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ABSTRACT

CATCHMENT SCALE RUNOFF FROM
EARTHEN LANDFILL FINAL COVERS

By
Tryambak Kaushik
Earthen landfill final covers (EFCs) offer cheap alternative to the conventional covers for isolating
municipal solid waste underlain with a liner system, from precipitation and render minimum deep
percolation. Earthen covers or alternative covers as they are often referred to in the literature, do
not function as a hydraulic barrier similar to conventional covers. EFCs store precipitation water
in storage layers during winter season and release it back to atmosphere in summer season.
Although surface runoff had been long identified as one of the most important design variable of
EFCs which controls predicted percolation, yet minimum literature is available on the catchment
scale measurement and modeling of surface runoff from EFCs. The primary aim of this dissertation
was to identify 1) critical factors governing the measured surface runoff from catchment scale
EFCs, 2) accuracy of water balance and unsaturated flow models in predicting catchment scale
hydrology of instrumented EFCs and 3) change in surface runoff from EFCs of different soil types
and soil thicknesses at a regional scale in different climates of Texas. Two catchment scale EFCs
were instrumented at Austin Community Landfill (ACL) in semiarid climate of Austin, Texas.
Surface runoff from each catchment was collected with a custom designed storm water collection
system consisting of high capacity tanks fitted with automated actuator valves. Soil water contents
were monitored at several locations of both catchments for twenty three months. Upper catchment
with smaller runoff length generated higher runoff than lower catchment. Seasonal variation in
total precipitation, average precipitation intensity, precipitation return period, antecedent soil water

content, PET/P and vegetation cover resulted in relatively high runoff in Winter 2012 and Fall



2013 than intermediate seasons. UNSAT-H was able to predict annual runoff from both
catchments relatively accurately than RZWQM. UNSAT-H was not able to accurately predict daily
runoff at ACL. Validated UNSAT-H model was subsequently used to predict surface runoft in
different climatic regions of Texas. Annual and daily surface runoff-precipitation correlated better

for wet regions than dry regions.

Keywords: Landfill covers, catchment scale runoff instrumentation and measurement, water

balance modeling, unsaturated flow, UNSAT-H, RZWQM
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INTRODUCTION

BACKGROUND ON LANDFILL COVERS

Municipal solid waste (MSW) generally consists of packaging products, food waste,
newspapers, plastic waste, glass waste, etc. It may sometimes also consist of construction and
demolition waste and non-hazardous industrial waste. Landfills are common mode of disposing
such community waste. Landfills are usually isolated spots outside city or community
establishments where the waste is permanently sequestered to prevent environmental pollution.

There were 1908 MSW landfills reported in the year 2011 by United States Environment
Protection Agency (USEPA 2013). The closure of these solid waste containment facilities is
regulated by Resource Conservation and Recovery Act (RCRA) or superseding state regulations
in United States. The regulations typically require to cap these waste containment facilities with a
final cover depending on the liner system below MSW. The primary function of the final covers
is to limit the infiltration escaping into MSW, limit fugitive landfill gas emissions and odors, and
provide sustainable foundation for future infrastructure development such as recreational sites,
golf course or parking lot.

The constructed final cover usually consists of several layers of soil to meet USEPA
requirements. USEPA (1992) regulations mandate inclusion of a hydraulic barrier layer in the final
cover having a low hydraulic conductivity (<107 to 10”7 cm/s). Such covers are usually called
conventional covers and may either consist of low conductivity natural soils or “composite barrier”
of a geo-membrane underlain by a low conductivity soil depending on the landfill liner.
Sometimes, geo-synthetic clay liners (GCLs) are used to serve as the hydraulic barrier in final

covers.



The hydraulic barrier layer for conventional covers is regulated to have a minimum
thickness of 45 cm (1.5 feet). A soil erosion layer to sustain native plant growth and prevent erosion
of barrier layer must also be overlain the hydraulic barrier layer. This soil erosion layer usually

has a minimum thickness of 15 cm (6 inch).

EARTHEN LANDFILL FINAL COVERS

RCRA regulations guidelines allow the use of alternative designs in lieu of conventional
covers subject to the same performance criterion. The alternative designs of landfill covers or
alternative final covers (AFCs) or earthen final covers (EFCs) must perform “equivalent” to
conventional covers, for limiting maximum percolation to a value smaller than or equal to the
conventional cover [CFR 258.60(b) (1), United States Government 2002]. The alternative designs
are also expected to meet other criteria of conventional covers, e.g., erosion protection, etc.

Nyhan et al. (1990) presented one of the earliest studies on the performance of EFCs
located in arid regions of New Mexico. Subsequently over the last two decades, several field-scale
studies had been conducted in several parts of United States to identify design variables controlling
the performance of EFCs (Benson and Khire 1995; Nyhan et al. 1997; Khire et al. 1997; Ward and
Gee 1997; Albright et al. 2004; Mijares et al. 2012). EFCs store infiltration water in wet season
and release it to atmosphere as evapotranspiration (ET). EFCs depend on land-surface interaction
processes and hence are often also called water balance covers or evapotranspirative covers
(ETCs).

EFCs offer lucrative advantages over the conventional covers for MSW landfills due to the
absence of geo-membrane layer. The construction cost of EFCs usually amounts to 35% to 72%
of construction cost of conventional covers. The total cost of EFCs can range from approximately

$176,000 to $ 275,000 per hectare depending on soil type, soil thickness, climate and other design
2



variables (Hauser et al. 2001). High cost of conventional covers had also been attributed to geo-
membrane layer which alone accounted for 23% to 31% of the total construction cost (Hauser et
al. 2001). EFCs also offer long term advantage as a sustainable design system which is self-
renewing with lower post closure maintenance costs. The repair of EFCs is also cheaper wherein
a depression or hole can be easily back filled without compromising overall performance of the
cover unlike a hole in geo-membrane of conventional cover which can be relatively expensive to
repair. EFCs are also subject to bio-technical reinforcement from deep plant roots and less
susceptible to slope failures and top soil erosion.

EFCs can be monolithic covers consisting of a single storage layer to store precipitation
and release it as ET. Capillary barriers are EFCs generally similar in design to monolithic covers
but underlain with an additional layer of coarse grained soil. The coarse grained soil offers a
capillary break increasing the storage capacity of storage layer and consequently reducing deep

percolation. Capillary barriers function only in arid or semiarid climates (Khire et al. 2000).

NUMERICAL MODELING

Permitting of EFCs often requires field-scale demonstration of the final cover to evaluate
its equivalency with the conventional cover. However, because the construction of field-scale test
section to demonstrate equivalency is often expensive and requires a few years of data collection
numerical models are routinely used to model and design EFCs. Numerical models represent the
physical processes of soil atmosphere interactions in the form of mathematical equations which
can be numerically solved to simulate water flow in soil layers over several years. The physical
processes implemented in numerical models are broadly categorized under water balance process

and unsaturated flow process. These models vary in complexity depending on the method of



solution. Some models are simple box models of source or sink terms while others implement
algorithms to solve partial differential equations.
Several field studies have been conducted that demonstrate Richards’ equation (Richards
1931) based water balance models such as UNSAT-H provide relatively accurate predictions of
MSW landfill cover hydrology (Khire et al. 1997; Khire et al. 1999; Bohnhoff et al. 2009; Mijares
and Khire 2012). HYDRUS, Vadose/W, HELP and LEACHM are other commercial and public
domain models which have been extensively used for modeling landfill covers (Khire et al. 1997;
Ogorzalek et al. 2008; Bohnhoff et al. 2009). Water balance of landfill cover system is usually
expressed as
D=P—-ET—-Ro—AS (I-1)
where, D is deep drainage or percolation, P is precipitation, ET is evapotranspiration, Ro is runoff
and AS is change in water storage of soil layers. Precipitation is input parameter while
evapotranspiration, surface runoff, change in soil water storage and deep drainage are predicted
parameters based on meteorological data, soil properties, and soil geometry using Richards’

equation. Richards’ equation in its 1-D form is expressed as

% =%[K(h)%—‘;’+ K(h)}—St(z,t) (1-2)
where, 0 is volumetric water content, h is matric suction head, K(h) is unsaturated hydraulic
conductivity at matric suction h, St is source or sink term, t and z are time and space co-ordinates.
UNSAT-H utilizes finite-difference scheme to solve Richards’ equation while Vadose/W and
HYDRUS use finite-element schemes. Precipitation, evapotranspiration and surface runoff are

physical processes modeled at the surface of the top soil layer resulting in change of deep drainage

over a specified time period.



Runoff is usually one of the second largest components of predicted water balance while
percolation is usually the smallest. However percolation, in-spite of usually being the smallest
component of water balance, is also the single most important parameter for evaluating
performance of EFCs. A small error in the prediction of surface runoff can result in either an over
or under prediction of percolation. Hence, accurate measurement of runoff is necessary to calibrate
the numerical models.

Scanlon et al. (2002) simulated water balance of engineered covers located in Texas (0.14
acre) and Idaho (0.002 acre) with HELP, HYDRUS, SHAW, SoilCover, SWIM, UNSAT-H and
VS2DTI and concluded that overestimation of runoff affected all water balance parameters
including percolation. Bohnhoff et al. (2009) modeled a 200 m? (0.05 acre) monolithic cover
underlain by a lysimeter at Altamont, California using UNSAT-H, VADOSE/W, HYDRUS and
LEACHM and identified over prediction of surface runoff as the key reason for underestimation
of soil water storage and percolation. Khire et al. (1999) monitored the performance of a capillary
barrier located in the semiarid region of western United States using an instrumented lysimeter
having areal extent of 0.05 acre. They indicated that UNSAT-H (Fayer 2000) estimated zero runoff
resulting in over prediction of percolation. Although surface runoff has been repeatedly cited as a
critical parameter for improving accuracy of water balance predictions, field validation of runoff
has been carried out at a scale that is much smaller than the catchment scale (Khire et al. 1997,
Albright et al. 2004; Bohnhoff et al. 2009).

Surface runoff measured from majority of field studies on landfill covers has been carried
out on test sections with less than or equal to 20 m (65 ft) length and 200 m? (0.05 acres) areal
extent (Albright et al. 2004). However, the storm water collection system for landfill final covers

usually consists of contour drains with catchment area of each drain much larger than 200 m?.



Runoff travels several hundred meters in a swale before it is shed off from the cover. Hence in
order to validate the numerical models, catchment scale measurement of runoff is more

appropriate.

OBJECTIVES

The key objectives of this dissertation are to: (1) measure surface runoff from an earthen
final cover (EFC) which has been in service for approximately six years; (2) validate numerical
models used for design of EFCs against field measured hydrology data set; and (3) use validated

models to predict regional scale variation in annual and daily runoff for Texas.

METHODOLOGY

A catchment scale EFC was instrumented in semiarid climate of Austin, Texas to measure
surface runoff and soil water contents. Austin Community Landfill (ACL) located in Travis
County, Texas was capped with a final cover approximately ten years ago in 2004-2005. Hence,
the surface and soil conditions at ACL were deemed to represent long term conditions.

The monitoring system was divided in two parts: 1) runoff measurement system; and 2)
soil water measurement system. Two adjacent catchments were instrumented to measure surface
runoff and soil water contents. The upper catchment had areal extents of 30 m x 122 m (0.9 acres)
while the lower catchment had areal extents of 53 m % 122 m (1.6 acres). A berm of approximately
30 cm in height, prevented surface water runoff from the upper catchment flowing into the lower
catchment. Storm water monitoring system was installed in mid-December 2011 when the
vegetation on the cover was relatively scant due to antecedent drought year (6 percentile annual
precipitation). The soil water monitoring system was divided in three nests of embedded sensors

for the two catchments. Upper catchment had top nest and lower catchment had middle and bottom
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nests with co-located suction and water content sensors at several depths below the ground surface.
The data collected over twenty three months was used to evaluate the key variables governing
measured surface runoff from EFC at a catchment scale. UNSAT-H and RZWQM were
subsequently used to model measured runoff and identify their limitations in accurately
representing the hydrological processes of EFCs. The validated UNSAT-H model was used to
predict surface runoff from EFC with different soil types and different thicknesses for several

stations in Texas.

DISSERTATION ORGANIZATION

This dissertation has been organized into three sections. The three sections are three
standalone technical papers.

The first paper elaborates on the intricacies involved in the design of dedicated surface
runoff collection system for two catchment scale landfill cover test sections. The instrumentation
helped to identify factors affecting surface runoff from landfill covers over cyclic dry and wet
seasons at a catchment scale. The paper uses several field evidences and natural hill slope runoff
hydrology principles to explain engineered hill slope EFC runoff hydrology.

The second paper presents a comparison of the measured surface runoff with the predicted
surface runoff from UNSAT-H and RZWQM. The comparison of measured and predicted data set
helped to identify the strengths and limitations in the implementation of hydrological processes in
numerical models.

Third paper uses UNSAT-H model to predict regional scale water balance for Texas.
Surface runoff predictions for EFCs as a function of soil type and thickness in different climates
of Texas are compared. A best fit polynomial correlation was established between precipitation

and predicted surface runoff for different climatic regions in Texas. Peak daily surface runoff map
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and daily runoff-precipitation correlations were developed as an aid for the design of storm water
collection system of EFCs in Texas. Correlation of predicted water balance variables for a wet
year with average year were also developed at a regional scale of Texas which can serve as

guidance for preliminary EFC designs.



PAPER 1: SURFACE RUNOFF AT AN INSTRUMENTED CATCHMENT SCALE

EARTHEN FINAL COVER

ABSTRACT

Water balance models are routinely used to design earthen final covers (EFCs) for landfills.
Percolation is usually the smallest and most important component of these water balance models.
Accurate prediction of other large water balance parameters such as runoff and evapotranspiration
is thus necessary for accurate percolation prediction. However, limited literature is available to
calibrate models with catchment scale runoff. With the objective to measure runoff from
engineered clay layers, two catchment scale EFCs were instrumented in semiarid climate of
Austin, Texas. Upper and lower catchments had an areal extent of 3716 m? (0.9 acre) and 6503 m?
(1.6 acre), respectively. Co-located water content and suction sensors were used to measure
temporal soil-water variations at several depths in different locations of both catchments.
Customized high capacity tanks (11.3 m® and 19 m?) fitted with actuator valves were used to
measure runoff. Upper catchment with lower runoff length recorded more total runoff (12%) than
lower catchment (8%) over the twenty three months of monitoring period. A seasonal variation in
cumulative monthly percentage runoff was observed for both catchments, which peaked to 22.5%
and 17% for upper and lower catchments respectively in early spring 2012. It continuously
declined thereafter to a minimum value of 7.6% and 5.5% by September 2013 and again increased
to 12% and 8% in November 2013. Percentage runoff increased with daily precipitation intensity
for Winter 2012 and Fall 2013, but no correlation could be established in other intermediate
seasons. Thus daily precipitation intensity could not be used as an independent variable to predict
runoff for all seasons at Austin. Seasonal variation in total precipitation, average precipitation

intensity, precipitation return period, antecedent soil water content, PET/P and vegetation cover
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were the several reasons responsible for the observed seasonal runoff variation. Runoff recorded
for EFC was primarily governed by ‘fill and spill” mechanism with saturated and connected plots
contributing to the total runoff. No subsurface runoff was recorded at ACL due to hydraulically
disconnected plots at catchment scale. Vegetation affected overland flow connectivity, surface

roughness and infiltration to reduce runoff.

INTRODUCTION

Earthen final covers (EFCs) are used in lieu of conventional final covers to restrict
infiltration into MSW depending on the underlain bottom liner system (Albright et al. 2004).
Monolithic covers and capillary barriers are the two primary designs used as EFCs. These designs
utilize natural hydrological processes to limit deep percolation and usually offer economic benefits
over conventional covers (Hauser et al. 2001). EFCs contain compacted fine grained soil layer of
high storativity which stores infiltration and releases it back as evapotranspiration (ET). EFCs are
permitted by regulators as long as it is demonstrated that the EFC is hydraulically equivalent to
the conventional cover [CFR 258.60(b) (1), United States Government 2002]. EFCs are routinely
permitted in arid climate of United States but only on case-by-case basis in sub-humid or humid
climates. The primary reason for limited acceptance of EFCs in sub-humid or wetter climates is
lack of long term field data on hydrologic performance of these covers, which served as the
primary motivation for this study.

