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Abstract:

The probability of landscape-scale disturbances such as fire are expected to increase in the future due to anticipated
climate changes and past land management practices. These disturbances can produce dramatic changes in hydrologic
responses (e.g. overland flow) that can pose risks to human life, infrastructure, and the environment. Assessing
these risks and associated remediation strategies requires spatially explicit evaluation of upland hydrology. However,
most current evaluation methods focus on a specified location within a watershed, precluding estimation of spatially
distributed, upland, hydrological response; and those that do consider spatial variability usually do not account for
redistribution of overland flow among adjacent subunits. Here we highlight the use of a spatially distributed model
for assessing spatial changes in upland hydrologic response following landscape-scale disturbance. Using a distributed
model called SPLASH (Simulator for Processes of Landscapes: Surface/Subsurface Hydrology), we simulated pre- and
post-fire scenarios based on the Cerro Grande fire (Los Alamos, NM, USA; May 2000) over 17 300 ha (resolution of
30 m ð 30 m) for 2 year and 100 year design storms. For the 2 year storm, maximum overland flow rates for burned
cells in the post-fire scenario greatly exceeded those for pre-fire conditions (modes: pre-fire, 3Ð25 ð 10�10 m3 s�1;
post-fire, 7Ð0 ð 10�10 m3 s�1). For the 100 year storm, maximum overland flow was much greater than for the 2 year
storm (modal pre-fire: 31Ð8 ð 10�10 m3 s�1), with the difference between pre- and post-fire simulations being less
dramatic (modal post-fire: 48Ð6 ð 10�10 m3 s�1). Mapped differences between pre- and post-fire provide a means
for prioritizing upland areas for remediation using an approach that accounts not only for topography, soils, and
plant cover, but also for the redistribution of overland flow. More generally, our results highlight the potential utility
of spatially distributed models to focus and prioritize rehabilitation efforts for future assessments of risk following
landscape-scale disturbance. Copyright  2001 John Wiley & Sons, Ltd.
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INTRODUCTION

Hydrological responses such as overland flow are intimately interrelated with landscape surface characteristics.
Moreover, hydrological response can change greatly when landscape surface characteristics are altered through
environmental disturbances, such as drought or fire. For example, drought-induced plant mortality can occur at
the landscape-scale, as happened in the southwestern USA during the 1950s (Herbel et al., 1972; Regensberg,
1996; Allen and Breshears, 1998). These changes in surface characteristics can apparently trigger large
increases in rates of runoff and erosion (Wilcox et al., 1996, 1997; Davenport et al., 1998). Of particular
note are the large increases in overland flow that can follow wildfire and the potential for high sedimentation
rates, debris flows, and other channel impacts (e.g. Morris and Moses, 1987; Meyer and Wells, 1997; Cannon
et al., 1998; Wilson, 1999; Cannon and Reneau, 2000). The impacts of increased overland flow and sediment
yield are a result of net increases in flow energy. The amount of energy can be increased following fire not
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only because of reductions in vegetation cover and surface roughness, but also due to changed soil properties
that can increase water repellency (or hydrophobicity) (DeBano, 2000).

The importance of post-fire overland flow is likely to increase in the future because changes in climate
and past land use practices lead to increased probability of landscape-scale wildfires. Climate can drive fire
frequencies on a subcontinental scale, as found for El Niño/Southern Oscillation (ENSO) in the southwestern
USA (Swetnam and Betancourt, 1990). Fires were frequent and probably of low intensity prior to the late
1800s (Allen et al., 1998; Swetnam and Betancourt, 1998; Swetnam et al., 1999). In some areas, subsequent
fire suppression led to increased tree density of more than an order of magnitude. (Covington et al., 1994;
Mast et al., 1999; Moore et al., 1999). Consequently, large portions of the western USA are at risk from forest
fires. This risk is exacerbated by changes in climate (Lenihan et al., 1998), which have been documented for
the latter part of the 20th century and are projected to increase under many global climate change scenarios
(Easterling et al., 2000). In particular, two types of extreme climatic events are likely to become more
frequent and intense—droughts, which would increase the probability of wildfire, and large episodic storms,
which would increase post-fire runoff and erosion. Therefore, assessing hydrologic response to landscape-scale
disturbance (e.g. fire and drought) is increasingly important.

