
the very small high-intensity events, as illustrated in Figare 7a.
and for the low.ntensity frontal storms (Figure 8). In those
cases, the differences in sunoff appear to be attributable to
icreased opportunity for infiltration with increasing slope
length. Interestingly, for the larger summer siorms, scale
secmed to make little difference (Figure 7b). For these larger
storms the sworage capacity of the hillsiope surface may be
quckly overwhelmed, and runoff pathways can then be con-
nected over the enure hillslope. Further data will be requured
to venfy this explanation.

6. Conclusions

Thus studv was designed to answer some basic guestions
about runoff generation from semarid ponderosa pine forests,
such as how much runoff occurs, st what frequency st occurs,
and under what conditions it occurs. Because of the infrequent
nature of runoff in semiarid landscapes, observations need to
be Jong-term and detailed if such questions are to be ade-
quatcly answered. Unfortunately, because of the paucity of
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Figare 7. Precipitation, surface runoff, and cumulative infiltration for the storms of (a) August 29, 1995, and
(b) June 26, 1996.

long-term, detailed data, conclusions are often drawn on the  ntense thunderstorms or prolonged frontal storms. At the
besis of anecdotal mformation or unvalidated rydrologic models. hilisiope scale, frozen soil runofi was strongly affected by de-
We have found, after 4 years of observation and maonitoring,  gree of shading and location of snowdrifts, whereas rainfall-
that runoff in the semiarid forest we are studying is remarksbly  geoerated runoff was affected more by extent of vegetation
varisble, being influenced by a sumber of agents. As is typscal  cover (considerably more surface ranoff of this type was gen-
of semiarid environments, runoff st ous site was cphemeral  erated from the south hilisiope, which had more exposed bare
and occurred only as a result of “extreme” precipitation events  ground, than from the north hilislope).
{soch a3 grester-than-aversge snowfall, very intense ramfall, or Our results hightight the pitfalls of relying on dimate-based
unusually proiouged fronts! storms). The nature of these predictions of runoff behavior. Previously, Iateral subsurface
events, along with the physics! properties of the soil, deter-  fiow was not recognized as » 3 runoff pathway on the Pajarito
tuined what form the runoff took. For cxample, lateral subsur-  Piatcau because of the semisnid climate. It is now clear that
face flow was tmportant st our site because the combanation of ggg&sfaﬂggcﬂgﬁ a thorough
oceasional very wet conditions and the presence of a shallow  understanding of the timing, intensity, and volume of precipi-
restrictive horizon aliowed s shallow zone of saturstion 10 wbon and snowmelt events and of the morphology and hydro-
develop, while a nerwork of macropores iacilitated this type of  logic properties of the soil and bedrock. Such an understanding
fiow. Macropores also facilitated small amounts of iow when  can be gained only through detailed ficld work over extended
the soils were unsatursted. periods, particularly in dry environments where episodic events
Surface runoff was also zup nant and occurred in the form  dominate the generation of runoff. In addition, the data gath-
of JEOF. During the wintez, this type of runoff was facilitated  ered through such field work are necesary for the develop-
by frozen sous. During other periods, it was generated by  ment and testing of runoff modeis.
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