Equivalency demonstration of EFCs usually involves construction of field-scale test
section and monitoring it for a few years which is expensive. Hence water balance and unsaturated
flow numerical models such as HELP, UNSAT-H, VADOSE/W, LEACHM, HYDRUS have been
used for the last two decades for design of EFCs. Several small scale lysimeter studies on existing

landfill covers of areal extent less than 0.1 acre have been conducted to validate the numerical
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solution of Richards’ equation (Richards 1931) from these models. Khire et al. (1999) simulated a
lysimeter in dry climate of western United States with UNSAT-H, and observed over prediction
of percolation due to under-estimation of measured runoff water. Scanlon et al. (2002) simulated
lysimeters located in Texas (0.14 acre) and Idaho (0.002 acre) with HELP, HYDRUS, SHAW,
SoilCover, SWIM, UNSAT-H and VS2DTI. Overestimation of runoff by all the codes was
identified to affect percolation and other water balance variables. To achieve reasonable landfill
water balance predictions, Scanlon et al. (2005) had to calibrate saturated hydraulic conductivity
of 50 mm surface crust to accurately predict runoff. Ogorzalek et al. (2008) cautioned against
runoff predictions by LEACHM, HYDRUS, and UNSAT-H for accurate water balance modeling
of a capillary barrier cover in Polson, Montana. Recently, Bohnhoff et al. (2009) also reported over
prediction of runoff as the key reason for error in soil water storage and percolation predictions by
UNSAT-H, VADOSE/W, HYDRUS and LEACHM for a 200 m? (0.05 acre) lysimeter of
monolithic cover at Altamont, California. Further, runoff travel distance for test sections of the
majority of field studies were less than 20 m (Khire et al. 1999; Albright et al. 2004). But runoff
travels several hundred meters in a swale before being shed off from the cover. Hence in order to

validate numerical models, catchment scale measurement of runoff is more appropriate.

OBJECTIVE

An existing EFC located in semiarid climate (Austin, Texas) was instrumented with the
primary objective of measuring catchment scale runoff. Data was collected for almost two years
to identify the parameters which control runoff. The study also aimed at validating water balance
numerical models. The numerical modeling is presented in paper 2.

Austin Community Landfill (ACL) located at Austin, Texas was instrumented in mid-

December 2011. Austin has a semiarid climate, with a 50 year mean annual precipitation of about
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84 cm (33 inch). EFC and surface water management system at ACL were installed about six years
ago before the site instrumentation. The hydraulic properties of the cover soils and the natural

vegetation were thus deemed to represent typical long-term conditions.

FIELD SETUP

A typical cross-section of the instrumented landfill cover is shown in Fig. 1-1. The cover
consisted of 90 cm thick (3 ft) compacted native clay overlain with 15 cm (0.5 ft) thick top soil to
support vegetation. The landfill cover is sloped at 1V to 4H. The clay soil is a high plasticity clay
(CH) as per USCS and served as the soil water storage layer. As per the compaction specifications,
the clay was compacted in lifts to achieve greater than or equal to 95% of standard proctor effort
and 0% to 5% of the optimum moisture content. Table 1-1 presents the geotechnical soil properties
for the clay soil.

Shelby tube samples of 7 cm (2.8 inch) diameter were collected from upper 20 to 30 cm (8
to 12 inch) of the cover. The samples had an average saturated hydraulic conductivity of 10
cm/sec measured using flexible wall permeameter (ASTM D5084). Storage layer was constructed
to an average saturated hydraulic conductivity of 5x10® cm/sec (Golder Associates Inc. 2005).
However, after long-term exposure to several cycles of drying and wetting the saturated hydraulic
conductivity of the storage layer had increased to 10" cm/sec (Fig. 1-2). Although in-situ hydraulic
conductivity of the vegetative layer was not measured, it was expected to lie in the range of 107
to 102 cm/s due to coarse gradation of the soil and macro-pores formed due to root penetration.
Two storm water catchments of the cover were instrumented to measure runoff (Fig. 1-1). The
upper catchment had an areal extent of 30 m x 122 m (0.9 acres) while the lower catchment had
an areal extent of 53 m x 122 m (1.6 acres). A berm, approximately 30 cm in height, prevented

runoff from the upper catchment flowing into the lower catchment. The storm water measurement
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system was installed in mid-December 2011 when the vegetation on the cover was relatively scant.
The key reason for scant vegetation at the time of installation was relatively low precipitation
during the preceding year. In the year 2011, the site received a total precipitation of about 50 cm

which is 6 percentile based on 50 year historical precipitation record.

INSTRUMENTATION

Upper catchment was instrumented with one nest (top nest) while the lower catchment had
two nests of co-located suction and water content sensors at different depths (Fig. 1-1). Storage
layer water content sensors in middle and bottom nests were connected in mid-February 2012. The
middle nest and bottom nest vegetative layer sensors located at 15 cm (6 inch) depth were added
in early November 2012. The top nest water content sensor at 30 cm (12 inch) depth went bad in
June 2012 and the middle nest water content sensor at 90 cm (36 inch) depth went bad in January
2013.

Water content sensors were calibrated for vegetative layer and storage layer soils. Suction
sensors used in the current study can measure matric suction accurately within the range of 10 kPa
to 2,500 kPa (Campbell Scientific Inc. 2009). Precipitation was measured with a tipping bucket.
Sensors to measure solar radiation, relative humidity and air temperature were also installed at the

site.

Runoff Measurement

Instrumentation to measure runoff consisted of these three components: 1) runoff collection
system; 2) runoff transportation system; and 3) runoff storage system. Runoff from each catchment
was collected with a collector pad located at lowest elevation of the catchment. The collector pad

consisted 7.5 m wide by 7.5 m long and 15 cm thick pea gravel underlain by 1.5 mm thick HDPE
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Table 1-1. Geotechnical properties of storage layer soil

Geotechnical Property Storage Layer
USCS Classification CH
Dio (mm) 0.000026
Dso (mm) 0.00048
Deo (mm) 0.00098
Cu 38

Ce 0.47
Liquid Limit (LL) 75
Plasticity Index (PI) 49
Optimum Water Content (%) for Standard Proctor 26.8
Maximum Dry Density (kN/m?) for Standard Proctor 14.61
Saturated Hydraulic Conductivity (7 cm diameter Shelby Tube 106
Samples)

In-situ Dry Density (kN/m?) of Shelby Tube Sample 15.2t0 16.5
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geomembrane (Fig. 1-3). A customized hydraulic network of 15 cm diameter (6 inch) PVC pipes
was installed to transport runoff water from the collector pads to an above ground storage tank
(AST) under gravity gradient. The pipe diameter and sloping layout were designed for free water
flow from a maximum runoff intensity of 2.5 cm/hr. The runoff intensity was never exceeded
during the monitoring period. Pea gravel on the collector pad acted as a hydraulic filter preventing
pipe clogging due to debris flow usually accompanying runoff water from a landfill cover. The
upper catchment drained into a 2.3 m tall and 11.3 m* (3,000 gallon) AST. A larger 19 m* (5,000
gallon) capacity and 3.6 m tall AST was used to collect runoff from the lower catchment. Water
level in each tank was recorded in real time with two piezometers. Actuator valve fitted to each
tank was used to automatically drain the tanks whenever water level surpassed a pre-defined
threshold (Fig. 1-4). A datalogger smartly activated the actuator valves depending on the

piezometer water levels and thus prevented the tank overflow.

Filling while Draining - Runoff Measurement

During the course of a typical runoff collection event, a condition frequently arose wherein
the actuator valve would be draining the tank while the runoff was concurrently flowing into the
tank. This event was abbreviated as “filling while draining.” During filling while draining events,
change in piezometer level cannot be used directly to calculate runoff. Hence, equation 1-1 was

used to estimate volume of water entering the tank during filling while draining.

dh, a
— ="5C._./2gh, —k i
at A gn, (1-1)

where, ac is cross-sectional area of the drainage valve, A is cross-sectional area of the tank, g is
acceleration due to gravity, hi is water level measured by piezometer at time t and k is average rate

of water flow into the tank when the drainage valve is close. Constriction coefficients (Cv) were
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Figure 1-3. Runoft collector pad for lower catchment

Figure 1-4. Actuator controlled valve draining upper catchment AST
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independently estimated for each tank by draining the tanks when there was no inflow. Table 1-2
presents a summary of constant parameters used to solve equation 1-1. Equation 1-1 was solved
in MATLAB with ODE45 and CFTOOLBOX to estimate net inflow (k) and consequently net
runoff for filling while draining period.

A typical storm event on 18 February 2012 resulted in 3.3 cm precipitation. During the 9
hours of precipitation event, the upper catchment tank auto-drained 5 times (Fig. 1-5a) and

consequently recorded 1.1 cm (33%) runoff (Fig. 1-5b).

Turbidity Measurement

Turbidity sensors were installed in both upper and lower tanks on 7 November 2013
(Campbell Scientific Inc. 2013; Bringhurst and Adams 2011) to quantify the mass of eroded
sediments in surface runoff from each catchment. Turbidity sensors use near infra-red light and
two photo diodes to measure optical scatter due to the suspended particles. The sensor response
reported in Nephelometric Turbidity Units (NTU), depends on the size, composition and shape of
suspended particles. Turbidity sensors were calibrated using top soil from the test sections. Soil
passing through No. 100 sieve (0.15 mm) was used for calibration. Higher concentration of
suspended top soil resulted in more light scattering and consequently higher NTU (Fig. 1-6). A
polynomial curve fit related suspended soil concentration with the measured NTU for ACL

y=-204.4+896.1x —233x*> +31x> y <8000 NTU (1-2)
where, y is Nephelometric Turbidity Unit (NTU) and x is top soil concentration in (gm/L). In order
to minimize the bias in sensor readings due to residual tank sediments from old runoff events, the
tanks were flushed with the standing water after each runoff storm. Upper catchment turbidity
sensor went bad on 17 July 2013 and no turbidity values were available there afterwards for the

upper catchment.
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Table 1-2. Constant parameters used in filling while draining equation

Parameter Value
ac 182 cm?
A (upper AST) 45250 cm?
A (lower AST) 52718 cm?
Cy (upper AST) 0.65
Cyv (lower AST) 0.75
g 981 cm/s?
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RESULTS AND DISCUSSION

Daily precipitation intensity was defined as the total precipitation within twenty four hour
period. The total precipitation was proportionally scaled to twenty four hour period for runoff
storm events lasting more than twenty four hours. For the ease of discussion in this paper, the
monitoring period was divided in three seasons. Season 1 (three months) was assumed to last from
15 December 2011 to 20 March 2012 with 39 cm precipitation (PET/P=0.8), followed by Season
2 (eighteen months) which started on 21 March 2012 and ended on 20 September 2013 with 109
cm precipitation (PET/P=3.0). Season 3 (two months) was the last season and extended from 21
September 2013 to 15 November 2013 with 29 cm precipitation (PET/P=0.8). Return period was
defined as the time period between successive precipitation events of the same magnitude. Hence,
a precipitation with relatively low return period is more likely to occur on a typical day than a
precipitation with high return period. Soil moisture content was normalized to degree of saturation,
which is frequently used in lieu of soil moisture for the ease of discussion.

A total precipitation of 177 cm was recorded for twenty three months of the monitoring
period starting 15 December 2011. 81 cm precipitation occurred in the first twelve months and 96
cm precipitation occurred over the remaining eleven months. Penman equation was used to
calculate a total potential evapotranspiration (PET) of 377 cm (PET/P = 2.1) for twenty three
months with UNSAT-H (Fayer 2000). Out of total 132 storms recorded in twenty three months,
only 29 storms produced runoff. ACL received an average precipitation of 0.26 cm/hr over the
monitoring period. The maximum and minimum precipitation for the same period were 6.1 cm/hr
and 0.02 cm/hr, respectively. Upper catchment recorded a maximum event runoff of 4.7 cm (from
6.6 cm precipitation), a minimum event runoff of 0.007 cm (from 1.4 cm precipitation), and

average event runoff of 0.7 cm. Lower catchment recorded a maximum event runoff of 3.6 cm
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(from 6.6 cm precipitation), a minimum event runoff of 0.002 cm (from 1.4 cm precipitation), and

average event runoff of 0.5 cm in the monitoring period.

Measured Runoff at Annual Time Scale

Upper catchment recorded a total of 21 cm (12% of precipitation) runoff and lower
catchment recorded a total of 14 cm (8% of precipitation) runoff for the monitoring period (Fig.
1-7).

Albright et al. (2004) measured the water balance over multiple years for several
instrumented landfill covers. The field instrumentation and monitoring was part of a nation-wide
Alternative Cover Assessment Project (ACAP) spread across seven states of United States
consisting of 10 m x 20 m (0.05 acre) lysimeter test sections. The sites with PET/P ratio between
2 to 5 were classified as semiarid by Albright et al. (2004). Hence in the current study, ACL at
Austin (PET/P=2.1) was designated as a semiarid region. As a part of ACAP, monolithic covers
were constructed in Altamont (California), Boardman (Oregon) and Sacramento (California).
Altamont, California (PET/P = 3) in semiarid region, with average annual precipitation of 36 cm
recorded highest total runoff value at 9.3% of precipitation. EFC at Altamont consisted of a 45 cm
(1.5 feet) thick vegetative layer and 60 cm (2.0 feet) thick storage layer. Both layers were
constructed with compacted clay (USCS classification-CL) of mean saturated hydraulic
conductivity of 1.7x107 cm/sec. Although, ACL site received almost double the annual
precipitation than Altamont, yet runoff at both locations was in the same range for similar PET/P.
Intuitively, higher precipitation at ACL was expected to generate higher runoff. It may however,
be noted that the catchment size and runoff lengths at ACL site were at least an order greater than
Altamont lysimeter which resulted in longer residence time for re-infiltration and consequently

decrease in net runofft.
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Boardman, Oregon received an average annual precipitation of 22.5 cm (PET/P=4) but did
not record any runoff. Sacramento, California received an average precipitation of 44 cm/yr
(PET/P=3) and recorded 7.6% and 4.8% runoff from 108 cm and 245 cm thick soil covers,
respectively (Albright et al. 2004). Lower runoff at these sites than ACL can be attributed to lower
precipitation and higher PET relative to ACL.

Upper and lower catchments had same horizontal travel distance along the swale of 122 m
but different runoff lengths of 30 m and 53 m, respectively before runoff entered runoff collection
pads. Longer runoff travel distance resulted in greater infiltration due to higher detention time and
greater surface roughness (Duley and Ackerman 1934; Mutchler and Greer 1980). Consequently,
smaller total runoff was recorded for the lower catchment.

Wilcox et al. (1997) measured runoff for two catchments at Pajarito Plateau of north central
part of New Mexico. The larger catchment with area of 485 m? recorded 0.6% runoff while the
smaller catchment with area of 355 m? recorded 2.0% runoff. Merz and Plate (1997) observed
lower runoff from larger contributing area for loess soil in Menzingen, Germany. Moreno-de las
Heras et al. (2010) recognized greater overland flow residence time as the critical variable
governing re-infiltration which resulted in less runoff for larger catchments. Similar observation
was made by Mayor et al. (2011) wherein they identified inverse power law relationship between
total runoff and contributing area for semiarid Mediterranean climate. Gomi et al. (2008) measured
2 to 10 times higher runoff from small plots of 1 m? area compared to large plots (approximately
area of 200 m?), for the same monitoring period. Hence, findings of this study on engineered hill

slopes are similar to several field-scale runoff studies on natural hill slopes reported in literature.
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Figure 1-7. Measured runoff at Austin Community Landfill
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Measured Runoff at Monthly and Seasonal Time Scale

Upper catchment consistently generated greater cumulative runoff than lower catchment
for all seasons (Fig. 1-7). Further, the measured cumulative runoff varied non-linearly with respect
to cumulative precipitation over successive seasons in the twenty three months of monitoring
period. A steep rise in cumulative runoff during Season 1 immediately after instrumentation was
observed which was followed by a minimal increase in cumulative runoff for Season 2. A steep
rise in cumulative runoff with cumulative precipitation was again measured in Season 3.
Cumulative percentage monthly runoff for the upper and lower catchment peaked at 22.5% and
17% by April 2012 but decreased to minimal values of 7.6% and 5.5% in September 2013,
respectively (Fig. 1-8). However, cumulative percentage monthly runoff again recorded an
increase in the following months and finally ended at 12% and 8% for upper and lower catchment
respectively, by November 2013. A similar variation in percentage runoff was observed by Palleiro
et al. (2014) for humid climate of Mero catchment in north-west Spain. Minimal runoff was
observed at Mero catchment in early autumn, which quickly peaked to a maximum value in late
autumn and gradually recessed to a minimal value through winter, spring and summer, in that
order. Uneven seasonal precipitation distribution with maximum precipitation events in autumn
and winter seasons, amounting to 70% of total precipitation, were attributed as the reasons

responsible for non-uniform seasonal runoff at Mero catchment.

