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Assessing Contaminant Transport Vulnerability in Complex Topography
Using a Distributed Hydrologic Model

Scott N. Martens and David D. Breshears*

ABSTRACT Some facilities, such as Los Alamos National Labora-
tory, have contaminants at widely scattered locationsModeling of vadose zone hydrology is required to address a variety
within a landscape of complex topography. This type ofof applied problems in general and risk assessments associated with
spatial distribution of contamination poses a particularlycontaminants in particular. Risk assessments increasingly must focus

on multisite, multipathway analyses as opposed to single-site, single challenging problem for risk assessment. While many of
pathway analyses. Such assessments can be particularly challenging the contaminated sites within an area of concern may
when contaminants are widely dispersed in complex topography. Here have relatively low levels of contamination, the redistri-
we highlight how a set of contaminated sites situated within complex bution and concentration of these contaminants through
topography can be effectively prioritized relative to vulnerability of environmental processes such as surface and subsurface
contaminant transport from surface and subsurface flows. We used flow must be considered (Wilcox et al., 1996a, 1996b, 1997;a distributed hydrologic model, SPLASH, to assess the lateral flows

Wilcox and Breshears, 1997; Newman et al., 1998; Johan-of surface and subsurface water following the simulation of a 100-year
sen et al., 2003). Because remediation associated with largeprecipitation event, which could correspond to an intense thunder-
areas of dispersed contaminants can be costly, assess-storm. Our case study was conducted in the North Ancho watershed
ments that can prioritize remediation resources and ef-of Los Alamos National Laboratory, in northern New Mexico, USA,

an area with widely dispersed contaminants and diverse topography. forts on those sites with some combination of the highest
Simulated surface flows generally exceeded subsurface flows by more concentrations and vulnerability to transport are greatly
than four orders of magnitude, indicating the relative importance of needed. Site contaminant inventories usually can be ob-
potential redistribution of contaminants by surface flows for this type tained with straightforward, albeit sometimes costly, sam-
of precipitation event. For the 18 potential contaminant release sites pling, whereas assessing the vulnerability of a site to con-
investigated, the maximum surface flow varied by more than an order taminant transport is more challenging.of magnitude across the sites. Half of the sites had surface flows �25%

A major determinant of contaminant transport is theof the maximum surface flow for a site, allowing for prioritization of
amount of hydrological flow at a given site. Vulnerabilitythose sites with the greatest vulnerability. Our results highlight how
to contaminant transport can be associated with sur-risks of contaminant transport can be effectively assessed in complex
face and subsurface flows of water laterally through atopography using distributed hydrologic modeling.
site. These flows themselves are influenced not only by
the hydrologic characteristics of a site but also by the
characteristics of nearby sites that may contribute orModeling of vadose zone hydrology is required to
receive water flows. Data or predictions from a givenaddress a variety of applied problems in general
location may or may not scale up to be relevant to largerand risk assessments associated with contaminants in
scales of concern (Johansen et al., 2003; Wilcox et al.,particular. Risk assessments related to the vulnerability
2003a); hence the assessment of many locations may beof contaminant transport often focus on an individual
needed. Assessing the relative magnitudes of surfacesite. Numerous models exist for such analyses, such as the
and subsurface lateral flows can be particularly challeng-RESRAD model, which is commonly used within the
ing in complex topography, where accounting for hy-Department of Energy (DOE) (Cheng et al., 1991; Cheng
drology of surrounding sites may be crucial. Distributedand Yu, 1993; Wang et al., 1993; Yu et al., 1993a, 1993b;
hydrologic models provide a means for addressing theseWilcox and Breshears 1997). Such a modeling approach
issues. Indeed, distributed hydrologic models have beenis useful for rapid and conservative assessments of risk
applied to similar problems, such as prioritization offrom contaminants at a site. However, much of the con-
post-fire remediation efforts within burned areas in com-tamination within DOE facilities is in low concentra-
plex topography (Beeson et al., 2001; Wilson et al., 2001).tions over widespread areas (Riley and Zachara, 1992).

In this paper, we highlight the utility of a distributed
hydrologic model for ranking vulnerability of different
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versity of California at Davis, Davis, CA 95616 and Sierra Science, magnitudes of surface and subsurface lateral flows acrossThree Rivers, CA 93271 (Present address); D.D. Breshears, Earth
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Resources, Institute for the Study of Planet Earth, and Department cesses on Landscapes: Surface/Subsurface Hydrology),
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Fig. 1. Hydrological flows simulated by SPLASH.

