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Soil erosion by water is detrimental to fertility and crop yield as well as soil
biological and physical properties. Soil erosion could be affected by winter precipitation,
intermittent freezing and thawing of soils, steep slopes, and improper management
practices as well as combination of these factors. The tillage practices play an important
role on infiltration, winter runoff and erosion, and seed-zone water storage.
Understanding of hydrological processes is crucial to developing land-use and
management plans for reducing runoff and erosion and for conserving seed-zone water.
Adequate understanding of hydrological processes is also essential to develop models
that can serve as effective predictive tools. The objectives were as follows:

1. to assess the suitability of WEPP, a physically-based erosion model with a newly
implemented energy-budget-based winter routine, for quantifying field-observed
winter processes,

2. to evaluate winter hydrological and erosion processes as affected by two

contrasting tillage practices,



3. to assess the effects of Chemical Fallow (CF) and Reduced-tillage Fallow (RT) on
seed- and root-zone water and temperature regimes,
4. to test the Simultaneous Heat and Water (SHAW) moddl’s ability to simulate

management effects on soil water and temperature distribution.

Long-term erosion research plots (2003-07) subject to continuous tilled bare
fallow (CTBF), and continuous no-tillage (NT), were established at the USDA-ARS
Palouse Conservation Field Station near Pullman, WA. The plots were monitored for
runoff, erosion, soil temperature and water content, and depths of snow and freeze-thaw
as well as climate data. The study with paired CF and RT treatments was conducted in
2003-04 at the Dryland Research Station at Lind, WA.

Field data showed that NT plots generated negligible runoff and erosion compared
to CTBF. Frost occurred more frequently and frost depth was deeper in the CTBF
compared to the NT. The modified WEPP model could reasonably reproduce major
winter processes. Y et it cannot represent all the complicated winter phenomena observed
in thefield.

The RT treatment retained more seed-zone water during the summer compared to
CF. In genera, soil temperatures in the CF were higher than the RT. Overall, SHAW

proved adequate in simulating seed-zone and whole-profile soil water and temperature.
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CHAPTER 1

INTRODUCTION

1.1 Background

Agriculture lands have been adversely impacted by water erosion due to the
removal of topsoil and reded soil fertility (USDA et al 1978; Busacca et al., 1985;
Schertz et al., 1985; Young et al., 1985;Qwol and Busacca, 1999). Off-site sediment
deposition in streams, rivers and reservbias also negatively affected water quality,
storage capacity, and life of open-watebitat (USDA, 1978). On-site erosion control
will not only maintain the topsoil but alseduce the off-site damages and associated
economic losses (USDA, 1978). In 1937g thVashington Agricultural Experiment
Station issued Bulletin 344 entitled “Crop Rotations,” with a statement that “Losses from
soil erosion are so great that both tillagehods and suitable crops should be employed
to reduce to a minimum the destruction from this cause” (Wheeting and Vandecaveye,
1937).

USDA (1978) reported that soil losstea due to water erosion reached a
maximum of 225 to 450 t Rayr* with an average soil loss of 35 t"har™ in the
Palouse region, greatly exceeding the recommended tolerable rates of 5.0-12y@t ha
(USDA SCS, 1982). A combination of factonsgluding winter preipitation, intermittent
freezing and thawing of soils, steep slopasd conventional nmagement practices,
contributed to the high erosion rates (Rapek et al., 1983). Frozen and thawing of soil
has been found to be a major factor legdmwinter runoff and erosion (McCool, 1990).

Understating the dynamic changes in soitifaylic properties during soil freezing and



thawing and their impacts on winter hydrologied erosion processean help in proper
selection of management practices fatu@ng runoff and erosion. Adequate knowledge

of the winter processes is also essential to developing models that can serve as effective
predictive tools.

Tillage-based, winter wheat-summer fallow is the predominant agricultural
system on the 1.8-million ha of farmland time low-precipitation (<350 mm annually)
dryland cropping region of the Pacific Niawtest (PNW). The primary goal of summer
fallow is to store a portion of winter geipitation during the following dry summer
period to provide sufficient seed-zone soil wdte early winter wheat establishment and
high grain yield potential (Leggett et al., 19RBnnkuk et al. 1997; Schillinger et al.,
1998). Tillage operations often bury surface resjquulverize soil pdicles and leave the
soil highly vulnerable to wind erosion gpendick, 2004). Alteative management
practices are needed to provide necessary seed-zone soil water for winter wheat and to

reduce wind erosion.

1.2 PCFS Study

The two replicated treatments of ¢owous tilled bare fallow (CTBF) and
continuous no-till (NT) do not mimic anythirthat a producer would use on their land.
These are extremely different treatments that provide data sets to test relationships in
WEPP. The CTBF represents a worst casetrtreiat of agricultural land. The lack of
residue addition and, even anhtilage leads to decline istrength of material (SOM)
and resistance to erosion. It takes abouta@8s/before a plot treated in this manner loses

the stem pieces and material that physically protects the soil. The spring Barley was



seeded across in the spring with intent of adding just a bit of organic material to the
surface and then killing it before it added much biomass. However, weather never
cooperated with spraying out in a timehanner, and the excessaterial was burned.

The winter wheat plants on the NT plot were always chemically killed and the plots
reseeded in the spring in order that voelld seed across and have growing material on

the area that have been walked on adjacent the plots each winter. When we rolled up the
borders each spring, we always damagedgddhe plot area. Reseeding with spring crop
gave a uniform condition, and residue cover,no-till seeding winter wheat in the fall.

In this study we are comparing two treatnsgimine very soil damaging, and the other soil
conserving, and not comparitige performance of cropping @age systems. The goal

of this study is how well does WEPP mbtlese widely different treatments.

1.3 Objectives

The goal of this dissertation was to atta better understanding of the effects of
contrasting tillage practices on runoff, eors and seed-zone water and temperature
based on field investigation amaodeling. The main models used in this study were the
Water Erosion Prediction Project (WEPRflen, 1991; 1997) and Simultaneous Heat
and Water (SHAW; Flerchinger and Saxt 1989a,b). WEPP is a physically-based
model developed in the |at€980’s for predicting runoff and erosion from field- to
watershed scales (Flanagan et al., 1995). SH#& developed to characterize water and
heat flow (coupled simulation of heat and watevement) in the root zone as affected
by tillage and residue managent (Flerchinger and Sanxt, 1989a). These models were

applied, modified as needed, and evaluatatisistudy. The specific objectives were:



1. to evaluate winter hydrological androsion processes as affected by two
contrasting tillage practices, namelfgpnventional tilled Black Fallow (CTBF)
and No-tillage (NT);

2. to assess the suitabiligf WEPP (v2004.7), a physically-based erosion model
with a newly implemented energy-buddetsed winter routine, for quantifying
field-observed winter processes (i.e., smspth, soil frost and thaw, runoff and
erosion);

3. To assess the adequacy and perfoiceaof WEPP (v2004.7) for water erosion
prediction under the physical conditiookthe inland Paciti Northwest (PNW)
for two contrasting treatménof Conventional TillagéCT) and No-tillage (NT);

4. to assess the effects of Chemical (no-till) Fallow (CF) and Reduced-tillage Fallow
(RT) on seed- and root-zone watend temperature regimes; and

5. to test the SHAW model’s ability to simulate management effects on soil water

and temperature distribution.

1.4 Thesis Outline

This dissertation includes six chapteShapter 1 is an introduction to the
dissertation and provides eghbackground information and major objectives of the
doctoral study. Chapter 2 presents the effects of two contrasting tillage practices on
winter hydrologic and erosion processasd ¢he performance of WEPP (v2006.5) with an
alternative winter routine for quantifying field-observed winter procesgadoge Zone
Journal, in press). Chapter 3 investigatdee adequacy and performance of WEPP

(v2004.7) for water erosion predictioadose Zone Journal 5:261-272, 2006). Chapter



4 assess the of two tillage practices on camsgrseed- and root-zone water in dryland
region and the assessment of the ability of the SHAW model in simulating field-observed
soil water and temperaturégplied Engineering in Agriculture, Accepted). Chapter 5
presents the major conclusions of the dissi®n. Appendices include runoff separation
technique, literature review on surface sealing emusting, SAS code and effect of slope

aspect in WEPP simulation. References ateditogether at the end of the dissertation.



CHAPTER 2

WINTER HYDROLOGICAL AND EROSION PROCESSES IN THE U.S.

PALOUSE REGION: FIELD EXPERIMENTATION

AND WEPP SIMULATION

2.1 Abstract

Soil erosion by water is detrimental to soil fertility and crop yield as well as the
environment. For cold areas, knowledge of einydrological proesses is critical to
determining alternative landse and management practices for reducing soil loss and
protecting land and water resoas. Adequate understandingtbése processes is also
essential to developing models that can serve as effective predictive tools. The objectives
of this study were to: (i) evaluate winterdmglogical and erosion processes as affected
by two contrasting tillage practices; and (ii) assess the suitability of WEPP (Water
Erosion Prediction Project), a physically-bdsrosion model with a newly implemented
energy-budget-based winter routine, for wpifging field-observed winter processes.

