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Figure 4-22. Graphs of tracer exchange rates versus distance for the rain.fall and tension-saturated 

zone tracers. Solutions for base-case discretization with rainfall applied using the dual 

algorithm to both surface and porous medium equations at (a) three minutes, (b) ten 

minutes, and ( c) twenty minutes. 

104 



o.osr I 
.:- , , 
1 t i 
5. I • 

c:i or ------------------
£ I I --- C, (advective) 

= r I -------u L C, (diffusive) 
~ L C2 {advective) 

-o.osl I ------- C:z(diffusive) 

0 20 40 

(a) 

t l surface sink/ 

po~os modi~-~=----- __________________ I 

(b) 

(c) 

60 80 100 120 140 

Distance (cm) 

Figure 4-23. Graphs of tracer exchange rates versus distance for the rainfall and tension-saturated 

zone tracers. Solutions for base-case discretization with rainfall applied to surface 

equations at (a) three minutes, (b) ten minutes, and (c) twenty minutes. 
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Figure 4-24. Finite element mesh with vertical discretization at land surface refined by a factor of 

two. 
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Figure 4-25. Discharge tracer concentration versus time for laboratory-scale coupled surface­

subsurface example with refined vertical discretization. Comparison of measured 

concentrations with those predicted by first-order surface-subsurface coupling with (a) 

rainfall applied to surface equations, (b) rainfall applied using dual boundary condition, ( c) 

rainfall applied to porous medium equation, and ( cl) transport coupling utilizing 

concentration continuity at the land surface interface. 
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Figure 4-26. Discharge tracer concentration versus time for laboratory-scale coupled surface­

subsurface example with refined vertical discretization. Comparison of measured 

concentrations with those predicted by first-order surface-subsurface coupling with rainfall 

applied to surface equations and exchange dispersivities of (a) a•= 0.005 cm, (b) 

a·= 0.01 cm, (c) a·= 0.05 cm, and (d) a·= 01 cm. 

108 



Chapter 5 Field-Scale Coupled Su,face-Porous Medium 
Flow and Transport 

The coupled surface-subsurface e..,cample presented in Section 4.5 demonstrates the ability of the 

numerical model to reproduce, with reasonable accuracy, observed discharge volumes and 

concentrations at the laboratory scale. The integrated numerical model is applied in this chapter to 

Abdrifs (1985] field e..~eriment [see also Abdul and Gillham, 1989]. Specific objectives in this chapter 

are to (1) evaluate the ability of the numerical model to capture relevant processes at an .intermediate 

scale in a relatively homogeneous environment, (2) compare the flow solution given by the coupled 

surface-subsurface approach with that generated using seepage faces at the land surface, and to 

investigate (3) the relationship between hydrologic response, stteamflow generation, and tracer 

concentrations in discharge water, and ( 4) the sensitivity of stream discharge voiume and tracer­

based separations of discharge to system parameters. 

5.1 Problem Description 

The field-scale experiments of Abd«i [1985] were conducted at Canadian Forces Base 

Borden, located north of Toronto, Ontario, Canada. The area selected for the experiment is 

descnbed as being grass covered and approximately 18 m by 90 m in plan view (Figure 5-1 ). A man­

made stream channel, grass-free and approximately 60 cm wide, is located approximately 1.2 meters 

below the surrounding topographic highs. The underlying porous medium consists of an organic­

rich sandy layer, approximately ten to twenty cm thick, overlying sand containing small-scale 

interbeds with occasional silty layers and lenses [MacFarlane et al, 1983;Abd«I, 1985; S«dick:,, 1986]. A 

thick deposit of clayey silt underlies the aquifer at a depth of about four meters [A.kindunni and 
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Gillham, 1992]. The measured characteristic saturation-pressure relationship ~bd11f, 1985] indicates 

that the sand is saturated for a distance of about 30 cm above the water table (Figure 5-2). 

For the experiment under consideration, the initial water table lies about 22 cm below the 

stream.bed, indicating that the capillary fringe e.."{tends to the land surface along and adjacent to the 

stream.. Abd11l (1985] applied artificial recharge for 50 minutes at a rate of 2.0 cm/hour, observing a 

rapid rise of the water table and both overland and stream flow. The recharge water contained 

bromide, providing a conservative tracer to differentiate 'event' and 'pre-event' water (Figure 5-3). 

Abd11/ (1985] utilized a two-dimension.al porous medium flow model to evaluate the development of 

seepage faces along two transects, with the predicted seepage discharge and excess recharge routed 

along the stream channel using a one-dimensional kinematic wave model. The simulated 

hydrographs were in reasonable agreement with measured values. The essential conclusion of 

Abdul's field experiments and simulations was that the rapid response of the capillary fringe to 

rainfall was responsible for observed stteamflow. The interpreted stream.flow generation 

mechanisms were: (1) increased overland flow due to rainfall excess onto regions of saturated sand 

and (2) groundwater discharge due to increased subsurface hydraulic head gradients. Groundwater 

or pre-event contributions were interpreted to form up to 37% of stream.flow, based both on 

chemically based hydrograph separations (Figure 5-3) and on groundwater discharge volumes 

(seepage) calculated using flow nets. 

5.2 Field-Scale Simulations 

The finite element meshes utilized in the three-dimensional field-scale simulations are 

presented in Figure 5-4. Vertical discretization is on the order of one centimeter adjacent to the land 

surface, increasing to about one meter at depth. Horizontal discretization is on the order of 20 

centimeters in and adjacent to the stream channel, increasing to about one meter on the topographic 

highs. Both isoparametric prisms and subdivision of prisms into tetrahedra generated large numbers 

(greater than 25%) of negative influence coefficients for the subsurface finite element mesh. The 

modified prism elements are therefore utilized exclusively> genetaring significantly fewer negative 
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values (0.21 %) and required considerably less memory and computational effort. Appendix A 

presents both the development and verification of the modified prism elements and a brief 

investigation of solution sensitivity to grid refinement. 

Boundary and initial conditions are presented in Figure 5-5 for simulations of first-order 

coupled surface-subsurface flow and transport Rainfall is applied to the top nodes for fifty minutes 

at a rate of two cm/hour, followed by fifty minutes of drainage. Critical depth conditions are utilized 

at the stream outflow, representing the weir utilized in the field e..'ltperiment. No additional boundaty 

conditions are specified. Parameters for all simulations (Table 5-1) are derived from measured or 

published values and a sensitivity analysis presented in Section 5.3. Although a single tracer was 

applied in the field e.~erimen~ three tracers are utilized in the simulations to allow differentiation of 

rainfall from water originating above and below the initial water table. 

The following discussion focuses on the ability of the integrated numerical model to predict 

surface discharge volumes and bromide concentrations:t as little information is available regarding 

surface water depths or tracer distributions. No attempt is made to exactly match pressure head 

measurements collected by Abdnl (1985], since the elevations of his measurement locations are not 

well defined. One simulation of subsurface flow using seepage faces is also presented to compare 

and contrast the first-order-coupled simulations. While rainfall boundary conditions are consistent 

with the first-order-coupled simulations, each node on the land surface is also considered as a 

possible seepage face for the duration of the simulation. Transport is not considered in the seepage 

face simulation. The following section presents a der.ailed analysis of the hydrologic response of the 

coupled system and makes comparisons with the simulation performed with seepage face conditions 

enforced at the land surface. 
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Figure 5-1. Surface topography of the site of the Borden rainfall-runoff field experiment [after 

Abdul, 1985]. 
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Figure 5-2. Measured vlbd114 1985] and functional drainage pressure-saturation relationship for the 

Borden field C."q>eriment. 
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Figure 5-3. Measured discharge volumes, normalized tracer concentrations and hydrograph 

separation for the Borden field experiment [after Abdul, 1985]. 
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Porous Medium 
porosity1 

</J PQ 
0.37 

saturation-pressure head relationship 1 
Sw( vr), V/(Sw) a=I9;n= 6; 

swr =018 
saturation-relative penneabilit:y krw =a( Sw</Jp

0
t a=lIO 

relationship 1 
h=45 

=(swt 

compresS1bility2 
pp 3.3 x 10..a m s2 /kg 

longitudinal dispersivity 3 a, 0.Sm 
transverse clispersivity3 

a,h, arv 5 X 10-3 m 
initial total head 'lfp+z 2.78m 

Surface 
surface roughness ( channel) 1•

4 n 0.03 s/m113 

surface roughness ( slopes)5 n 0.3 s/mt/3 

initial water depth lffs 1 X 104 m 
microtopography hs 1 x 10-2 m 

residual saturation swr 1 X t0·2 

mobile water depth f/1:ond 1 X 104 m 

clispersivity a,,a, 0.1 m 
Solute 

diffusion coefficient6 Dw 1.2 x 10·9 m2/s 
Coupling 

characteristic length as 1 X 104 m 
dispersivity 

. 0.0m a 
Solution 

minimum timestep Ar,,obal 5 s 
maximum timestep Atglobal 100 s 

local residual tolerance torrror 1 X 10·2 

1Abdnl[1985], 2Akindn11ni and Gillham [1992], 3S11dicky [1986], 4Chow [1959], 5/.vJ,nven 

[1992], 6 Wallach et al [1988] 

Table 5-1. Parameterization of the field-scale coupled surface-subsurface simulations. 
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Figure 5-4. Finite element meshes utilized in field-scale coupled surface-subsurface simulations 

(16464 nodes, 29161 porous medium elements, and 2651 surface elements). 
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5.2..1 Rainfall-RUJ1off Response and Comparison with Seepage Faces 

A comparison of the measured stream discharge with that predicted with the coupled 

surface-subsurface numerical modd is presented in Figure 5-6. The simulated hydrograph slightly 

ove.rpreclicts both early-time response and peak discharge, while reproducing both the time to peak 

and the recession portions of the measured hydrograph with reason.able accuracy. Also presented in 

Figure 5-6 is the approximate area of the land surface contributing to stream flow via overland flow. 

This area is calculated by dividing the ponded area of the land surface (i.e. the total area of the land 

surface where water depths are greater than the minimum mobile depth of 104 m) by the total 

surface area. The figure indicates that, while increased surface discharge correlates with increased 

surface ponding, the relationship between surface discharge and contributing area is nonlinear. 

Simulated contributing areas increase more rapidly than stream discharge at early time (i.e. less than 

about fifteen minutes) while decreasing more rapidly than stream discharge when rainfall ceases. 

This nonlinearity is caused by the relationship between water depth and vdocity imbedded in the 

Manning equation, and by the spatially- and temporally-variable storage and in.filtration capacities of 

the porous medium, which acts as a sow:ce/ sink tenn in the surface water flow equation. 

Figure 5-7 presents graphs of pressw:e head and water depth versus time for three 

observation points located on the land surface along a cross section at x = 40 meters. These 

observation points correspond to the streambed, the valley bottom, and the upland region, 

:respectively (Figure 5-5). High initial satu....rati.on and reduced storage capacity beneath (Figure 5-7a) 

and adjacent (Figure 5-7b) to the stream channel causes a rapid change of negative pressw:e heads to 

positive values. Water depths in the stream rise to about five centimeters at peak discharge, 

decreasing slowly during recession. Water depths are smaller on the slopes adjacent to the stream, 

and decrease rapidly following the end of the :rainfall event. Pressure head values remain negative at 

the upland observation point (Figure 5-7 c) as initial saturations are near residual values and 

significant storage capacity exists in the porous medium. 
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Total hdd gradients beneath the stream (Figure 5-Sa) indicate infiltration into the stteambed 

for about five minutes, corresponding to the delay in surface discharge initiation and the rime 

required to occupy the small storage capacity of the capillary fringe. Hydraulic head gzadients 

adjacent to the $tream (Figure 5-Sb) indicate infiltration for the duration of the simulation, with 

vertical gradients decreasing after about the first 20 minutes. Not all rainfall enters the porous 

medium at this locatio~ but instead contnbutes to overland and stream flow as a function of 

spatially and temporally variable infiltration rates. Surface discharge timing and volume, therefore, 

are intimately rew.ted to the storage capacity and hydraulic conductivity of the porous medium. Head 

gradients beneath the uppermost observation point (Figure 5-8c) indicate in.filtrating conditions for 

the duration of the simulatio~ with the wetting front penetrating to a depth of about 40 centimeters 

at the end of the rainfall event. 