these flows are also routed explicitly from a cell to its neigh-an area with widely dispersed contaminants and diverse
bors, and (iii) the model has limited data input requirements.topography. The area around Los Alamos has been the
The primary spatially explicit inputs needed include digitalfocus of numerous hydrological field studies (e.g., Wil-
maps of elevation, soil depths and textures, vegetation, andcox et al., 1997, 2003a, 2003b; Newman et al., 1998; Reid
leaf area index (LAI).et al., 1999; Johansen et al., 2001, 2003) and modeling In SPLASH, water that is ponded on the surface (often re-

simulations (e.g., Beeson et al., 2001; McLin et al., 2001; ferred to as “surface head”) may evaporate to the atmosphere,
Wilson et al., 2001), and hence this study further contri- infiltrate into the soil below, and flow laterally to surrounding
butes to the larger body of research for Los Alamos cells (and receive flows from surrounding cells). Note that in-
and to making Los Alamos an important case study. Our filtration and subsurface lateral flow are represented as sepa-

rate processes in SPLASH and are not synonymous. The simu-results not only address site-specific needs, but more
lations presented here are driven by a brief, high-intensitygenerally present an approach for assessing indices of
rainfall event (described below) that exceeds the infiltrationvulnerability to redistribution by water for widely dis-
rate for many cells. This results in substantial ponding of sur-persed sites and highlight how risks of contaminant face water and subsequent lateral flow of this water acrosstransport can be effectively assessed in complex topog- the topographically complex landscape.

raphy. SPLASH simulates lateral flow of ponded surface water
using Manning’s equation for calculating discharge from a cell.
Water is routed in the direction of steepest descent (aspect)METHODS
based on the digital elevation model (DEM). Water that is
ponded on the surface (e.g., by saturation excess, infiltrationHydrological Model
excess) is subject to flow. Overland flow in SPLASH can be

We conducted our analyses using SPLASH, a distributed sim- considered gradually varying sheetflow: the energy source for
ulation model that incorporates coupled surface–subsurface flow (gravity) is consumed by friction. The slope of the water
hydrology, lateral flow of surface and subsurface water, infil- surface is used to calculate the gradient between any two cells
tration, evapotranspiration from a vegetation canopy, an en- (diffusive wave approximation). (Optionally, the slope of the
ergy balance approach for snowpack calculations, and a cli- water surface may be assumed parallel to the bed [DEM] sur-
mate simulator (Martens, unpublished data, 2004; Beeson face [kinematic wave approximation]). This allows SPLASH
et al., 2001). For each cell within a grid, SPLASH calculates to simulate backwater effects and ponding of water in topo-
the components of a water budget through time including the graphic depressions that may then overflow. However, SPLASH
flows of surface and subsurface water into and out of the cell. does not explicitly incorporate channel flow. Channel flow in
Because SPLASH explicitly calculates the lateral flows into SPLASH occurs only inasmuch as “channels” are defined by
and out of each cell for each time step of the simulation, it the DEM. SPLASH calculates water flow into or out of a cell
can produce a simulated hydrograph for each cell for both through the four faces of that cell: two in the x direction, and
surface and subsurface lateral flows. The processes considered two in the y direction. Velocities and discharges are calculated
in SPLASH are shown in Fig. 1. separately for each direction using Manning’s equation. For

Three features of SPLASH are of particular relevance to example, in the x direction,
this study: (i) lateral flows of surface water (e.g., runoff) are
routed explicitly from a cell to its neighbors, (ii) subsurface u �

1
n h 2/3

s S 1/2
x

lateral flow is calculated when the subsurface is saturated, and
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where u � velocity (m s�1), n is Manning’s roughness coeffi- cells. We assumed a leaf area index (LAI) for each vegetation
type, with LAI increasing such that grassland � savanna �cient, hs � hydraulic radius (m; which reduces to flow depth

[surface head] for overland flow), and Sx � slope of surface woodland � forest. Spatially explicit estimates of LAI that
vary within vegetation type can be derived and included inhead in the x direction (m m�1). Discharge, Q (m3 s�1), is cal-

culated as the product of velocity and cross-sectional area the analysis. LAI, however, is important when estimating tran-
spiration and does not have a large effect on other simu-(hs � cell size).

SPLASH calculates lateral saturated flow of subsurface lated processes.
We conducted simulations for a storm of 100-yr frequencywater using Darcy’s law which computes discharge, Q, as the

product of saturated hydraulic conductivity, the gradient of (McLin, 1992). We used estimates from the nearest meteoro-
logical station (located at Technical Area 59, Los Alamoshydraulic head, and saturated zone cross-section.