In the wake of post-fire changes in landscape characteristics, rapid assessments are conducted to determine
the best strategies for remediation of upland areas, as highlighted by reports from Burned Area Emergency
Rehabilitation (BAER) teams. Post-fire hydrological responses can pose immediate and serious threats to
human life, infrastructure, and environmental systems. Addressing these issues and establishing remediation
priorities requires focusing on strategies for upland areas, such as felling logs perpendicular to the slope,
breaking up areas of hydrophobic soils, and planting seeds and seedlings (Robichaud et al., 2000). However,
as time and funding are critical constraints for determining post-fire remediation strategies, it is essential to
identify the most important upland areas for remediation. Most post-fire remediation efforts for landscape-
scale fires do not utilize spatially distributed inputs to produce fully distributed predictive output. Rather,
most current methods focus on a few locations—usually those deemed critical on the basis of risks to life and
infrastructure—and do not allow for development of a spatially distributed map of post-fire vulnerability (e.g.
McLin et al., 2001). Even those methods that are spatially distributed usually do not account for cell-to-cell
routing of water associated with topographic variations in the landscape to arrive at their results (e.g. Wilson
et al., 2001). The role of redistribution of runoff from smaller spatial units up to catchment/watershed scales
varies among sites and is critically important (Prosser and Williams, 1998). The spatial redistribution of water
depends on the properties of both the hydrological source and sink units and their hydrological connectivity
(e.g. Dietrich et al., 1993; Seyfried and Wilcox, 1995; Davenport et al., 1998; Herron and Wilson, 2001).
Hence, the redistribution of water among cells is important to evaluate; yet this has rarely been considered
in studies to date.

Here we highlight how a spatially distributed model can be used to assess landscape-scale changes in
hydrologic response following disturbance. This approach can be used to map upland areas of highest
vulnerability to post-fire runoff and to help prioritize remediation efforts. Using a distributed ecohydrological
model called SPLASH (Simulator for Processes of Landscapes: Surface/Subsurface Hydrology), we simulated
pre- and post-fire scenarios based on the Cerro Grande fire, which burned nearly 17 300 ha near Los Alamos,
New Mexico, USA, during May 2000. We evaluated design storms of two return probabilities: 2 years and
100 years. Our simulations were high resolution (30 m ð 30 m cell size) and extensive, yielding calculations
for more than 670 000 cells. The mapped results from these types of high-resolution simulations provide a
means for better addressing post-fire assessments in the future.

SITE DESCRIPTION

The Pajarito Plateau

The Pajarito Plateau flanks the east side of the Jemez Mountains in northern New Mexico. The plateau
comprises an elevational gradient ranging from near 1600 m towards the east to more than 3200 m towards
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the west. There are pronounced canyon/mesa topographic dissections running east to west. The climate is
monsoonal, with two major periods of precipitation: winter snow and summer thunderstorms (Bowen, 1990).
Precipitation is related to elevation, with mean annual precipitation of ¾400 mm near 2100 m elevation. The
parent material for the vast majority of soils is Bandelier Tuff of volcanic origin (Nyhan et al., 1978). Soils
descriptions are provided in Nyhan et al. (1978), Davenport et al. (1996), USDA (1994), and Benally (1991).
The vegetation patterns are related to elevation and associated changes in plant-available water (Barnes, 1986;
Allen, 1989; Padien and Lajtha, 1992; Martens et al., 2001). Lower elevation mesa tops are dominated by
juniper savanna transitioning into piñon–juniper woodlands (Pinus edulis and Juniperus monosperma), mid
elevations are dominated by ponderosa pine forest (Pinus ponderosa), and upper elevations are mixed confer
forest.

Hydrological studies

Several hydrologic aspects of the Pajarito Plateau have been described, particularly for mid elevation
ponderosa pine forests and lower elevation piñon–juniper woodlands. An overview is presented in Wilcox
and Breshears (1995). In ponderosa pine forests, surface runoff may comprise 3–11% of the annual water
budget (Wilcox et al., 1997). During winter snowmelt, subsurface shallow water flow (or interflow) is a
significant hydrological process that can comprise as much as 20% of the annual water budget (Wilcox
et al., 1996, 1997; Newman et al., 1998; Wilcox and Breshears, 1998). Soil water dynamics reflect the two
large seasonal inputs of precipitation and a period of high evapotranspiration following each (Brandes, 1998;
Brandes and Wilcox, 2000), with soil evaporation extending to a depth of ¾10 cm and downward flux of
¾0Ð02 cm year�1 (Newman et al., 1997).