The responses to taiofoU presented at the observation locations are indicative of those 

occurring throughout the domain. The following paragraphs discuss the spatial and temporal 

variability of hyd.rologic response and compare the first-order-coupled simulation with a single­

continuum simulation performed with seepage faces at the land surface. A sense of the temporal 

variability of hyd!ologic response is indicated by presenting results at times of twenty-five, fifty and 

seventy-five mim.ttes. These times represent hydrograph rise, the end of the rainfall event (and peak 

surface water discharge), and hydrograph recession. 

Pressure heads at the land surface and rates of water exchange between continua for the 

first-order-coupled simulation are presented in Figure 5-9 and Figure 5-13 at times of twenty-five 

and seventy-five minutes, respectively. Graphed results correspond to the nodes lying along the top 

of the representative cross section located at x = 40 m. Also presented in these figures are the 

boundary source/ sink rates for the corresponding seepage face simulation and hydraulic head 

distnbutions and water table elevations in the porous medium for both simulations. Figure 5-10 

presents profiles of water depths and exchange/ seepage rates along the stream channel, at rimes of 

twenty-five, fifty ~d seventy-five minutes. 
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Boundary source/sink rates are equivalent to the rainfall rate if seepage faces are inactive, 

and, for active seepage faces, are equivalent to the back-calculated boundary flux. Exchange rates in 

the coupled simulation and boundary source/ sink rates in the seepage face simulation are both • 

positive for infiltration. Rates have been normalized by the volume associated with the subsurface 

flow equations to be consistent with the governing equations. Note that the volume-normalization 

performed on the seepage and exchange flu.."'<es introduces some variability in the seepage and 

exchange rates, as the volume associated with each porous medium node varies with nodal spacings 

in the finite element mesh. Nodal spacings and volumes are relatively constant along the stream axis, 

but increase with distance from the stream. 

The graphs of total head profiles below the three observation points indicate that hydrologic 

response of the porous medium to rainfall is more rapid at observation point one (Figure 5-Sa), 

located at the str~ than at the second observation point, located near the top of the initial 

capillary fringe (Figure 5-Sa). Water table elevations along the cross section at twenty-five minutes 

intersect the land surface along topographic lows for both the coupled (Figure 5-9a) and seepage 

face (Figure 5-9b) simulations. Contours of total head indicate that head gradients are greatest at the 

toe of the slopes, where the rising water table interacts with higher land surface elevations to direct 

flow both into the slope and towards the stream. Head contours vary in space and are asymmetric 

across the stream due to varying land-surface slope configurations. 

Spatial variability in subsurface head gradients is reflected in the rate of water exchange in 

the coupled simulations (Figure 5-9a) and the back-calculated boundary source/ sink rates for the 

seepage face simulation (Figure 5-9b). While both rates are equivalent to the specified raiofaU rate in 

upland regions, positive rates (mdicating infiltration) decrease with elevation, becoming zero or 

negative (mdicating discharge or seepage) adjacent to the stream. Exchange rates in the coupled 

simulation differ from the back-calculated seepage rates at the stream itse1£ however (Figure 5-10). 

In the coupled simulation, both rainfall in excess of local infiltration rates and groundwater discharge 

pond on the land surface, flowing overland to the stream, and along the stream channel towards the 

discharge boundary. Ponded surface water fills the stream channel after twenty-five minutes of 
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rainfall in the coupled simulation (Figure 5-10a), forming a positive constraint of about three 

centimeters on pressure heads in the adjoining porous medium. The effects of small-scale 

topographic variability associated with the stream channel are therefore dimioish.ed., reducing 

subsurface head gradients and groundwater seepage- These effects are not considered in the 

traditional seepage face approach, as the maximum head constraint is equivalent to the land surface 

elevation. Water depths adjacent to the stream are not significantly different from zero and act in a 

manner similar to the zero pressure head constraint imposed in the seepage face simulation (Figure 

5-9b). 

Figure 5-11 presents a !-.nmroary of the coupled flow solution at 50 minutes, corresponding 

to both the end of the rainfall event and peak surface water discharge. P.ressure head contours on 

seven cross sections are depicted, as are contours of surface water depth on the land surface and the 

rate of water exchange between continua. The corresponding summaries of the seepage face 

simulation are shown in Figure 5-12, which presents pressure head contours, seepage face status (i.e. 

active or .inactive), and source/ sink rates at the land surface boundary. Water table elevations in both 

simulations are similar adjacent to and beneath the slopes. Surface ponding in the stream channel, 

where depths have risen to about five centimeters (Figure 5-l0b), is reflected in decreased seepage 

along the channel a.'ris in the coupled simulation. Surface water depths adjacent to the stream have 

also risen (Figure 5-1 ld), subtly altering the spatial dismbution of infiltration and groundwater 

discharge by filling small depressions in the land surface topography. little differences are evident 

between the coupled and seepage face simulation at the toe of the slopes or beneath the topographic 

highs, however. Indeed, in the slopes and upland areas, boundai:y source/ sink rates for the seepage 

face simulation are virtually identical to the rate of water exchange between the surface and porous 

medium continua in the coupled simulation. 

Figure 5-13a p.resents a ~nmmary of the coupled flow solution at 75 minutes along the 

representative cross section. As surface water depths in the stream channel are about three 

centimeters (Figure 5-1 0c) the stream continues to act as a constraint on subsurface head values in 

the adjoining porous medium during hydrograph recession. Infiltration rates are low, as head 
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gradients in the porous medium are small Most water flows laterally away from the stream, raising 

water table elevations beneath the topographic highs. Examining the seepage face simulation at 

seventy-five minutes one can note that the water table has fallen below the land surface elevation 

(Figure 5-13b ), and, therefore~ that all seepage faces are inactive, and boundary source/ sink rates are 

zero. Hydraulic head contours indicate lateral subsurface flow beneath the topographic highs as 

water introduced during the rainfall moves away from the area of the stream. Continued flow 

cowards the stream channel is also evident, adjacent to the land surfac~ as slow drainage through the 

unsaturated zone follows the topography, raising water table elevations slightly at the toe of the 

slopes. Subsurface flow directions predicted by the seepage face and coupled simulations are 

reversed along the valley a.~ after rainfall ceases. 

Excess rainfall and groundwater seepage to the surface water regime is not lost from the 

system in the coupled simulation, but is either stored or flows on the land surface. Tmnsient and 

spatially-variable surface water depths provide a constraint on pressure head in the porous medium 

at the land surface, with seepage and infiltration rates determined by subsurface hydraulic gradients 

and the permeability of the porous medium. These processes are reversed after rainfall cessation, as 

total head in the adjacent porous medium falls below the elevation of the land surface and the 

stream becomes a source of water (Figure 5-1 Oc). Such dynamics are precluded if conventional 

seepage faces are utilized in the numerical model, as both rainfall excess and groundwater discharge 

during the rainfall event are assumed to be instantaneously removed :from the subsurface flow 

regime. By not considering surface ponding, the seepage face simulation over-predicts groundwater 

discharge into the stream during the rainfall event, and ignores the possible infiltration of ponded 

surface water both during and after the rainfall event. 

Figure 5-14a presents graphs of the total volumetric rates of groundwater discharge versus 

time for both the coupled and seepage face simulations. For the coupled simulation, rates represent 

the sum over the entire upper boundary of the finite element mesh of the volume of water leaving 

the porous medium and entering the surface continuum (i.e. seepage). For the simulation perfonned 

with seepage faces, rates represent the sum of all back-calculated seepage rates at the land surface 
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(Le. water leaving the porous medium). As indicated in the previous analyses, the seepage face 

solution predicts greater groundwater discharge into the stream channel during the rainfall event. 

This increased discharge results in total seepage volumes nearly double those predicted by the 

coupled solution. Further, assuming discharge is immediately available at the stream outflow 

boundary and that there is no subsequent rein.filtration, both simulations indicate that groundwater 

discharge accounts for less than five percent of total surface water discharge (Figure 5-14b). 

The coupled surface-subsurface numerical model was able to simulate observed stream 

discharge for the Borden field e.'ICperiment with reasonable accuracy using measured or litemture­

derived parameters and minimal calibration. The response of the porous medium to rainfall is 

sparially variable, depending upon initial saturation and water table depth. The simulated response of 

the capillary fringe to rainfall is consistent with both theory [ GiUham, 1985] and observations [Abdul, 

1985; Abdul and Gillham, 1989]. However, the predominant stream.flow generation indicated by the 

simulation is infiltration excess overland flow, with groundwater discharge (Le. seepage) fanning a 

relatively minor component of stream discharge volumes. This contrasts Abdul [1985] and Abdul and 

Gillham [1989] whom, by separating surface discharge using the rainfall tracer (h.ydrogra.ph 

separation), concluded that groundwater forms up to 37% of stteam flow. Abdul [195] provided 

further support for large groundwater concnbutions by routing seepage from two-dimensional 

hillslopes into a one-dimensional kinematic stteamflow model. The three-dimensional seepage face 

simulation performed here also indicates that groundwater seepage is small in volume, relative to 

measured stteamflow, and shows that groundwater discharge is overestimated if surface water 

ponding is not considered. The following section presents the results of the tracer transport 

simulations and discusses the relationship between the hydtologic response simulated with the 

coupled surface-subsurface model and simulated tracer concentrations in stream discharge water. 
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Figure 5-7. Graphs of pressure head and water depth versus time at three locations on the land 

surface: (a) observation point one located at the stream, (b) observation point two located 

adjacent to the stream, and ( c) observation point three located in the upland region. 

Observation point locations are indicated in Figure 5-5. Solution for initial hydraulic head 

of278 cm and porous medium hydraulic conductivity of 1 x 10-5 m s-1
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stream, (b) observation point two located adjacent to the stream, and ( c) observation point 

three located in the upland region. Observation point locations ate indicated in Figure 5-5. 

Solution for initial hydraulic head of 278 cm and porous medium hydraulic conductivity of 
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Figure 5-9. Pressure head and seepage flux at the land surface and total head (cm) distnbution at 

25 minutes along cross section (40 m) as predicted by (a) coupled and by (b) seepage 
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5.2.2 Tracer Transport and Hydrograph Separation 

Abdul (1985] included a conservative tracer (bromide) in the artificial rniofoJI applied during 

the Borden field experiments, separating stream discharge into event (rainfall) and pre-event 

(groundwater) contributions based on the amount of tracer dilution. Th.is section discusses the 

mechanisms by which conservative tracers originating in rainfall or below the land swface could 

ai:rive at the outflow boundary of the stream. Three tracers are utilized in the simulations, with the 

first (CJ representing .rainfall-derived bromide of Abdul [1985], and the second (CJ and third (CJ 

tracers representing water sources located above and below the initial water table (Figure 5-5). 

Hydrograph separation theory indicates that the relative concentration of each individual 

tracer represents the fraction of discharge water originating in the corresponding source location [i.e. 

Sklash and Fa1710lden, 1979]. For the discrete transport equations, hydrograph separations can be 

written as: 

Q,;, = 2., CCi; Q, 
i=l .nh total, 

(5.1) 

where nb = number of stream discharge boundary nodes, Qi is the back-calculated stream boundary 

flux [L3 T 1
], and QG, Q<:z, and Qc; represent the rainfall, groundwater and tension-saturated zone 

contnbutions, respectively., to total discharge. The sum of tension-saturated tracer and groundwater 

tracer represents the pre-event discharge component. Hydrograph separations assume that the 

dominant mixing and transport process is advection (Le. plug flow or jQq >> IA~{)-

As concentrations of the three simulated tracers were chosen to sum to unity at each point 

in space and time ( C,otal; = I), the numerical values of the relative contnbutions are equivalent to the 

rate of tracer mass [1:vf T 1] exiting the system with the stream water: 

Mc.= 2.,l;.Qi Mc,.= 2.,½iQ; MC:,= Le:;;Qi (5.2) 
i=l,nh f.=l.nb i=l,nb 

Flux-weighted tracer concentrations [1:vf V1 can be calculated as: 
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(5.3) 

but are effected by discretization and numerical errors when water depths and fluxes are very small. 