To allow for algorithmic simplicity, SPLASH uses an ex- National Laboratory) for 100-yr event amounts over 6-h peri-
ods (Table 3 in McLin, 1992). The time series for the cumu-plicit, finite-difference calculation scheme. The timestep size,

�t, is dynamically determined based on a user-defined Courant lative storm distribution was taken from Table 2 in McLin
(1992). The cumulative precipitation curve for the event isnumber, c (where 0 � c � 1; Courant et al., 1928), the cell

size, x, and the maximum flow velocity on the grid at the shown in Fig. 3. Note that the initial rates of precipitation are
slow, which should lead to an increase in soil water content,previous timestep, vmax:
followed by an enormous increase in precipitation intensity

�t � c(x/vmax). at 165 min after initiation of the storm. For this event, we ran
the simulation for 24 h following the initiation of the event,It follows that if the maximum velocity is very large, the
which was at midnight during summer (June 29, chosen arbi-timestep must be correspondingly small. Because SPLASH
trarily).has a minimum timestep size of 1 s, high flow velocities, which

We summarized the results of our simulation of the 100-yrmight occur in high-order channels, may cause numerical insta-
event by calculating the amount of water flowing through eachbility. To circumvent this possibility, a stream grid mask can
cell during the 24-h period of the simulation (referred to asbe used by SPLASH, in which water is removed from each
total flow or total discharge below). We calculated these valuesstream grid cell at each time step by setting hs to zero for
by integrating the discharge, Q, over the simulation period.those cells at each time step (at the cost of having no simulation
We calculated total discharge for surface flow and for sub-of “channel” flows in those cells).
surface flow in each cell. The value indicates the amount of
water that flowed into and out of a cell over the simulation

Study Site and Data Inputs and can be used as a relative index of vulnerability for water-
driven contaminant mobility.Our case study was conducted for the North Ancho water-

shed, located at Los Alamos National Laboratory in northern
New Mexico, USA. Major vegetation types included pon-

RESULTSderosa pine (Pinus ponderosa Douglas) forest and piñon–
juniper [P. edulis Engelm. and Juniperus monosperma (Engelm.) The amount of total surface flow varied over three
Sarg.] woodland, as well as disturbed areas from laboratory orders of magnitude for the cells within the grid, as
use. This drainage was selected because it contains several dis- shown in Fig. 4. Some cells had total flows greater thanpersed potential contamination release sites (PRS). The study

the precipitation input because SPLASH routes flowsarea and associated potential contaminant release sites are
through cells and these flows were integrated over theshown in Fig. 2a. The potential contaminant release sites in-
event to produce the values shown in Fig. 4. Most ofcluded landfill burial sites and firing sites for explosives testing,
the cells had total surface flows of less than 100 m3,with contaminant types including high explosives and a variety

of hazardous and radiological material. while a much smaller number of cells had much greater
We obtained a digital elevation map with 0.305-m horizontal total surface flows, as shown in the histogram in Fig. 4

resolution from the Facility for Information and Data Manage- (note that the scale is log-log).
ment (FIMAD) at Los Alamos National Laboratory. This The predictions of surface water flows generated by
map was resampled to create 30 by 30 m cells for a rectangular SPLASH are sensitive to surface topography. Results
area of 122 cells north–south and 183 cells east–west, shown in Fig. 5a illustrate how ponded water (surface head) hasin Fig. 2b. We created elevation, slope, and aspect grids for

accumulated at the low-gradient area near the drainageinput to SPLASH from these data. We also created a stream
outlet for a small (20 by 20 cells) subsection of the sim-channel mask grid for use with SPLASH. This allows masking
ulated area.out stream channels from the computations of surface flow

Although topography is a primary driver of surfacethus allowing faster processing (as described above).
A soil type map based on the survey of Nyhan et al. (1978) flow, soil depth also influences surface flows, as illustrated

was also obtained from FIMAD and resampled to create 30 in Fig. 5b. Cells with deep soils have a large profile water-
by 30 m cells. Soil descriptions in Nyhan et al. (1978) provided holding capacity and do not generate as much surface
an estimated soil depth for each soil type. Where a mapped flow in this simulation where the vadose zone water con-
soil polygon included more than one soil type we assigned the tent was initialized at one-half of soil field capacity.
characteristics of the areally dominant type to the whole soil
polygon. For each described soil type we estimated percent-

Indices of Site Vulnerabilityages of sand, silt, and clay as the centroid for that textural
class in the USDA soil texture triangle. We used the equations The results of our simulation can be summarized withof Saxton et al. (1986) to estimate field capacity and saturated

a vulnerability index for surface flow. For a vulnerabilityhydraulic conductivity for each soil type for input to SPLASH.
index we used the integrated discharge of surface waterFor the SPLASH simulation, soil water content was initialized
flow (m3) passing through each 30 by 30 m cell during theat 0.5 of field capacity for the soil profile. A vegetation map

from FIMAD was also included and resampled to 30 by 30 m simulation. The results are presented in Fig. 6a. The red
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Fig. 2. (a) Color contour (40-m interval beginning at 1900 m) map of simulated area (5.5 km east–west by 3.6 km north–south) encompassing
North Ancho watershed; potential contaminant release sites (PRSs) are shown as solid red polygons bordered by black line. (b) Shaded
digital elevation model showing topography of simulated area (elevation range from 1907 to 2190 m), viewed from south-southeast; the North
Ancho watershed is the set of drainages running diagonally through the area.

lines indicate the stream channel cells, which were masked of relatively high subsurface flow in this figure corre-
sponds to much less water flow than the pink zones inout of the simulation. That is, water entering those

stream cells was immediately removed from the simula- the surface flow summary.
Data from these simulations were sorted to match thetion (as described earlier).