In piñon–juniper woodlands, runoff also occurs in response to both snowmelt and summer rain (Wilcox,
1994). Within these woodlands, the runoff is highly spatially heterogeneous, with much of the runoff generated
within bare patches and being redistributed to grassy patches; the canopy patches of trees generate runoff only
following large, protracted frontal storms (Reid et al., 1999). Consequently, runoff at the hillslope scale is
greatly reduced compared with that observed at the smaller scale of vegetation patches (Wilcox et al., 1996;
Davenport et al., 1998; Reid et al., 1999). Aspects of temporal and spatial variation in soil water, evaporation
and transpiration are presented in Lane and Barnes (1987), Breshears et al. (1997, 1998), and Newman et al.
(1997).

Fire history and the Cerro Grande fire

The historical impacts of fire have been well documented for the Pajarito Plateau (Foxx, 1984; Allen,
1989; Swetnam and Betancourt, 1990; Swetnam and Baisan, 1996; Touchan et al., 1996; Allen et al., 1998;
Swetnam et al., 1999). Prior to the arrival of the railroad and subsequent large increases in grazing, there
were low-intensity fires recurring frequently, on the order of every 3–15 years for many of the ponderosa
pine sites. Subsequently, fire frequencies decreased, due to reduction of fine herbaceous fuels and later due
to direct suppression of forest fires, and this change in fire frequency led to increasing densities of woody
vegetation on the Pajarito Plateau. The high density of trees within stands across the plateau changed the
nature of fires to high-intensity crown fires that result in extensive tree mortality. On the Pajarito Plateau
there have been three large-scale wildfires within the last 25 years: the La Mesa fire in 1977 (Foxx, 1984),
the Dome fire in 1996 [see Cannon and Reneau (2000) and references cited therein] and the Cerro Grande fire
in 2000. Post-fire studies documenting amplified hydrologic response include: Purtyman and Adams (1980),
White and Wells (1984), and White (1996) for the La Mesa fire; Cannon and Reneau (2000) for the Dome
fire; and Cannon et al. (2001), Johansen et al. (2001), and McLin et al. (2001) for the Cerro Grande fire.

The Cerro Grande fire burned nearly 17 300 ha total (8850 ha on the Plateau). The most severely burned
areas were in densely forested locales, which created hydrophobic soil conditions (where volatilized organic
matter condensed within the top layer of soil to create a waxy, impermeable, water-repellent barrier) as
determined by the water-drop penetration time test observed by the BAER team.
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METHODS

We performed hydrologic simulations using the landscape-scale, fully distributed ecohydrological model
SPLASH (Martens et al., manuscript in preparation). SPLASH (Figure 1) includes simulation of lateral flows
of surface and groundwater, infiltration, simulation of evapotranspiration from a vegetation canopy, an energy
balance approach for snowpack calculations, and a climate simulator. The model can be used to examine
these processes over periods of minutes to years. The landscape is represented in SPLASH as square grid
cells within which most properties are considered to be homogeneous. SPLASH requires parameterization
with a digital elevation model (DEM), six soil physical parameters, and leaf area index (LAI), and is able
to use elevation lapse functions for temperature and precipitation. Driving variables are temperatures (daily
maximum, minimum) and precipitation (daily or sub-daily). Four important attributes of SPLASH are physical
representation of surface water routing, topographic shading, surface/subsurface hydrological coupling, and
physically and biologically based representation of evaporation and transpiration.