The laboratory-scale simulations of coupled surface-subsurface flow and transport (Section 

4.7) indicate that simulated tracer concentrations in surface water are very sensitive to the selection 

of the discrete equations to which rainfall is applied Application of .rainfall to the porous medium 

equations causes mixing within the porous medium prior to discharge into the surface water, 

resulting in near-identical concentrations between the surface and subsurface continua. Application 

of rainfall to the surface equations elimioa tes such mixing, but required the use of an empirical 

coupling clispersivity to match observed concentrations du.ring hydrograph rise and fall. Simulated 

concentrations a.re also sensitive to grid refinement adjacent to the land surface, with small vertical 

spacings required to resolve sharp concentration gradients and minimize the volume of porous 

medium with which the surface water interacts. 

Figure 5-15 presents the distribution of rainfall tracer (CJ in the surface water at fifty 

minutes, corresponding to both peak stream disch.a:tge and the end of the rainfall event Tracer 

dismbutions for three rainfall boundary conditions are presented, as are tracer distributions arising 

from the assumption of concentration continuity between the surface water and underlying porous 

medium. Applying rainfall to the surface equations (Figure 5-15a) results in large concentrations of 

rainfall tracer along the topographic highs where water fluxes are oriented into the porous medium 

and water depths are negligible. Concentrations decrease along the stt:eam axis due to discharge of 

water from the sand and increased diffusive exchange rates arising from larger saturations in both 

continua. Rainfall tracer concentrations arising from use of the dual rain.fall boundary condition 

(Figure 5-15b), application of .rainfall to the porous medium equations (Figure S-1Sc), and 

concentration continuity assumption (Figure 5-15d) are very similar. differing noticeably only along 

the stream channel. In each case, however, rain fall tracer concentrations are approximately half those 

predicted by applying rainfall to the surface equations. Comparisons with observed pattems are 
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difficult, as the spatial distribution of the rainfall tracer is not available from the field experiment.. 

Abdul and Gillham [1989] indicate, however., that measured concentrations of rainfall tracer in 

overland flow were lower adjacent to the stream. These lower concentrations were presented as 

evidence for the capillary fringe mechanism, with groundwater discharge acting to dilute rain foll 

tracer in the surface water. The coupled surface-subsurface flow simulation presented in Section 

5.2.1 indicates, however, that very little discharge occurs in this region. 

Figure 5-16 compares hydrograph separations based on measured stream discharge volumes 

and tracer concentrations (see equation (5.1)) with separations based on simulated stream discharge 

volumes and concentrations. Again, results for three rainfall boundary conditions and for continuity 

coupling are presented. Also indicated in Figure 5-16 are hydrograph separations generated by 

assuming negligible cliffusive exchange of tracer mass between the surface and subsurface continua. 

Figure 5-17 presents the corresponding flux-weighted concentrations (see equation(S.3)). Separation 

of measured discharge using measured tracer concentrations indicates that up to 37% of stream flow 

is pre-event (i.e. water contained in the sand before the raiofoll event). This conclusion is supported 

by the simulations if rainfall is applied to the surface equations and both advective and diffusive 

coupling are considered (Figure 5-16a). The corresponding flux-weighted concentrations (Figure 

5-17 a) contain considerable error at early time, however, as water depths at the outflow boundary are 

negligible. Neglecting diffusive coupling between continua (Figure 5-16b) predicts that stream 

discharge is dominated by water originating as raiofaU, with rainfall tracer concentrations (Figure 

5-17b) approaching unity at all times. 

Application of rainfall to the discrete surface equations illustrates that interpretations of 

stream water origin are very sensitive to diffusive exchange of tracer mass between rapidly moving 

water on the land surface and slower water moving within the porous medium. The modifying 

effects of diffusive exchange are less evident if raiofaJl is applied to both the surface and porous 

medium equations using the dual algorithm (Figure 5-16c,d and Figure 5-17c,d) or only to the 

porous medium equations (Figure 5-16e,f and Figure S-17e,f). Hydrograph separations for these 

simulations are not significantly different than that predicted by assuming concentration continuity 
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between continua (Figure 5-16g and Figure 5-17g). These hyd.rograph separations suggest that a 

large fraction of stream water is pre-event, in contradiction with the separation based on measured 

concentrations. While concentrations of rainfall. tracer during the recession portion of the 

hyd.rograph are replicated best using the du.al rainfall boundary condition (Figure 5-17 c}, peak 

concentrations are underestimated by about fifty percent, indicating that excessive mixing is being 

simulated. 

Recall that, in the coupled flow simulation, seepage (groundwater discharge) accounted for 

less than five percent of stream discharge (Figure 5-14). If only advective coupling is considered (Le. 

seepage or infiltration) then application of rainfall to the surface equations genetates discharge with 

approximately the same relative contnbuci.on of event and pre-event water (i.e. about five percent). If 

clif:fu.sive coupling is also considered in the simulation, the simulated discharge separation 

corresponds well with the hydrograph separation based upon measured tracer concentrations. These 

simulations suggest that, while the capill.a.ry fringe is clearly responsible for the rapid hyd.rologic 

response observed by Abdul [1985], increased subsurface head gradients do not cause significant 

seepage. Rather, infiltration rates along the stream axis are reduced, with runoff formed by excess 

rainfa11 over a dynamic contnbuting area [e.g. Hewlett and Hibbert, 1967; D1mne and Black, 1970]. 

Rainfall tracer dilution occurs largely by diffusive processes as water flows over the land surface to 

the stream, over relatively short flow paths, and subsequently down the stream channel. The 

simulations indicate that tracer originating above the initial water table dominates the pre-event 

contnbution. The following section presents an analysis of the sensitivity of hydrologi.c response, 

surface discharge volumes and hyd.rograph separations to hydraulic conductivity, Manoiog surface 

roughness, initial water table elevation, and surface topography. 
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5.3 Sensitivity Analyses 

Rainfall-runoff response is known from both field observations and theoretical studies [e.g. 

Freeze, 1972 a,b, 197 4; Beven, 1977] to be a function of many interrelated parameters. The sections 

that follow attempt to isolate the effects on simulated hydrologic response of hydraulic conductivity, 

Manning roughness, initial water table elevation, and surface topography. The suite of simulations is 

restricted in scope to remain representative of the rainfall-runoff experiment performed by Abdul 

[198SJ, allowing the comparison of simulated and observed rainfall-runoff responses. 

5..3.1 Hydraulic Conductivity and Manning Roughness 

Although the hydraulic conductivity of the sandy aquifer is known to be spatially variable 

[e.g. Sudicky, 1986] a single lumped hydraulic conductivity value is utilized in this study. 

Consideration of spatial variability is beyond the scope of this work, with regard to comparison of 

the model results with those of the experiment, although the numerical model is fully capable of 

incorporating spatial variations in hydraulic conductivity. Reported values for the sandy aquifer vary 

from 5.0 x 10..(j m s-1 [A.bdul, 1985] to 2.2 x 104 m s·1 [Nwankwor et al, 1984]. The large values of 

Nwankwor et al [1984] were determined from pump test analyses while the small values of Abdul 

[1985] were derived from flow net analyses. MacFarlane et aL [1983] reported hydraulic conductivity 

values ranging from 1 x 104 to 3 x 10·5 m s·1
. Figure 5-18 compares the measured stream hydrograph 

with simulated hydrographs generated with hydraulic conductivity values that span the reported 

range. No attempt was made to scale the relative permeability relationship as the low storage 

capacity of the capillary fringe dominates system response to rain foll The thickness of the capillary 

fringe, therefore, is assumed constant. Topography is as indicated in Figure 5-1 and the initial water 

table elevation is 278 cm. 

The best visual fit to the measured hydrograph (Figure 5-18a) occurs with a hydraulic 

conductivity of 1 x 10-5 m s •1:, with simulated stream discharges decreasing with increasing hydraulic 

conductivity. Figure 5-18b presents approximate contributing areas, calculated by dividing the 

ponded area of the land surface by the total surface area, and indicates that increased surface 
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discharge correlates with increased surface ponding and that surface ponding increases with 

decreasing porous medium hydraulic conductivity. Simulated groundwater discharge (seepage) rates 

(Figure 5-1 Sc) are a significant fraction of surface water discharge for only the highest hydraulic 

conductivity values. Figure 5-19 presents hydraulic head contours and water table elevations at fifty 

minutes at the representative cross section for each of the hydraulic conductivities. Water table 

elevations coincide with the land surface along the stream ~'"<is and e."{tend greater distances away 

from the stream with decreasing hydraulic conductivity. While decreasing hydraulic conductivity 

increases head gradients adjacent to the land surface, infiltration rates are reduced. The decreased 

in.filtration rates promote overland flow due to rainfall excess, generating larger water depths in the 

stream and increasing stream discharge. 

The Manning roughness coefficients utilized in the field-scale simulations are derived from 

literature sources [e.g. Chow, 1959] and cahbrated values presented by Abd11/ [198SJ. Two values are 

utilized, with roughness values typical of a sandy surface (0.03 s m·113) assigned to the nodes along 

the stream channel and roughness values associated with short grass (0.3 s m·113) assigned to nodes 

on the remainder of the land surface. The sensitivity of rainfall-runoff response to Manning surface 

roughness may be evaluated by assigning homogeneous roughness values to the entire land surface. 

Values utilized in the two simulations are equivalent to assuming the land surface is totally grass 

covered or sand covered. Porous medium hydraulic conductivity is assumed to be 1 x 10·5 m s·1 in all 

simulations. 

Figure 5-20a compares stream discharges predicted with the two homogeneous Manning 

roughness values with the base case simulated discharge and with measured discharge. Stream 

discharge predicted using a roughness value of 0.03 s m-113 is slightl:: greater than the base case 

discharge during hydrograph rise but is nearly identical during hydrograph recession. Both replicate 

observed stream discharges with reasonable accuracy. Assuming a roughness value of 0.3 s m-113 

underpredicts stream discharge until about seventy-five minutes, after which stream discharge is 

overpredicted. Simulated contt1buting areas (Figure 5-20b) for all roughness values are identical 

during hydrograph rise, with the larger roughness values indicating a slightly larger contnbuting area 
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during hyd.rograph recession. Simulated groundwater seepage (Figure 5-20c) is greatest if the land 

surface is assigned a homogenous roughness value of 0.3 s m•t/J. 

At a given surface water dep~ velocities and water flux for the two Manning roughness 

values differ by an order of magnitude (see equations (2.21) and (3.6)). In the coupled rainfall-runoff 

simulations, therefore, water depths on the land surface are larger if Manning roughness is assumed 

to be 0.3 s m·113
_ These larger water depths affect the dismbution of pressure head in the porous 

medium at the land surface, subtly altering both the hydraulic response of the porous medium to 

rainfall and rate of groundwater seepage. Water depths and exchange rates at the top of the 

representative cross section are presented in Figure 5-21 at a time of fifty minutes for the base-case 

simulation and both surface roughness sensitivity analysis simulations. Also presented in Figure 5-21 

are water table elevations and hydraulic head contours in the porous medium. 

While water table and surface ponding locations correspond well in each case (see also the 

contributing area graphs in Figure 5-20b ), water depths and exchange rates exhibit subtle differences. 

Relative to the base case (Figure 5-21a), water depths for the simulation conducted with a 

homogeneous roughness value of 0.03 s m·113 (Figure 5-21b) are slightly smaller adjacent to the 

stream channel The lower surface roughness results in increased overland flow velocities, hastening 

overland flow contnbutions to the stream chann~ and increasing stream discharge during 

hydrograph rise. Hydrograph recessions are nearly identical, however, as surface flows are restricted 

to the stream channel itself after the end of the rainfall period In contrast, assuming the entire land 

surface is grass-covered (Figure 5-21c) increases surface water depths both adjacent to and within 

the stream channel. While water depths are increased, the Manning-derived velocities are reduced, 

decreasing both the rate of overland flow contnbutions to the stream channel and discharges from 

the stream itself. Water depths during hydrograph recession are also larger, resulting in the slightly 

larger contributing area indicated in (Figure 5-20b). Further, the slight increases in overland flow 

depths alter subsurface gradients, increasing groundwater .discharge (seepage) beside the stream 

channel. 
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This sensitivity analysis indicates that stream discharge rates and timing are intimately related 

to both the porous medium hydraulic conductivity and surface Maooiog roughness. Peak stream 

discharge volumes are influenced by the Manning roughness value assigned to nodes along the 

stream channel, with larger roughness values causing decreased peak flow rates and increased 

hydrograph tailing. Contnbuti.ng areas are affected by small-scale topographic variations and 

hydraulic conductivity, which, in combination with the Maooiog roughness of the slopes, determine 

the amount of infiltration e.."<cess and the rate of overland flow contributions to the stream channel. 