Measured Runoff at Event Time Scale

Similar to monthly and annual time scale, upper catchment with smaller runoff travel
distance produced more runoff than lower catchment for all individual storm events except for the

storm on 9 March 2012 (Fig. 1-9). The storm on 9 March 2012 recorded smaller 8.2% runoff for
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upper catchment than lower catchment runoff (14%). This anomaly was presumed to be interplay
of several spatially varying factors such as precipitation, soil hydraulic properties, antecedent soil
moisture, and localized surface depressions. These factors affect infiltration and runoff
connectivity at a catchment scale hill slope and consequently affect total recorded runoff (Wood
et al. 1986; Dunne et al. 1991; Imeson et al. 1992; van de Giesen et al. 2000; Vigiak et al. 2006).
Local discontinuities in catchment overland flow paths also rendered detention time and runoff
volume independent of slope length and resulted in smaller recorded runoff volume from longer
slope length (Gomi et al. 2008). However, detailed spatial and temporal instrumentation necessary
to quantify these variables was not done at ACL.

The two geometrically similar rectangular catchments also had similar vegetation cover for
the monitoring period. An attempt was thus made to relate runoff response of the two catchments
at event time scale. Surprisingly, the percentage runoff for individual events from upper catchment
and lower catchment were found to be related by a power law irrespective of spatial-temporal
variation of soil hydraulic properties, antecedent volumetric water content and surface depressions
(Fig. 1-9). The governing correlation equation was found to be

L =0.48(U"1.06) (1-3)
where, L is lower catchment percent runoff and U is upper catchment percent runoff. Coefficient
of fit (R?) for the above equation was 0.97, reflecting a high degree of correlation between runoff
generated by upper and lower catchments. Such high correlation also reinforced the hypothesis
that at the catchment scale intra-catchment runoff hydrology of two hill slopes was similar and net

runoff volume from each EFC hill slope was primarily controlled by runoff travel distance.
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Scale Dependent Runoff - Cause and Effect

Non-uniform behavior of runoff-precipitation relationship at different temporal scales were
ascribed to several factors: (1) total precipitation, (2) average precipitation intensity, (3)
precipitation return period, (4) antecedent soil water content, (5) PET/P and (6) vegetation cover.
A summary of the relative effects of these factors in different seasons is presented in Table 1-3.

Austin site experienced 32 cm precipitation during Winter 2012, but only 11 cm in the
same months of the following year (Winter 2013). Less precipitation consequently recorded lower
total runoff in Winter 2013 (1% runoff) than Winter 2012 (13% runoff) for the upper catchment.
Average precipitation intensity was the second factor. Higher average precipitation intensity
generates more runoff because more water in excess of soil water capacity was available for runoff.
Season I and Season 3 received average precipitation of 14 cm/month which was more than double
the average precipitation intensity of 6 cm/month recorded in Season 2 resulting in relatively less
runoff in Season 2. Precipitation return period was the third factor governing seasonal runoff
volume. Season 1 and Season 3 had relatively smaller return period of daily precipitation intensity
than Season 2 resulting in more daily precipitation and consequently more runoff (Fig. 1-10).
Antecedent soil water content was the fourth factor governing change in measured runoff volume.
Lower antecedent soil water content resulted in more infiltration and less runoff in Season 2 than
in Season 1 and Season 3. The change in vegetative layer soil water contents of the upper
catchment generally varied from 0.01 cm?/cm? to 0.1 cm?/cm? in Season 1 and Season 3 due to
different precipitation intensities (Fig. 1-11). However, 70% precipitation events in Season 2

3 change in volumetric water content for similar daily

recorded greater than 0.1 cm’/cm
precipitation intensities implying relatively more infiltration and less runoff in Season 2. Similar

observation was also made for middle and bottom nests of lower catchment. Lower antecedent soil
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water content also resulted in relatively poor hydraulic connectivity of individual runoff source
plots (“hot spots”) within the catchment resulting in lower runoff length and less net catchment
runoff (Gomi et al. 2008). The concept of runoff connectivity is discussed later in the paper. Fifth,
potential evapotranspiration varied with season resulting in non-uniform evaporation loss. Season
1 and Season 3 with PET/P value of 0.8 experienced less evaporation loss than Season 2 (PET/P
= 3.0) suggesting that more precipitation was available for runoff in Season 1 and Season 3.
Finally, vegetation density almost doubled from Season 1 to Season 2 (Fig. 1-12). Increase in
vegetation density increased canopy abstraction, opportunistic infiltration due to denser roots,
surface roughness for runoff transport, and soil water loss as transpiration which resulted in lower
catchment runoff.

Lower runoff generated in Season 2 at ACL was in line with observations of Hewlitt and
Hibbert (1967) at Appalachian Mountains of western North Carolina, where runoff was produced
from saturated plots and the runoff contributing area decreased with decreasing soil water contents.
Hence, high antecedent in-situ soil water contents resulted in relatively small infiltration and
greater runoff for Season 1 and Season 3 (Dunne and Black 1970a, b; Weyman 1973; Johnson and
Gordon 1988; Francis and Thornes 1990; Bochet et al. 2006). Further, Austin experienced a
draught prior to the instrumentation in 2011, with only 6 percentile precipitation (50 cm) in 2011.
This resulted in scant vegetation canopy and consequently very little plant abstraction losses which
resulted in greater runoff in Season 1 (Fig. 1-12). Denser plant foliage in Season 2 increased
opportunistic infiltration due to denser root penetration thereby decreasing net runoff. Denser
vegetation also increased surface roughness for runoff transport. Hence, opportunistic infiltration
and surface roughness incrementally lowered the net recorded runoff at the catchment scale EFC

(Leys et al. 2010; Abrahams et al. 1994; Dunne et al. 1991). van de Giesen et al. (2000, 2005)
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Table 1-3. Relative effect of parameters governing catchment surface runoff

Season 1 2 3
Date 15 December 2011 to | 21 March 2012 to 20 | 21 September 2013 to
20 March 2012 September 2013 15 November 2013
Measured runoff High Low High
Total precipitation High Low High
Average preglpltatlon High Low High
intensity
Prempltatl'on return Low High Low
period
Antecedent soil water High Low High
content
PET/P Low High Low
Vegetation cover Low High High
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highlighted the importance of increased residence time and consequently reduced unit area runoff
due to more vegetation cover in West Africa. Similar effect of vegetation was also observed by
Moreno-de las Heras et al. (2010) on a comprehensive study of twenty plots in Utrillas, Spain.
Slopes with 60% vegetation cover generated 10% average runoff compared to 25% average runoff
from 1% vegetative slope for the identical precipitation events in Utrillas. Hence, similar factors
were found to govern engineered hill slope runoff processes at EFCs as reported in literature for
the natural hill slopes.

Runoff recorded at ACL was found to be a complex interplay of the several factors
described above. Relatively high antecedent soil water contents were recorded in Season 1 and
Season 3 as presented in Fig. 1-13 (only top nest data is presented for the brevity of presentation).
More water was available in Season 1 and Season 3 to fill unsaturated plots and generate runoff,
due to combined effect of relatively more precipitation, average precipitation intensity, small
precipitation return period and lower PET/P. Similarly, lower antecedent soil water contents in
Season 2 was also the combined result of relatively large evaporation losses due to high PET/P
and relatively large transpiration loss due to large vegetation density. Even until September 2013,
17 months after the observed high runoff in April 2012, the soil water contents had not risen to the
levels they were in Winter 2012 (Fig. 1-13). Thus, analysis of any single factor in isolation from
the other factors governing hill slope runoff hydrology easily lead to counter-intuitive erroneous
conclusions. Two examples are presented here to highlight such complex interplay. In the first
example, higher average precipitation intensity of 3.4 cm/day on 28 September 2012 in Season 2
was recorded than 2.2 cm/day precipitation on 18 February 2012 in Season 1, irrespective of
similar total precipitation (Fig. 1-14). But an order higher runoff of 1.12 cm was recorded on 18

February 2012 (34% of 3.3 cm precipitation) compared to 0.03 cm runoff on 28 September 2012
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(0.7% of 3.43 cm precipitation) for the upper catchment. Higher runoff was expected from higher
daily precipitation intensity and an observation of higher daily precipitation intensity generating
lower runoff is counter-intuitive. However, the interplay of greater vegetation cover and lower
antecedent soil water content resulted in high intra-catchment losses and lower net recorded runoff
on 28 September 2012 in Season 2 than 18 February 2012 in Season 1. In the second example,
higher recorded runoff in Season 3 than Season 2 with similar vegetation cover was also counter
intuitive. However, such observation can be explained with higher antecedent soil water contents
and lower daily precipitation intensity return period of Season 3 than Season 2 (Fig. 1-10 and Fig.
1-13).

Daily precipitation intensity correlated positively with generated percent runoff (which is
runoff expressed as fraction of daily precipitation), i.e., higher runoff was generated for higher
daily precipitation intensity during Season 1 and Season 3 for both catchments. But no such
correlation could be established for percent runoff generated in Season 2 (Fig. 1-15). An interplay
of several factors governing runoff was responsible for such non-linear relationship as discussed
earlier. Palleiro et al. (2014) identified non-linear relationship between runoff and precipitation
with maximum correlation in winter (R?=0.63) and no-correlation in summer season (R>=0.01)
due to seasonal variation of water table in Mero catchment of Spain. Precipitation and soil water
dynamics were attributed as the reason for such observation. La Torre Torres et al. (2011) found
seasonal variation in runoff-rainfall ratios with higher correlation in wet season than in dry season
for Turkey Creek watershed of South Carolina, due to interplay of seasonal variation of
precipitation amount, precipitation intensity and soil water storage. Hence as runoff-precipitation
intensity correlation was season dependent and complex interplay of several factors, daily

precipitation intensity could not be used as a standalone variable to predict runoff at ACL.
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Soil Water Contents and Soil Suctions

Figures 1-13 presents the water contents at different depths for top nest of upper catchment.
It was observed that the sensor in vegetative layer at 15 cm (6 inch) below ground surface, being
near to the ground surface responded to precipitation events relatively quickly than the sensors at
deeper depths. Further, in the top nest after the end of Season 1, soil started to dry out and sensors
at deeper depths (60 cm and 90 cm) located in the clay storage layer recorded continual decrease
in water contents until relatively high precipitation occurred in May 2013 in Season 2. The water
content at deeper depths monotonically decreased from May 2013 to September 2013 due to
relatively lower precipitation in Summer 2013. Only the top sensor (15 cm below ground surface)
responded frequently to the precipitation events during Season 2. Higher daily precipitation
intensity in Season 3 resulted in higher water content at all depths.

For brevity, measured matric suction values of only top nest are presented for brevity (Fig.
1-16). Suction sensors behaved in opposite fashion than water content sensors. During Season 1,
the suction was relatively low (80 cm) corresponding to relatively high soil saturation recorded by
the water content sensors. With the onset of Season 2 in late March 2012, the soil started drying
and the suction sensors recorded an increase in values. It was further noticed that similar to the
water content sensor located at 15 cm (6 inch) depth, the suction sensor in vegetative layer being
nearest to the ground surface responded relatively frequently to the onset of precipitation and

subsequent drying events, than the deeper suction sensors.

Subsurface Flow, Overland Flow and Runoff Connectivity

In order to understand subsurface runoff hydrology of EFCs, the subsurface flow at ACL
was divided in high conductivity vegetative layer and low conductivity storage layer. The water

depth in excess of observed precipitation on downhill locations, due to surface overland flow from
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uphill, for the same precipitation event was defined as precipitation overloading. Hence, middle
nest of lower catchment at relatively higher elevation was subjected to less precipitation
overloading, than bottom nest located at a lower elevation along the same vertical transect of the
same catchment. Consequently more water was expected to infiltrate the bottom nest than the
middle nest (Dunne et al. 1991). But higher soil water contents for middle nest than bottom nest
were observed for all seasons (Fig. 1-17). This observation was also in contrast to findings of
Hewlett and Hibbert (1967). According to Hewlett and Hibbert (1967), subsurface flow on hill
slopes increases water content at downhill locations thereby saturating them. This saturated zone
generates majority of runoff. The saturated zone expands uphill as more subsurface water from
uphill becomes available for saturation creating a variable source area which generates runoff from
hill slopes. Thus, according to variable source area concept, a runoff generating saturated wedge
moves ‘bottom-upwards’ (Dunne and Black 1970a; Weyman 1973). This concept of lateral
subsurface water flow from uphill to downhill formed the basis hill slope hydrology for several
decades (Weyman 1973; Buttle and Turcotte 1999). Recently, an alternative ‘top-down’ approach
underlined with ‘fill and spill” mechanism has been proposed to explain hill slope hydrology
(Spence and Woo 2003; Tromp-van Meerveld and McDonnell 2006a, b). According to fill and
spill mechanism, isolated plots within a catchment must fill their soil water storage to saturation
and then spill the excess water thereof for achieving connectivity and generate hill slope runoff.
For low precipitation events in Panola Mountain Research Watershed of Georgia, isolated
saturation plots uphill were disconnected from downhill saturation plots by intermediate
unsaturated zones (Tromp-van Meerveld and McDonnell 2006b). As the precipitation exceeded a
threshold value, the previously unsaturated plots were filled with water and created a dense

network of connected saturated plots, which consequently recorded 75 times more subsurface
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runoff than low precipitation events below the threshold precipitation. Consequently, Tromp-van
Meerveld and McDonnell (2006b) argued that runoff generation and transport is a 3-D spatial
process where lower elevation plots on a hill slope are not necessarily hydraulically connected to
high elevation plots along the same vertical transect of the hill slope and consequently a two-
dimensional transect analysis of hill slope runoff can be misleading in identifying runoff
generation and runoff transport processes on natural hill slopes. The foregoing discussion makes
an attempt to apply these subsurface runoff concepts from natural hill slopes to engineered landfill
slopes of EFC at ACL.

As water content sensors were not installed in vegetative layer in Season 1, no definite
conclusion can be made on subsurface lateral flow in vegetative layer of lower catchment during
high runoff events of Season 1. However after November 2012, when the water content sensors in
vegetative layer were installed, water content values in middle nest were always higher than
bottom nest indicating minimal subsurface lateral recharge of vegetative layer from middle nest to
bottom nest of lower catchment (Fig. 1-17a). Similar runoff dis-connectivity was also observed
for storage layer of middle and bottom nests for Season 2 and Season 3 (Fig. 1-17b). A complex
interplay of the lower hydraulic conductivity, relatively less precipitation and short storm durations
allowed minimal lateral subsurface flow for Season 2 and Season 3 (Hewlett and Hibbert 1967).
This finding was consistent with the findings of Albright et al. (2004) who measured lateral
drainage as only a small fraction (0%-5%) of total water balance for plot scale lysimeters and
concluded that barrier layer does not impact hydrology of conventional covers. Mijares and Khire
(2012) measured negligible lateral flow (~0.5 cm) in one year of monitoring period from earthen
cover lysimeter located in sub-humid climate of Detroit. Further, Freeze (1972) conducted

sensitivity analysis in upstream-area modeling and evaluated a threshold conductivity of 0.001
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cm/sec for subsurface flow to occur. Hence, in the absence of subsurface lateral flow in EFC,
runoff recorded at ACL after Winter 2012 was primarily overland flow generated by fill and spill
mechanism. Spence and Woo (2003) also observed the fill and spill mechanism in sub-arctic
Canadian Shield where surface runoff was recorded only after filling the valley storage.

It may however be noted that the plot saturation due to fill and spill must be followed by
spatial runoff connectivity to generate net runoff from the hill slopes (Tromp-van Meerveld and
McDonnell 2006b; Gomi et al. 2008). Spatial variability in hydraulic conductivity, micro-
topography, rainfall intensity, vegetation cover and runoff depth relative to surface roughness can
constrain overland runoff flow connectivity on a hill slope (Dunne et al. 1991; El-Hassanin et al.
1993; Darboux et al. 2002; Mueller et al. 2007). Large surface roughness and more infiltration in
vertical macro-pores of deciduous forest slopes resulted in high overland runoff dis-connectivity
creating less runoff transfer and lower total recorded runoff volume as compared to sparse slopes
of Japan (Gomi et al. 2008). Thus, local surface flow discontinuities presumably due to high
vegetation cover hydraulically isolated middle nest from bottom nest and overland flow from
middle nest did not feed the bottom nest. Consequently, middle nest and bottom nest were not
connected hydraulically for the monitoring period after Winter 2012. Unfortunately, the soil water
instrumentation at ACL was limited only to a single vertical transect and consequently sufficient
data was unavailable to quantify the complex runoff processes at intra-catchment scale.

Runoff connectivity was also closely linked to non-uniform runoff-precipitation behavior
at different temporal scale. Lower antecedent soil water contents in Season 2 resulted in relatively
more water being used to fill the unsaturated plots (i.e., higher infiltration in Fig. 1-11) leaving

insufficient water to connect isolated saturated plots to generate net hill slope runoff. Hence, lower
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antecedent soil water content and poor runoff connectivity resulted in poor runoff-precipitation

correlation in Season 2 (Fig. 1-15).