SPLASH simulates overland flow using Manning’s equation for calculating discharge, and routes water in
the direction of steepest descent (aspect) based on the DEM. In SPLASH, water ponded on the surface by
any means (e.g. saturation excess, infiltration excess) is subject to flow. Overland flow in SPLASH can be
considered gradually varying sheetflow: the energy source for flow (gravity) is consumed by friction. The slope
of the water surface is used to calculate the gradient between any two cells (diffusive wave approximation).
[Optionally, the slope of the water surface may be assumed parallel to the bed (DEM) surface (kinematic wave
approximation).] This allows SPLASH to simulate backwater effects and ponding of water in topographic
depressions that may then overflow. SPLASH does not explicitly incorporate channel flow: channel flow in
SPLASH occurs only inasmuch that ‘channels’ are defined by the DEM. SPLASH calculates water flow into
or out of a cell through the four faces of that cell: two in the x direction, and two in the y direction. Velocities
and discharges are calculated separately for each direction. For example, in the x direction:
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Figure 1. Hydrologic flows evaluated in the SPLASH model
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where u is the velocity (m s�1), n is Manning’s roughness coefficient, hs is the hydraulic radius [m, which
reduces to flow depth (surface head) for overland flow], and Sx is the slope of surface head in the x direction
(m m�1). Discharge, Q (m3 s�1) is calculated as the product of velocity and cross-sectional area (hs ð cell
size).

SPLASH uses an explicit, finite-difference calculation scheme, which allows algorithm simplicity. Time-
step size t is dynamically determined by SPLASH based on a user-defined Courant number c (where
0 < c � 1; Courant et al., 1928), the cell size x, and the maximum flow velocity on the grid at the previous
time step vmax:

t D cx/vmax�

Thus, if the maximum velocity is very large, the time step must be correspondingly small. Because SPLASH
has a minimum time step size of 1 s, high flow velocities, which might occur in high-order channels, may
cause numerical instability. A stream grid mask can be used by SPLASH to circumvent this possibility (by
setting hs to zero in each stream grid cell at each time step) at the cost of having no simulation of ‘channel’
flows in those cells.

SPLASH requires spatial inputs (maps) for parameters that describe topography, vegetation, and soil. We
assembled these inputs using a geographic information system (ArcInfo, ArcView) from the best available
sources.

Topography was represented using a DEM of 30 m ð 30 m cells resampled from a ¾5 m ð ¾5 m DEM
obtained through a database maintained by Los Alamos National Laboratory. The rectangular area simulated
was 898 by 756 cells (678 888 cells) and covered approximately 61 100 ha. The elevation range of the area
simulated was from 1600 to 3200 m AMSL. We generated slope and aspect maps from this DEM using the
methods in ArcInfo (ESRI, Redlands, CA). The average slope for the area simulated was 13Ð9°, and ranged
from 0 to 69Ð4°. From the 30 m DEM, we generated a ‘stream grid’ using ArcInfo-calculated flow direction
and flow accumulation grids. We set a threshold flow accumulation value of 200 cells, so that cells above this
threshold of potential contributing area were considered ‘stream’ cells. We also prepared a basin mask grid
that defined our area of interest within the rectangular area simulated, and masked from computation those
areas that drained outside of the area of interest.

Vegetation types were derived from a summary of nine land-type classifications for the Pajarito Plateau
(aspen forest 2%, bare ground 6%, developed 6%, grassland 4%, juniper woodland 3%, mixed conifer forest
23%, piñon/juniper woodland 30%, ponderosa pine forest 25%, water/shadows <1%). We assigned an LAI
of 3Ð0 to aspen forest, 0Ð0 to bare ground and developed areas, 0Ð5 to grassland, 1Ð5 to juniper woodland, 5Ð0
to mixed conifer forest, 2Ð5 to piñon/juniper woodland, 3Ð5 to ponderosa pine forest, 2Ð0 to water/shadows.
For the simulations presented here, LAI primarily influences canopy interception of precipitation. We also
used vegetation type information for parameterizing the soil roughness descriptor, Manning’s n. Based on the
resistance factors for overland flow presented by HEC-1 (HEC, 1998; Table 3.5), we assigned bare ground
and developed n D 0Ð02, grassland n D 0Ð15, juniper woodland n D 0Ð2, piñon/juniper woodland n D 0Ð3,
ponderosa pine forest n D 0Ð4, aspen and mixed conifer forest n D 0Ð5, and water/shadows n D 0Ð3.