Long-term erosion research plots subject to two tillage treatments: a worst-treatment



control, continuous tilled bare fallow (CHp and continuous no-tillage seeding of
winter wheat after spring cereal (NT), were established at the USDA-ARS Palouse
Conservation Field Station near Pullman, WA. The plots were continually monitored for
runoff, erosion, soil temperature and water eattand depths of snow and freeze-thaw
during October to May of 2003—-04 through 2006-07. Field data showed that NT plots
generated negligible runoff and erosion compared to CTBF that produced substantially
greater runoff and erosion. Further, frostared more frequently and frost depth was
deeper in the CTBF treatment, likely due tolaisk of residue andhallower snow depth,
compared to the NT treatment. The nfiedti WEPP model could reasonably reproduce
major winter processes (e.g., snow andtfrdepths, runoff androsion). Yet it cannot
represent all the complicated winter phenoanebserved in the field. Continued efforts
are needed to further improve the abilify WEPP to properly account for soil freeze-
thaw and thus the transient soil hydraupcoperties and hydlogic and erosion

processes.

2.2 Introduction

Detachment and removal of the topsoil by runoff is detrimental to soil fertility and
crop yield (Busacca et al., 1985; Schertalet 1985; Young et al., 1985; McCool and
Busacca, 1999) as well as the environmat, 1998). For cold areas, knowledge of
winter hydrological processes is crucialdeveloping land-usand management plans
for reducing soil loss and protecting land and water resources. In the U.S. Pacific
Northwest (PNW) where the majority of tipeecipitation falls in winter (McCool and

Roe, 2005; WRCC, 2008), understanding winter phenomena, including snow



accumulation and melt as well as soil freeze-thaw, is a prerequisite for predicting surface
runoff and water erosiofiin and McCool, 2006).

On average, in water years 1941 through 2007, the NOAA weather station of
Pullman 2NW, located near Pullman, easté&/ashington received 59% of the annual
precipitation during the winter season of November through March (WRCC, 2008).
McCool (1990) reported obseti@ns of numerous freeze-thaw cycles and up to 85% of
average yearly soil loss during the winter season in the Palouse region of the PNW. Davis
and Molnau (1973), based on a study conductégea¢astern edge of the Palouse region,
found that between 20 and 25 percent of intig@ecipitation was lost to runoff. Water
erosion has led to an average soil loss of 35t y5x@* with maximum soil loss rates
reaching 225 to 450 t Fayr* in the Palouse region (USDA, 1978), which was among
the highest in the U.S. and greatly exceeded the recommended tolerable rates of 5.0-12.0
tha'yr! (USDA SCS, 1982).

The high soil erosion rate in the Palouse region has resulted from a combination
of winter precipitation, intenittent freezing and thawingf soils, steep slopes, and
conventional management ptiges that often leave thsoil pulverized and unprotected
during the wet season (Papendick et al., 198%ults from past studies have shown that
substantial water erosion in the region is related to rain on frozen or thawing soils and is
often exacerbated by the warm, moist Pacific air masses that cause precipitation
combined with rapid thaw (Yoo and Molmal982; Zuzel et al., 1982). McCool and Roe
(2005) found an annual average of 103 dilfreeze-thaw cycles for water years 1940
through 1982 for Pullman, WA, which was agrdealith the nearly 100 freeze-thaw

cycles reported by Hershfield (1974) for the Palouse region.



Freeze-thaw reduces soil cohesiveersgth (Formanek et al., 1984; Kok and
McCool, 1990) and consequentlycreases soil erodibility &h Klaveren and McCool,
1998). Frost heave and expansion of soil pa@sur frequently during freezing due to
density difference of ice and water, weakening soil structure and aggravating soil loss
(Formanek et al., 1984). Froese and Cruse {L8und that frozen layers beneath the
thawed surface may impede infiltration, cause watgerch above this layer leading to a
soil water matric potential of zero, and result in low soil shear strength and high
detachment rates. Rills may form on a rebethawed soil even under low-intensity
rainfall (Van Klaveren, 1987)which can substantially inease soil loss on hillslopes
(Meyer et al., 1975; Mutchler and Yount975; Morgan, 1977). Bullock et al. (1988)
submitted that freezing can be more damaging to soil aggregates than a single pass of
most tillage equipment.

Management practices also play an intgatr role in winter runoff and erosion.
Tillage operations pulverizand compact the soil and bucyop residue (Kenny, 1990).
Greer et al. (2006) and McCool et a006) concluded that @p management had a
major effect on infiltration, unoff and erosion in the Palausegion, and the effect is
greater for precipitation events under non-frozen than frozen soil conditions. When a
frost layer is present and the soil infiltration capacity is reduced, crop management has a
greater relative effect on erosion than on runoff.

Water Erosion Prediction Project (WERP) physically-based model developed
in the late 1980's for predicting runoff aretosion from field- to watershed scales
(Flanagan et al., 1995; Laflen et al., 199¥EPP has proved useful for predicting water

balance and soil erosion as affected dogpping systems and management practices



(Greer et al., 2006; Pieri et al., 2007). Howevee, original winter routine of WEPP was
found inadequate for the PNW (McCool et, 41998; Greer et al., 2006). A new energy—
budget-based winter routine was developed astédeusing historicdleld data collected
at two experimental sites near Pullman, \@Ad Morris, MN (Lin and McCool, 2006).
The new winter routine was ggrammed to operate as argtaalone version for testing,
and was incorporated in WEPP as an alternapgoach to its internal winter routine as
part of this study.

Long-term erosion research plots hdween established and monitored at the
USDA Palouse Conservation Field Station (PCFS), 3 km northwest of Pullman, WA,
since early 1970. As part of a recent @nsstudy supported by the USDA National
Research Initiative program, these plots were further instrumented and monitored for
winter processes during October tday of 2003-04 through 2006-07. Winter
phenomena, including snow accumulation andt,mseil freeze-thaw, surface runoff, and
erosion under two contrastiridlage treatmentspamely, continuousilled bare fallow
(CTBF) and continuous no-tillage (NT) withrect-seeded annual mier wheat (Triticum
aestivum L. cv. Madsen; Gledhill, 2002)lléaving no-till spring barley (Hordeum
vulgare L.; Gledhill, 2002), were evaludteThe comprehensive data allow for an
improved understanding @fater movement and heat trangfethe soil profile, and for a
better testing of WEPP performance with theviyedeveloped winter routine by Lin and
McCool (2006). Therefore, the objectives thiis study were to (i) evaluate winter
hydrological and erosion processes as affected by CTBF and NT in the U.S. Pacific
Northwest; and (ii) assess the suitability WEPP with a newly implemented energy-

budget approach for quantifying field-observed winter processes.

10



2.3 Materialsand M ethods

2.3.1 Experimental Site and Field Monitoring

The experimental site was comprisedtlufee pairs of CTBF and NT plots on a
south-facing field at the PCFS (46°K4 117°8W, 762 m a.m.s.l.). Each pair of plots
was established on a differesibpe gradient (17, 23, and 24) and each plot was 24 m
long and 3.7 m wide. The soil is Palouse sidtno(fine silty, mixed Mesic-Pachic, Ultic,
Haploxeroll). Average annual precigitan (1940-2007) is 531 mm (WRCC, 2008). Two
tillage treatments of CTBF and NT were hpg. A Roto-vator, with depth of 15-18 cm,
was used three times in early September gaeh for the CTBF plots, and the USDA
cross-slot drill (Baker et al., 1996) was usedgdlanting winter wheat in the NT plots. In
August of 2003 and September of 2005, theBElots were irrigated (with 30 mm of
water) before tillage to create tilled surfaces without large clods.

One pair of CTBF and NT (of slopeagtient 23% and 80 m apart) plots were
chosen to measure residue and soil properied were extensively instrumented for
monitoring soil water and temperature, aadldition to other hydrologic and erosion
processes, in the winter seasons of 2003-04 through 2006—07.

Surface residue properties, including #maount of dry biomass, percent cover,
and the height of standing stubble, wereasured for the NT treatment each year after
harvest. Three measurements were madesaa@ach NT plot (top, middle, and bottom).
Standing and flat residue was collected from a’lamea (with a 1-fmframe) at each
measurement location. Digital images werketaprior to residue collection, and were

later analyzed to determine percent residaeer using regular grid counting following

11



McCool et al. (1989). The amount of dry biass was obtained by weighing the residue
samples after oven-drying at Y@ All NT plots had 100% residue cover, and the CTBF
plots had no residue.

The Palouse soil was sampled at locatiomshe paired CTBF and NT plots. Soil
coring to 1 m was performed with a Gidding®be (2.5 cm diameter and 3 cm length).
Undisturbed samples were collected in the 0—-0.1 m, 0.1-0.2 m, 0.2-0.4 m, 0.4-0.6 m,
0.6—0.8 m, 0.8—1 m depth intervals, and measurenveere made of saturated hydraulic
conductivity (K) by the constant-head meth@kynolds et al., 2002), dry bulk density
with the core method (Grossman andirieh, 2002), and organic matter by dry
combustion (Sheldrick, 1984). Riale-size analysis was mabg sieving and static light-
scattering after removing carbonates and migaatter (Gee and Or, 2002). These lab-
measured values were reported in Greealet(2006) and used in subsequent WEPP
modeling in this study.