Groundwater discharge (seepage) locations and rates are affected by both hydraulic conductivity and 

by the depth of surface ponding. Cahbrated surface roughness and hydraulic conductivity values are 

likely to be related, as small-scale topographic variations are likely unknown at the field scale. The 

following section presents an analysis of rainfall-runoff response to the initial water table elevation 

and to topographic variability in and adjacent to the stream channel. 
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5..3.2 Initial Water Table Elevation, Surface Topography, and Channel Incision 

The topographic surface presented in Figure 5-1 was generated by digitizing and kriging 

elevation contours presented by Abdul [1985]. While an accurate survey of the field site was 

performed by Abdul, surveyed elevations were unavailable for. use in the present study. As the 

contour spacing used in Abdurs figure was 0.5 meters, the discretized channel and slope 

configurations may not be representative of field conditions. Further, the reported stream length of 

70 meters and slope of 0.17 % indicates a possible 12-cenrimeter range in stream bed elevation, 

which also may be poorly represented by the discretized topography. Finally, the initial water table is 

reported at a single location to lie about 22 cm below the base of the stream. Therefore, the 

configuration of the land surface in and adjacent to the stream and initial water table depths are both 

uncertain. This section presents a sensitivity analysis of :rainfall-runoff response to initial water table 

elevations, small-scale topographic variability, and channel incision. Results for two hydraulic 

conductivities, 1 x 10-5 m s-1 and 5 x 10·5 m s-1
, are presented in each case. Unless explicitly stated to 

be different, parameters utilized in all simulations are presented in Table 5-1 and rain fo)l is applied to 

the surface equations. 

The sensitivity of stream discharge to initial water table elevation is illusttated in Figure 

5-22a and Figure 5-23a, for hydraulic conductivities of 1 x 10-5 m s-1 and 5 x 10-5 m s-1, respectively. 

Initial water table elevations utilized are 281 cm, 284 cm and 287 cm. These elevations lie within the 

possible range of stream channel elevation (12 cm), and correspond to water table depths of 19 cm, 

16 cm, and 13 cm below the stream channel. Simulated contnbuting areas and groundwater seepage 

rates are given in parts b and c of the respective figures. Seepage rates represent the maximum 

possible subsurface contnbutions to overland and stream flows, reflecting neither rein.filtration nor 

the water volume stored on the land surface. 

Simulated surface discharge increases with increasing initial water table elevations. Such 

results are expected for both hydraulic conductivity values, as decreased storage capacity in 

topographic lows hastens the rapid capilla.t:y fringe water table response to rainfall, decreasing 
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infiltration rares and promoting the generation of overland flows due to rainfall excess. Maximum 

groundwater seepage contributions to the surface continuum also increase, as the rising water table 

raises maximum total heads at the toe of the slopes, promoting groundwater discharge at 

topographic lows. Higher water table elevations at the toe of the slopes also increase slightly the 

approximate contributing areas. Surface discharge increases much more rapidly than contnbuting 

area, however, illustrating the dynamic and intimate interaction of surface and subsurface hydrology. 

Contributing areas decline rapidly after rainfall ceases and approach a constant value for all initial 

conditions and both hydraulic conductivities. This final value, about 0.05, represents the 

approximate relative area of the discretized stream channel 

For the base-case topography (Figure 5-1) simulated surface water discharges provide a good 

visual match with measured values if the hydraulic conductivity of the porous medium is assigned a 

value of 1 x 10-5 m s-1
• This hydraulic conductivity value is on the low end of the reported range and 

is half an order of magnitude less than the value utilized in the simulations presented by Abdul 

(1985]. The sensitivity analysis of hydrologic response to initial conditions indicates that simulated 

discharges exceed measured if a hydraulic conductivity of 1 x 10-5 m s-1 is assumed. Conversely, if a 

hydraulic conductivity of 5 x 10-5 m s-1 is utilized, the resulting increased discharge approaches 

measured values, suggesting that cahbrated hydraulic conductivities are intimately related to both the 

assumed initial conditions and discretized surface topography. 

The effect of uncertainty in surface topography can be evaluated by slight modifications to 

the base-case finite element mesh. Four possible surface topographic variations are presented in 

Figure 5-26. Relative to the base case (Figure 5-1), the first two meshes, Grid 2 (Figure 5-26a) and 

Grid 3 (Figure 5-26b) were generated by decreasing the surface slopes adjacent to the stream. The 

second two meshes, Grid 4 (Figure 5-26c) and Grid 5 (Figure 5-26d) were generated by decreasing 

channel devations by five and ten centimeters, respectively. Topography of the upland regions and 

adjacent slopes is unchanged in all meshes. Both of the incised channels, located about twdve and 

seventeen centimeters above the initial water table, respectively, are initially dry. Parameterization, 

initial conditions, and boundary conditions are identical to those utilized in Section 52.1. A single-
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continuum. seepage face simulation is also presented for Grid 5 to provide further clarification of the 

error introduced into the subsurface flow field and back-calculated seepage rates by neglecting 

ponding on the land surface. 

Figure 5-27 a presents hyd:c:ographs generated by simulating the Borden rainfall-runoff event 

using the four alternative topographic configurations and assuming a hydraulic conductivity of 1 x 

10·5 m s •1• Figure 5-27b presents approximate contributing areas, calculated by nonnaHziog total 

ponded area at the end of each timestep by total area of the land sutface. Figure 5-27 c presents the 

volumetric rate of groundwater seepage (1.e. the sum of all negative water exchanges at the land 

surface), and total seepage rate if surface water effects on Grid 5 are neglected. Corresponding 

summaiy graphs for hydraulic conductivity of 5 x 10-5 m s·1 are presented in Figure 5-28. 

For both hydraulic conductivities, simulated surface discharge increases in volume as surface 

elevation gradients adjacent to the stream decrease. While small increases in groundwater seepage are 

indicated, the relative contttbutioa to stream discharge is small. Small seepage rates and increasing 

contributing areas during hyd:c:ograph rise both suggest that rainfall excess is the doroioant runoff 

and stream.flow generation mechanism. Contributing areas calculated during hydrograph .recession 

are larger than those indicated with the base case grid, reflecting the relatively flat topography along 

the stream channel in grids two and three. Contributing areas decrease more rapidly for the higher 

hydraulic conductivity, as the infiltration of ponded surface water is more rapid. Peak discharge is 

overp:c:ed.icted if a hydraulic conductivity value of 1 x 10-5 m s·1 is assumed, while assuming a 

hydraulic conductivity of 5 x 10·5 m s·1 undei:preclicts peak discharge. 

Stream discharge decreases with increasing channel incision, with simulated discharge 

underpredicting observed values for both hydraulic conductivities. If a hydraulic conductivity of 1 x 

10·5 m s·1 is assumed, groundwater seepage begins prior to the initiation of stream discharge and 

occurs at approximately twice the volume~c ta.te of the ma.xi.mum values attained with the non­

incised channels. Seepage ta.tes decrease slightly as stream discharge is initiated, as increasing water 

depths within the stream channel raise the total head constraining the adjoining porous medium, 

decreasing both hydraulic gradients and the resulting water velocities. Decreased su.tface water 
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discharge results from greater infiltration adjacent to the stt~ with rainfall entering the porous 

medium at the land surface and water originating in the subsurface discharging into the stream. 

Hydrograph recession is therefore e..~ende~ as groundwater discharge continues after the end of the 

rainfall event. The slow in.filtration rate evident during hydrograph recession in the base case 

simulation (Figure 5-18) is replaced with slow drainage from the porous medium. For the more 

deeply incised channel (grid five), the greater influence of low subsurface water velocities is reflected 

in both decreased stream discharge during hyd.rograph rise and increased stream discharge during 

hydrograph recession. Little noticeable differences are evident in the graphs of contributing area, 

although areas are similar during hydrograph recession to previous simulations. 

In contrast with simulations perfonned with a hydraulic conductivity of 1 x 10·5 m s·1, 

assuming a value of 5 x 10·5 m s •1 in the incised-channel simulations indicates that, during 

hydrograph rise, discharge increases slightly with increasing channel incision (Figure 5-28a). 

Calculated contributing areas (Figure 5-28c) are lower for the more deeply incised channel, 

suggesting that subsurface flow paths are providing the additional stream.flow. Contnbuting areas for 

both incised-channel simulations rapidly attain values associated with the stream channel during 

hydrograph rise, increasing after about fifteen minutes when the storage volume within the stream 

channel is filled. Contributing areas decrease rapidly after the end of the rainfall event as hydraulic 

heads decline and overland flow ceases adjacent to the stream. Discharge from both incised channel 

simulations underpredicts measured values if a hydraulic conductivity of 5 x 10-5 m s·1 is assumed. 

Examination of the calculated seepage rates (Figure 5-28c) indicates that total seepage 

exceeds stream discharge if a hydraulic conductivity of 5 x 10·5 m s·1 is assumed. Seepage values may 

not be representative of potential stream flows> therefore, as they do not consider storage on the 

land surface or possible rein.filtration from ponded surface water sources. Of interest, however, is 

the back-calculated boundary flu.ic derived by imposing seepage face conditions in the incised 

channel simulations. As indicated in Section 5.2.1> seepage face solutions, by neglecting the 

additional head constraint induced by surface ponding, will over-estimate groundwater discharge. 

The error is small if hydraulic conductivities of 1 x 10-5 m s-1 is assumed, as the coupled simulations 
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indicate infiltration-e."<:cess overland flow is the dominant sttea.mflow generation mechanism. As 

subsurface flow paths become more doroioaot with increasing hydraulic conductivity, however, the 

effects of stream depth constraints on hydraulic head in the adjacent porous medium become more 

significant. Indeed, the seepage face solution prediction of groundwater discharge is neatly twice that 

of the coupled solution if a hydraulic conductivity of 5 x 10'5 m s-l is utilized in the incised channel 

simulations. Ahdttl~ (1985} hydrologic response simulations may be inaccw:ate, therefore, as he 

e.~licitly coupled such seepage to a kinematic stream.flow routing model, neglecting the effect of 

surface ponding on pressure heads adjacent to the stream channel. Consideration of surface water 

ponding was also neglected in the flow net analysis presented by Abthtl [1985] and Abdul and GiilhtlHI 

[1989) as evidence in support of enhanced groundwater discharge due to the rapid response of the 

capillary fringe. 

Recall, however, that the spatial and temporal distnbution of surface water is unknown from 

the field experiment, making specific comparisons difficult. The sensitivity analysis indicates that the 

dominance of surface or subsurface flowpaths for a single rainfall event is affected by assumed initial 

conditions and discretized topography, both of which are poorly defined. Total head contours and 

water table elevations are presented for each of the four grids at fifty minutes in Figure 5-29 and 

Figure 5-30 for hydraulic conductivities of 1 x 10-5 m s-1 and 5 x 10-5 m s-1, respectively. Fifty minutes 

corresponds to both the end of the rainfall event and peak surface water discharge. Slight variations 

in topography in combination with bulk hydraulic conductivity variations of half an order of 

magnitude are shown to generate significantly different head distabutions in the porous medium. 