We calculated a similar index for subsurface lateral PRS sites of interest. We selected the maximum value
of surface flow and the maximum value of subsurfaceflow using the integrated subsurface discharge for each

cell. The map (Fig. 6b) indicates regions of low and high lateral flow among all the cells within each PRS. These
PRS sites were then ranked with respect to vulnerabilitysubsurface lateral flow. Note however that the colors

are again scaled from minimum to maximum, but in this in terms of surface flow (Table 1). Note that the maxi-
mum total surface flow for all of the PRSs is at least ancase for subsurface flow. The magnitude of subsurface

flow values was several orders of magnitude less than order of magnitude less than the maximum for the entire
simulated area (see Fig. 6).that for surface flow, so the pink color indicating zones
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Fig. 3. Cumulative precipitation curve for 100-year event used in
SPLASH simulations.

Fig. 4. Histogram (log-log) of total surface flow for each cell for the
entire area simulated. Histogram bins are 1 m3.

Similarly, the sites were ranked in terms of relative
vulnerability to subsurface lateral flow (Table 1). Note, far from saturated initially, high intensity precipitation
however, that the subsurface lateral flow is many orders rates exceeded infiltration rates, and the simulation was
of magnitude less than that for the surface flow. We for a short duration. Rather, maximum subsurface flow
expected little subsurface flow because the simulation occurs when the soil profile is saturated. In the Los Ala-
was conducted for an extreme, high intensity precipita- mos area, this is likely to happen following a series of
tion event with soil water content initialized at 0.5 field snowmelt events, which result in a saturated soil profile
capacity for the soil profile. This is not the scenario likely (Wilcox et al., 1997; Wilcox and Breshears, 1997; New-

man et al., 1998).to generate maximum subsurface flow because soil was

Fig. 5. (a) The effect of topography on surface runoff depth. (b) The effect of soil depth on surface runoff depth.
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Fig. 6. (a) Normalized total surface flow amounts. The amount of flow passing through a cell is indexed as black � light blue � dark blue �
pink, with pink being greatest. The values (0–100) are scaled relative to minimum and maximum flow calculated. The potential release sites
(PRSs) are shown in yellow beneath the flow values; if there is no color on top of a yellow PRS, it indicates that no flow was generated at
that cell. (b) Normalized total subsurface lateral flow amounts. The amount of subsurface lateral flow passing through a cell is indexed as
black � light blue � dark blue � pink, with pink being greatest. The values (0–100) are scaled relative to minimum and maximum subsurface
lateral flow calculated.

DISCUSSION magnitude, indicating the relative importance of poten-
tial redistribution of contaminants by surface runoff forThe results of our simulations provide a basis for
this type of precipitation event. This finding is consistentassessing the relative vulnerability to transport of con-
with site-specific studies in that large subsurface flowtaminants for a set of Los Alamos sites situated within
events are only likely in ponderosa pine forests duringcomplex terrain. We found that surface flows generally

exceeded subsurface flows by more than four orders of warm periods following snowmelt (Wilcox et al., 1997;
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Table 1. Total surface flow and total subsurface lateral flow for to evaluate any number of locations within the simula-
each potential release site (PRS) within the simulated area. tion domain. Indeed, in a previous analysis using SPLASHFor a PRS that covered more than one 30 by 30 m cell, the

in an area compassing North Ancho, we evaluated allmaximum value for any cell within the PRS was selected.
locations within the simulation with respect to surface

Surface flow Subsurface flow flow to aide in prioritizing post-fire restoration efforts
PRS number PRS ID Flow Rank Flow Rank (Beeson et al., 2001). Evaluations of risks driven by

hydrologic flows are important to a variety of problems,m3 m3

49-008 (a) 1046 67.5 10 0 and so most generally, our results highlight how risks
49-001 (c) 1051 154.3 1 2.4 � 10�4 3 stemming from hydrologic flows in complex topography
49-008 (c) 1054 32.4 11 0

can be assessed using distributed hydrologic modeling.49-001 (f) 1055 72.4 5 0
49-001 (a) 1056 31.4 12 0
49-002 1057 27.7 13 0
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