Field monitoring at the paired CTBm@& NT plots typically started in October,
shortly before the onset of the winterasen, and extended to May. This period is
hereafter referred to as the “monitored pdti Measurements of surface runoff, water
erosion, snow depth, and frost and thaw weeale on all six plots, but only the paired
CTBF and NT plots on the 23% slope werstinmented with soil liquid-water content
and temperature sensors at various depthsh fear soil water and temperature sensors
within the top 16-cm depth at the pairedEBFTand NT plots were removed before, and
re-installed after, tillage and planting operations. The depths of snow and soil frost and
thaw were recorded manually and dailyttate locations (top, middle and bottom slope

positions along the east edge of each)piten snow was present on the ground and
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during each freeze-thaw event, beginningpecember 2003. Frost tubes (extending to
the depth of 1.2 m) containing methyleneéddye solution, in which dye migrates from
freezing point and concentrates in thefrapen portion of the tube during freezing,
provide information about freeze and thdepths (McCool and Molnau, 1984). Surface
runoff and sediment loss were measureddayg after each precipitation event. Runoff
and sediment yield were sampled (stey from November 2003) from a calibrated
sediment collection tank with a volume 227-m3 (600-gallon) at the bottom of each
plot. Sediment in the tank wae-suspended with a recirculating pump; a tee acted as a
splitter diverting part of the outflow to smaller auxiliary tank. The auxiliary tank was
agitated and two 1-liter runoff samples werdemied for analysis. These samples were
oven-dried to detenine sediment concentration and yield.

Soil water and temperature sensors westlled in late Janua 2004 on the west
edge of the CTBF plot and on the east edfjgthe NT plot. Volumetric soil water was
monitored using individually calibrated ECHO probes (Decagon Devices Inc., Pullman,
WA) at the depths of 2-, 4-, 8-, 16-, 3B4-, and 100 cm, and soil temperature was
monitored at the same depths and at the soil surface using thermocouples (Decagon
Devices Inc., Pullman, WA). Thiaermocouples at the surface were lightly covered with
soil under CTBF and residue under NT. Thlkctronic data were collected on a
datalogger (Model CR-10X, Cahell Scientific, Logan, UT) at5-minute intervals. The
soil temperature profile allowed for separation of runoff events into occurrences with
frozen, thawing, or non-frozen conditionand for verification of the frost-tube

measurements.
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An automatic weather station was installed between the paired CTBF and NT
plots (of 23% slope), measuring precipitatiwith a tipping-bucket rain gage (Campbell
Scientific, Logan, UT), and wind speed ancedtion using an anemometer. Net radiation
was measured using net radiometers (rh&&6.1-L, Radiation and Energy Balance
Systems, Bellevue, WA); temperature and relative humidity were measured using a
Vaisala temperature and relative humiditplpe (CS500-L, Campbell Scientific, Logan,
UT). All weather measurements were madd &iminute intervals. During late summer
each year, the automatic weather station was temporarily removed for several weeks for
tillage and planting operations. Therefore, data from the automatic weather station were
missing for these periods. A Belfort raingga(Alter-shielded, weighing type) was also
installed 20 m from the south border of t8@BF plot for independent precipitation
measurement. Additionally, the NOAA weattstation, Pullman 2NW, located 0.4 km to
the east of the experimental site, monitored daily precipitation and maximum and

minimum air temperatures.

2.3.2 WEPP Application

2.3.2.1 WEPP Overview

WEPP is a process-oriented modekdxzh on the fundamentals of hydrology,
erosion mechanics, plant growth and opdannel hydraulics (Flanagan et al., 1995).
WEPP can be used to simulate spatial and temporal distributions of net soil loss and
sediment deposition along a hitipe or across a watershed on an event or a continuous
basis (Flanagan and Nearing, 1995).

The energy-budget-based winter tine by Lin and McCool (2006) was

incorporated into WEPP (v2008.7) in this studhe energy-budget approach essentially
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estimates the energy balance across the air-earth interface. This routine is based on the

governing equation

|G =|Rn-1H - 1LE (1)
whereG is energy flow into the soil surfacBn is net radiationH is sensible heat, and
LE is latent heat of vaporization. Energy floasvconsidered positive in the direction of
arrows and the components are expressedits of energy flux density (Jh™). A
major assumption of this approach is thia¢ components of energy balance are in
equilibrium during a daily cycle. Snow depth is estimated using equivalent water volume
of precipitation and snow density (with default initial value of 100 kg ™ and
maximum of 500 kg At for snow density) that emges in response to climatic
conditions (air temperature, new snowfahdanet radiation). Frost and thaw depths are
determined by considering the net energy flux into the soll, total soil water content (liquid
plus ice) and latent heat of fusion. Ataieed description of the approach to, and
governing equations for, individual energydget components can be found in Lin and
McCool (2006).

Solil frost hinders water infiltration into éhsoil profile due to the presence of ice.
McCauley et al. (2002), baseon laboratory tests, repadtahat saturated hydraulic
conductivity could be reduced by up to fiveders of magnitude in frozen soils. In this
study, saturated hydraulic conductivity ofZem soil was modeled as a harmonic mean of
the hydraulic conductivity values of frozemd unfrozen fractions within a soil layer,
with a reduction factor applied to thetwated hydraulic condtiwity of the frozen

fraction as given by
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Ke = UffAKu - rf) + (1 —ffyKu) (2)

whereKe is the equivalent saturated hgdlic conductivity of a soil layeff is the frozen
fraction (ratio of frozen deptirs. total depth of the layerKu is the saturated hydraulic
conductivity of unfrozen soil, and is a reduction factor.

In addition to frost, soil surface crusting resulting from raindrop impacts can also
reduce soil hydraulic conductivity (Rawlsadt, 1990; Philip, 1998; Ruan et al., 2001). In
this study, adjustment of saturated raudic conductivity for the CTBF was made by
applying the adjustment factor of 0.0ltlfe daily rainfall amount exceeds a threshold
value of 10 mm and 0.5 otherwise. Such atipents were not made for the NT because
we assumed that the residue cover reducesntipact of raindropand helps retain soil

infiltration capacity.

2.3.2.2 WEPP Inputsand Simulation

The WEPP model was executed to simulate the winter hydrologic and erosion
processes for 2003—04 through 2006—07 under the CTBF and NT conditions. WEPP
requires four sets of inpudata: climate, slopesoil and managemeé WEPP climate
inputs include daily pregitation (in break-point form, witldata pairsndicating time and
daily cumulative precipitation), air tempeaseg (daily maximum and minimum), solar
radiation, wind speed and direction, andve®int temperature. Daily maximum and
minimum air temperature data were takieom the automatic weather station, with
missing data for late summers suppéeried by those from the NOAA Pullman 2 NW

station. Data from the Belfort rain gage svased as precipitation input. Periods of
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erroneous or missing solardiation and wind data were gerated using a stochastic
climate generator (CLIGEN; Nicks et al., 1995).

Slope inputs describe the aspectirfagh from due north), width, length, and
shape of the hillslope. The shape of the hillslope was represented by paired data of
relative distance and slope steepness frontdpeof the plot. The elevations along the
slope were measured using a laser level steepness was satjgently calculated.

The soil profile from the surface to ani-depth was discretized into six layers
with a 0.1-m increment for the first two laygiorresponding to the depths of primary
and secondary tillage), and a 0.2-m increnfenthe remaining four layers. Soil inputs
included the laboratory-measured textural Bpdraulic properties for each of the six soil
layers from Greer et al. (2006). Other crusiail inputs were erodibility parameters, i.e.,
critical shear stress, and rdhd interrill erodibility. Table€2.1 summarizes soil inputs for
the WEPP simulation.

Information on initial field conditions, y&ly management opations, and plant
growth (including field-measured residuetaj)awas contained ithe management input
file. The crop-specific (winter wheathputs were primarily from the WEPP User
Summary (Flanagan and Livingston, 1995).liRmmary WEPP runs indicated that field-
observed residue conditions under the CT&k NT were consistent with WEPP-
simulated results. Hence, the crop and residue parameters from the WEPP User Summary

were used without adjustment. Managt inputs are presented in Table 2.2.
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Table 2.1: Solil inputs for the WEPP simulation.

Parameter Value
Texture Silt loam
Number of soil layers 6
Albedo 0.23
Initial saturation of soil porosity, fm™> 0.9
Baseline interrill erodibility, kg s A 4.95x16"
Baseline rill erodibility, s i 8.0x10°
Baseline critical shear, NTh 0.74

T Soil erodibility parameters, including interrill and rill erodibility and critical

shear, are from Elliot et al. (1989).
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2.3.3 Statistical Analysis

Non-parametric Wilcoxonrank-sum tests wereonducted using SAS (SAS
Institute Inc., 2004) to determine differesce mean field-measured daily soil liquid-
water content between the CTBF and N&atments for each monitored period. These
tests (significance level 0.05) were perfednfor each sensor-monitored depth, and
repeated for daily soil temperatur@he Wilcoxon rank-sumtests (nonparametric
alternative to the two-samptetests) were chosen due tiee consideration of the non-
normality and lack of independence typically associated with daily soil water and

temperature data.

2.4  Resultsand Discussion
2.4.1 Field-observed Winter Processes

During the monitored periods @003—04 through 200607, 75 runoff and erosion
events were observed in the CTBF plot (Fig. 2.1) as compared to three in the NT plot. In
total, the CTBF plot geneted 323 mm of runoff and 547 t Haof eroded sediment for
the entire study period whereas both runoff and erosion were negligible (0.5 mm and 0.2 t
ha') from the NT plot (Table 2.3). The amousit runoff and erosion rate differed for
each monitored season and varied substantially among individual events. The standing
and flat residue cover, ingling a duff layer beneath tlstubble that has been built up
due to continuous no-tillage since 1998 at thelgtsite, helped tgubstantially reduce
the amount of runoff and erosion in the IgIbt. The effect of NT on reducing surface

runoff and soil loss was also observed by Gegexl. (2006) and Cruse et al. (2001).
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Table 2.2: Management inputs used in the WEPP simulations for the
continuous tilled bare fisw (CTBF) and no-tillge (NT) treatments.