Runoff Generation Threshold

Runoff-precipitation relationship at ACL showed a threshold behavior at 0.8 cm/day
precipitation intensity. No runoff was recorded at ACL site for precipitation less than 0.8 cm/day
while 69% storm events greater than 0.8 cm/day recorded runoff irrespective of seasonal variation
in total precipitation, average precipitation intensity, precipitation return period, antecedent soil
water content, PET/P and vegetation cover (Fig. 1-18). A minimum precipitation was necessary
for abstraction loss by plant canopy. In addition, a minimum precipitation was also required to fill
local depressions for creating continuous overland flow paths and generate net runoff. Similar
observation was reported at Japanese cypress natural slopes, where threshold precipitation of 1
mm to 1.5 mm in 20 minutes was necessary to fill local depressions and achieve a minimum
infiltration before overland flow paths could hydraulically connect to create overland flow network
(Gomi et al. 2008).

Fig. 1-19 presents antecedent degree of saturation of upper 30 cm cover soil in upper
catchment versus daily precipitation intensity. It was observed that threshold daily precipitation
intensity (0.8 cm/day) necessary to generate runoff was not affected by antecedent degree of
saturation as runoff was recorded from upper catchment for several antecedent saturation values
ranging from 40% to 90%. Generally 90% antecedent moisture saturation was necessary to
generate runoff from precipitation intensity less than 2.0 cm/day, while antecedent degree of
saturation did not significantly affect runoff generation for storm events with precipitation
intensity greater than 2.0 cm/day. Precipitation intensity of 0.8 cm/day to 2.0 cm/day was generally

sufficient to fill isolated plots with only 90% antecedent soil saturation and spill the remaining
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precipitation to create connected flow paths for net runoff collection. However, precipitation
intensities greater than 2.0 cm/day were able to fill, spill and hydraulically connect intra-catchment
isolated plots with a wider range (40% to 90%) of antecedent saturation. Although no significant
effect of antecedent saturation on threshold precipitation necessary to generate runoff was evident,
yet antecedent saturation significantly affected the runoff volume generated and consequently

runoff-precipitation relationship as discussed earlier and presented in Fig. 1-15.

Runoff Water Quality - Sediment Yield

Runoff from EFC was assumed to erode only top soil layer of 15 cm thickness of both
catchments. Higher runoff in upper catchment generated higher sediment yield for upper
catchment than lower catchment for same precipitation event (Fig. 1-20). Sediment yield decreased
with plot length of vegetative slopes due to down slope re-infiltration of runoff which diminished
travel distance of eroded soil sediments (Moreno-de las Heras et al. 2010). Higher sediment yield
was observed for larger runoff events, as more overland runoff eroded more top soil (Fig. 1-21).
Similar results were reported for vegetative slopes in Spain, where sediment yield decreased with
runoff volume (Moreno-de las Heras et al. 2010). Measured runoff correlated to measured
sediment yield with a power law for both upper and lower catchments (Fig. 1-21). More erosion
was measured for lower catchment than upper catchment for total runoff below 0.055 cm but upper

catchment recorded more erosion for runoff larger than the threshold value of 0.055 cm.

FUTURE RESEARCH
Although the data presented in this article is first-ever catchment scale runoff analysis for
engineered hill slopes of EFCs, yet the current study was limited in soil water instrumentation

along single vertical transect only. Hence the author acknowledges the limitation of discussion to
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explain more realistic three-dimensional physical processes governing a hill slope EFC hydrology.
As an example, the instrumentation was unable to identify runoff “hot-spot” distribution within
the catchment. A more distributed set of water content and suction sensors across the catchment is
needed to accurately characterize not only soil water retention and hydraulic conductivity
properties but also the effect of local landscape and topography of the catchment on runoff
generation (Western et al. 1999). Although, construction of a catchment scale lysimeter to measure
percolation can be economically and logistically prohibitive, yet a small lysimeter within the
landfill catchment can be useful to precisely quantify scale effects on runoff and other water
balance parameters from EFCs. The spatial and temporal measurement of plant canopy (leaf area
index, etc.) and soil water repellency can provide more insight in hill slope runoff generation
processes (Miyata et al. 2007; Gomi et al. 2008). Hydro-chemical studies on runoff water can help
to quantify overland runoff connectivity networks, sediment concentrations and chemical leaching
across landfill covers (Godsey et al. 2012). Lastly, effect of hysteresis in soil water storage and
runoff response must be evaluated to accurately model and predict deep percolation from hill

slopes (Graham et al. 2010).

SUMMARY AND CONCLUSIONS

EFC located in a semiarid climate of Austin, Texas was instrumented to measure catchment
scale runoff and soil water storage. Two instrumented landfill catchments designated as upper
catchment and lower catchment had the areal extent of 3,716 m? (0.9 acre) and 6,503 m? (1.6 acre),
respectively, and runoff lengths of 30 m and 53 m, respectively. EFC consisted of 15 c¢cm thick
vegetative layer underlain by a 90 cm thick compacted storage layer. The data collected over

twenty three months is presented in this paper. Following key observations were made:
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1y

2)

3)

4)

5)

Total runoff of 12% and 8% was recorded for upper catchment and lower catchment,
respectively. Upper catchment with smaller runoff length and smaller areal extent had less re-
infiltration than lower catchment. Hence, more runoff was collected from upper catchment.
Winter 2012 (Season 1) and Fall 2013 (Season 3) recorded more runoff than intermediate
seasons. Percent runoff and daily precipitation intensity correlated positively during Season 1
and Season 3, but no correlation could be established for the intermediate season. Seasonal
variation of runoff was attributed to complex interplay of total precipitation, average
precipitation intensity, precipitation return period, antecedent soil water content, PET/P and
vegetation cover. Daily precipitation intensity could not be used as a standalone variable to
predict runoff from EFC at ACL.

Runoff generated by the upper catchment correlated by a power law to the runoff generated by
the lower catchment for the same precipitation events. The power law relationship was not
significantly affected by spatial and temporal variation of precipitation, soil hydraulic
properties, antecedent soil water content and surface depressions implying that the two
catchments had similar intra-catchment runoff hydrology.

Runoff hydrology of EFC was generally governed by three-dimensional ‘fill and spill’
mechanism and not by two-dimensional variable source area mechanism. Hence, middle nest
did not feed bottom nest making them hydraulically disconnected for the monitoring period
after Winter 2012.

A threshold precipitation of 0.8 cm/day was necessary for plant canopy abstraction, filling
isolated unsaturated plots, spilling excess precipitation and connect them hydraulically to

record net runoff from EFC catchments at ACL.
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6) Higher sediment yield was recorded from the upper catchment than the lower catchment due
to higher runoff produced by upper catchment.
7) Sediment yield correlated positively to measured runoff with a power law relationship for both

catchments.
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PAPER 2: NUMERICAL MODELING OF SURFACE RUNOFF AT AN
INSTRUMENTED CATCHMENT SCALE EARTHEN FINAL COVER IN SEMIARID

CLIMATE

ABSTRACT

Two catchment scale test sections of an earthen final cover (EFC), with areal extent of
3,716 m? (0.9 acre of upper catchment) and 6,503 m? (1.6 acre of lower catchment) were
instrumented to measure runoff and soil water parameters at several depths. EFC is located in
Austin, Texas which is classified as semiarid climate. Vertical soil water flow was monitored with
co-located suction and water content sensors in top nest of upper catchment and in middle and
bottom nests of lower catchment. Runoff from each catchment was measured with dedicated storm
water monitoring system consisting of automated high capacity above ground storage tanks. The
field data collected over fifteen months was modeled with UNSAT-H and RZWQM. The
catchment scale hydrology was idealized as 1-D vertical unsaturated flow. Co-located suction and
water content sensors were used to estimate the unsaturated hydraulic parameters for modeling.
UNSAT-H under predicted runoff for all three nests. RZWQM was unable to model unsteady
precipitation events and over predicted runoff. However, UNSAT-H predicted runoff was
relatively accurate than RZWQM. Soil water contents were under predicted in wet season and over
predicted in dry season by both models. UNSAT-H inaccurately predicted runoff and soil water
contents at small temporal scale of daily storm-events but at seasonal and annual scale UNSAT-H

predictions were relatively accurate.
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INTRODUCTION

Earthen final covers (EFCs) had been used for more than two decades in lieu of
conventional covers to isolate municipal solid waste (MSW) landfills depending on the hydraulic
conductivity of the underlain bottom liner system and consequently prevent ground water and air
pollution (Nyhan 1990; Mijares et al. 2012). Conventional covers as prescribed by United States
Environment Protection Agency (USEPA 1992) usually have a geomembrane as a hydraulic
barrier to impede deep percolation while EFCs store water infiltration in a storage layer and release
it back to the atmosphere as evapotranspiration (ET). Although EFCs usually offer economic
advantages over conventional covers, the performance of EFCs is not uniform across all regions
and is influenced by local climate (Hauser et al. 2001). Hence, EFCs require field or numerical
validation to prove hydraulic equivalency with respect to conventional covers [CFR 258.60(b) (1),
United States Government 2002]. Several lysimeter studies had been done in last two decades to
measure deep percolation and demonstrate equivalency criterion across United States in various
climates. In addition to proving equivalency criterion, the lysimeter studies also helped in
quantifying the underlying physical processes which govern hydraulic flow across these barriers
(Khire et al. 1997; Khire et al. 1999; Khire et al. 2000; Albright et al. 2004; Scanlon et al. 2005;
Mijares et al. 2012). However construction of field scale test sections is expensive and requires a
few years of monitoring. With the total number of landfills in United States numbering
approximately 1900 (USEPA 2013), the construction of lysimeter to measure deep percolation
through EFCs at every site is both economically and logistically prohibitive. Hence, numerical
models become useful in predicting the short term and long term behavior of EFCs to prevent deep
percolation across in different climatic conditions. Short term simulations are usually done to

simulate measured lysimeter water balance for a few years and ascertain the accuracy or calibrate
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numerical codes. Long term simulations usually involve several continuous years of climate
loading to predict steady state water balance parameters of EFCs.

Water flow in EFCs is governed by interplay of several physical processes broadly
categorized under water balance and unsaturated flow. The physical processes of water flow across
the soil-atmosphere interface are classified as water balance while the physical processes
governing the subsurface water flow are classified as unsaturated flow. Numerical models differ
in implementation complexity to simulate water balance and unsaturated flow in one, two or three
dimensions. HELP, UNSAT-H, Vadose/W, HYDRUS, SoilCover, SHAW, SWIM, LEACHM and
VS2DTI are among several public domain and commercial softwares available for predicting the
hydraulic behavior of EFCs on landfill (Scanlon et al. 2002; Bohnhoff et al. 2009). Khire et al.
(1997) critiqued UNSAT-H (Fayer 2000) and HELP (Schroeder et al. 1994) for several measured
water balance variables from lysimeter test sections of final cover on existing MSW landfill
located in semiarid climate of western United States and humid climate of eastern United States.
Khire et al. (1997) found that HELP significantly over predicted percolation as compared to
UNSAT-H for humid region while both models failed to capture preferential flow across clay
layers in semiarid climate. UNSAT-H was further criticized to under predict deep percolation due
to over prediction of overland runoff for an instrumented lysimeter section in western United States
(Khire et al. 1999). Scanlon et al. (2002) compared performance of several numerical codes by
modifying them to implement identical boundary conditions and hydraulic parameters. The
performance of several codes was gauged against measured water balance variables of capillary
barrier lysimeter test section in hot desert of western Texas and monolithic cover lysimeter in cold
desert of Idaho. Runoff was under predicted by most codes and resulted in £64% error in estimated

percolation. Scanlon et al. (2005) compared short term (1-5 yr) water balance and long-term (25
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year) performance of instrumented lysimeters of capillary barrier, geosynthetic clay-asphalt barrier
and monolithic cover in Texas and New Mexico with UNSAT-H. The authors identified that
differences in climate loading and hydraulic conductivity affected simulated water balance
including runoff. Bohnhoff et al. (2009) used UNSAT-H, VADOSE, HYDRUS and LEACHM to
model measured water balance variables for monolithic cover lysimeter in semiarid climate of
Altamont, California. The authors observed that all models required calibration of soil properties
such as hydraulic conductivity, precipitation rate, etc. to accurately predict measured runoff.
Although water balance modeling has helped to identify previously unknown variables
governing performance of EFCs, yet these models are limited by inherent algorithms to accurately
represent all observed physical hydrology processes of EFCs. Such inabilities are usually
overcome by calibrating the model for site specific data on boundary conditions, climatic
conditions or hydraulic properties. Calibration coefficients thus obtained are site-specific and
cannot be applied to evaluate performance of similar covers at other sites. Such calibrated models
significantly limit the scope of numerical water balance modeling for commercial applications
beyond the test site, and consequently defeat the very purpose of numerical modeling. Further,
calibration coefficients can fail to represent the actual scale dependent physical phenomenon and
yield wrong predictions. A reverse approach is necessary to focus more efforts on measuring the
physical processes accurately and adjudge the error in its simplistic implementation in a numerical
code. Such approach will not limit the universal applicability of numerical of models but will help
modeler to make informed decisions by quantifying error in the predictions. Unfortunately, water
balance modeling for EFCs for MSW landfills has suffered a similar fate. More efforts in recent
years have been concentrated on presenting a better match with measured data by calibrating input

parameters and neglecting underlying physics responsible for anomaly in estimated and measured
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values. Among several parameters in water balance modeling, runoff hydrology of landfill cover
has received minimal attention despite its widely acknowledged effects on water balance modeling
of EFCs.

Over the last two decades, lysimeter studies of EFCs have been conducted with the primary
aim to measure percolation and were limited in areal extent of 0.02 acre to 0.1 acre (Khire et al.
1997, 1999; Albright et al. 2004; Mijares et al. 2012). Unfortunately, runoff from small plot scale
test sections had been routinely assumed in numerical modeling to represent catchment scale
runoff of the entire EFC and efforts had been focused in wrong direction to calibrate input soil
properties to match measured data. Scale effects on measured runoff from natural hill slopes are
known to runoff hydrologist for several decades (Eagleson 1970; Julien and Moglen 1990; van de
Giesen et al. 2000; Gomi et al. 2008). But little literature is available on predicting catchment scale
runoff from engineered hill slopes of EFCs. Recently, attempts have been made to measure
catchment scale runoff from 4,000 m? (0.99 acre) landfill cover and model it with HYDRUS for
humid climate of Alaska (Hopp et al. 2011). However, runoff study at Alaska site was primarily
concentrated on lateral subsurface flow through a drainage layer and consequently has limited
applicability in continental United States where overland runoff usually has been reported as a
major water balance component of EFCs as compared to subsurface lateral flow (Albright et al.

2004).

OBJECTIVE

Catchment scale runoff was measured at an existing landfill EFC located at Austin, Texas.
The test section does not have a lysimeter and consequently the soil water hydrology closely
resembled actual field conditions and was not affected by artificial barrier layer (Mijares et al.

2012). No percolation measurements were made at ACL due to the absence of lysimeter. The
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climate and runoff data collected over a fifteen month period was modeled with UNSAT-H (Fayer
2000) and RZWQM (Ahuja et al. 2000). The predicted results were analyzed with respect to

measured data at different temporal scales.

CATCHMENT SCALE TEST SECTION

Two catchment scale test sections of a landfill cover were instrumented at Austin
Community Landfill (ACL) located in Austin, Texas in mid-December 2011. The upper and lower
catchments were 3,716 m? (0.91 acre) and 6,503 m? (1.61 acre) in areal extent. EFC at ACL
consisted of 90 cm thick storage layer overlain by a 15 cm thick vegetative layer consisting of top
soil (Fig. 2-1). Austin with total precipitation of 92 cm and potential evapotranspiration to
precipitation ratio (PET/P) of about 2.5 for the fifteen month monitoring period, is classified to
have semiarid climate (Albright et al. 2004). The average slope of EFC was about 1V to 4H. EFC
at ACL was constructed about six years before the instrumentation. Hence, the effect of soil
properties and vegetation on the measured EFC runoff and soil water content was assumed to

represent long term or in-service conditions.

SOIL PROPERTIES

The storage layer of EFC at ACL is referred to as Austin clay. It was classified as a high
plasticity clay (CH) as per USCS. Austin clay was compacted to greater than 98% of the maximum
dry unit weight and within 5% of optimum moisture content of standard proctor effort (ASTM
D698). The compaction curve is presented in Fig. 2-2. Soil samples were collected from upper 30
cm depth using 7.5 cm diameter shelby tubes consisting of both top soil and Austin clay. Saturated
hydraulic conductivity of these Shelby tube samples was measured in laboratory with a flexible

wall permeameter (ASTM D5084). Fine clay soil layers governed the laboratory hydraulic
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conductivity of the core samples and reached an average value of 10 cm/sec (Fig. 2-2). As-built
saturated hydraulic conductivity of the storage layer was 5x10® cm/sec (Golder Associates Inc.
2005). As-built saturated hydraulic conductivity of the storage layer increased to 10° cm/sec in
about six years due to cyclic seasons of wetting and drying (Albrecht and Benson 2001). No field
or laboratory tests were done to measure saturated hydraulic conductivity of top soil. EFC
vegetative layer consisting of top soil was a coarse grained silt material and the hydraulic
conductivity was expected to be in the range of 107 to 10~ cm/sec (Scanlon et al. 2002; Scanlon

et al. 2005; Mijares and Khire 2012).