A soil type map was constructed from three different sources in order to provide the best coverage of
the area simulated on the plateau (Nyhan et al., 1978; Benally, 1991; USDA, 1994). These sources varied in
spatial resolution and degree of characterization of the soils. We used the surface (mineral) horizon description
for characterizing the uniform soil profile required by SPLASH. For each soil type, we tabulated percent sand,
percent clay, soil depth, and percent coarse fragments (>2 mm), which were used to calculate the soil hydraulic
parameters for each soil type.

The soil hydraulic parameters required by SPLASH are porosity, field capacity, saturated hydraulic
conductivity, and suction at the wetting front (for Green–Ampt infiltration). Porosity � was calculated from
bulk density BD and particle density PD using the relationship:

� D 1 � BD/PD�
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where PD D 2Ð65 g cm�3. BD was calculated as a function of percent sand and percent clay using the equation
of Rawls et al. (1992; Eqn 5.5.13), where organic matter and CEC/clay ratio were fixed at 0Ð5. Calculated �
was multiplied by a coarse fragment correction (CFC) factor (Brakensiek et al., 1986):

CFC D 1 � % volume of coarse fragments/100�

Field capacity was calculated from percent sand and percent clay using the equation of Saxton et al. (1986,
Eqn 2). Saturated hydraulic conductivity Ks was calculated using the approach of Rawls and Brakensiek
(1983; Eqn 8), where Ks is a function of porosity and the Brooks–Corey parameters: pore-size distribution
index �, bubbling pressure hb, and residual water content �r (Brooks and Corey, 1964). Ks was multiplied
by CFC to correct for coarse fragments. Suction at the wetting front Sf was calculated from porosity, percent
sand, and percent clay using the equation of Rawls and Brakensiek (1985).

We conducted simulations for pre- and post-fire conditions using a low- and high-magnitude rain event. For
the simulated rain events, we used 2 year (total 3Ð4 cm) or 100 year (total 6Ð63 cm) design storms (McLin,
1992), which have a peak intensity at mid-event (Figure 2). All simulations were conducted for 24 h following
the initiation of the event. For post-fire simulations we modified the spatial distribution of SPLASH input
parameters (LAI, Ks, and Manning’s n) based on a burn severity map produced by the BAER team (Figure 3).
The burn severity map classified burned areas as high (very little tree canopy remaining, and no ground cover
remaining), moderate (some tree canopy remaining, but no ground cover remaining), or low severity (little to
no fire occurred). The Cerro Grande fire affected about 30% of the area simulated, and of this area 53% was
classified as high burn severity. We modified the LAI so that in high burn severity areas the LAI was reduced
to 0Ð0, but it was left unchanged in other areas. Manning’s n was assigned a value of 0Ð02 in high- and
moderate-severity burn areas (including hydrophobic areas), where there was little ground cover remaining,
but was left unmodified in low-severity areas, where little or no fire occurred. Ks was reduced to 0Ð0 on
north-facing high-severity areas, where fire residence times are generally longer, to simulate a hydrophobic
surface layer, in concurrence with the BAER report. For all simulations, vadose zone water content was
initialized at 50% of field capacity, and surface water was set to zero. We used the stream grid (defined
above) to mask these cells from computation by SPLASH. We set SPLASH to write surface discharge Q
(m3 s�1) and surface head (hs/m) at 2 min intervals of simulation time, which produced 720 maps of Q and
hs over the 24 h simulation period. For each of the four simulations, we then processed the output files from
SPLASH to produce a map of the maximum Q for each cell during the 24 h simulation period.
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Figure 2. Hyetographs for 2 year and 100 year design storms
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Figure 3. SPLASH model inputs. (A) Location map of the Pajarito Plateau within New Mexico. (B) DEM of the simulated area, used to create
slope and aspect grids. The outlined area is the burned area, as defined by high- and moderate-severity burn. (C) Pre-fire Manning’s roughness
coefficient. (D) Post-fire Manning’s roughness coefficient, where high and moderate burn areas were changed to n D 0Ð02. (E) Pre-fire LAI.
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Copyright  2001 John Wiley & Sons, Ltd. Hydrol. Process. 15, 2917–2930 (2001)