Parameter CTBF NT
Ridge height value after tillage, m 0.02 -
Ridge interval, m 0.2 -
Random roughness vauafter tillage, m 0.012 -
Fraction of surface area disturbed 1.0 0
Bulk density after last tillage, Mg Th 1.1 1.1
Initial frost depth, m 0 0
Cumulative rainfall sine last tillage, m 0.375 0.375
Initial ridge height after last tillage, m 0.01 0.01
Initial ridge roughness after last tillage, m 0.01 0.01
Initial snow depth, m 0 0
Depth of tillage layer, m 0.2 0
Initial total submerged residue mass, K¢ m - 0.17
Initial total dead root mass, kg'm - 0.33
Stubble height, m -- 0.15
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Figure 2.1: Observed daily precipitation (jo@nel), observed runoff and erosion (middle
panel), and simulated runoff and erosion (bottom panel) in the continuous tilled bare

fallow (CTBF) plot for each monitored period.
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A large runoff and erosion event occurred on January 2—-3, 2007. The continuous
rainfall event (35 mm in total) caused thawing of the surface soil, and produced 27.7 mm
of runoff and 224.4 t K4 of erosion from the CTBF plot, accounting for 29% of the total
runoff and 71% of the total erosion fibre monitored period of 2006—07. Similar results
were also found for the two replicate BA plots (26.0 and 25.8 mm of runoff and 148
and 124 t hd of erosion, respectively). The Nplot, on the other hand, generated
negligible runoff (0.13 mm) and no erosiorhile the two replicate plots generated
neither runoff nor erosion.

Daily soil temperatures at different ptes in the CTBF and the NT plots,
averaged from the 15-minute records, are showFig. 2.2. Damping fluctuations of soil
temperature with depth was observed (Fig..2M)coxon rank-sum test results indicated
that soil temperatures at different depthsarttie CTBF and NT did not differ for each
monitored period (P-value ranging 0.08-0.49khwhe difference between mean daily
soil temperatures of the CTBF and NT aywdelow 0.5 °C. Crop residue (both standing
stubble and flat residue) possibly actedingpede soil heat flux; the NT plot was

generally warmer during winter and cooleteafMarch, as compared with the CTBF plot.
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Field-observed depths of snow, frostdathaw at the CTBF and NT plots are
shown in Figs. 2.3 and 2.4, respectively. Snoptlae were deeper in the NT plot than in
the CTBF plot (Table 2.4) as a conseqeeiof the greater snow capture and holding
capacities by wheat residue siang stubble in particulathan bare soil (Campbell et
al., 1992). Frost depths extended below 100 mrthe CTBF plot during each winter
season, but did so in only one winter £8a$2005-06) in the NT plot. Slightly more
frozen-soil days (143 vs 129 for the entire study period) yet much deeper frost depths
were observed in the CTBF plot than in the NT plot (Table 2.4). The frost-tube
measurements proved valuable indicatofssoil freezing, although they tended to
respond to soil freezing in a delayed manivecCool and Molnau, 1984; Flerchinger and
Saxton, 1989; Greer et al., 2006). More snow on the surface in the NT plot likely
provided better insuteon, and resulted in shallowéost depth on the cold days.

Soil freezing is a complex process agomed in multiple previous studies. The
factors affecting soil #ezing include sotexture, antecedent wateontent, stface cover
type and tillage practices. The effect of frostwater infiltration can also be complicated
depending on numerous factors. Boll (198&cdvered that lower antecedent soil water
content led to higher equilibrium infiltration rate of, and less water migration within,
frozen soils. Two rain-on-frozen-soil evem®&re observed on 4 Feb, 2004 and 1 Feb,
2007. Both events had a rainfall of 6.4 mm @emerated different amounts of runoff, 3.5

mm in the former and 5 mm in the latter.
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were captured during each monitored périexcept those before December 23, 2003.