Water table elevations and subsurface hydraulic head gradients have a large effect on flow pathways 

and stream discharge volumes. The following section presents and discusses hydrog:raph separations 

using concentrations of three conservative tracers in stream discharge. 
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Figure 5-25. Total head distributions and water table devations along a representative cross 

section (x = 40 m) at 50 minutes for initial water table elevations of (a) 278 cm (base case), 

(b) 281 cm, (c) 284 cm, and (dJ 287 cm. Solutions for porous medium hydraulic 

conductivity equal to 5 x 10·5 m/ s. 
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5.3.3 Hydrograph Separation 

The base case coupled simulation presented in Section 5.2_1 suggests that the dominant 

streamflow generation mechanism operating during the Borden field experiment was overland flow 

induced by infiltration e."'<:cess over a dynamic contnbuting area implicitly linked to the rapid response 

of the capillary fringe. The corresponding analysis of tracer transport suggested that the large pre­

event contributions to stream.flow resulted largely from diffusive exchange (dilution) of rainfall tracer 

in the overland flow, with groundwater discharge (seepage or advective exchange) playing a minor 

role in modifying tracer concentrations in the surface water. Apphcation of rainfall to the surface 

equations, in combination with both advective and diffusive coupling, was shown to reproduce both 

observed discharge and the observed hydrograph separation with reasonable accuracy. 

This section presents and discusses separations of simulated stream discharge for the 

fourteen flow simulations presented in Section 5.3.1. Rainfall is applied to the surface equations and 

both adveccive and diffusive transport processes are utilized to couple the surface and subsurface 

continua. Figure 5-31 presents separations of stream discharge for the six simulations performed to 

evaluate the sensitivity of hydzologic response to initial water table elevation. Figure 5-32 presents 

separations of simulated stream discharge from the eight simulations performed to investigate the 

role of small variations in topography and channel incision on hydrologic response. 

The sensitivity analysis presented in Section 5.3.1 indicates that similar flow process~ are 

active in all simulations, with subsurface flow and groundwater discharge becoming more important 

with increasing channel incision and porous medium hydraulic conductivity. Simulated stream 

discharge volumes corresponded well with observed if the channel was not significantly incised and 

the porous medium hydraulic conductivity is assumed to be 1 x 1ff5 m s-1. Examination of 

hydrograph separations generated for varying initial water table elevations (Figure 5-31) indicates the 

relative proportion of event (rainfall) and pre-event (i.e. water initially present in the porous medium) 

in stream discharge remains relatively constant if hydraulic conductivity of 1 x 10-5 m s·1 is utilized. 

Increased stream discharge originates largely as infiltration excess overland flow, however, with 
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diffusive exchange diluting rainfall tracer in the shallow surface depths. Little stream flow originates 

below the initial water tables, indicating that transport and mixing processes acting at and near the 

land surface dominate stream water composition. Simulations performed using a hydraulic 

conductivity value of 5 x 10-5 m s-1, while underestimating surface water discharge volumes, indicate 

increasing groundwater contributions to streamflow. The flow simulations indicate groundwater 

seepage increases with increasing water table elevation, linking the presence of groundwater tracer in 

streamflow with hydrologic response, and suggesting that the depths of surface-subsurface 

interaction increase with increasing hydraulic conductivity. Further discussion is hampered as the 

highest initial water table elevation also places the groundwater tracer source nine centimeters closer 

to the land surface. 

Figure 5-32 presents simulated hydrograph separations for the four alternative topographies 

and the two hydraulic conductivity values. The four simulations performed with decreased surface 

elevation gradient (Figure 5-32a,b) result in very similar proportions of event (rainfall) and pre-event 

tracer (unsaturated zone) in stream discharge. Dilution of rainfall tracer occurs in the simulations 

largely via diffusive exchange between continua, with only small contributions resulting from direct 

discharge (seepage) of pre-event water from the subsurface. Surface discharges predicted by the 

incised-channel simulations (Figure 5-32c,d) are less than measured values for both hydraulic 

conductivities. The hydrologic response analysis presented in Section 5.3.1 indicates that subsurface 

flowpaths become more dominant as hydraulic conductivity and stream channel incision increase. 

Separation of stream discharge for a hydraulic conductivity of 1 x 10-5 m s-1 indicates that the 

stream contains about equal portions of event and pre-event water. A small component of 

groundwater (1.e. originating below the initial water table) is evident in discharge from the more 

deeply incised channel. Greater groundwater contnbutions are expected, as the incised stream 

channel induces a greater vertical flow component (Figure 5-29d) and the source of the groundwater 

tracer lies only about ten centimeters from the bottom of the stream. Unsaturated zone ttacer (Le. 

originating above the initial water table) enters the stream by the same advective mechanism. The 

delineation of specific water sources or flow paths using hydrograph separation of stream flows is 
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ambiguous, as the simulations indicate that unsaturated zone tracer may also enter the stream via 

diffusive exchange beween the porous medium and overland flow. 

Assuming a hydraulic conductivity of 5 x 10-5 m s-1, separation of stream discharge from the 

less-deeply incised channel (Figure S-32c) indicates stream water is nearly a complete mixture of 

rainfall and unsaturated zone sources. In contrast, discharge from the more-deeply incised channel 

(Figure 5-32d) is a near-equal mL"'iCture of water from all three sources, with rainfall slightly more 

dominant during hydrograph rise. The hydrologic response simulations indicate that significant 

seepage occurs for both channel configurations, with seepage exceeding stream discharge in volume. 

Seepage into the channel, in combination with direct precipitation, are the dominant streamflow 

generation mechanisms. Vertical gradients beneath the stream are greater for the more deeply incised 

channel, thus providing a greater contribution of water originating below the initial water table. The 

separation of stream discharge using tracers therefore better reflects actual water origin, as diffusive 

exchange between continua is restricted in space to the stream channel itsel£ 
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Figure 5-31. illustration of the sensitivity of hydrogtaph separatious to initial hydraulic head and 

hydraulic conductivity. Discharge for initial hydraulic head of (a) 281 cm, (b) 284 cm, and 

( c) 287 cm. Solutions for rainfall applied to surface equations and hydraulic conductivities 

of 1 x 10·5 m s·1 and 5 x 10-5 m s·1. 
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Figure 5-32. illustration of the sensitivity of discharge tracer mass and hydrograph separations to 

topography, stream channel incision and hydraulic conductivity. Discharge for (a) grid two, 

(b) grid three, (c) grid four, and (d) grid five. Solutions for rainfall applied to surface 

equations, initial hydraulic head of 278 cm, and hydraulic conductivities of 1 x 10·5 m s-1 

and 5 x 10-5 m s-1
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Chapter6 Summary and Conclusions 

The numerical model developed in this work describes the flow of water and transport of solutes in 

three separate continua: within porous medium, fractures/ macropores and on the land surface. The 

two-dimensional diffusion-wave equation is implemented to descnbe flow in shallow surface water 

while flow in variably-saturated porous medium and macropores was described by the three 

dimensional Richards' equation. Transport in both the surface and subsurface systems is described 

by advection-dispersion equations. Coupling of surface and subsurface flow and transport is 

achieved by assembling and solving one system of discrete algebraic equations so that water and 

solute fluxes between continua are determined as part of the solution. I iokage is through the 

assumption of primary variable continuity or via first-order, physically based flux relationships. 

Water and solute exchange between continua is assumed to be descnbed by one-dimensional Darcy 

and advection-dispersion equations, respectively. Flow and transport coupling coefficients a.re 

defined as functions of characteristic length scales of interaction, fluid or solute properties, and 

system parameters such as saturation or penneability. Use of large exchange coefficient values 

promotes concentration and pressure head continuity between. two interacting continua, and small 

values promote disequilbrium. 

Specified boundary conditions can be spatially- and temporally variable, or in the case of 

state-dependent flux boundaries, may be specified as nonlinear functions of the local flow or 

transport solution. The numerical model is modular in form, is tailored towards irregular geological, 

surficial and areal geometries, and utilizes robust and efficient discretization and solution techniques. 

Surface topography and the associated effect on storage and potential gradients is im.bedded in the 

structure of the numerical model.. Development of this integrated numerical model represents the 

most significant contribution of this work. 
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The integrated numerical model differs significantly from those developed by previous 

workers who (1) couple surface and subsurface flow and transport models by matching boundary 

conditions; (2) utilize simplified rime-delay .routing of seepage discharge; (3) apply iterative rainfall 

partitioning and seepage face algorithms in groundwater flow models; ( 4) utilize equivalent porous 

medium properties to account for bypass flow; (5) invoke moving boundaries (i.e. dry/wet nodes) in 

surface flow models; (6) treat infiltration in surface flow models independent of water depth, 

subsurface porosity and permeability heterogeneity, and subsurface hydrodynamics; and (J) utilize 

effective lumped characteristic curves to incorporate enhanced subsurface permeability due to 

macropores. 

6.1 Discretization and Solution Methods 

The governing flow and transport equations are discretized in space using the control 

volume finite element (CVFE) method, allowing a consistent interpretation of flow and transport 

processes both within and between continua. The CVFE method combines the geometric flexibility 

of finite elements with the local conservation characteristics of control volumes. Simple element 

types are utilized to allow the efficient use of influence coefficients in the evaluation of sparial 

integrals. Element types can be spatially variable, a useful option in simulations combining complex 

geologic and topographic geometries. Each node in the finite element mesh may have multiple 

unknowns, with each unknown associated with different continua. A mixture of coupling schemes 

may be utilized, allowing different continua to be coupled via continuity assumptions or by first­

order flu."IC relationships. The spatial distribution of continua can also be variable, allowing, for 

example, a layer of macroporous soil adjacent to the land sutface or surface processes only in 

topographic lows. The multiple equation and general coupling methodology can be utilized to 

include additional discrete features such as fractures, wells, or tile drains, or additional subdivision of 

the porous medium volume to allow multiple-interacting or mobile-immobile continua. 

An alternative prism-based discretization is introduced and shown to be consistent with 

traditional two and three-dimensional finite elements, while genemting significantly fewer negative 
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influence coefficients and utilizing less memory and computational effort. Use of these modified 

prisms allows placement of emphasis on designing well-structured tria.nguiar finite element meshes 

of the surface topography. The two-dimensional surface triangle mesh can be stacked vertically to 

generate three-dimensional subsurface prisms. As the vertical influences are numerically well 

behaved and predictable, negative influence coefficients will lie in the local x-y plane and result 

largely from poorly dimensioned triangles. Uncertainty associated with the spatial discretization is 

roioirnized, while lateral connectivity in the subsurface is retained to allow down-slope flow of water 

and solute ttansport. The resulting influence coefficients are similar to those generated using 

tetrahedra, but with a reduced nodal connectivity, lowering both storage and computational 

overhead. The approximation assumes that the principle components of the permeability tensor are 

aligned with the local coordinate axes, implying that soil layering follows topography. Further, 

vertical dispersive cross terms are assumed to be small These assumptions are reasonable in this 

wotlc but should be reexamined in simulations involving heterogeneous porous media or the use of 

large lateral dispersivities. 

The system of nonlinear flow equations are solved in a fully coupled fashion so that fluid 

exchanges and nonlinear boundaty conditions are determined as pa.rt of the iterative solution. 

Transport of multiple species is solved sequentially after each transient flow timestep, beginning with 

the first parent if chain decay is occurring. Nonlinear flux limiters are utilized in solving a.dvective 

transport to minimize numerical dispersion. The discrete flow equations are linearized using 

Newton's method while approximate Jacobians are implemented to solve the discrete transport 

equations. Numerical derivatives are utilized to efficiently construct both the flow and transport 

Jacobians and the convergence of the flow Newton iteration loop is enhanced by primary variable 

switching. Adaptive rime-weighting algorithms are developed and verified for both flow and 

transport. These algorithms partition the discrete equations into subsets cot:responding to zones of 

active and inactive flow or transport processes. Equations at inactive nodes are solved explicitly and, 

as solutions are known at the new time level, can be partitioned from the flow or transport Jacobian. 

The remaining equations are solved fully coupled using either implicit or Ctaok-Nicholson time 
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weighting> with the solution to e..xplicic equations appearing in the forcing vector only. Adaptive 

temporal weighting is shown to decrease simulation times, as assembly and solution effort is directly 

proportional to the size of the nonlinear system (Jacobian). 

Approximate solutions to the linearized equations are generated using an iterative sparse­

matrix solver employing Bi-CGSTAB or G!v!R.ES acceleration and reverse Cuthill-McKee ordering 

of a red-black reduced system of equations. Preconditioning is provided by incomplete lower-upper 

factorization (ILU) or drop-tolerance incomplete lower-upper (ILUT) factorization. ILUT 

factorizations are performed only on the Jacobian generated in the first flow or transport Newton 

iteration. Solutions to subsequent Newton iterations are preconditioned using the ILU algorithm. and 

the data structure provided by the drop tolerance factorization. Accurate factorizations are 

generated, therefore, while the higher computational cost of the drop tolerance algorithm is 

amortized over the total number of nonlinear iterations. 