INSTRUMENTATION

Runoff from the two instrumented catchments at ACL was collected in two individual high
capacity tanks. The drain valves of the actuator tanks were opened and closed using an actuator
that was controlled by the datalogger, to empty tanks at a pre-defined water level. The total volume
of water in the tanks was used to calculate net runoff from each catchment. Approximately 30 cm
high earthen berm prevented runoff from upper catchment to enter lower catchment (Fig. 2-1). The
top nest in the upper catchment consisted of co-located water content and suction sensors at depths
of 15 cm, 30 cm, 60 cm, and 105 cm below the ground surface. Lower catchment had middle and
bottom nests of co-located water content and suction sensors at depths of 15 cm, 30 cm and 90 cm
below ground surface. Top nest, middle nest and bottom nest were located in the same vertical
transect. Suction sensors and water content sensors were calibrated using top soil and Austin clay.
A complete set of dedicated climate sensors was also installed to measure hourly precipitation,
solar radiation, and relative humidity. Average daily wind speed data from National Oceanic and
Atmospheric Administration (NOAA) station at Austin executive airport located 12 km north-east

of the instrumented landfill was assumed to be representative of the site. The detailed description
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of ACL site instrumentation and measured data is described in the paper 1.

NUMERICAL MODELING

UNSAT-H (Fayer 2000) is a public domain water balance and unsaturated flow model that
has been used to simulate EFC performance in several studies (Khire et al. 1997; Scanlon et al.
2005; Mijares and Khire 2012). UNSAT-H is a finite-difference code and can simulate both heat
and water flow in vertical dimension only. However, rapid infiltration events in small time
intervals cannot be predicted with UNSAT-H. The primary reason for such limitation is the lack
of inherent algorithms’ ability to simulate multi-phase flow and account for air entrapment during
rapid water infiltration.

Root Zone Water Quality Model (RZWQM version 2.42.2013) (Ahuja et al. 2000; Ma et
al. 2012) is another public domain code which was developed by United States Department of
Agriculture (USDA) for modeling water flow in agricultural systems. The software is a multiple
domain tool as it can simultaneously simulate one-dimension vertical flow of water in soil
capillaries and soil macro-pores. The software is uniquely designed to integrate biological,
physical and chemical processes within several soil layers. However, no biological and chemical
processes were simulated in this study and water flow was assumed to occur only through capillary
pores. The software uses Green-Ampt (1911) equation to model infiltration excess runoff and
Richards’ equation (Richards 1931) to redistribute water within soil layers (Ma et al. 2012). The
code can also simulate heat flow through soil layers but thermal analysis did not form part of the
current discussion. RZWQM uses Shuttleworth and Wallace (1985) method to evaluate potential

evapotranspiration unlike Penman equation (Doorenbos and Pruitt 1977) used by UNSAT-H.
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INPUT PARAMETERS

Simulated vertical water movement at ACL was limited to a depth of 105 cm below ground
surface as no MSW layer was simulated below EFC (Fig. 2-3). The lower boundary condition was
assumed to be unit gradient which was consistent with other similar published studies (Benson
2007; Mijares and Khire 2012). Variable flux boundary was specified as the top boundary
condition which forced water infiltration during precipitation event and removed water from EFC

due to evapotranspiration when there was no precipitation (Fig. 2-3).

METEOROLOGICAL DATA

Climate data collected at ACL site was used as input to both models. Wind speed, solar
radiation, air temperature and dew point were input as daily values in UNSAT-H but as hourly
values in RZWQM. Measured hourly precipitation at ACL was used as input to both UNSAT-H

and RZWQM.

SOIL MATERIAL PROPERTIES
Hydraulic properties necessary to model EFCs usually consist of soil water characteristic
curves (SWCC) and unsaturated hydraulic conductivity function (UHCF). SWCC of ACL soils

was assumed to follow van Genuchten fitting parameters (van Genuchten 1980) as follows

6, -0,

0=0. + .
il + |ah| , 2-1)

where, 0 is volumetric water content, 0: is residual volumetric water content, Os is saturated

volumetric water content, h is matric suction while o, n, and m are curve fitting parameters. UHCF
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of ACL soils was defined by van Genuchten-Maulem function (van Genuchten 1980) as follows

(1—(ah)™[1+(ah)'T")
[1+(ah)"]"

K(h) =K,
(2-2)

where, Ksat 1s saturated hydraulic conductivity, K(h) is unsaturated hydraulic conductivity at
suction h and | is pore-interaction term usually assumed equal to 0.5. Two modifications were
implemented in the above equations to closely represent the predicted field measured unsaturated
hydraulic functions. Firstly, SWCC and UHCF were not related with the same set of o and n.
Secondly, pore-interaction term (l) in definition of UHCF was not restricted to 0.5.

Modified Brooks-Corey fitting parameters instead of van Genuchten parameters were used
for RZWQM simulations (Brooks and Corey 1964; Ahuja et al. 2000) because RZWQM does not
allow UHCF input with van Genuchten fitting function. Brooks Corey SWCC function defined in

RZWQM is as follows
0=0,+a*h when, [h| < [hy| (2-3)

6 -6, =B*h

-2
| when, [h| > [ho| (2-4)

where, hy is the air entry water suction, a is a constant (usually assumed zero) and A is curve fitting

parameter. UHCF was defined in RZWQM as

K(h)=Kg *h™ when, [h| < [hek] (2-5)

K(h)=C, *|n| ™ when, [h] > [hok] (2-6)

where, hvk is the value of air entry water suction for the soil hydraulic conductivity-suction curve,
and N1, N2 and C: are constants (Ma et al. 2012).
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SWCC and UHCEF for top soil were measured in laboratory with dewpoint potentiometer
and centrifuge (Fig. 2-4). Two identical samples of top soil were prepared in relatively large PVC
cylinders (15 cm diameter, 18 cm tall) for centrifuge testing. Top soil samples in PVC cylinders
had an average dry density of 11 kN/m? (1.12 g/cm?). The samples were spun in the centrifuge at
up to 60 times the gravitational force in 1g to 3g increments (ASTM D6836). UHCF of top soil
from centrifuge testing was evaluated according to the method proposed by Passioura (1977). A
detailed description of estimating SWCC and UHCF with centrifuge is presented by Khire and
Saravanathiiban (2012).

Laboratory experiments on large diameter core samples had been traditionally used to
evaluate unsaturated soil water properties of compacted soils (Khire et al. 1997; Ogorzalek et al.
2008; Bohnhoff et al. 2009). However, such spot measurements are limited by temporal evolution
of clay texture which can affect unsaturated flow properties (Benson et al. 2007). Recently Mijares
and Khire (2012) conducted in-situ single-ring infiltrometer tests to measure in-situ saturated
hydraulic conductivity of clay layer while SWCC of clay was evaluated based on in-situ water
content and soil suction values. In this study, field data from in-situ co-located water content and
suction sensors was used to evaluate representative SWCC and UHCF of Austin clay.
Instantaneous profile method was used to evaluate UHCF from suction and water content data
(Meerdink et al. 1996).

In evaluating SWCC from co-located suction and water content sensors data, it was
observed that suction sensors had delayed response to the drying events as compared to water
content sensors. A typical lag in response of co-located suction and water content sensors at 30 cm
depth below ground surface in middle nest is presented in Fig. 2-5. Although water content sensor

started responding to drying on 21 March 2012, it took about one more week (27 March 2012)
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before suction sensor responded to the drying of the soil. Similar behavior was observed for all
suction sensors. No definite spatial or temporal pattern could be established for such time lag
behavior of suction sensors. Consequently each drying event of each suction sensor was analyzed
separately to offset time lag of suction values with respect to corresponding water content readings
while evaluating SWCC and UHCF of Austin clay (Fig. 2-6).

Hysteresis in SWCC and UHCF was ignored and only the drying curves were used to
evaluate SWCC and UHCF. Hysteresis in field-scale modeling of lysimeter EFCs has been ignored
by several authors for fine grained soils (Khire et al. 1997; Ogorzalek et al. 2008; Mijares and
Khire 2012). Bohnhoff et al. (2009) reported that the effect of hysteresis in SWCC and UHCF, on
the water balance predictions for monolithic covers was not significant as compared to sensitivity
of the saturated hydraulic conductivity of the surface layer.

SWCC and UHCF for Austin clay are presented in Fig. 2-6. Table 2-1 presents a summary
of the hydraulic properties of top soil and Austin clay estimated from the field and laboratory

experiments.

INITIAL CONDITIONS

The initial soil water state specified in both models was consistent with the water content
and suction values measured at different depths of the three sensors nests. Water content sensors
in storage layer of middle and bottom nests were connected in February 2012. Hence instead of
water contents, measured suction values were used as initial conditions to simulate middle and
bottom nests. As vegetative layer water content sensors in middle and bottom nests were connected
only in November 2012, water content values of vegetative layer in top nest were used as initial
conditions for simulating vegetative layer in middle and bottom nests.

RZWQM was limited in its ability to accept initial soil water condition drier than
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Table 2-1. Estimated hydraulic properties of top soil and Austin clay

Soil Water Characteristic Curve for van Genuchten

Parameters Top soil Austin clay
Or 0.0 0.04
Os 0.53 0.454
o (1/cm) 0.05 0.0095
n(-) 1.22 1.08

Unsaturated Hydraulic Conductivity Function for van Genuchten-Maulem

Parameters Top soil Austin clay
Ksat (cm/sec) 102 to 1073 10
o (1/cm) 0.05 0.015
n(-) 1.22 2.2
I (-) -3.0 -2.8
Soil Water Characteristic Curve for Brooks-Corey
Parameters Top soil Austin clay
Or 0.0 0.04
Os 0.53 0.454
A1 0.0024 0.0
A2 0.21 0.077
hb (cm) 38.39 80.0

Unsaturated Hydraulic Conductivity Function for Brooks-Corey

Parameters Top soil Austin clay
Kiat (cm/sec) 10~ 106
Ny 0.0 0.0
N2 1.8 1.02
hbk (cm) 4.0 20.0
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2x10° cm (= 200 bars). Hence, suction values larger than 2x10° cm at Austin site were reduced by

the program to 2x10° ¢m for all three nests.

NUMERICAL CONTROL PARAMETERS

For UNSAT-H simulations, numerical mass balance error was minimized by controlling
spatial and temporal discretization. Nodal spacing near the top and bottom boundaries and
vegetative layer-storage layer interface was maintained relatively small at 1 mm. Such non-
uniform spatial discretization helped to reduce mass balance error for relatively large time steps
and consequently reduced the total simulation time. A maximum time step of 1 hour and a
minimum time step of 107!° hours was used for UNSAT-H. The time step was reduced by a factor
10 with the onset of rainfall events in UNSAT-H. RZWQM internally evaluates time step
intervals but utilizes user defined maximum number of iterations per time step to achieve target
mass balance error before advancing to next time step. Mass balance error was less than 0.1% for

all simulations.

RESULTS AND DISCUSSION

ACL site received a cumulative precipitation of 92 cm from 15 December 2011 to 15
March 2013. A total of 17 storms generated runoff during the fifteen months. Lower catchment
generated 10 cm total runoff and upper catchment generated 7.5 cm total runoff (Fig. 2-7). 1-D
simulations using UNSAT-H and RZWQM had same material properties and climate loading, but
differed in initial water saturation conditions for different soil layers. Runoff coefficient was
defined as the ratio of runoff to precipitation. No quantitative measurements of vegetation
parameters such as root depth, leaf area index, etc. were done at ACL and consequently effect of

transpiration was not simulated.
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Table 2-2. Hydraulic properties of top soil used in different UNSAT-H simulation sets for
upper catchment

Hydraulic property Simulation set 1 Simulation set 2 Simulation set 3
Krs (cm/sec) 102 1.4x1073 1.4x1073
a (1/cm) 0.05 0.05 0.05
n 1.22 1.22 1.6
1 -3.0 -3.0 -2.4

Table 2-3. Summary of measured and simulated water balance variables for ACL

Sensor | Sim. Krs Precip. | PET | Runoff | ET | Perc.
Source Catchment
Nest set | (cm/sec) | (ecm) | (em) | (cm) | (em) | (cm)
Measured Upper j ] ] 92 10 ] ]
Feld) | fower |- - i 92 7.4 - -
Simulated Data
1. 102 92 227 5.2 92 0.1
Upper Top 2. 1.4x1073 92 227 10 82 0.3
UNSAT-H 3. 1.4x1073 92 227 5.6 91 0.1
Middle | 2. 6.8x1073 92 227 7.4 93 0.2
Middle
Bottom | 2. | 4.3x107 92 227 7.4 90 0.2
RZWQM | Upper Top l. 102 92 204 19.7 82 0.1

71




Cumulative Quantity (cm)

100 L L] L] L L L L L L L L L] L] L L L L L L] L] L L] L] L L
80 Precipitation 1
60 _,_.--'J
40 r-

Upper (1‘1%)
———— ] ‘
\V Lower (8%) -
0 1 '] ﬁ?J 1 1 1 1 1 1 '] '] 1 1 1 1 1 '] '] i 1 '] '] 1 1
Dec/15 Mar/15 Jun/15 Sep/15 Dec/15
2011-2013

Mar/15

Figure 2-7. Measured runoff at Austin Community Landfill
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UNSAT-H: Measured versus Predicted Runoff

EFCs are subjected to drying and wetting cycles owing to seasonal climate change, which
results in evolving soil structure and subsurface flow paths (Albrecht and Benson 2001). This
dynamic evolution of the subsurface flow in EFCs is further aggravated by changes in root
penetration due to seasonal changes in vegetation cover. However, numerical models such as
UNSAT-H and RZWQM do not model such dynamic evolution of soil structure but represent it as
a static material property. Hence, field measured storage layer soil hydraulic properties were used
in the model domain to closely simulate EFC runoff hydrology. UHCF of top soil was measured
with laboratory experiments. However, saturated hydraulic conductivity of top soil was not
measured. Consequently, hydraulic conductivity parameters of top soil were varied to conduct
simulation set 1, simulation set 2 and simulation set 3 to assess the effects thereof on UNSAT-H
predicted runoff hydrology of upper catchment. Table 2-2 and Fig, 2-8a present the different soil
hydraulic properties used for different simulation sets and Table 2-3 presents water balance
summary of all simulations.

UNSAT-H was unable to accurately predict the measured runoff with top soil saturated
hydraulic conductivity (Krs) of 10 cm/sec in simulation set 1. A low Krts value of 1.4x10 cm/sec
was used in UNSAT-H simulation set 2 which accurately predicted upper catchment measured
runoff (11%). However, lowering of Krs resulted in large errors with respect to measured top soil
UHCEF. In simulation set 3 a new set of fitting coefficients were evaluated for low Krs (1.4x1073
cm/sec) and measured UHCF data. UNSAT-H under predicted runoff (5.5%) for upper catchment
in simulation set 3 (Fig. 2-8b). Similar behavior of UNSAT-H predictions was observed for lower

catchment.
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Krs from simulation set 2 was varied to accurately predict measured runoff from lower
catchment. Krs for lower catchment increased by about 3 times (4.3x107 cm/sec for bottom nest)
to 5 times (6.8x107 cm/sec for middle nest) from upper catchment Krs (1.4x107 cm/sec) to
accurately predict measured runoff with UNSA-H (Fig. 2-9, Fig. 2-10 and Fig. 2-11). Thus,
calibrated Krs for both catchments were within the same order of magnitude.

UNSAT-H predicted high cumulative monthly runoff coefficient in Winter and Spring
2012 followed lower cumulative runoff coefficient from Summer 2012 to Winter 2013 for upper
catchment which was similar to the measured monthly runoff coefficient for the upper catchment
(Fig. 2-12). Similar observation was made for lower catchment. However, predicted cumulative
monthly runoff coefficients for the lower catchment were relatively accurate than upper catchment
(Fig. 2-13).

Bohnhoff et al. (2009) had over predicted runoff for monolithic cover at Altamont,
California by factor of 1.65 to 5.7 with UNSAT-H. However use of field measured UHCF and
hourly precipitation intensity at ACL helped simulate the catchment scale hydrology more
realistically and predict monthly and annual scale catchment runoff relatively accurately.
Nonetheless, UNSAT-H predicted runoff was significantly affected by Krs and UHCF fitting
coefficients of top soil. Large diameter laboratory samples of top soil were not representative of
the field conditions and UHCF measured thereof, failed to capture evolving top soil hydraulic

properties in space and time to accurately model EFC hydrology with UNSAT-H.