26



400

/, —— Snow Obs
Maximum snow; : +++ Snow Sim
300 -{depth 409 mm :: g g g
— O
£
E
= 2004 B B
=
o
[
[a] a
100 B r\‘ B
0 ‘ L At -
0 — = =
-100 f N i \/\J \\j i
—
£
E
= -200 B B B
Q.
8 —— Frost Obs
-300 —— Thaw Obs i i ]
Frost Sim
~~~~~~ Thaw Sim
-400 T T T T T T T T T T T T T T T T T T T
Oct Dec Feb Apr Jun Oct Dec Feb Apr Jun Oct Dec Feb Apr Jun Oct Dec Feb Apr Jun
2003-04 2004-05 2005-06 2006-07

Figure 2.4: Observed and simulated snowthe (top panel), and frost and thaw depths
(bottom panel) in the no-tilee (NT) plot for each monitored period. The observed frost
and thaw depths were based on frost-tubeimgad All events were captured during each

monitored period, except those before December 23, 2003.

27



9dos 942 81 U0 Sjo(d enpIAIpUI J0J Bk SANRA |

GOT €lT ot 125 98 TET £,0—900¢
04 8 12T 62 ceT ezt 90-500¢
6¢ Tc 6T (A 7 14N 10 0074

8¢t 09 60t 14 o¢ Gcc ¥0—€00¢2

1IN
ZL 90T 68 LS L9T 8L £,0—900¢
6¢ 1474 Q9 oc 1204 cL 90—S00¢
144 99¢ 18 9c .81 08 S0—1700¢
98 ove 8ee 14 et LT ¥0—€002
44910
sfep wiw wiw shep wiw wiw
[10S-UsZ0. Ldep 15044 “Xe |\ Uidop Mous “Xe N [10S-USZ0.4 Yidep 15044 “Xe |\ Yidop mous “Xe N
PR INWIS |POAIRSAO

Siuewieal) (1LN) ae||13-ou pue (49.10) MO|fe}dleq P[]} SNONUUOD
ay1 Jopun poiad paJoliuow ydes Jo) SAep |10S-Uszou] [210] pue Syidep 1S0.) pue MOUS LUNLWIXew pate nwiis pue paAesqo #7°Z a|0el

28



A noticeable response of soil liquid-watemtent to rainfall events was observed
for both the CTBF and NT treatments (Figsl and 2.5). As the ECHO probes only
measure liquid-water content, the field-measured water content decreased as soil froze.
Consequently, soil water content measudten soil was frozen did not represent the
total soil water content. A decrease in measured soil liquid-water content due to freezing
was consistently observed during the frost period. Two such examples were for the
periods of 10-20 Dec, 2005 and 14-25 Feb, 2006 (Figs. 2.3 and 2.4), when sharp
decreases in measured liquid-water content occurred as shown by the 4-cm measurements
(Fig. 2.5). In contrast, soil liqgdiwater contents at the deeplepths of 32- and 64 cm did
not show such abrupt changes. The monitored period of 2004-05 was much drier
compared to the others, which, however, did not appear to have had an impact on the
measured soil liquid-water content.

Wilcoxon rank-sum test results showed timstasured soil liquid-water contents at
various depths in the top 16 cm wergngiicantly lower (P < 0.0001) under the CTBF
than under the NT during each monitored period, except 2006—07 for which CTBF had a
higher soil liquid-water content. For the deeplepths of 32- ané¥4 cm, soil liquid-water
contents were significantly greater undex @TBF than under the NT (P < 0.0001). Soill
liquid-water content in the field was affedt by many factors. The CTBF produced
substantially more runoff compared to the,Nvhich likely resultedrom less infiltration
into the soil. On the other hand, deepestrdepth in the CTBRand underestimates of
total water content by ECHO probes undeefiag conditions both could contribute to

the lower measured liquid-water contents i@ @TBF. Irrigation of the CTBF plot before
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tillage in both 2003 and 2005 adds further comipjein interpreting the measured soil
liquid-water content.

Several complicated mechanisms appéao cause runoff and erosion. Runoff
occurred due to rainfall or snowmelt or bhatn non-frozen or frozen soil, or due to
thawing from the surface. In each case, sb# erosion rate differed due to changes in
soil erodibility under different soil freeze-thasonditions. Soil erodibility is extremely
low when soil is completely frozen, but it becomes high if the soil surface is thawed.
Rainfall, even of a relatiy small amount on a thawed bare soil overlaying a solid
frozen layer, can cause erosion at high rates. The reason is that, generally, the water
content of thawed soil is high, soil strengthlow, and the subsurface frozen layer
impedes infiltration. Two successi runoff and erosion events at the end of January 2004
in the CTBF plot (Fig. 2.1) reflected du mechanisms. Rairllanduced snowmelt on
frozen soil (with a soil surface temperatureDatC, Fig. 2.2; snow on the surface, Fig.
2.3; and daily rainfall of 2.5 mm, Fig. 2.pyoduced more runoff (15.8 mm) and less
erosion (1.9 t hd) in the first event on January 27, 2004. In the following event on
January 28, with a daily rainfall of 3.8 mm (snow on the surface), less runoff (6.0 mm)
but more erosion (8.7 t f was generated due ain on thawed soil.

Table 2.5 presents all the runoff events categorized into those with non-frozen,
frozen and thawed soil conditions based ostftabe readings and field-measured soil
temperature data for the CTBF. In this studie define a frozen soil condition as one
with the surface soil temperature below 0 &ad a frost layer being present; a thawed
condition as one with the sail fully or partially thawed from the surface; and a non-frozen

condition as one with soil terapature above 0 °C and having reconsolidated after a
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Table 2.5. Runoff and erosion events facle monitored period under the continuous
tilled bare fallow (CTBF) plot on the 23%ogle separated into those with non-frozen,
frozen, and thawed soil conditions.

2003-04  2004-05  2005-06  2006-07 Total
Non-frozen

No. of events 3 5 25 10 43 (87)

Runoff, mm 6 11 111 20 148 (44)

Erosion, t ha' 17 1 106 31 155 (28)
Frozen

No. of events 6 0 1 2 9(12)

Runoff, mm 21 0 1 10 32 (9)

Erosion, t ha' 29 0 2 7 38(7)
Thawed

No. of events 5 2 7 9 23 (31)

Runoff, mm 40 11 39 68 158 (47)

Erosion, t ha' 32 2 56 279 369 (65)

T Shown in parentheses grercentages of the total.
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previous thaw (for 2 days). Kok and McCdtP90) reported that soil shear strength may
change substantially during winter freeze-thaw cycles, and a thaw-weakened soil may
reconsolidate within several hours undepidaevaporation. Therefore, judgment was
exercised in categorizing tfield-observed runoff events.

Non-frozen, frozen, and thawed events accounted for 57%, 12%, and 31% of the
total events, and they produced 44%, 9%, and 47% of runoff and 28%, 7%, and 65% of
erosion, respectively. Evidently, rain-on-thawing-soil events were the primary contributor
to runoff and erosion that occurred dgrithe entire study time. On the other hand,
rainfall-excess runoff produced from non-fromrents was substantial, which was likely

a consequence of reduced infiltration capacity due to surface sealing and crusting.

242 WEPP-Simulated Winter Processes

For the monitored period of 2003-04, measuent of earlier frost depths were
missed due to late installation of the frost tubes. For the CTBF treatment, WEPP over-
predicted the frost depth and frozen-soil days for 2003-05, and the predictions were
reasonable for 2005-07 (Fig. 2.3, Table 2.4).the NT treatment, WEPP substantially
over-predicted frost depth and frozen-soysléor the monitored periods of 2003—04 and
2006—07. WEPP under-predicted frost depth tfer other monitored periods but the
predictions of frozen-soil days were adate (Fig. 2.4, Table 2.4). For both the CTBF
and NT, WEPP simulations and field obsemasi of snow depth were in reasonable
agreement, except for the first monitored period for which simulated maximum snow
depths nearly doubled the observed (FB8. and 2.4). In our simulation we did not

account for snow drift yet the experimentaé svas situated on a windward slope in an
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open field. Hence, WEPP-simtdal snow depth may not always be representative of
field conditions.

For the CTBF, WEPP over-predicted runoff for the monitored periods of 2003—-05
and under-predicted it during the third monitored period (Fig. 2.1, Table 2.3). WEPP
over-predicted erosion for the monitoneeriod of 2004—-05 and under-predicted it for the
last two monitored periods (Fig. 2.1, Tal®.3). For the first monitored period, WEPP
over-predicted the frost depth in Noveenb2003, which led to two over-predicted
erosion events. The over-predicted snow ldgpesulted in high snowmelt runoff with
little to no erosion in December andndary 2004. The overall outcome was over-
estimated runoff and a rather agreeabtesien prediction. The winter of 2004—05 was
relatively dry with field-observed runoffnd erosion being low. WEPP over-predicted
both runoff and erosion from three large evethist were not observed. For the third
monitored period, the simulated runoff and®on were about half of the observed
values because WEPP generated fewer run@tsvcompared to observed events (8 vs
33). For the last monitored period, WEBRwlated and observed runoff was in
reasonable agreement (76 vs 97 mm). HoweaX&=PP could not reproduce the observed
rain-on-thawing-soil event on January 2-3, 20&¢ussed earlier. In fact, WEPP slightly
over-predicted the amount of runoff for this two-day event (32 vs 28 mm) yet WEPP
significantly under-predicted the erosion (21 vs 224 t)hdue to description of soil
detachment capacity as a linear function of rill erodibility and flow shear stress.

For the NT treatment, WEPP prediction§ runoff and erosion were highly
agreeable with field measurements (Tablg,2&cept for the first monitored period for

which WEPP over-predicted runoff as a resulit®fover-prediction of snow depth, frost
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depth and frozen-soil days (Table 2.4). WESRulated and field-olesved erosion were
both negligible for all four years.

Figure 2.6 shows WEPP-simulated tatall water content, including both liquid
water and ice contents, at 1@0-, and 60-cm depths for each monitored period under the
CTBF and NT. The simulated results clearlpwstthe recharge of the soil profile during
all the winter seasons, et the winter season of 2004-05 (Fig. 2.6). For the CTBF,
WEPP simulated relatively low total soil water content for the top layer because
evaporation was assumed to withdraw water mainly from this layer. For the NT, WEPP
simulated near-saturation tb&oil water contents for the period of January—March 2004,
which was in disagreement with field-obsed soil water content of less than 0.33 m
m~2 at 4- and 32 cm (Fig. 2.5) under predoantly non-frozen conditions (Fig. 2.4). The
reason was that WEPP incorrectly simulatedtiomous frost for this period (Fig. 2.4).
Consequently, there would be no downsvamovement of soil water during this
simulated frost period. Upon the simulated thragrof the top soil layer around March 19,
2004 (Fig. 2.4), the simulated tbtaater content in this layer decreased rapidly, causing