6.2 Coupled Surface-Subsurface Water Flow Simulations 

Detailed compansons of coupled surface-subsurface simulations with the laboratory 

experiment of Abdul [1985] indicate that observed rain.fall-runoff responses could be simulated with 

reasonable accuracy using measured or published parameter values. Groundwater discharge 

(seepage) and excess rainfall are not lost to the system in the coupled simulations, but are stored and 

flow on the land surface. These two-dimensional simulations also indicate that the coupled surface­

subsurface approach is consistent with solutions generated using the traditional seepage face 

approach, as water depths on the land surface are small. 

Application of the c0t1pled numerical model to the field experiment of Abdul [1985] 

indicates that the neglect of surface water ponding in the traditional seepage face approach can 

produce misleading predictions of both groundwater discharge rates and locations. Surface water 

stored on the land surface acts as a transient, spatially-variable constraint on pressure heads in the 

porous medium. Simulated surface water depths in the stream, for example, rise to a depth of about 

five centimeters at peak stream discharge, altering subsurface head gradients and decreasing 
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groundwater seepage rates into the stream channel. In the coupled simulations, e..,ccess rainfall and 

seepage are both stored on the land surface until infiltrating or discharging to the stream. Seepage 

face solutions obtained after the rainfall cessation therefore differ from those indicated by the 

coupled model, as recharge ceases when the water table drops below the land surface.. The error 

introduced by enforcing seepage face conditions (i.e. fixing the total head to be equivalent to the 

land surface elevation) increases with increasing channel incision. 

The coupled simulations indicate that surface and subsurface flow processes are intimately 

related, as subsurface head d.istnoutions affect infiltration or seepage rates while surface water 

ponding depths affect head gradients adjacent to the land surface. Slight variations in topography, 

initial water table elevations, and bulk hydraulic conductivity can generate significantly different head 

distnburions in the porous medium. Infiltration rates and porous medium storage capacity affect 

both the fraction of rainfall available for overland flow and the relative area of the I.and surface on 

which overland flow may develop. Overland flow contributing areas are also affected by small-scale 

topographic variations, which, in combination with the Manning roughness, determine the surface 

storage capacity and flow velocities. While these conclusions are not sutp~ it is encouraging th.at 

stream discharge measured by Abdul (1985] can be simulated with reasonable accuracy using 

measured or literature-derived parameters ancf roioimal calibration. 

6.3 Coupled Surface-Subsurface Tracer Transport Simuladons 

Simulations of the transport of a conservative tracer introduced with rainfa11 in Abd«l'.r 

[1985] laboratory experiment indicate that processes affecting solute concentrations in the surface 

water are restricted to a relatively thin region adjacent to the land surface. Concentrations in surface 

water are very sensitive to which equations the .rainfall boundary condition (ie. specified flux) is 

applied. For rainfall applied to the porous medium equations, the spatial and tempoi:al distribution 

of solute exchange is affected by the movement of excess rainfall. from the porous medium to the 

surface continuum. A dual rainfall condition, in which applied rain fall to both the porous medium 

and surface equation as a function of surface water depth, limits mixing due to infiltration excess. 

170 



For rainfall applied to the surface equations, mixing between the surface and subsurface continua is 

more heavily influenced by the magnitude of diffusive/ dispersive exchange coefficient The 

magnitude of advecri:ve e."{change is controlled by hydrodynamics within the porous medium and not 

by the movement of excess rainfall from the porous medium to the surface continuum.. The spatial 

and temporal distnbution of solute exchange therefore reflects both concentration discontinuity and 

hydrodynamics. While having little affect on the flow solution, these subtleties in rainfall. boundai:y 

condition assignment impact predictions of tracer concentrations in discharge water and, therefore, 

also affect interpretations of water origin. 

The laboratory-scale simulations also indicate that the sensitivity of tracer concentrations in 

surface water to rainfall boundary condition assignment is reduced as the storage volume associated 

with the porous medium equations at the land surface is decreased. However., concentrations during 

hydrograph recession are replicated well only by assuming concentration continuity, suggesting that 

mixing between continua. is related to more than the interaction of rainfall with the porous medium. 

Applying rainfall to the surface water equations results in tracer concentrations in discharge water 

neatly identical to those produced with the coarser discretization. Concentrations at early time and 

late times are over- and under-estimated, however. Inclusion of an empirical exchange dispersivity, 

which enhances diffusive exchange in regions where water exchange is also occw:ring, is shown to 

provide better tracer concentration predictions in discharge water. The empirical exchange 

d.ispersivity, therefore, may provide a useful cahbration parameter to match simulated and observed 

concent:cations. The value of such empirical coefficients is undoubtedly related to spatial 

discretization, however. 

Application of the coupled surface-subsurface model to the transport of conservative tracer 

in the field-scale experiment of Abdul [1985} re-enforces the conclusion that mixing processes 

occw:ci.o.g at the land surface interface dominate tracer concentrations in stream discharge. Simulated 

hydrograph separations (Le. relative concentration multiplied by stream discharge) replicate 

separations based on measured values with reasonable accuracy only if rainfall is applied to the 

surface equations and both advective (i.e. infiltration/ seepage) and diffusive exchange processes a.i:e 
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considered. Simulated flu..~-weighted concentrations, however, exceed measured concentrations 

during hydrograph rise. Consideration of enhanced mixing using the empirical exchange d.ispersivity 

does not improve predictions. Application of rainfall exclusively to the porous medium equations or 

to both the surface and porous medium equations underestimates rainfall tracer concentrations at 

peak discharge by about fifty percent. Simulation of field-scale transport processes is considerably 

more complicated than at the laboratory-scale, where topography is better defined and extremely 

fine spatial discretization can be utilized. Successful simulation of coupled sw:face-subsurface 

transport depends on the accurate representation of the spatial and temporal variability of water 

e.~change processes (Le. advection) and dif.fusive-type processes associated with concentration 

differences between continua. 

6.4 Stream.Bow Generation and the Borden Field Experiment 

The set of simulations based upon the field experiment pertonned by Ahtbtl (1985] clarifies 

the role of the capillary fringe on streamflow generation in the relatively homogeneous sand 

underlying CFB Borden. The coupled surface-subsurface flow model is able to reproduce the 

observed rapid water table response and resulting overland and stream flow. Observed surface 

discharge volumes and timing were simulated with reasonable accuracy using published or measured 

parameter values and minimal calibration. The simulated response of the capillaty fringe to rainfall is 

consistent with both theory [Gillham, 1985] and observations [Abtbtl, 1985;Abd11/ and Gillham, 1989]. 

The simulations suggest that, while the low storage capacity of the capillaty fringe is clearly 

responsible for the rapid hyd.rologic response observed by Abd11/ [1985], increased subsurface head 

gradients do not cause significant groundwater seepage. Rather, infiltration rates along the stream 

axis are reduced, with runoff formed largely by excess rainfall over a dynamic contributing area [e.g. 

Hewlett and Hibbert, 1967; Dunne and Black, 1970]. 

These results contradict the essential conclusion of Abdul [1985] and Abdul arrd Gillham 

[1989], who provide support for large groundwater contnbutions by routing seepage from two­

dimensional hillslopes into a one-dimensional kinematic streamflow model. Abrilll [1985] and Abtbt/ 
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and Gillham [1989] provide further support for large groundwater contnbutions by separating stream 

discharge using relative concentrations of a conservative tracer (bromide) included in the artificial 

rainfall (Le. hydrograph separation). The coupled surface-subsurface transport simulations 

performed in this work suggest that, despite the rapid, large-scale response of the capillary fringe, 

rainfall tracer dilution occurs largely by diffusive processes as water flows over the land surface to 

the stream, over relatively short flow paths, and subsequently down the stream channel Tracer 

originating above the initial water table enters the surface water by similar processes, augmenting the 

small volumes of seepage (advective transport) caused by increased subsurface hydtaulic gradients. 

Finally, the simulations performed in this work suggest that groundwater seepage rates are 

overestimated if surface water ponding in the stream channel is neglected, making conclusions based 

on Abdul's fl.ow simulations suspect 

The sensitivity of simulated discharge tracer concentrations to diffusive exchange illustrates 

the ambiguity in the use of tracers to differentiate stream water origin, as tracer concentrations in the 

stream discharge may not reflect water sources [e.g. El.renbeer et al.., 1995]. Indeed, hydrograph 

separation theory is fundamentally flawed if diffusive modification of tracer concentrations in 

surface water is prevalent in nature. lvfi.~ at the land surface interface may provide significant 

fractions of pre-event tracer observed in non-incised streams [e.g. Kenneefy et al, 1986; Rodhe, 1987; 

B11ttle and Sami, 1992]. Further, evaporation at the land surface may increase concentrations of 

dissolved species, with the isotopic signature of the remaining water becoming increasingly heavy 

(i.e. 180/160 and 2H/1H increasing) [N. Kouwen, per. comm, 1999). Additional field and laboratory 

studies, and additional simulations, are required to evaluate the generality of the previous 

conclusions. One can hypothesize, for example, that diffusive exchange between continua may be 

less important if most rainfall infiltrates, as the surface area of the stream itself is considerably 

smaller than the total area contributing overland flow. Diffusive exchange between surface water and 

the underlying po:cous medium would then be restricted to the stream channel itself [e.g. Bencala, 

1983, 1984J. Advective exchange processes resulting from streambed topogtaphic variations may 

then become more dominant [e.g. Elliot and Brooks, 1997 a,b]. 

173 



6.5 Future Work 

The simulations of coupled surface-subsurface flow and transport illustrate both the 

complexity of runoff generation mechanisms and ability of the numerical model to capture these 

comple.--cities. A wide range of observed surface and subsurface hydrologic behavior can be simulated 

with roioiroal assumptions regarding the spatial and temporal variability of specific runoff or 

infiltration processes. Specifically, three-dimensional flow processes in the unsaturated zone are 

rigorously included, naturally regulating the partitioning of rniora11 between the surface and 

subsurface systems and resolving the complex, transient flow fields resulting from in.filtration into 

regions underlain by shallow water tables. Groundwater discharge to the land surface evolves in time 

and space while infiltration proceeds at the appropriate rate and location with excess water ponding 

or moving as overland or stream fl.ow. Groundwater discharged to the surface and forming overland 

flow can re-infiltrate as conditions allow, and stream water interaction with the underlying and 

adjacent porous medium is dynamic and implicit. Bypass fl.ow in macropores and the associated 

transport processes are intimately linked to the dynamics of the surface and porous medium 

continua. The interaction of surface and subsurface flow and transport processes is imbedded in the 

tight, implicit coupling. 

The application of the integrated numerical model to real and idealized watersheds 

establishes a strUctured framework for the development and testing of hydrologic response 

conceptual models. The validity of assumptions utilized in less complex numerical models can be 

evaluated and dominant or controlling mechanisms and parameters can be identified. The intimate 

linkage of simulated hydrologic response and tracer transport will allow the further evaluation of 

hydrograph separation methodologies, particulatly the relationship between rapid flow in 

macropores and the chemical signature of groundwater discharge. The numerical model is intended 

to be an integral component of and evolve with field studies of hydrologic response and solute 

transport in coupled surface-subsurface systems. The modular fotm of the numerical model allows 

the refinement of processes descriptions or the evaluation of alternative process conceptualizations. 
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Similarly, additional processes identified or hypothesized to influence hydrologic response or tracer 

transport can be considered. 

Specific enhancements to the numerical model, and the intended objectives, include: (1) the 

inclusion of hysteresis in subsurface characteristic curves to evaluate hydrologic response during 

sequential rainfall-evaporation events; (2) the development and testing of reactive chemistry and 

cation exchange modules to evaluate the influence of rock-water interaction on stream water 

chemistry; and (3) the development and testing of sediment transport and slope stability modules to 

investigate the relationship between hydrology and landscape evolution. These enhancements are 

part of ongoing research programs at two well-documented field sites. 