RZWQM Predicted Water Balance

Unlike UNSAT-H, all three nests simulated with RZWQM predicted same water balance
values because the initial saturation for all three nests was limited by a maximum allowable suction

value (2x10° cm). RZWQM over predicted runoff coefficient (0.21) compared to the measured
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runoff coefficients of 0.11 and 0.08 for upper and lower catchments respectively, with a high Krs
value of 10 cm/sec (Fig. 2-14). Similar observation was made by Ma et al. (2007), where
RZWQM over predicted runoff from 26 plots near Nashua, lowa. Measured surface runoff at
Nashua, lowa ranged from 0.1 cm/yr to 0.7 cm/yr while RZWQM predicted it to 0.9 cm/yr to 13.2
cm/yr. RZWQM does not incorporate surface roughness and surface detention storage and hence
over predicted the runoff (Ma et al. 2007).

Runoff predicted by RZWQM (19.7 cm) was greater than UNSAT-H predicted runoff (5.2
cm) when Kts = 102 cm/sec was used for upper catchment. RZWQM also under predicted PET
(204 cm) and ET (82 cm) compared to those predicted by UNSAT-H. RZWQM runoff and
infiltration predictions were affected significantly by input hourly precipitation intensity as

discussed in the next section.

RZWQM: Effect of Input Precipitation Intensity on Simulated Water Balance

Although ACL upper catchment field-scale runoff processes could not be closely
represented by 1-D simulations of RZWQM, upper catchment was used to compare the effect of
input precipitation intensity on RZWQM predicted runoff because soil water content readings
necessary to accurately define the initial conditions were available only for upper catchment. In
order to quantify the effect of precipitation intensity on RZWQM predicted runoff, upper
catchment was simulated in RZWQM with a uniform steady precipitation intensity of 1 cm/hr and
compared to RZWQM predictions using measured unsteady hourly precipitation intensity at ACL.
Daily precipitation was applied continuously at the rate of 1 cm/hr for successive hours starting
midnight until the remainder precipitation was less than 1 cm for the next hour, which was
distributed over the last hour. RZWQM predicted 19 cm total runoff (runoff coefficient = 0.21)

with measured hourly precipitation intensity. However, the predicted total runoff of 9 cm (runoff
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coefficient = 0.10) was relatively accurate with respect to the measured runoff value of 10 cm
(runoff coefficient = 0.11) for RZWQM simulations with input precipitation intensity of 1 cm/hr
(Fig. 2-15). RZWQM uses Green-Ampt (1911) model to evaluate infiltration and sheds off excess
precipitation as runoff. Richards’ equation is used by RZWQM to model unsaturated flow only in
between the consecutive precipitation hours. Water balance predictions from such infiltration
formulation of RZWQM were found to be dependent on the input of precipitation intensity.
RZWQM predicted daily infiltration values were up to two times higher for simulations with 1
cm/hr precipitation intensity than for simulations with the measured hourly precipitation intensity
as input (Fig. 2-16). The difference in predicted daily infiltration between the two simulations was
relatively more pronounced for runoff predicting precipitation events than zero runoff predicting
precipitation events. Higher infiltration resulted in less predicted cumulative runoff with 1 cm/hr
precipitation intensity. Hence, Green-Ampt infiltration model implemented in RZWQM was

unable to model unsteady hourly ACL water balance processes accurately.

Measured and Predicted Soil Water Contents with RZWQM and UNSAT-H

Upper catchment soil water contents predicted by RZWQM and UNSAT-H were compared
with the measured soil water contents (Fig. 2-17). RZWQM simulations with Krs value of 10
cm/sec and UNSAT-H simulations with Krs value of 1.4x10” cm/sec from simulation set 2 are
presented to maintain continuity with the corresponding runoff simulations discussed earlier in the
paper. UNSAT-H simulated water contents for upper catchment with simulation set 1 and
simulation set 3 behaved in the similar fashion as UNSAT-H simulations with simulation set 2 as
presented in Fig. 2-17.

RZWQM and UNSAT-H were unable to accurately predict daily soil water contents

accurately. But seasonal variations in measured water content at all depths were predicted
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relatively accurately by both models (Fig. 2-17). Similar to the measured data, higher soil water
contents were predicted in Winter 2012 which dropped to relatively low predicted values in the
subsequent seasons and never reached the high values observed in Winter 2012 for both models.
Several authors had reported similar finding while simulating soil water contents of engineered
clay soils of EFCs and natural soils. Khire et al. (1997), Mijares and Khire (2012) and Scanlon et
al. (2002) successfully used UNSAT-H to predict seasonal variation in the soil water storage across
United States in semiarid climate of Wenatchee, sub-humid climate of Detroit, and semiarid
climate of west Texas. Ghidey et al. (1999) used RZWQM to predict seasonal variation in soil
water contents relatively accurately at depths equal to 15 cm, 60 cm, 75 cm and 90 cm with respect
to the measured data at Missouri MSEA (Missouri Management Systems Evaluation Area).

Seasonal soil water contents were under predicted in Winter 2012 but over predicted by
both models after winter season 2012 for shallow depth of 30 cm and deeper depth of 105 cm of
the upper catchment (Fig. 2-17). Seasonal soil water content predictions in water balance codes is
dependent on the accuracy of runoff predictions. Over prediction of cumulative runoff in Winter
and Spring 2012 resulted in under prediction of soil water contents as less water was available for
infiltration in UNSAT-H simulations. Similar observation of over estimation of runoff by water
balance codes resulting in under estimation of infiltration and consequently lower predicted soil
water storage was made by several authors (Fayer et al. 1992; Bohnhoff et al. 2009; Ma et al. 1999;
Scanlon et al. 2002). Soil water storage was over predicted for Summer 2012 to Winter 2013
irrespective of relatively accurate prediction of cumulative runoff by UNSAT-H. Transpiration
loss due to vegetation resulting in lower soil water storage was not simulated in UNSAT-H which
resulted in over prediction of soil water storage.

At seasonal and annual temporal scale, soil water contents predicted by RZWQM closely
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followed UNSAT-H predictions and were not significantly affected by inter-code differences in
runoff calculations and initial conditions. RZWQM predicted higher soil water content than
UNSAT-H at both shallow and deep depths for the wet season until Winter 2012, which was due
to relatively wetter initial conditions simulated by RZWQM. However, RZWQM consistently
under predicted soil water contents for rest of the simulated period after Winter 2012. The
difference in the daily predicted runoff by UNSAT-H and RZWQM resulted in relative difference
in daily infiltration and evaporation predictions which consequently led to the difference in soil

water content predictions.

Event Scale Analysis UNSAT-H Results

Runoff ratio was defined as the ratio of UNSAT-H predicted runoff to measured runoff.
Hence, runoff ratio greater than one indicated over prediction of runoff by UNSAT-H and vice
versa. A comparison of runoff ratios for the individual storm events with the measured runoff was
done for upper catchment (Fig. 2-18). UNSAT-H predicted lower catchment runoff generally
followed the upper catchment runoff trends and is not discussed further. UNSAT-H predicted 9
runoff events compared to 17 runoff events measured for the upper catchment. UNSAT-H
generally under predicted daily runoff. Runoff ratio histogram was sorted in ascending order
respect runoff ratio and compared with the corresponding measured runoff to establish a possible
correlation. No correlation could be established between the measured runoff and runoff ratio.
UNSAT-H predict zero runoff on 8 January 2013 (measured runoff = 0.07 cm) but relatively
accurately predicted runoff on 18 August 2012 (measured runoff = 0.08 cm) and 7 May 2012
(measured runoff = 0.04 cm) for similar measured runoff. Hence, UNSAT-H predicted runoff was
not correlated to the measured runoff. However cumulatively over the 15 month period, runoff

predicted by UNSAT-H was relatively accurate.
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Hill slope runoff usually consists of both infiltration excess runoff and saturation excess
runoff components (Beven and Kirkby 1979; Freeze 1980; Beven 1986; Wood et al. 1988; Binley
et al. 1989). UNSAT-H is primarily an infiltration excess capillary flow model (Fayer 2000) and
spatial processes such as lateral subsurface flow, macro-pore flow, slope inclination, local
depression storage, vegetation canopy, runoff flow connectivity and rainfall distribution which
govern hill slope overland runoff (Hewlett and Hibbert 1967; Dunne and Black 1970b; Weyman
1973; Dunne et al. 1991; Abrahams et al. 1994; Gomi et al. 2008) were not simulated by UNSAT-
H. Further, process based models such as UNSAT-H cannot always predict event-dependent
hydrologic response of heterogeneous catchments with mean soil parameters and mean initial soil
water conditions (Merz and Plate 1997). Hence, UNSAT-H predicted runoff values for individual
storm events were inaccurate but catchment scale annual and cumulative monthly runoff values

predicted by UNSAT-H were relatively accurate.

SUMMARY AND CONCLUSIONS

An existing landfill EFC was instrumented in semiarid climate of Austin, Texas to measure
catchment scale runoff. Runoff, soil water contents and soil suctions were measured for the
monitoring period of fifteen months. UNSAT-H and RZWQM were used to simulate 1-D
unsaturated zone hydrology and water balance of the two test catchments using the hydraulic
properties estimated from three instrumented nests located in different catchments at different
elevations along the same vertical transect.

UNSAT-H predicted runoff was significantly affected by input top soil saturated hydraulic
conductivity and UHCF. Laboratory measured UHCF did not represent the catchment scale
hydraulic properties of top soil to model EFC hydrology accurately with UNSAT-H. However, at

annual time scale, UNSAT-H predicted EFC runoff relatively accurately with Krs value ranging
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from 1.4x107 cm/sec to 6.8x107 cm/sec. RZWQM grossly over predicted runoff with measured
hourly precipitation. However, RZWQM predicted runoff was relatively accurate when daily
precipitation was applied at a uniform precipitation intensity of 1 cm/hr. Green-Ampt infiltration
model implemented in RZWQM was unable to simulate unsteady hourly water balance at ACL.

None of the numerical models were able to predict soil water contents of the storage layer
accurately. RZWQM and UNSAT-H under predicted soil water contents during Winter 2012 but
over predicted soil water contents in Summer 2012. UNSAT-H was also unable to accurately
predict event scale runoff hydrology at ACL.

The current study was able to verify the use of 1-D water balance models for predicting
runoff from catchment scale EFCs. UNSAT-H performed relatively accurate at the annual scale
than RZWQM. Additional data if collected to study the spatiotemporal effects of vegetation and
macro-pore flow on runoff connectivity and infiltration can help in quantification of the physical
processes governing catchment scale runoff which can be subsequently used to modify numerical

models to better predict EFC hydrology.
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PAPER 3: PREDICTED SURFACE RUNOFF FOR EARTHEN COVERS IN TEXAS

ABSTRACT

Numerical models are routinely used to design earthen final covers (EFCs) to cap
municipal solid waste landfills. Several studies over the last two decades have highlighted the
importance of calibrated numerical models in predicting long term hydrology of EFCs. A regional
scale numerical modeling study for Texas was undertaken to assess the influence of soil depth,
soil type and climatic conditions on the landfill cover hydrology. UNSAT-H, a water balance and
unsaturated flow model was used for the regional scale hydrology modeling. A total of twenty four
stations located in Texas were identified with high quality meteorological data for about fifty years
or more (1961-2011). Multi-year average precipitation year (APY) simulation followed by a wet
precipitation year (WPY) were deemed to represent the critical scenario for simulating long term
EFC hydrology. WPY annual runoff was generally higher than APY annual runoff for all stations.
Annual runoff for both APY and WPY generally increased from west to east Texas consistent with
the annual precipitation. Daily and annual runoff correlated positively with precipitation for the
entire Texas for both APY and WPY climates. Daily runoff-precipitation relation generally
correlated better than annual runoff-precipitation relation for both APY and WPY climates. Daily
and annual runoff was highly variable in drier regions (west Texas) and correlated poorly with
precipitation as compared to wet regions (east Texas). The statistical correlation of WPY annual
runoff with APY annual runoff was poor. UNSAT-H simulations did not consider ground surface
roughness, runoff connectivity, vegetation cover, soil water hysteresis, macro-pore flow, spatial
and temporal variation in soil hydraulic properties, slope inclination and slope length of landfill
covers which can significantly affect catchment scale EFC runoff generation and soil water

balance.
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INTRODUCTION

Earthen final covers (EFCs) or alternative final covers are used for isolating municipal
solid waste (MSW) in landfills depending on the liner system below. EFCs when designed properly
minimize both the percolation to the landfills and the fugitive greenhouse gas emissions from
escaping landfills (Nyhan et al. 1990; Borjesson and Svensson 1997; Hauser et al. 2001;
Madalinski et al. 2003; Scheutz et al. 2003; Mijares et al. 2012). EFCs are engineered earthen
layers designed to store infiltration and release it back as evapotranspiration (ET). However,
permitting of EFCs often requires field-scale demonstration to evaluate its hydraulic equivalency
with the conventional covers [CFR 258.60(b) (1), United States Government 2002]. Several field-
scale studies had been conducted in last two decades to identify design variables governing
performance of EFCs (Nyhan et al. 1990; Khire et al. 1997, 1999; Scanlon et al. 2002; Scanlon et
al. 2005, Albright et al. 2004; Mijares et al. 2012). As these field-scale studies are expensive and
extend only for a few years, numerically calibrated models are often used to estimate the long term
performance of EFCs (Scanlon et al. 2005; Khire et al. 2000).

Design and performance of EFCs is primarily controlled by thickness of soil layers, soil
hydraulic properties and climate (Khire et al. 2000). Soil water storage layer thickness and soil
type (i.e., soil hydraulic properties) can be varied to meet design criterion. However, limited
modeling studies have been done to study EFC water balance at a regional scale.

A regional scale water balance mapping and analysis generally consist of one or more of
the arithmetic averaging, area weighted averaging, statistical interpolation, empirical water
balance equations and process based water balance modeling techniques (Arnell 1995). Algebraic
and statistical interpolation techniques become constrained at a regional scale due to limited data

on catchment scale hydrology of EFCs. Consequently, process based water balance modeling is
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an alternative for regional scale runoff and hydrology analysis of EFCs. Similar approach was used
by Keese et al. (2005) to predict annual ground water recharge for thirteen aquifer regions in Texas.
The primary objective of the current water balance modeling study is to simulate runoff for

EFCs located in Texas and map runoff at a regional scale for Texas.

STUDY AREA

The west south central state of Texas (US Census Bureau classification) is characterized
with diverse hydro-geologic settings. With an area of approximately 700,000 km?, the elevation in
Texas ranges from sea level along the coast line in southern part to 2,700 m in Guadalupe Peak in
west Texas. The mean annual precipitation in Texas ranges from 147 cm in east to 36 cm in the
west part of the state. North America Cordillera (more popularly known as Rocky Mountains) acts
as a barrier to the east-west flow of air across United States and provides an ideal pathway for cold
winds from Canada travelling south to Texas which results in relatively cold temperatures in north
Texas. Gulf of Mexico serves as the primary source of east-west variation in precipitation with
high precipitation in the east than west Texas. Thus, generally the precipitation in Texas increases
from west to east and the temperature increases from north to south (Nielsen-Gammon 2011).
Texas with a wide geologic, climate and soil diversity presents an ideal setting to understand

regional scale water balance of EFCs.

NUMERICAL MODEL

HYDRUS, Vadose/W, UNSAT-H, LEACHM, HELP are several public domain and
commercial codes routinely used to model EFC hydrology (Khire et al. 1997; Mijares et al. 2012;
Bohnhoff et al. 2009; Ogorzalek et al. 2008; Albright et al. 2013). UNSAT-H (Fayer 2000) is a

public domain unsaturated flow and water balance model and has been validated to closely
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simulate lysimeter water balance of EFCs (Scanlon et al. 2002; Mijares and Khire 2012). UNSAT-
H was also able to successfully predict catchment scale runoff from EFC in semiarid climate of
Austin as presented in paper 2. Keese et al. (2005) used UNSAT-H for regional scale studies to
simulate natural aquifer recharge of Texas and Khire et al. (2000) used UNSAT-H to predict long
term design variables for capillary barrier MSW landfill cover in semiarid climate of Wenatchee.
Hence, UNSAT-H has been successfully used for both regional scale study and long term water
balance simulations and consequently was chosen for the current study.