recharge to, and increasetatal soil water content othe deeper layers (Fig. 2.6).

WEPP-simulated watebalance (Table 2.3) showed that, overall, runoff is
substantially larger, and is@vaporation is more than doubled, under the CTBF than
under the NT. However, combined soil ewegtion and plant &mspiration, namely

evapotranspiration (ET), is higher werdhe NT. WEPP simulated 6—42 mm per
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monitored period of deep percolation beltve 1-m soil profile for the CTBF and 0-45

mm for the NT. O’Geen et al. (2005) repaltdased on a study involving hydrometric
measurements, natural tracers, and straigca observations, that recharge to the
topmost unconfined aquifer, more than 1(eatow surface, may range from less than 3

to 10 mm yr* depending on the homogeneity of the regolith in the Pullman area.

25  Conclusions

This study aimed to evaluate wintéydrological and erosion processes as
affected by two contrasting tillage practices; and to assess the suitability of the USDA’s
WEPP model for quantifying the field-obserwethter processes. Field measurements of
runoff and erosion as well as the depthsmdw, soil frost, and thaw suggested that the
effects of tillage practices on winter hydrolognd erosion processes were evident and
prominent.

The CTBF treatment produced shallower snow depth and deeper frost depth,
compared to the NT treatment. The CTBF generated significant amounts of runoff and
erosion whereas the NT produced negligible runoff and erosion. For the study period, the
majority of the runoff events occurred unden-frozen conditions, yet the thawed events
resulted in most of the soil erosion under the CTBF.

The WEPP model, with an alternative energy-budget-based winter routine, could
well reproduce field-measured snow depthsthe monitored periods (October to May)
for 2004—-2007 for both the CTBF and NT. WEPP reproduced the field-observed frost
and thaw depths as well as the number of frozen-soil days reasonably well for the

monitored periods of 2005-2007 for the CTBEt performed poorly for each monitored
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period for the NT. For the CTBF, WEPP overgioted runoff for the first two monitored
periods and under-predicted it for the lasb monitored periods, and mostly under-
predicted erosion. For the NT, WEPP predictiohsunoff and erosion were generally in
good agreement with field measurements.

WEPP showed the potential as a modeling tool for assessing the effect of
management practices on winter hydrologid @nosion processes. Yet it is not able to
represent all the complicated wintgghenomena observed in the field. Snow
accumulation and melt, and soil freeze-thaw are complex processes that are affected by
many factors. Dramatic changes in sosiséance to erosion of frozen, non-frozen and
thawed soil surfaces at the time of rainfall or snowmelt or both could complicate the
erosion processes, posing dgrehallenges to modeling. Continued efforts are needed to
further improve the ability of WEPP to propedccount for soil freezand thaw and thus

the transient soil hydraulic propertigsdahydrologic and erosion processes.
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CHAPTER 3

WEPP SIMULATION OF OBSERVED WINTER RUNOFF AND EROSION

INTHE U.S. PACIFIC NORTHWEST

31 Abstract

The Palouse area of the Northwestern Wheat and Range Region suffers high
erosion throughout the winter season. The ssige soil loss is a result of a combination
of winter precipitation, intenittent freezing and thawing @bils, steep land slopes, and
improper management practices. Soil strengtiypgcally decreased by the cyclic freeze
and thaw, particularly during the period o&tiing. When precipitation occurs over these
freeze-thaw cycles, soil is easily detaclaed moved downslope. Ehstudy was aimed
at improving the knowledge of winter hydogly and erosion in & Pacific Northwest
(PNW) through combined field experimetitéd and mathematical modeling. Surface
runoff and sediment were collected for #aired field plotsinder conventional tillage
and no-till, respectively. Additionally transient soil moisture and temperature at various
depths were continuously monitored for twdested plots. These data were used to
assess the suitability and performance of the USDA’'s WEPP (Water Erosion Prediction
Project), a physically-basedrosion model, under the PNW winter conditions. Field
observations revealed that minimal erosion was generated on the no-till plots, whereas
erosion from the conventionally tilled plots largely exceeded the tolerable rates

recommended by the Natural Resources €madion Service. The WEPP model could

39



reasonably reproduce certain winter procegees, snow and thaw depths and runoff)
after code modification and panater adjustment. Yet it is not able to represent all the
complicated processes of winter erosionoaserved in the field. Continued field and
laboratory investigation of dynamic winter runoff and erosion mechanisms are necessary

so that these processes can be properlgsepted by physically-based erosion models.

3.2  Objectives

The main purpose of this paper was tpom the field experimental results from
the 2003-2004 winter season at the PCFS, ands#o this field data to assess the
adequacy and performance of WEPP for wasion prediction under the physical

conditions of the inland PNW.

3.3 Methods
» Experimental Site
* Field Instrumentation and Monitoring
*  WEPP simulations
0 Model description
o0 WEPP Inputs

o WEPP Runs
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34

Results

Table 3.1: Physical propersi®f Palouse silt loam measured for the CT Plot 1.

Layer Depth KT OM Pb Sand Clay
m 10°m s+ % gcm® % %
1 0-0.1 3.94(1.73f 4.25(0.198) 1.32(0.09) 19.97 (0.03)13.54 (0.02)
2 0.1-02  1.48(0.25) 3.51(0.417)1.32(0.08) 14.59 (0.01)16.06 (0.002)
3 0.2-04  1.15(0.16) 3.18(0.344)1.38 (0.08) 24.21 (0.02)13.12 (0.02)
4  04-06  2.12(0.16) 3.55(0.185)1.47 (0.16) 39.03 (0.02)8.80 (0.008)
5  0.6-0.8 4.44(0.28) 3.28(0.308)1.41(0.03) 19.36 (0.02)13.58 (0.02)
6 0.8-1.0  1.29(0.14) 2.73(0.741)1.57 (0.06) 18.21 (0.01)12.72 (0.01)

T K, saturated hydraulic conductivity, OM, organic matter conggnsoil dry bulk density.

* TheK value for the surface layer was slightly higher than those measured in some previous studies, e.g.,
Fuentes et al. (2004) reported a rang& @fs arithmetic or geometric means of 3.6%10.7x10° m s*
for the Palouse silt loam under conventional tillage over a period of two years.

8 Numbers in parentheses are one standard deviation calculated from 3-12 soil samples.
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Table 3.2: Important soil, slope and cullupactice parameters used in the WEPP

simulations.
Parameter Value
Hillslope configuration
Number of overland flow elements (OFEs) 1
Profile aspect (clockwise from north), degrees 182
Representative profile width, m 3.7
Number of slope points on the OFE 11
Length of the OFE, m 24.7
Present soil properties
Texture Silt loam
Number of soil layers 6
Albedo 0.08
Initial saturation of soil porosity, mth 0.9
Baseline interrill erodibility, kg s A 4.32x16
Baseline rill erodibility, s 6.55x10°
Baseline critical shear, Nth 0.74
Effective hydraulic conductivity of surface soil, it’s 3.94x10°
Cultural practicé
Land use Cropland
Plant name Spring wheat,

Canopy cover coefficient

Base daily air temperature, °C

Growing degree days to emergence, °C

Height of post harvest standing residue; cutting height, m
Plant stem diameter at maturity, m

Radiation extinction coefficient

Standing to flat residue adjitment factor (wind, snow)
Maximum Darcy Weisbach friain factor for living plant
Growing degree days for growing season, °C

42

Winter wheat
5.2
4
60
0.152
6.4%10
0.65
0.99
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Harvest index

Maximum Canopy height, m

Decomposition constant talculate mass change
of both root biomassnal above-ground biomass
Optimal temperature for plant growth, °C
Plant specific drought tolerance

In row plant spacing, m

Maximum root depth, m

Root to shoot ratio

Period over which senescence occurs, days
Maximum leaf area index

Rill and interrill tillage intensity for non-fragile crops
Number of rows of tillage implement

Ridge height value after tillage, m

Ridge interval, m

Random roughness va&uafter tillage, m
Fraction of surface area disturbed

Bulk density aftelast tillage, 1.5x1bkg m
Initial canopy cover

Days since last tillage

Days since last harvest

Initial frost depth, m

Initial residue cropping system

Cumulative rainfall sice last tillage, mm

Initial ridge height after last tillage, m

Initial ridge roughness tr last tillage, m

Initial snow depth, m

Depth of primary tillage layer, m

0.42
0.91

8.5x10
15
0.25
0.005
0.3
0.25
14
5
0.1
20
2.54%10
0.2
0.12
0.85
1.15
0
105
119
0.12
Fallow
101.6
2.54x10
0.01
2.54x1d
0.2

T Texture information includes sand and clay percentage which is shown in Table 2.1.

* The effective saturated hydraulic conductivity, with an initial value of 3.94x&0 s from the
laboratory measurements, was internally adjusted for field conditions such as wormhole and tillage and

for winter conditions.

$ All the plant physiological parameters were from the WEPP User Summary (Flanagan and Livingston,

1995). For spring wheat and winter wheat, these parameters are the same.
T The initial conditions correspond to thelfl conditions at the beginning of 2002.
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Table 3.3: WEPP-predicted surface rund®),(soil evaporationHs), deep percolation

(Dp), and erosion in comparison witreliil observation during Nov 17, 2003—Mar 6,

2004. In all runs, subsurface lateral flow was zero.

WEPP K, Tc ' Precip. R Ef Dy Erosion

Run changes mm mm Mm mm tha

1 Ki=0.K 270.6 0.0 141.1 75.0 0.0
.= 0.74 Pa

2 Kt = 0.000K 270.6 37.2 116.5 54.1 8.5
.= 0.74 Pa

3 Kt = 0.0000K 270.6 62.7 103.5 41.4 11.6
.= 0.74 Pa

4 Kt = 0.0000K 270.6 62.7 103.5 41.4 34.4
.= 0.1 Pa

Observed - 270.6 66.7 -- - 69.7

T Ky, minimum saturated hydraulic conductivity under winter (freezing soil) conditions, taken as a fraction
(default value of 0.1) oK, the effective saturated hydraulic conductivity under non-winter conditions, in
the original WEPP code,, soil critical shear stress.

* No plant transpiration was predicted as the field was under fallow without winter crop.
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35 Conclusion

The unique winter climaticconditions, steep topography, and winter wheat
cropping with conventioal tillage combine to creater¢ge winter runoff and erosion
events in the Palouse area of the Nodkigrn Wheat and Range Region. This study