The first field site, RS, is a prairie rangeland catchment with shallow slopes located in 

Oklahoma [USDA-A.RS, 1983; uague and FreeZ!, 1985] while the second site, DW-1, located near 

Coos Bay, Oregon [A11derson et al, 1997a,b; Montgomery et aL, 1997; Torres et aL, 1998), is a steep, 

macroporous hillslope nnderlain by fractured bedrock. Detailed measurements of hydrologic 

response to multiple rainfall events are available, as are rainfall tracer disttibutions, tracer and 

sediment concentrations in discharge water, permeability and topographic distributions, and 

evaporative demand. The spatial scale of these field sites is an order of magnitude larger than the 

Borden rainfall-runoff experiment performed by Abdul [1985). Records of observed hydrologic 

response extend to days and months and include multiple precipitation events. Application of the 

numerical model to these field sites will continue the validation and verification process and provide 

comparisons with simpler, surface water oriented, rainfall-runoff models and analytical models of 

processes affecting slope stability. A general implementation of the anticipated reactive chemistry 

module, furthermore, will allow the investigation of nitrogen and phosphorus loadings to both 

groundwater and surface water. 

175 



Appendix A Spatial Discretization Issues 

Negative influence coefficients can cause oscillatory behavior during the Newton iterations because 

discrete fluxes with incorrect orientations can be generated, leading to time step reductions and huge 

numbers of Newton iterations to achieve convergence [Letniowski and Fo1'!]th, 1991]. The simulation 

of dynamic coupling using large, irregular, three-dimensional grids with spatially variable properties 

effectively guarantees the e.."aStence of such negative terms. One possible solution is to set negative 

influence coefficients to zero, thus ensuring that discrete water and advective transport fluxes are 

oriented in the correct physical direction. 

The rdevance of this zeroing practice became readily apparent in a grid refinement study 

presented bdow which initiated to isolate the effects of gradient resolution on calculated infiltration 

and seepage rates. The permeability field was homogenous and isotropic for all simulations in this 

study and the grids were generated with either prisms or tetrahedra. Examination cf simulation 

results predicted that spatially variable infiltration or seepage fluxes near the land surface did 

correlate with changing gradient resolution. Furthermore, solutions from grids with similar nodal 

spacings were considerably different. 

The source of the unexpected results originates in the practice of setting negative influence 

coefficients to zero to ensure convergence of the Newton iteration loop. As meshes were refined, or 

different element types were implemented, the location and orientation of these negative terms 

changed. Zeroing negative influence coefficients, in effect, introduced spatial heterogeneity in the 

nodal connectivity, emulating spatial variation of permeability. This heterogeneity, which was 

difficult to detect if the percentage of zeroed-terms was small, became quite noticeable as the 

percentage increased. Simulations conducted without zeroing negative influence coefficients 

converged to neatly identical solutions as the grid was refined Exceedingly small timesteps were 
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required, however, for convergence of the Newton iterations, resulting in very costly simulations. 

The following sections investigate the origin of negative influence coefficients arising from linear 

prism, isoparametric prism and tetrahedral finite elements (Figure A-1). A finite difference 

approximation for prism elements is then introduced and simulations based on the three­

dimensional discretizations are compared. 

6 

Prism Element 

6 
Subdivision into Tetrahedra. 

/ / 3. 

4.------------ 5 

' ' 
Modified Prism 

6 

1--------------2 

Figure A-1. illustration of prism finite element geometry, node numbering, and nodal connectivity, 

along with subdivision of prism finite element into three tetrahedra, and nodal connectivity 

of finite difference approximation. 
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A.1 Prism Finite Elements 

Assuming an isotropic and homogeneous permeability tensor, one can define the geometty-

d • d infl fir. • [total [.a J)'\" [- • • fr • l Jin ~ ... nn-.-.1 ... .- • enve uence coe uaents, i.i = i.j + i.J + i~, ansmg om a stng e ear ~u.uu. pnsm 

element (Figure A-1) as [H1qakom et al, 1986]: 

l~2 = :z ( a,a2 + h.bz).6. + l~z = l~, = r;., = r;_. 

r;., = ! ( a,a, + t,,t,,)A + 6: = r;.2 

r;.. = ~z ( 17sa3 + b,b, ).6. + 
6
: = 1;-' 

where a and b are the standard linear triangular basis functions in the local x-y plane, L\ is the 

area of the triangular faces, dz equals the nodal separation distance in the local z dimension, and 

V = dzt:,. is the elemental volume. Average dimensions or numerical integration is required for 

deformed prisms or, alternatively, the prism elements may be subdivided into tetrahedra (Figure 

A-1). 
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Calculation of the prism coefficients for the local x-y plane involves the reciprocal of the z­

d.imension, yielding a large positive value for elements with large aspect ratios. The following 

relationship must be true for influence coefficients lying in the local x-y to be non-negative: 

k~
111

~ ~ - dz (k~
112

a.a. +k!.T
11
,,b.b.)d with dz> 0 

,1~ l 2dz 3 r1+ ' i 11+ - ' i 

which is clearly impossible if the triangle influences are nonzero, unless the vertical permeability is 

zero. Setting negative influence coefficients to zero, therefore, inhibits flow in the local x-y plane 

for prism elements. 

(1, 1, dz) 

--~~ - / 
/ (1, 1, 0) 

{0, 0, dz~--;...__-----~..--'-,=---""""" (1, o, dz} 

(0, 0, 0) 

-~- ' ---- ---- ~ -- --- • 
(1,0, 0) 

Figure A-2. Example prism finite element with large aspect ratio. 

As a simple numerical e..'"<aillple, consider a single prism formed from nodes as located in 

Figure A-2 where dz is the prism element thickness. Consider a vertical node spacing of one-tenth 

the triangle element area ( A = 05) as is typical in the near-surface region of the grids utilized in this 

study. The influence coefficient tensor for this prism is, assuming an isotropic and homogeneous 

permeability field: 

1 

2 

re= P-.vgk 
3 

µw 
4 

5 

6 

1 2 

8.25xlff1 

3 

8.33 X 10-1 

8.25xlff1 

4 5 6 

-1.66 -837Xlff1 -8.33x10-1 

-8.37xlff1 -1.66 -8.37xlff1 

-8.33xlff1 -837Xlff1 -1.66 

8.25Xl0-1 8.33XlQ-l 

8.25x10-1 
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One can observe that discrete flu."Ces calculated between nodes lying in the local x-y plane will have 

incorrect orientations ( e.g. water will flow up-gradient), which is troublesome as the original 

triangles are well formed (i.e. follow the Delaunay criteria). Note that adjacent elements will also 

contribute to the total influence coefficient tensor for a particular node pair. 

(1. 1, dz/3) 

. . "" 
I===--=,~:.:::_:-:_:-:_::-_----:--------~--~-~~~ (1, 0, dz/2) 

Figure A-3. Example deformed prism finite element with large aspect ratio. 

For a defotmed prism (Figure A-3), the influence coefficient tensor generated using an 

isoparametric prism element with Gauss integration [Zienkie~ 1971] is: 

1 2 3 4 5 6 

I 1.11 1.25 -236 -112 -125 

2 1.99 -111 -311 -2.00 
re=_Pwgk 3 -125 -2.00 -325 

µw 
4 Ill 1.25 

5 2.00 

6 

which again generates negative influence coefficients in the local x-y plane. 

A..2 Tettahedral Finite EleIIJ.ents 

Consider a single tetrahedron, Ti, formed by nodes 1, 2, 3, and 4 of the previously defined 

prism shown in Figure A-1. One can calculate elemental influence contnbutions as [Zienkiewic.z, 

1971; H1!Jakom and Pinder; 1983]: 

1[2 = V1i[£?ia2 +b/,2 +c1c2]7i = 1£1 
(5.4) 
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Two additional tetrahedra, r; and r;, may be generated from the remaining elemental volume with 

influences determined in an identical manner. This order of subdivision is rather arbitrary, but is 

restricted unless nodes are added to the grid [e.g. Letniowski and Foeyth, 1991]. The sum of these 

sub-elements now determines the influences associated with the original six nodes: 

I t! l1i le 
1.2 :::: 1,2 = 2.1 

l e z1i + lr:. It! 
2.3 = 2.3 2.3 = 2.3 

l e [1i + J1i + l7j le 
3.4 = 3.4 3,4 3.4 = 4.3 

I
I! /1i II! 
4,1 = 4.1 = 1.4 

l e - Ir:. + l7j le 
4.5 - 4:S 4.s = s.4 

l l! - /Tl ll! 
5,2 - S.2 = 2.5 

I I! J1i II! 
5.6 = S.6 = 6.S 

l t! -[Tl _ Tl! 
6.J - 6.3 - .l.3,6 

Subdividing the prism into tetrahedra in this manner eliminates connections between nodes one 

and five, one and six, and two and si.,c. 

The influence coefficient tensor generated via subdivision of the undeformed prism element 
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1 2 3 4 5 6 

1 -833xlff3 0.0 -333 

2 -1.67 X 10-2 0.0 -333 
re= Pwgk 

3 0.0 0.0 -3.33 
µw 

4 -1.67 x10-2 0.0 

5 -8.33 X lff3 

6 

This subdivision preserves a physical basis for flow between all nodes. Note that the vertical 

coefficients are numerically equivalent to 1!!a/3dz, the equivalent of a finite difference analogue­

Subdivision of the deformed prism volume into tetrahedra generates the following influence 

coefficient tensor: 

1 

2 
re =-Pwgk 3 

µw 4 

5 

6 

I 2 

-8.33 X 10-3 

3 4 5 6 

0.0 -3.33 

-125 X lff2 417 X 10-3 -6.68 

417 X 1 ff3 -2.77 X 10·3 -10.0 

-111 X 10-2 -417 X 10-3 

0.0 

This subdivision generates negative coefficients for two connections. This simple analysis indicates 

that tetrahedra with large aspect ratios way also generate negative influence coefficients. Zeroing 

these negative terms will inhibit flow along connections corresponding to diagonal of the original 

prism element. A physical basis for flow in the local x-y plane is preserved, however. 

A.3 Modified Prisms 

Large elemental aspect ratios will frequently occur adjacent to the land surface if one is 

restricted to large lateral node spacings relative to those utilized vertically. Significantly, this region, 

lying at the interface between the subsurface and surface continua, is of most interest in this work.. 

An alternative discretization method based on prisms is utilized in this work whereby cross-
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derivative terms are lumped onto the diagonal of the elemental influence matrices, thus emulating 

finite-difference connections in the local z-coord.inate (Figure A-4). This discretization method 

follows Pandtfy et al [1993] and Therrien and S udick:J [1996], who utilized a similar approach for block 

finite elements. Similarities also exist with the integrated finite difference method of Narasimhan and 

Witherspoon [1976] and Pmes.r and Narasimhan [1985]. Prism deformation is incorporated in an 

approximate manner by calculating separate areas and basis functions for the upper and lower 

triangles. 

6 

(area123 + area456 ) / 6 

Figure A-4. Definition of variables utilized to calculate the modified prism influence coefficients. 

The elemental contributions are defined for each node pair as 

l .rr _ dz,4 + dz25 ( ) A _ 1.a: 
1.2 -

4 
ll1(½ Ll123 - 2.l 

[YY = dz14 + dz25 (b.b )6 = [YY 
1.2 4 l 2 123 2.1 

[ YY _ dz,4 + dz36 (,.,b ) A _ /YY 
1.3 - 4 .., 3 L.1123 - 3,1 

l YY dZis + dz36 (b ,.,) A /YY 
2.3 = 4 2""3 L.1123 = 3.2 

yy dz14 + dz25 (b b ) A [YY 
l4,s 

4 
4 s L.14s6 = s.4 

l yy dz25 + dz36 (b b ) A [YY 
4,5 = 4 4 5 L.1456 = 5,4 
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Cross derivatives are retained in the local x-y plane: 

The influence coefficient tensor for the first example prism (Figure A-2) is: 

1 2 3 4 5 6 

1 -125x lff2 0.0 -3.33 

2 -125xlff2 -3.33 
re =-pwgk 3 -3.33 

µw 
4 -125xl0-2 0.0 

5 -125xlff2 

6 

The positive numerical properties of well-formed triangular faces are retained and coefficients 

corresponding to vertical water flu.'C are identical to those generated using the tetrahedral 

subdivision. The influence coefficient tensor for the second prism example (Figure A-3) is: 
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I 2 3 4 5 6 

I -938xlff3 0.0 -333 

2 -520x10-3 -6.67 
rc= Pwgk 3 -10.0 

µ...,, 
4 -937xl0-3 l.95xl0-6 

5 -52lxlff3 

6 

Vertical coefficients are virtually identical to those originating in the tetrahedral subdivision anci, 

while a single negative coefficient is generated, the numerical value is three orders of magnitude 

less than those generated using tetrahedra. The tetrahedra and finite difference examples are in 

general agreement, allowing flow both vertically and in the local x-y plane. 