UNSAT-H is a finite-difference code and can simulate 1-D heat and liquid flow through
unsaturated soils under different meteorological conditions. However, only isothermal simulations
were carried out in this study. The numerical algorithm of UNSAT-H can be divided in two parts:
(1) water balance computations and (2) unsaturated flow. Water balance part of the code is
represented as:

AS=P-Ro-ET-D (3-1)
where, P is precipitation, Ro is runoff, ET is evapotranspiration, D is deep drainage or percolation,
and AS is change in soil water storage. Unsaturated flow within a soil layer is simulated by

UNSAT-H with Richards’ equation (Richards 1931)

00 0 oh
- K(H)(E + 1j -S(z,1) (3-2)

where, 0 is volumetric water content, K(0) is unsaturated hydraulic conductivity dependent on
volumetric water content, h is suction head, z is vertical distance below the ground surface, t is
time and St is source or sink term.

Upper boundary of the soil domain in UNSAT-H can be simulated as a constant head or

variable flux boundary. Under climate loading, the upper boundary in UNSAT-H loses water to
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ET at a maximum potential flux if the suction at top node is smaller than pre-specified maximum
suction. This maximum suction hdry was set to 10,000 m for all simulations in the current analysis.
The maximum potential ET flux evaluated by UNSAT-H is computed with Penman equation
(Doorenbos and Pruitt 1977).The top boundary changes to a constant head boundary condition
(equal to hdary) when the suction at top node rose above the maximum suction. ET in such condition
is calculated based on water flux across lower nodes below the soil surface. The bottom boundary
of in-situ landfill covers is usually soil-waste interface. The waste layer underlying the landfill
cover was not simulated in UNSAT-H and the bottom boundary of EFC was idealized to have unit
gradient allowing free gravitational water flow (Fayer et al. 1992; Khire et al. 1997). Mijares and
Khire (2012) also used unit gradient bottom boundary condition for UNSAT-H modeling and
predicted percolation relatively accurately for an instrumented EFC in Detroit. No explicit
subroutine is available in UNSAT-H to model runoff. However, excess precipitation which is

unable to infiltrate the soil is lost from the upper soil boundary as runoff.

INPUT PARAMETERS

Meteorological data, soil hydraulic properties and soil layer thickness were among several
variables needed as input to UNSAT-H. Precipitation, air temperature, dew point and wind speed
were sourced from National Climate Data Centre (NCDC) of NOAA (http://www.ncdc.noaa.gov/).
Solar radiation data was retrieved from National Solar Radiation Database (NSRDB) (Wilcox
2007). The number of simulated stations in Texas was constrained to twenty four due to the limited
availability of high quality climate data necessary as input to UNSAT-H. No transpiration loss due
to vegetation cover was assumed and all the simulations were done for bare ground conditions.

Such an assumption was expected to predict worst case runoff in field conditions with minimal
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water loss due to surface roughness, plant canopy abstraction and opportunistic infiltration due to
root penetration.
Soil hydraulic parameters were modeled in UNSAT-H with van Genuchten (1980)
functions. Soil water characteristic curve (SWCC) was defined as follows:
0, -6
0=0, + ——
n m
il + |ah| ’

(3-3)
where, 0 is volumetric water content, O: is residual volumetric water content, Os is saturated
volumetric water content, h is matric suction while a, n, and m are curve fitting parameters.
Unsaturated hydraulic conductivity function (van Genuchten 1980) was defined as follows

(1—(ahy™[1+(ah) T}
[1+(ah)"T"

K(h)=K,
(3-4)

where, Ksat is saturated hydraulic conductivity, K(h) is unsaturated hydraulic conductivity at

suction h and | is pore-interaction term usually assumed equal to 0.5.

SOIL TYPES

CH, SM-ML and SM were three soil types simulated for all stations to closely replicate the
range of soil types that can be used as storage layer of EFC in Texas. These soils have been tested
by Kaushik et al. (2014), CEC (1997) and Khire et al. (1994), respectively. Vegetative layer was
assumed to be made up of a top soil tested by Kaushik et al. (2014) for an EFC located in Austin,
Texas. The unsaturated properties of top soil were measured in laboratory with centrifuge and
dewpoint potentiometer (Kaushik et al. 2014). Field measured water content and suction data was
used to evaluate CH unsaturated hydraulic properties because in-service properties were necessary

for water balance models to accurately predict evapotranspiration and runoff from EFCs
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(Ogorzalek et al. 2008; Bohnhoff et al. 2009; Mijares and Khire 2012; Albright et al. 2013).
Unfortunately, unsaturated properties of SM-ML and SM were limited to laboratory measurements
due to lack of field data. SM-ML and SM soil properties were identical to the properties used by
Khire et al. (2000) to simulate long term water balance of capillary barrier MSW covers in arid
and semiarid climates of United States. A summary of soil hydraulic properties used in UNSAT-

H simulations is presented in Table 3-1 while the respective plots are presented in Fig. 3-1.

METEOROLOGICAL DATA

The precipitation data collected over 50 years (1961-2011) was used to evaluate average
annual precipitation and 95 percentile annual precipitation at twenty four weather stations.
Average precipitation year (APY) and wet precipitation year (WPY) were defined as the climate
year which received average (arithmetic mean) 50 year precipitation and 95 percentile or higher
precipitation, respectively for the water balance modeling. Once the magnitude of APY and WPY
precipitation were calculated, a specific year that represented APY precipitation and a specific
year that represented WPY precipitation were identified such that all other climatic data (solar
radiation, air temperature, etc.) were available for the chosen years, from NOAA to create UNSAT-

H climate input.

INITIAL CONDITIONS

The initial condition was assigned as suction corresponding to 60% saturation of the cover.
Water balance of simulated EFCs reached a steady-state within twenty years of successive APY
loading. Final degree of saturation of EFC at the end of twenty years of APY loading was used as
initial condition for WPY simulations. WPY was simulated only for one year and was assumed to

represent twenty year climate return period.
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Table 3-1. Hydraulic soil properties for UNSAT-H simulations

Soil Water Characteristic Curve Parameters

Parameters 0s (cm3/cm3) 0r (cm3/cm3) o (1/cm) n(-)
Top soil! 0.0 0.5326 0.05 1.22
CH soil' 0.454 0.04 0.0095 1.08

SM-ML soil? 0.35 0.02 0.012 1.123
SM soil® 0.02 0.42 0.005 1.48

Unsaturated Hydraulic Conductivity Parameters

Parameters Kiat (cm/sec) a (1/ecm) n (-) I (-)
Top soil! 10" 0.05 1.22 3.0
CH soil' 10° 0.015 22 28

SM-ML soil? 10" 0.012 1.123 0.5
SM soil? 27610 0.005 1.48 0.5

Note: 1. Kaushik et al. (2014)
2. CEC (1997)
3. Khire et al. (1994)
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NUMERICAL PARAMETERS

A typical cross-section of the simulated vertical profile is presented in Fig. 3-2. The top
soil was assumed to have a constant thickness equal to 15 cm (0.5 ft) for all simulations. Top soil
was underlain by a monolithic storage layer of variable thickness. The thickness of the storage
layer was varied from 30 cm (1 ft) to 240 cm (8 ft) to simulate different EFC designs. Nodal
spacing was adjusted to ~1 mm near the upper boundary, lower boundary and at the interface of
top soil and storage layer. Time stepping was chosen so as not to exceed the overall mass balance

error of 1%. Daily precipitation was applied at the default intensity of 1 cm/hr.

EFFECT OF PRECIPITATION INTENSITY

Several studies have highlighted the importance of precipitation intensity for accurately
modeling the measured runoff from landfill covers. Ogorzalek et al. (2008) predicted
approximately three times more runoff with default precipitation of 1 cm/hr in UNSAT-H as
compared to average precipitation intensity of 0.51 mm/hr, for capillary barrier cover in sub-humid
climate of Polson, Montana. The predicted runoff decreased approximately by a factor of two when
average precipitation rate of 0.68 mm/hr was used instead of 1 cm/hr for simulating water balance
of monolithic cover in semiarid climate of Altamont, California. However, Scanlon et al. (2002)
did not notice appreciable change in predicted runoff due to modeled precipitation intensity in
UNSAT-H. Meyer (1993) highlighted over prediction of runoff due to hourly precipitation values
as compared to daily precipitation values for South Carolina climate. Thus, the available literature
offers conflicting observations with respect to the effect of precipitation intensity on UNSAT-H
predicted runoff. Hence, to correctly assess the effect of precipitation intensity on water balance
modeling of Texas, an independent validation of UNSAT-H predictions was done for Austin

Community Landfill (ACL) in semiarid climate of Austin, Texas (Kaushik et al. 2014).
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UNSAT-H simulations were carried out with as measured precipitation intensity (ACL-H)
and with UNSAT-H default precipitation intensity of 1 cm/hr (ACL-D) for an instrumented
catchment scale test section located in Austin, Texas (Kaushik et al. 2014). Both simulations had
identical initial conditions as measured at the site and identical hydraulic soil properties. UNSAT-
H under predicted runoff for both ACL-H (7.5% of precipitation) and ACL-D (6.6% of
precipitation) simulations as compared to measured runoff (8% of precipitation) as presented in
Fig. 3-3. Fig. 3-4 presents the histogram of number of hourly precipitation events which had
predicted runoff versus the corresponding hourly precipitation bins for ACL-D and ACL-H
simulations. All runoff generating precipitation events concentrated to a single precipitation
intensity bin of 0.0254-1.0 c/hr giving a single histogram bar for ACL-D simulations due to a
uniform hourly simulated precipitation intensity. However, ACL-H simulations used field
precipitation intensities and hence predicted runoff for several precipitation intensities. ACL-D
predicted runoff was lower than ACL-H predicted runoff as ACL-D was unable to simulate several
high intensity storm events of intensity greater than 1 cm/hr (Fig. 3-4). Hence, the importance of
measured hourly precipitation to improve UNSAT-H runoff predictions cannot be ignored.
Nonetheless, the default precipitation intensity of 1 cm/hr introduced an error of less than 1% in
predicted runoff with respect to precipitation at ACL and was hence deemed good for the regional
scale modeling. Further, high quality hourly precipitation data is not readily and consistently
available at all twenty four stations. Hence, it is acknowledged that measured runoff due to
localized climate conditions can significantly deviate from the predicted runoff presented in the
current study.

Steeper slopes had been reported to generate more runoff than gentle slopes (Hewlett and

Hibbert 1967; Nyhan 2005). However, UNSAT-H being 1-D model does not consider the effect
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of EFC slope. However, UNSAT-H was able to predict the annual runoff at ACL with relative
good accuracy and introduced an error of only 0.5% with respect to precipitation against measured
runoff (Fig. 3-3). UNSAT-H predictions were thus deemed suitable for predicting runoff from

EFCs sloped at 1V:4H at several sites in Texas.

RESULTS

Texas receives a wide range of precipitation ranging from an annual average of 36 cm to
147 cm (Fig. 3-5). The 95 percentile annual precipitation ranges from 57 cm to 207 cm (Fig. 3-6).
PET for twenty four stations was evaluated for APY and WPY based on Penman equation (Penman
1940) as programmed in UNSAT-H (Fayer 2000). The average annual PET/P for APY ranged
from 1.1 to 7.5 (Fig. 3-7) while PET/P based on WPY ranged from 0.7 to 4.6 (Fig. 3-8). WPY with
greater annual precipitation generally resulted in lower PET/P than APY. The precipitation and
PET/P generally followed longitudinal pattern from east to west. Texas represented by twenty four
climate stations was divided in ten geo-climatic regions for the purpose of this water balance study
on EFCs (Fig. 3-9). However, region #10 was precluded from the foregoing discussions because
water balance simulations for region #10 yielded relatively high percolation rendering very large
storage layer thickness (> 3 m) for EFCs which may be of little practical value. Similar to Albright
et al. (2004), PET/P was used to define the climate type as per United Nations Educational,
Scientific and Cultural Organization (UNESCO 1979). Texas has diverse climate types which
ranged from arid (PET/P > 5), semiarid (5.0 > PET/P > 2.0), sub-humid (2.0 > PET/P > 1.3) to
humid (PET/P < 1.3). Simulation results for 20 years of APY simulation were deemed to present

APY climate while WPY results were representative of 20 APY years followed by one WPY year.
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Control Water Balance Simulations

Climate data used in the current study consisted of measured meteorological variables
except solar radiation, which was modeled by NOAA for different sites (Wilcox 2007). Hence, to
assess the effect of modeled solar radiation on UNSAT-H predictions, Austin site with NOAA
data (U-AUS) was compared against instrumented EFC at Austin Community Landfill (U-ACL)
where solar radiation was measured with an onsite pyranometer. Kaushik et al. (2014)
instrumented a catchment scale EFC at Austin Community Landfill (ACL) in Austin, Texas to
measure runoff and soil water contents. UNSAT-H predicted the measured runoff at ACL
relatively accurately compared to other numerical codes as presented in paper 2. The simulated
climate years for U-ACL and U-AUS simulations were chosen so as to have close to 50 year
average annual precipitation of Austin.

U-ACL with 81 cm annual precipitation had potential evapotranspiration (PET) of 189 cm
(PET/P = 2.3) while U-AUS with 86 cm annual precipitation had PET of 181 cm (PET/P = 2.1).
U-ACL was initialized with in-situ measured water contents while U-AUS was initialized with
60% degree of saturation. U-ACL predicted 8.6% runoff was close to U-AUS predicted runoff of
7.4% (Fig. 3-10a). The initial soil water storage, precipitation and PET for U-ACL were similar to
U-AUS and consequently predicted runoff was not significantly affected by initial conditions and
climate parameters (Fig. 3-10b). However, predicted percolation at U-ACL (0.2 cm) was an order
higher than U-AUS (0.03 c¢cm). The peak daily runoff was conservatively over predicted for U-
AUS than U-ACL with majority of runoff taking place on Julian day 150. Hence, annual scale

hydrology was relatively accurately simulated by UNSAT-H than daily scale hydrology.
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Effect of Soil Type on Predicted Runoff

Saturated hydraulic conductivity (Ksat) of the three soils evaluated in the study ranged from
10 cm/sec to 2.7x10™ cm/sec (Table 3-1). SM soil had highest saturated hydraulic conductivity
(Ksat = 2.7x10"* cm/sec) which was comparable to the default precipitation intensity of 1 cm/hr
used for UNSAT-H simulations. Consequently, simulated rainfall intensity rarely exceeded
infiltration capacity of SM soil and minimal water was shed as runoff for all stations in Texas by
UNSAT-H. Runoff predicted by UNSAT-H for 30 cm SM soil underlain with 75 cm thick SP soil
of a capillary barrier landfill cover was also zero (Khire et al. 2000). Hence, SM soil predictions
were excluded in the foregoing analysis and discussions.

Runoff predicted by UNSAT-H using SM-ML soil (Ksat = 10 cm/sec) as the storage layer
was marginally higher than CH (Ksat = 10" cm/sec) storage layer for both 90 cm (3 ft) and 180 cm
(6 ft) thick storage layers (Fig. 3-11). SM-ML with lower unsaturated hydraulic conductivity for
same suction resulted in lower infiltration and higher runoff than CH soil (Fig. 3-1b). The effect
of storage layer soil type on the predicted runoff was however dampened by identical 15 cm (0.5
ft) thick top soil layer which resulted in similar infiltration capacities of the top 15 cm soil for both

CH and SM-ML storage layer simulations.

Effect of Storage Layer Thickness on Predicted Runoff

Predicted annual and peak daily runoff from CH and SM-ML storage layers are plotted in
Fig. 3-12. Predicted annual runoff from 90 cm (3 ft) thick storage layer was almost the same as
that from 180 cm (6 ft) storage layer for APY and WPY (Fig. 3-12a). UNSAT-H runoff prediction
was primarily influenced by the upper soil layers and it was not significantly affected by deeper
soil layers. Similar observation was made by Sharpley (1985), where the precipitation and runoff

interaction on Houston black clay was also primarily a surface phenomenon with the interaction
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depth of less than 2 cm for 20% soil slope. Albright et al. (2004) also attributed the measured
runoff from earthen and conventional landfill covers primarily to soil-atmosphere interactions with
minimal impact due to low conductivity soil layers at deeper depths below the ground surface.
Similar to the predicted annual runoff, no significant effect of the storage layer thickness was

observed on the predicted peak daily runoff (Fig. 3-12b).

Regional Scale Runoff and ET

UNSAT-H predicted runoff was found not to be significantly affected by the storage layer
soil type (hydraulic conductivity properties) when saturated hydraulic conductivity was less than
or equal to 10 cm/sec and the storage layer thickness. Hence, the forgoing discussion on the
regional scale water balance of Texas was limited to 90 cm thick CH storage layer unless specified
otherwise (Fig. 3-13 to Fig. 3-16). Other combinations of storage layer soil type and thickness
were assumed to follow similar trends without the loss of generality as long as saturated hydraulic
conductivity of the storage layer was less than or equal to 10~ cm/sec. Runoff coefficient and ET
coefficient were defined as the ratio of annual (or daily) runoff and ET, respectively to the annual
(or daily) precipitation for the ease of discussion.