focused on detailed field monitoring and miiatg of runoff and erosion events from two
different management actices at the PCFS near Pullman, WA, over the 2003-2004
winter season.

In addition to surface runoff and erosi@ojl water and tempature profiles were
continuously monitored to provide infoation on soil moisture and temperature
conditions under which runoff and erosiatcurred. In general, the no-till plots
generated little to no runoff and no erositinoughout the season. The conventionally
tilled plots, however, all produced considdyabigher runoff and erosion exceeding the
NRCS recommended tolerable rate. Differencesinoff and erosion existed among the
three CT plots, possibly reflecting the lingegiinfluence from a previous study and the
naturally occurring spatial variation.

Two main mechanisms causing runoff agrbsion were observed in the field.
First, runoff and erosion may result solélgm soil thawing and snowmelt. Without any
precipitation input, the presence of frozenil layers could prevent infiltration of
snowmelt, causing saturation-excess rurasftl erosion. Second, when rain fell on a
snow-covered frozen ground, runoff would ststa consequence of the rain input and
snowmelt. Higher-rate erosion was evident when the additional rainfall caused substantial

increase in soil moisture and lowered soil erosion resistance. Such successive events may
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not happen frequently but are very dynamarmd can generate considerable amounts of
sediment from uncovered surfaces.

The USDA’s WEPP model contains a physically-based winter routine to simulate
snow cover and soil frost and thaw. Wdugh WEPP could reasonably reproduce certain
winter processes (snow and thaw depthfter code modiGation and parameter
adjustment, it is not yet able to represdhtree complex processes of winter erosion, as
observed in the inland PNW. Improved knowledd heat and water migration during the
freezing-thawing processes is needed to better quantify soil strength changes, and thus
soil erosion, over the winter season. Futefferts should focus on laboratory and field
investigation of the dynamic winter runoffid erosion, so that these processes can be

properly represented by phgally-based erosion model.
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CHAPTER 4
SOIL WATER AND TEMPERATURE IN CHEMICAL
VERSUSREDUCED-TILLAGE FALLOW IN A

MEDITERRANEAN CLIMATE

41  Abstract

A 2-year rotation of winter wheaf(iticum aestivum L.)-summer fallow is the
dominant cropping system in the low-pigtation (<350 mm annuafjryland region of
the Pacific Northwest (PNW)JSA. Traditional, tillage-based summer fallow relies on a
soil mulch to disrupt capillary continuity to conserve seed-zone water required for early
establishment of winter wheat. However, tillage to create the soil mulch and to
subsequently fertilize and control weeds oftesults in unacceptable levels of wind
erosion due to the burial of crop residumsd the exposure of finely-divided soil
aggregates and particles. Chemical (no-tdljow (CF) and reduced-tillage fallow (RT)
are two alternatives for reducing wind @oms Our objectives were: (i) to assess the
effects of CF and RT on seed- and root-ztemaperature and water regimes; and (ii) to
test the Simultaneous Heat and Water (SHAW®del for simulating management effects
on soil temperature and waté¥eather data, soil temperatyrand water content were
monitored in paired CF and RT ttesents from April 2003 to March 2004. The RT
treatment retained more seed-zone water during the summer compared to CF, which was
consistent with relevant literature for Mediterranean environments and of critical

importance to farmers for successful early establishment of winter wheat. During the wet

54



winter months, CF gained more water than RT because of later planting of winter wheat,
and thus less water use. SHAW-simulated water contents followed the general trend of
the field data. The model under-predicted s@ter content for CF and over-predicted

for RT. However, absolute differencdm®tween observed ansimulated soil water
contents were mostly less than 0.03/mi. SHAW slightly under-predicted soil
temperature during the dry summer mordsl over-predicted for the wet (November—
December) period. Still, soil temperatures waregeneral properly described by the
SHAW model with differences between silstions and observations decreasing with
soil depth. Overall, SHAW pwved adequate in simulatirsged-zone and whole-profile

soil water and temperature, and therefore seye as a useful modeling tool for tillage

and residue management.

42  Objectives
Our objectives were: (i) to assess the effects of CF and RT on seed- and root-zone
water and temperature regimes; and tot@gt the SHAW model's ability to simulate

management effects on soil wassnd temperature distribution.

43  Methods
* Treatments
* Instrumentation and Monitoring
* The SHAW Model
* SHAW Model Parameters and Simulations

» Statistical Analysis
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4.4 Results

Table 4.1: Input parameters for SHAW modeling.

Parameter Chemical Fallow  Reduced-Tillage
Fallow
Fraction of surface covered by residue 0.37 0.24
Dry weight of residue on surface (kg/ha) 800 520
Albedo of dry soil 0.13 0.18
Albedo of residue 0.23 0.2%

Wind-profile surface-roughness

Parameter for momentum transfer (cm) %0.6 0.4
Wind-profile roughness parameter for

momentum transfer with snow cover (cm) 6.15 0.15

Exponents for calculating albedo of moist soil “0 o*

Yor tilled soil (Campbell and Norman, 1998)
*from Fernhout and Kurtz (1999).

%or no-till plot (Flerchinger, 2000b).

“from Flerchinger (2000b).
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Table 4.2: Measured soil properties undezrafcal fallow and réuced-tillage fallow.

Errors denote one standateviation of 3 replicates.

Parameter Depth, cm Chemical Fallow Reduced-Tillage Fallow
Ks (cm/min) 2.5 0.072+0.042 0.084+0.012
10 0.072+0.042 0.084+0.012
30 0.066+0.03 0.102+0.06
60 0.078+0.018 0.072+0.042
Py (g/cn?) 25 1.17+0.04 0.80+0.04
10 1.17+0.04 1.15+0.04
30 1.14+0.05 1.16+0.09
60 1.33+0.06 1.27+0.07
05 (m*/m°) 25 0.54+0.01 0.60+0.03
10 0.54+0.01 0.60+0.03
30 0.58+0.01 0.59+0.03
60 0.51+0.02 0.56+0.02
Sand (% wt.) 2.5 46.9 45.6
10 46.9 45.6
30 46.8 42.4
60 46.3 44.0
Silt (%wt.) 2.5 47.0 48.3
10 47.0 48.3
30 47.7 51.8
60 48.4 50.2
Clay (%wt.) 2.5 6.1 6.1
10 6.1 6.1
30 5.8 5.8
60 5.4 5.9
OM (%wt.) 2.5 1.3 1.8
10 1.3 1.8
30 1.2 1.3
60 1.0 1.3
B 2.5 2.77+0.01 2.61+0.02
10 2.77+0.01 2.61+0.02
30 2.76x0.01 3.02+0.03
60 3.41+0.07 2.9+0.1
Pe (kPa) 25 -3.1+0.1 -2.520.4
10 -3.1+0.1 -2.5+0.4
30 -2.7+0.2 -2.0+0.2
60 -2.4%0.5 -2.5+0.3

The original lab measurements of soil texture for the 30-cm depth in chemical fallow were 29%, 64% and
7% for sand, silt and clay, respectively. These reswgte regarded erroneous and averages of sand, silt
and clay contents for the 10- and 60-cm depths, as shown in the table, were used instead in SHAW modeling.
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45  Conclusions

This study showed that tillage management significantly affected soil water and
temperature in summer fallow in the PNWetailed measurements on August 27, 2003
revealed that the seed-zone water contents were lower in the CF than in the RT.
Considering a threshold water content of 0.PInm as the lower baseline for successful
winter wheat seedling emergence in the silt loam soil at our experimental site, the RT
treatment showed an advantage comparetiedCF. The overall advantage of RT over
CF for obtaining stands of early-plantednter wheat is commonly understood by
farmers in the low-precipitation wintevheat-summer fallow cropping region and has
been documented in previous studies.

SHAW simulations of soil water content follow the general trend of the
experimental data. For the CF, SHAW underdimted soil water content, but for the RT,
SHAW over-predicted the water content. However, absolute differences in soil water
between observed and simulatedadeere mostly less than 0.03/m®. SHAW over-
predicted for the CF and under-predicted for the RT by ug@adh average over the
entire experimental period. Menal deviations between rasurements and simulations
were up to 1€C at the 2.5-cm soil depth. The trendsofl temperatures, nonetheless, was

well described by the SHAW model.
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CHAPTER 5

CONCLUSIONS

The goal of this dissertation was to atta better understanding of the effects of
tillage practices on runoff, erosion and seede water and tempure based on field
investigation and modeling. The predictiveodels (WEPP and SHAW) were applied,
modified as needed, and evaluated in $higly. The conclusions from this study are:

1. The continuous tilled bare fallow (CHP and continuous no-tillage (NT)
treatment produced shallower snow depttl deeper frost depth, compared to the
NT treatment.

2. The CTBF generated significant amountsrafoff and erosion whereas the NT
produced negligible runoff and erosion.

3. For the study period, the majority of the runoff events occurred under non-frozen
conditions, yet the thawed events resulted in most of the soil erosion under the
CTBF.

4. The WEPP model showed the potential as a modeling tool for assessing the effect
of management practices on winitgdrologic and erosion processes.

5. Continued efforts are needed to further improve the ability of WEPP to properly
account for soil freeze and thaw and thus the transient soil hydraulic properties

and hydrologic and erosion processes.
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6. The RT treatment showed an advantage compared to the CF (considering a
threshold water content of 0.12%/m> as the lower baseline for successful winter
wheat seedling emergence in the silt loam soil).

7. SHAW proved adequate in simulating sexethe and whole-profile soil water and
temperature, and therefore may serve as a useful modeling tool for tillage and

residue management.
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APPENDICES

APPENDIX A

Separation of Runoff and Erosion Events

The runoff and erosion events wetategorized into non-frozen, frozen and
thawed soil conditions based on frost-tube megs&l and field-measured soil temperature
data for the CTBF. We have defined a froz®il condition as one with the surface soll
temperature below 0 °C and a frost layeingepresent; a thawed condition as one with
the soil fully or partially thawed from the surface; and a non-frozen condition as one with
soil temperature above 0 °C ahaving reconsolidated after a previous thaw (for 2 days).