An e."lCample of the type presented above for flow is unsatisfactory for dispersive transport., 

as the mechanical dispersion tensor will vary in magnitude and orientation as the flow field evolves. 

Discrete diffusive solute fluxes, however, are governed by the geometric coefficients introduced 

above for flow. For simplicity, consider a constant dispersion coefficient, D, in a saturated medium 

of constant porosity. For a non-defonned prism element, the dispersive transport tensor is: 

1 2 3 4 5 6 

1 8.71x10-1 830x10-1 -1.66 -7.93x 10-1 -752x10-1 

2 7.88x10-1 -8.77x10-1 -1.66 -794x10-1 

Ac=-D 3 -9J8xlQ-l -8.77 X 10-I -1.66 

4 7.88 x10-1 8.29 X 10-t 

5 8.71x10-1 

6 

for the tetrahedral subdivision it is: 
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1 2 3 4 5 6 

1 0.0 -l.75x 10-1 -350 
2 -1.75xl0-1 I.75x10-1 -3.68 

Ae=-D 3 325xlff1 L75 x 10-1 -350 

4 -1.75 X 10-1 -l.75X 10-1 

5 0.0 

6 

and for the finite-difference approximation it is: 

1 2 3 4 5 6 
I 0.0 -125x10-2 -3.33 

2 0.0 -333 

Ae:=-D 3 -333 

4 0.0 -125x10-2 

5 0.0 

6 

Both the prism and tetrahedral discretizations generate negative dispersive transport coefficients, 

indicating that solute mass will be transported against the concentration gradient. Similar 

coefficients are generated with the deformed prisms. 

A-4 Comparison of Solutions wit4 Alternative Discretizations 

A series of simulations was performed to evaluate the sensitivity of discharge volume and 

tracer concentrations to spatial discretization, because the fine nodal spacing utilized in the 

laboratory-scale simulations (see Section 4.7) is impractical at the field scale (see Chapter 5). The 

geometry utilized in the discretization sensitivity analysis (Figure A-5) represents a generic cross 

section e.."ttracted from Abd11!'.r [1985] field experiment. Flow and transport parameters and initial 

conditions are identical to those utilized in the field-scale simulations. While rainfall rates and 

durations are also identical, the stream is replaced with a critical depth boundary condition. These 

two dimensional simulations, summarized in Figure A-6, indicate that discharge predictions are 

sensitive to hydraulic gradient resolution adjacent to the land surface. Predictions are less sensitive to 
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horizontal spacing for the relatively shallow slopes considered. Coarse discretization at depth., in 

combination with fine spacing at the land surface, maintains reasonable accuracy while minimizing 

computational effort 

The problem was made quasi-three dimensional by connecting two identical cross sections, 

spaced by one meter, to compare solutions based upon three-dimensional elements. Three element 

types are compared: tetrahedra, isoparametric prisms, and modified prisms. Element thicknesses 

vary along the x-axis, allowing a comparison of influence coefficients generated with defonned 

elements. Tetrahedra are generated by subdivicling the prisms [e.g. Letniowski and For,!)lth, 1991} while 

the modified prisms emulate finite differences along the vertical axis [e.g. PantU!Y et aL, 1993]. Table 

A-2 presents a summary of influence coefficient and solution statistics for the three-dimensional 

elements. The modified prisms generate the least number of negative influence coefficients:, the 

magnitude of which approach roundoff error. Tetrahedra and isopammetric prisms generated about 

the same number of negative influence coefficients, but the magnitude of the tetrahedra-derived 

values is about an order of magnitude less than the isoparametric-prism derived values. The 

modified prisms required approximately 72 % and 60% of the memory and computation rime of 

tetrahedra, respectively. Retaining negative coefficients in the isoparametric prisms caused 

considerable convergence difficulties. Setting the coefficients to zero allowed convergence, but the 

solution was inconsistent with results obtained with other discretizations. 

A comparison of discharge versus time and hydraulic head at 50 minutes is presented in 

Figure A-6 for the two-dimensional elements. Figure A-7 presents the corresponding results for 

simulations conducted using tetrahedra and isoparametric prisms:, performed with and without 

retaining negative influence coefficients, and with modified prisms. The modified prisms are shown 

to generate flow solutions neatly identical to the corresponcling two-dimensional results, although 

recharge tracer concentrations are slightly under-predicted at peak discharge, and slightly over­

predicted during hydrograph recession. Both tetrahedra-based solutions agree well with the two­

dimensional results, as negative influence coefficients arising from tetrahedra tend to correspond to 

edges interior to the original prisms (see Section A.2 ): the two-dimensional flow field in this 
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e.~ple reduces the effect of these terms. The two solutions based upon isoparametric prisms 

differ significantly, as negative influence coefficients correspond to the main prism edges (see 

Section A.1 ) . 

A subset of the field-scale simulations (Chapter 5) were repeated using tetrahedra and 

isoparametric prisms to evaluate the error introduced by the modified prisms. Fully implicit rime 

weighting is utilized for flow and adaptive implicit-explicit time weighting is utilized for transport. A 

summary of the fl.ow influence coefficient and of the solution statistics is presented in Table A-3. As 

indicated by the cross section example, both tetrahedra and isoparametric prisms generate large 

numbers of negative influence coefficients while the modified prisms generate significantly less. The 

simulation conducted with the modified prisms, furthermore, required considerably less 

computational effort than utilizing tetrahedra or isoparametric prisms, largely due to the reduced 

effort required to assemble and solve the flow and transport Jacobians. 

The flow solutions generated by tetrahedra and isoparametric prisms are summarized in 

Figure A-8, which presents water table locations and total head contours at fifty minutes. Removing 

negative influence coefficients (i.e. setting them to zero) affects both solutions in and adjacent to the 

stream, although the effect is much more noticeable with the isoparamet:ric prisms. Retaining the 

negative terms generates total head contours very similar to the modified prisms, but at considerably 

greater computational effort. 

Figure A-9 presents the corresponding surface water discharge volumes and tracer 

concentrations versus time for rainfall applied using the dual algorithm and for rainfall applied 

exclusively to the surface equations. Removing negative influence coefficients is shown to cause 

decreased surface water discharge: this reduction is most significant for the isoparametric prisms. 

R~taioiog negative influence coefficients, however, results in discharges that agree well with the 

modified prism solution. Hydrograph separations are relatively unaffected by the choice of spatial 

discretization as interactions at the land surface dominate tracer concentrations in surface water. 
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Discretization 

Fine 
Coarse Horizontal 
Coarse Horizontal and 

Vertical 

Grid Statistics 
Equations1 Elements1 

3131 I 101 6000 I 100 
651 I 21 1200 I 20 
147 / 21 240 / 20 

Solution Statistics 
Time Solution Newton Iterations 
Steps2 Time3 Aow Transport 
3 / 67 2.8 255 414 
0 /63 0.34 209 390 
2 I 65 0.08 222 388 

Refined at Land Surface 294 / 21 520 / 20 0 / 63 0.14 210 394 
1 porous medium / surface; 2 failed / total; 3 minutes (300 rvfHz Pentium II), flow and 

transport of three solutes 

Table A-1. Summary of grid and solution statistics for sensitivity analysis of two-dimensional 

spatial discretization. Fully implicit time weighting is utilized for both flow and transport. 
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Discretization 

Isoparametric Prisms 
retained 

removed 
Tetrahedra 

Flow Influence Coefficients 
Negative / Total ~finimum 

1056 I 3933 -4.6 X lQ-5 

833 / 2874 -3.3 X 10-6 

Time 
Steps1 

1 / 65 
2 I 65 

Solution Statistics 
Solution Newton Iterations 
Ttme2 Flow Transport 

0.78 227 486 
0.66 217 427 

retained O / 63 0.53 217 400 
removed 2 / 65 0.52 227 406 

Modified Prisms 186 / 1827 -2.8 x 10-21 0 / 63 0.32 209 394 
l failed / total; 2 minutes (300 :MHz Pentium II), flow and transport of three solutes 

Table A-2. Summary of flow influence coefficient and solution statistics for sensitivity analysis of 

three-dimensional spatial discretization of the example cross section. Fully implicit time 

weighting is utilized for both flow and transport. 

Discretization 

Isoparametric Prisms 
retained 

removed 
Tetrahedra 

Flow Influence Coefficients 
Negative/ Non-Zero 

42,335/ 157,234 

43,000 / 134,838 

Time 
Steps1 

4/ 67 
7 /77 

Solution Statistics 
Solution Newton Iterations 

Time2 Flow Transport 

60.0 422 758 
53.8 464 670 

retained 4 / 71 50.3 445 790 
removed 3 / 69 42.2 394 700 

Modified Prisms 160 / 68,750 3 / 69 25.8 420 699 
1 failed / total; 2 minutes (300 :M1-Iz Pentium II), flow and transport of three solutes 

Table A-3. Summary of flow influence coefficient and solution statistics for field-scale three­

dimensional spatial discretizarions based upon isoparametric prism, tetrahedra, and 

modified prism influence coefficients. Solutions for porous medium hydraulic conductivity 

equal to 1 x 10·5 m s·1, initial hydraulic head of 278 cm, and adaptive transport time 

weighting. 
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Rainfall Rate: 2 cm hr"1 (5.55 m s·1
) 
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boundary 
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~ 
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0 
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no flow I 
0 2 4 6 8 10 

Distance (m) 

Figure A-5. Geometry, initial and boundary conditions for example cross section. 
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Fig-pre A-6. Total head (cm) at 50 minutes and discharge volume and rainfall tracer concentrations 

versus time for coupled surface-subsurface flow and transport on a cross section. 

Comparison of solutions given by: (a) fine spatial discretization, (b) coarse vertical and fine 

horizontal spacing, ( c) coarse horizontal and vertical spacing, and ( d) coarse horizontal and 

vertical spacing re.fined adjacent to the land surface. Solution for dual rainfall boundary 

condition and porous medium hydraulic conductivity equal to 5 x 10·5 m s-1
. 
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(b) tetrahedra. negative coefficients removed 

{cl tetrahedra. negative coefficients retained 

(d) isoparametric prisms. negative coefficients removed 

( e) isoparametric prisms. negative coefficients retained 
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Figure A-7. Total head (cm) at 50 minutes and discharge volume and rainfall tracer concentrations 

versus rime for coupled surface-subsurface flow and transport on a quasi-three 

dimensional cross section. Comparison of solutions given by: (a) modified prisms, (b) 

tetrahedra with negative coefficients removed, ( c) tetrahedza with negative coefficients 

retained, ( d) isoparametric prisms with negatiye coefficients removed, and ( e) 

isoparametric prisms with negative coefficients retained. Solution for dual rainfall 

boundary condition and porous medium hydraulic conductivity equal to 5 x 10·5 m s·1. 
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Figure A-8. Water table location and contours of total head in porous medium at 50 minutes for: 

(a) tetrahedra, negative coefficients removed (b) tetrahedra, negative coefficients retained 

(c) isoparamettic prisms, negative coefficients retained, and (d) isoparametri.c prisms, 

negative coefficients removed. Solution for initial hydraulic head of 278 cm, dual rainfall 

boundary condition, and porous medium hydraulic conductivity equal to 1 x 10-5 m s •1• 
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Figure A-9. illustration of the sensitive of field-scale coupled surface-subsurface flow and 

transport solutions to subsurface discretization. Comparison of (a) measured and 

simulated stream discharges and (b) comparison of measured and simulated hydrograph 

separations. Solutions for initial hydraulic head of 278 cm and porous medium hydraulic 

conductivity equal to 1 x 10-5 m s •1. 
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