Predicted runoff generally followed the precipitation variations at the regional scale of
Texas. For APY, higher precipitation in east Texas generally resulted in higher predicted runoff
(and higher annual runoff coefficient) than west Texas which receives lower precipitation (Fig. 3-
13). However, local anomalies in predicted APY runoff were observed for Brownsville (region
#6), Lufkin (region #8) and College Station (region #9). Brownsville received lower annual APY
precipitation of 69 cm than Corpus Christi (80 cm/yr), both with similar longitude but lost 99%
precipitation as ET resulting in lower predicted runoff (Fig. 3-14). Predicted runoff was 6% for

Lufkin compared to 17% for Houston and 14% for Longview as 94% of precipitation was lost as
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ET at Lufkin compared to only 83% and 85% for Houston and Longview, respectively. Similarly,
College Station received lower APY precipitation (99 cm/yr) than Houston (121 cm/yr) in the
same region #9 but lost 95% precipitation as ET which was larger than 83% ET loss predicted for
Houston.

Similar to APY runoff predictions, localized islands of large and small predicted runoffs
due to local climate conditions were observed for WPY climate (Fig. 3-15). The observed
anomalies in WPY runoff were explained with predicted ET for WPY (Fig. 3-16). Predicted runoff
coefficients for Lubbock and Victoria were higher (0.17 and 0.36, respectively) due to smaller ET
coefficient (0.82 and 0.64, respectively) while they were lower for Austin and Houston (0.06 and
0.16, respectively) due to larger ET coefficient (0.86 and 0.84). Similar effect of ET on predicted
runoff was observed for Wenatchee (semiarid site in Washington) where simulations with lowest
ET predicted highest runoff (Khire et al. 2000). Lower precipitation and higher ET also resulted
in lower predicted runoff from water balance simulations of landfill covers at Albuquerque, New
Mexico than Sierra Blanca, Texas (Scanlon et al. 2005). Effect of predicted ET on predicted runoff
by water balance models has been reported by several authors (Khire et al. 1997, 2000; Scanlon et

al. 2005; Bohnhoff et al. 2009; Ogorzalek et al. 2008; Albright et al. 2013).

Comparison of Predicted versus Measured Runoff from Landfill Covers

Albright et al. (2004) measured runoff from eleven lysimeters of EFCs in seven states
across United States as part of Alternative Cover Assessment Project (ACAP) funded by USEPA.
ACAP project sites represented an exhaustive measured data set for diverse climatic conditions
from arid (PET/P > 5) to humid (PET/P < 1.3) and were thus used for validating the runoff
predicted in this study for Texas. Predicted APY runoff for EFCs in arid to humid regions of Texas

and the measured runoff from ACAP sites showed similar behavior of increased annual
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runoff with increase in annual precipitation (Fig. 3-17). Predicted and measured EFC runoff was
1% to 20% of the annual precipitation. Although predicted APY runoff-precipitation relationship
generally followed the measured runoff-precipitation trends, UNSAT-H did not simulate the
measured runoff-precipitation relation very accurately. Soil surface parameters and local climate
conditions including precipitation intensity are known to significantly influence predicted ET and
consequently predicted runoff (Khire et al. 2000; Ogorzalek et al. 2008). Evapotranspiration from
a monolithic cover in semiarid climate of Altamont, California was also not accurately predicted
by UNSAT-H and consequently UNSAT-H under predicted runoff (Bohnhoff et al. 2009).
Alternate wetting and drying cycles over several seasons can alter the pore structure of soil layers
resulting in extensive clay desiccation and altering the water balance of landfill covers wherein the
governing water flow occurs through highly conductive macro-pores instead of capillary pores as
modeled by UNSAT-H (Hawkins and Horton 1967; Benson and Daniel 1990; Corser and Cranston
1991; Albrecht and Benson 2001; Albright et al. 2006a, b). Such time dependent evolution of
hydraulic conductivity of soils is not implemented in UNSAT-H, resulting in poor correlation of
predicted and measured runoff.

Vegetation was another important variable influencing runoff generation and transport on
the surface of EFC hill slopes which did not form part of the current analysis. Conventional cover
at Albany with native grass vegetation and leaf area index (LAI) of 0.2 measured a high 10%
runoff compared to only 0.5% runoff from adjacent monolithic cover (LAI = 2.2) of relatively
dense vegetation (Albright et al. 2004). Different vegetation cover and density resulted in different
soil hydraulic conductivity and surface roughness resulting in different runoff. UNSAT-H cannot
model dynamic change in hydraulic conductivity and surface roughness due to vegetation. Further,

transpiration loss due to vegetation was also not simulated in the current analysis owing to the data
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unavailability on different plant species used on EFCs over MSW landfills in different
geographical parts of Texas. Lastly, hysteresis in unsaturated soil hydraulic properties due to
wetting and drying of soil can also affect predicted water balance of landfill covers but was not
simulated in this study due to lack of soil properties with hysteresis (Fayer et al. 1992; Fayer and
Gee 1997). Hence, although predicted runoff does not exactly match the measured runoff, the
predicted runoff is within the same order of magnitude as measured runoff and relatively accurate

for carrying out preliminary designs at a regional scale.

Regional Scale Precipitation-Runoff Relationship

The predicted runoff from CH and SM-ML covers was used to establish runoft-
precipitation correlations for average and wet year climates in Texas. A second order polynomial
regression function was fitted to predict annual runoff from annual precipitation as follows:

y=px*+qx+r (3-5)
where, y is predicted runoff (cm) and x is precipitation (cm). The curve fit parameters p, q and r
were estimated to yield highest correlation coefficient (R?). Different sets of curve fit parameters
were derived for APY and WPY climates (Table 3-2).

The predicted runoff from dry regions (regions #1 to #3) was observed to behave distinctly
different from wet regions (regions #4 to #9). The annual runoff-precipitation correlated poorly
for both wet and dry regions in both APY and WPY climates. However, WPY predicted runoff
and precipitation correlated better than APY. Annual runoff-precipitation correlated better for wet
regions (regions #4 to #9) than for dry regions (regions #1 to #3) in both APY and WPY (Table 3-

2). Dry regions generally received less than 60 cm average annual precipitation and greater than
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200 cm average annual PET (Fig. 3-5 to Fig. 3-8) resulting in generally low predicted runoff and

poor runoff-precipitation correlation. Similar observation was also made by Reed et al. (1997)

where stream runoff-precipitation relationship changed at the threshold precipitation of 80.1 cm in
Texas as follows:

y = 0.00064xexp (0.061x)  for x < 80.1 (3-6)

y=0.51x —33.91 for x > 80.1 (3-7)

where, y is runoff (cm/yr) and x is precipitation (cm/yr). Reed et al. (1997) equation generally over

predicted average annual runoff for all regions of Texas in both APY and WPY climates of the

current analysis (Fig. 3-18 to Fig. 3-19).

Predicted Peak Daily Runoff

Peak daily runoff is defined as the predicted maximum daily runoff in a climate year.
Predicted peak daily runoff for APY ranged from 0 cm/day to 9.7 cm/day and had a peak runoff
coefficient that ranged from 0 to 0.97. Peak daily runoff for WPY ranged from 0.62 cm/day to 17.7
cm/day and had a peak runoff coefficient that ranged from 0.08 to 0.93. It was interesting to
observe a higher maximum daily runoff coefficient for APY than WPY considering APY received
relatively lower maximum daily runoff than WPY. Such an observation was the artifact of a
localized uneven daily precipitation distribution and consequent runoff generation.

A polynomial curve was fitted for peak daily runoff against daily precipitation as per
equation 3-5. The curve fit coefficients are summarized in Table 3-3. Similar to annual runoff-
precipitation relationship, dry regions (regions #1 to #3) were grouped separately from the other
regions for both APY and WPY (Fig. 3-20 and Fig. 3-21). Peak daily runoff-precipitation for dry
regions for APY correlated marginally better (R?=0.73) than wet regions (R?>=0.56). However, the

correlation of peak daily runoff-precipitation of wet regions (R?>=0.84) was better than dry regions

132



Table 3-2. Curve fit coefficients for annual runoff-precipitation analysis

Precipitation . 2
Year Regions p q r R
l1to3 -0.0152 1.42 -31.7 0.13
APY
4t09 0.0022 -0.19 9.01 0.46
1to3 0.0085 -1.09 37.9 0.48
WPY
4t09 0.0027 -0.25 11.65 0.57
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(R?=0.76) for WPY climate. Generally, peak daily runoff-precipitation correlated better for WPY
than APY. Also, peak daily runoff-precipitation was found to generally correlate better than annual
runoff-precipitation.

Storm water systems for EFCs are usually designed based on peak daily runoff values.
Hence, a global peak daily runoff contour map for Texas was generated from peak daily runoff
values of APY and WPY (Fig. 3-22). Global peak daily runoff generally followed precipitation
contours and increased from west to east Texas. Drier regions with low precipitation generally had
lower runoff than wet regions. However, similar to annual runoff local islands of global peak daily
runoff were prominent at several locations within the general regional trend. Such anomalies were
attributed to localized daily precipitation intensity and other local meteorological variables. A
regression analysis of global peak daily runoff and corresponding daily precipitation showed good
correlation for both dry regions (R?>= 0.72) and wet regions (R? = 0.73). However, global peak
daily runoff-precipitation correlation from WPY had higher slope than APY, due to relatively more
predicted runoff in WPY than APY from similar daily precipitation (Fig. 3-23). Although peak
daily runoff-precipitation correlation was poor, yet global peak daily runoff-precipitation
correlated relatively much better which can therefore be used with more confidence for storm

water system design of landfill covers.

Water Balance Correlation of WPY and APY

Khire et al. (2000) made first attempt in analyzing the effect of extreme precipitation on
the water balance performance of EFCs. They used “wettest ten year period” at Wenatchee to
simulate long term conditions with UNSAT-H. They also simulated thirty six year annual
precipitation applied consecutively for three years at Wenatchee site to simulate extreme event

conditions with UNSAT-H. The approach used by Khire et al. (2000) required significant number
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of years of climatic data. Such data is often not available for all weather stations. In addition it is
labor intensive to use such data in UNSAT-H. Hence, for this regional scale study, average
precipitation year and wet precipitation year corresponding to 95 percentile year were simulated
in UNSAT-H.

Water balance variables of WPY and APY were correlated with the following equation:

y = px (3-7)
where, y is WPY water balance variable, x is APY water balance variable,  and y are curve fit
coefficients to yield maximum correlation coefficient (R?). The summary of WPY water balance
variables versus APY water balance variables correlation coefficients is presented in Table 3-4.
WPY precipitation correlated linearly with APY precipitation with a correlation coefficient (R?)
value of 0.95 (Fig. 3-24). WPY precipitation was 1.35 to 1.8 times higher than APY precipitation
of Texas. Annual PET was 0.7 to 1.1 times for WPY compared to APY and had a correlation
coefficient (R?) value of 0.69 (Fig. 3-25). WPY annual PET/P and APY annual PET/P had a
correlation coefficient (R?) value of 0.92. Annual PET/P was 0.4 to 0.8 times for WPY compared
to APY (Fig. 3-26). Annual evaporation was generally greater for WPY compared to APY. WPY
annual evaporation and APY evaporation correlation had a correlation coefficient (R?) value of
0.83 (Fig. 3-27).

Unlike precipitation, WPY annual runoff correlated poorly to APY annual runoff and no
correlation was identified to quantify change in annual runoff from APY to WPY (Fig. 3-28).
Higher annual precipitation in WPY than APY generally resulted in greater predicted annual runoff
for WPY compared to APY (Fig. 3-28). Albright et al. (2004) also observed higher runoff from
humid climates than arid climate for conventional and earthen landfill covers. Abilene and Wichita

Falls stations however, in contrast to the general trend, had lower runoff for WPY than APY.
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Table 3-3. Curve fit coefficients for peak daily runoff-precipitation analysis

Precipitation

. 2
Year Region p q r R
1to3 0.0 0.45 227 0.73
APY
4109 0.0 0.47 1.1 0.56
1to03 0.004 0.53 0.25 0.76
WPY
4109 0.0 0.73 0.22 0.84
Global pesk 1 to03 0.014 0.29 1.31 0.72
daily runoff 4109 0.007 0.47 2.29 0.73
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Abilene received high intensity storm in APY which generated more runoff than three relatively
small intensity precipitation events in WPY (Fig. 3-29). Wichita Falls had lower runoff in WPY
(2.9 cm/yr) than APY (7.3 cm/yr) although same percentage of annual precipitation was lost as
annual ET (90%). APY at Wichita Falls received two runoff producing storm events and three
runoff producing events in WPY. However, APY daily runoff producing precipitation events had
almost three times greater storm intensity than the runoff producing events in WPY (Fig. 3-29).
Nyhan (2005) observed approximately two orders of change in daily runoff due to change in daily
precipitation intensity for landfill covers in New Mexico over several years of monitoring period.
WPY percolation correlated to annual APY annual percolation with a high correlation coefficient

(R?) value of 0.91 (Fig. 3-30). Annual percolation for WPY was 1.3 to 8.7 times greater than APY.

PRACTICAL IMPLICATIONS AND CONCLUSION

USEPA guidelines stipulate the design of runoff control systems for a minimum 24-hour,
25-year storm as specified in 40 CFR 258.26 (USEPA 1992). In order to control water pollution
from storm water runoff, US Congress recently passed strict requirements under Section 438 of
Energy Independence and Security Act (Sissine 2007). In order to comply with Section 438,
USEPA proposed several green infrastructure (GI) and low impact development (LID) practices
depending on the peak design runoff (USEPA 2009). However, in spite of extensive climate data
availability at several sites in United States from NCDC, very little guidance on runoff values for
landfill storm water management systems for EFCs exists. Water balance model validated for a
catchment scale study was used in this study to predict annual and peak daily runoff from EFCs.
The current study presents simulated water balance hydrology that encompasses various climate

regions of Texas ranging from arid to humid.
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Table 3-4. Curve fit coefficients for annual water balance correlation of WPY and APY

Water balance

variable B 0 R? Upper bound slope | Lower bound slope
Precipitation 2.51 0.88 0.95 1.8 1.35
Evapgfrfg;iaﬁon 251 | 081 | 0.69 11 0.7
PET/P 0.66 0.91 0.92 0.8 0.4
Evaporation 3.87 0.74 0.83 1.7 0.95
Runoff - - - 7.0 0.39
Percolation 4.07 1.08 0.91 8.7 1.3
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Figure 3-24. Annual WPY precipitation versus annual APY precipitation for Texas
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Following conclusions can be drawn from this study:

Annual and peak daily predicted runoff generally followed the precipitation contours and
increased from west to east Texas. WPY climate generally had greater predicted runoff than
APY climate.

Annual runoff-precipitation relationship had poor correlation for both dry and wet regions of
Texas for APY and WPY climates as compared to daily runoff-precipitation correlation.
Annual and daily runoff was affected by local climatic conditions. Hence, site specific
hydrologic analysis is necessary to accurately predict runoff from EFCs while the water

balance values presented in this study can be used as a guidance.
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SUMMARY AND CONCLUSIONS

Two catchment scale landfill covers were instrumented in semiarid climate of Austin,
Texas. Surface runoff, soil water content and soil suction were measured from the instrumented
landfill for twenty three months. The measured data helped to identify several variables governing
surface runoff from engineered hill slopes. Larger catchment with longer runoff length generated
lower surface runoff. Surface runoff correlated positively with the precipitation intensity during
wet seasons (Season 1 and Season 3) but no correlation was observed for dry season when water
contents were low. Total precipitation, average precipitation intensity, precipitation return period,
antecedent water content, PET/P and vegetation cover resulted in non-linear seasonal variation of
measured runoff. The measured EFC hydrology data was used to validate UNSAT-H and
RZWQM water balance and unsaturated flow numerical models. UNSAT-H accurately predicted
total surface runoff for a calibrated top soil saturated hydraulic conductivity and unsaturated
hydraulic conductivity function. RZWQM grossly over predicted surface runoff with measured
hourly precipitation intensity as Green-Ampt infiltration model of RZWQM was unable to
accurately model unsteady hourly water balance. Measured surface runoff was dependent on the
overland flow path connectivity, surface roughness, abstraction loss due to vegetation canopy,
opportunistic infiltration due to vegetation roots, etc. Hence, UNSAT-H being 1-D numerical
model did not accurately predict daily surface runoff from engineered hill slopes of landfill covers
which is primarily a 2-D phenomenon.

UNSAT-H was subsequently used to predict surface runoff for engineered earthen final
covers for several regions of Texas. Wet precipitation year predicted surface runoff was generally

greater than runoff predicted for average precipitation year. Predicted annual and daily surface
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runoff correlated poorly for dry regions but correlation was relatively good for wet regions of
Texas. Local climate conditions significantly affected the predicted annual and daily surface

runoff. Hence, site specific hydrology simulations are necessary to accurately predict EFC runoff.
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