Kok and McCool (1990) morted that soil shear strength may change substantially during
winter freeze-thaw cycles, and a thaw-weakened soil may reconsolidate within several
hours to few days depending on climatnditions. Therefore, personal judgment was
exercised in categorizing tfield-observed runoff events.

For some runoff events, the soil surface would thaw during the event, and soil loss
would increase accordingly. In one such event, severe soil loss was observed due to
frozen soil layer beneath the thawed soil surf&eh events were categorized as thawed
events. For confirmed frozen soil eventsoil loss was observed, so sediment
concentration was also used to separate frozen and thawing events.

Non-frozen, frozen, and thawed events accounted for 57%, 12%, and 31% of the
total events, and they produced 44%, 9%, and 47% of runoff and 28%, 7%, and 65% of

erosion, respectively. The rain-on-thawinglsevents were the primary contributor to
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runoff and erosion that occurred during #ire study time. On the other hand, rainfall-
excess runoff produced from non-frozen evewts substantial, which was likely a

consequence of reduced infiltration capacity due to surface sealing and crusting.

Example:

Non-frozen event — Most of the events were non-frozen. The event in January 31,
2006 produced 6.5 mm of runoff and 3.4 t'haf erosion. There was no frost prior and at
the onset of the rainfall.

Frozen event — Rainfall-induced snowmelt on frozen soil (with a soil surface
temperature at 0 °C) produced moueaff (15.8 mm) and less erosion (1.9 than the
first event on January 27, 2004.

Thawed event — A large runoff and erosion event occurred on January 2—3, 2007.
When the rainfall started, the ground weszen and the continuous rainfall (35 mm in
total) caused thawing of the surfacel,sand produced 27.7 mm of runoff and 224.4 t
ha® of erosion. This event was also an example for rainfall on a thawed bare soil
overlaying a solid frozen layer. Due to lackdafta, we could not able further separate

the events into thawing and thawed conditions.
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APPENDIX B

Surface Sealing and Crusting

The orientation and packing of disperssall particles that have disintegrated
from the soil aggregates due to the impaataoi drops is surface sealing. Surface crusts
is defined as the deposition of soil particles, suspended in water, on the soil surface as the
water infiltrates or evaporates (Mcintyd€958a,b). Surface sealing and crusting had been
used in literatures simultaneously/interchangeably. Bradford et al., (1987) defined the
surface sealing as initial phase or wetting phase in crust formation and crusting as the
subsequent drying phase.

The impact of rain drops on the soil breaks the aggregates, compact the soil,
reduced the average pore size and the dispetaggarticles migrated into the soil with
infiltrating water (Mclintyre, 1958a,b; Agai et al., 1985, Ben-Hur et al., 1985). Crust-
seal formed on the soil surface reduces the infiltration of water into bare soil (Mcintyre,
1958a,b; Morin and Benyamini, 1977). The thickshef the crust layer vary from 1 to 5
mm and decrease in hydraulic conductivity a thyer by two order of magnitude lower
than that of the soil below (Mcintyre, 1968; Sharma, 1980). Chahinian et al., (2006)
reported that the crust hydteuconductivity is only 10 times lower than that of the
subsoil. Several studies habeen devoted to characterizing and modeling the process
(Hillel and Gardner, 1970; Ahuja, 1973, 19&3}u et al., 1986; Bradford et al., 1987;
Rawls et al., 1990; Philip 1998) due to itspontance in determingninfiltration, runoff

and soil loss, and soil chemidednsfer to overland flow.
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An approximate solution of infiltration into crusted soil was obtained by using
Green-Ampt approach (Hillehnd Gardner, 1970; Ahujd,983). Rawls et al., (1990)
developed the crust factor for a wide rangeaifs to incorporate the effect of crust into
the Green-Ampt effective hydraulic condiwdy. Philip (1998) usd quasi-analytic
methods to analyze ponded infiltrationtan crusted soils and stated that the
approximations and simplifications (neglect of gravity, replacing the crust with a
hydraulic resistance and use of the Green-Ampt model) in the previous studies are
unnecessary and obscure or distort the dymamifianfiltration into crusted soils. Philip
(1998) described surface crust as a throtite infiltration that can result in greatly
reduced level of soil wetting and therefore severely limiting the water in the root zone.

Effect of soil surface sealing and crustiog soil loss rates was investigated by
Knapen et al., (2008). Knapen et al., (200B3erved no effect of sealing and crusting on
critical flow shear stress but substantial reduction in soil erodibility. Soil erodibility
decreases exponentially with increasing clatne rainfall. With 200 mm of cumulative
rainfall, surface sealing and crusting reduitessoil erodibility by 10% to up to 70% for
dry and wet topsoil, respectively. Bajracysand Lal (1998 and 1999) and Ruan et al.,
(2001) investigated the diminishing effeat residue and naturaregetation on crust
formation. A detailed study of gace seal formation and itéfect on infiltration rate and
hydraulic conductivity in PCFS will be we helpful for better understanding of the
process. The study will also be helpful in better parameterization of the model and its

modification.
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APPENDIX C

SAS Code

Wilcoxon Rank-Sum Test

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

DATA temp;

INFILE 'C:\singh\wc0607.prn’;

INPUT type $ depth temp;

run;

proc nparlway data=tempnon-parametric test;
title 'BF_2 cm vs. NT_2 cm, 2006-07";

where depth=2;

class type;

var temp;

run;

proc nparlway data=tempnon-parametric test;
title 'BF_4 cm vs. NT_4 cm, 2006-07";

where depth=4;

class type;

var temp;

run;

proc nparlway data=tempnon-parametric test;
title 'BF_8 cm vs. NT_8 cm, 2006-07";

where depth=8;

class type;

var temp;

run;

kkkkkkkkkkkkkkkkkhkkhkkkkkkkkkkhkkhkkkhkkhkkkkkkkkkkkhkk

Sample of input datlile used for statistical analysis (wc0607.prn):
Column 1: Tillage practice (Black Fallow or No-tillage)

Column 2: Soil depth

Column 3: Field measured water content (or temperature)

BF 2 10.44
BF 2 1511
BF 2 20.44
BF 2 2437
BF 4 13.57
BF 4 21.66
BF 4 22.53
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BF
BF
BF
BF
BF
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

24.57
16.47
26.83
27.75
29.04
4.55
9.95
15.62
20.52
10.88
14.84
14.55
13.61
11.23
17.47
17.98
18.74

WOWOARARNMDMIBIMNNNNNOG®DOWODOW M

Sample Output File:

BF_4 cmvs. NT_4 cm, 2005-06 16:22 Thursday, July 3, 2008

The NPAR1IWAY Procedure

Wilcoxon Scores (Rank Sums) for Variable temp
Classified by Variable type

Sum of  Expected Std Dev Mean
type N Scores  Under HO  Under HO Score

BF 208 43136.0 43368.0 1226.13716 207.384615
NT 208 43600.0 43368.0 1226.13716 209.615385

Average scores were used for ties.
Wilcoxon Two-Sample Test
Statistic 43136.0000
Normal Approximation
z -0.1888

One-Sided Pr < Z 0.4251
Two-Sided Pr > |Z| 0.8502
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t Approximation
One-Sided Pr< Z
Two-Sided Pr > |Z|

0.4252
0.8503

Z includes a continuity correction of 0.5.

Signed-Rank Test

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

Data prabhl;
Input cf rt;
Diff=cf-rt;
Cards;
0.141416309
0.142003857
0.142381543
0.142591364
0.142843182
0.142843182
0.142633319
0.142549408
0.142381543
0.142003857
0.141961859
0.142423499
0.142969049

0.145171246
0.145333075
0.146466205
0.146574091
0.147275513
0.14770722
0.14770722
0.14770722
0.14770722
0.147761163
0.147761163
0.147761163
0.148678412;

Proc Univariate Normal;

run;

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

Sample Output File:

The SAS System

09:38 Sunday, August 19, 2007

The UNIVARIATE Procedure

Variable: cf
Moments
N 339 Sum Weights 339
Mean -0.1108668 Sum Observations -37.583836
Std Deviation 0.02841972 Variance 0.00080768
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Skewness -0.0615844 Kurtosis -0.5956294
Uncorrected SS  4.43979469 Corrected SS 0.27299606
Coeff Variation -25.634121 Std Error Mean 0.00154355

Testsfor Location: Mu0O=0
Test -Statistic-  ----- p Value------
Student'st t -71.826 Pr >|t| <.0001

Sign M -169.5 Pr>=|M| <.0001
Signed Rank S -28815 Pr >=|S] <.0001
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Table C.1: Nonparametric statistical analysisoil water content and temperature at

different depth during each monitored period.

Depth Water Content Soil Temperature
cm Z-value P-value Z-value P-value
2003-04 2 8.786 0.0001 -1.114 0.1326
4 -0.195 0.4227 -0.475 0.3175
8 -7.843 0.0001 0.033 0.4870
16 -8.774 0.0001 -0.451 0.3259
32 8.456 0.0001 -0.202 0.4201
64 8.457 0.0001 -1.441 0.0748
100 -- -- -2.127 0.0167
2004-05 2 6.166 0.0001 0.095 0.4620
4 -10.854 0.0001 0.252 0.4004
8 -14.832 0.0001 0.047 0.4812
16 -13.431 0.0001 0.498 0.3093
32 15.467 0.0001 -0.343 0.3658
64 15.467 0.0001 -0.592 0.2770
100 -- -- -1.292 0.0982
2005-06 2 -4.626 0.0001 -0.656 0.2559
4 -14.356 0.0001 -0.189 0.4251
8 1.329 0.0919 -0.322 0.3738
16 2.614 0.0045 -0.312 0.3777
32 14.436 0.0001 -1.327 0.0923
64 12.393 0.0001 -2.120 0.0135
100 -- -- -2.185 0.0145
200607 2 16.100 0.0001 0.353 0.3619
4 10.689 0.0001 0.168 0.4332
8 6.615 0.0001 0.225 0.4108
16 10.503 0.0001 0.015 0.4941
32 12.309 0.0001 -0.965 0.1672
64 -14.091 0.0001 -1.258 0.1042
100 -- -- -1.441 0.0748
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APPENDIX D

Effect of Slope Aspect on WEPP Simulation
The WEPP model was run using the inplgsf(same input files as for Chapter 2)
with change n aspect from south to north. The simulated results were presented in tables

as follows:

Table D.1: Predicted runoff and erosioithramaximum snow, frost and thaw depths

for the CTBF.

Runoff ~ Erosion  Snow Frost Frozen-soil
mm t ha mm mm days
2003-04 159 45 342 1000 171
2004-05 55 46 84 1000 126
2005-06 102 106 64 1000 151
2006-07 115 89 74 1000 168

The WEPP-simulated results for north facing plot showed that the simulated
runoff was higher than the south facing fl@étl3 vs. 316) but the simulated erosion was
fairly similar (286 vs. 276) for the four anitored period. Simulated snow depths for
north and south facing plot were similar but the simulated frost depths and frozen-soill

days were substantially higher for north facpigt (Table D1). On north facing plot, the
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