2924 P. C. BEESON, S. N. MARTENS AND D. D. BRESHEARS

A preliminary model comparison indicated that SPLASH predictions are reasonable for assessing spatially
distributed differences in runoff (Martens, Wilson, Beeson, and Breshears, unpublished data). Testing of
spatially distributed models such as SPLASH is particularly challenging and is greatly limited by data
availability. To test for reasonableness of predictions from SPLASH, we conducted a model comparison of
SPLASH estimates of runoff with those obtained from the curve number method, as used by the BAER team.
Our comparisons were for the 100 year post-fire simulation for areas affected by the fire. We made comparisons
at the scale of subcatchments (n D 548), for which curve number estimates were obtained. The subcatchments
encompassed areas much larger than the 30 m ð 30 m cell size used for SPLASH. Consequently, the runoff
predicted by SPLASH was totalled for each subcatchment and divided by subcatchment area. SPLASH
predictions of runoff were significantly correlated to those from the curve number method at the subcatchment
scale, yielding a correlation of r D 0Ð56 (P < 0Ð01). This comparison confirms that SPLASH is useful and
appropriate for addressing our objectives of assessing spatially distributed runoff.

RESULTS

Hydrologic responses varied spatially and were significantly modified by the effects of fire (Figure 4). For
the 2 year event the maximum Q map for the pre-fire simulation largely reflects topographic variability
(Figure 4A), whereas in the post-fire simulation the maximum Q map is clearly affected by the burned area
(Figure 4B). There were substantial increases in maximum Q over the burned area, by more than 500% in
some areas (Figure 4C).

In the pre-fire scenario for the 100 year event there were much greater values of maximum Q than for
the 2 year event (Figure 4D). In the post-fire scenario there were substantial increases in maximum Q in
the burned area (Figure 4E), even though Q values were much higher overall in the pre-fire scenario. These
increases can be seen in the percent increase map (Figure 4F), although they are not as extensive as those
observed for the 2 year event. The already high values of Q in the 100 year scenario did not yield as great a
percentage post-fire increase in Q as that seen for the 2 year event.

We summarized the spatial differences in terms of frequency distributions. For the burned area, the frequency
distribution of maximum Q across cells shifted notably from the pre-fire to the post-fire simulations for both
event types (Figure 5). This shift occurred in terms of both an increase in modal value and a reduction in
variance: 2 year pre-fire mode of 3Ð25 ð 10�10 m3 s�1 versus 2 year post-fire mode of 7Ð0 ð 10�10 m3 s�1;
100 year pre-fire mode of 31Ð8 ð 10�10 m3 s�1 versus 100 year post-fire mode of 48Ð6 ð 10�10 m3 s�1.
Outside the burned area there were many locations where the post-fire runoff increased in our simulations,
which account for the redistribution of water across cells. For the 2 year event, outside the burned area there
were 5736 cells (30 m ð 30 m each) that increased by more than 200% and 2515 cells that increased by more
than 500%; similarly, for the 100 year event, there were 4447 cells that increased by more than 200% and
1598 cells that increased by more than 500%.

The effects of topography and surface conditions, as modified by the fire, are evident in the responses of
individual locations within the plateau. We contrasted two locations within the burned area—a mesa top cell
and a hillside cell (Figure 6A). These locations differ particularly with respect to slope and Ks (Figure 6B).
The differences in the response of Q between mesa top and hillside for the pre-fire simulation illustrate the
much sharper hydrograph peak for the hillside (Figure 6C). In contrast, for the post-fire simulation the mesa
top hydrograph becomes larger and more peaked, whereas there is little change in the hydrograph for the
hillside location (Figure 6D). For hs, under the pre-fire simulation, the mesa top value is much larger than the
hillside value, indicating the potential for water to pond on the mesa top but not on the steeper hillside. For
the post-fire simulation, hs is reduced at the mesa top location, but still exceeds that of the hillside location,
which is essentially the same for both pre- and post-fire simulations. These differences highlight the ability
of the model to simulate the interactive effects of topography and surface properties.
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Figure 4. Simulation results for 2 year and 100 year precipitation events. (A) Maximum Q for the 2 year event, pre-fire simulation.
(B) Maximum Q for the 2 year event, post-fire simulation. (C) Percent increase for the 2 year event simulations. (D) Maximum Q for
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Figure 5. Frequency distributions of maximum Q within the burned area. (A) 2 year event, pre- and post-fire frequency distributions.
(B) 100 year event, pre- and post-fire frequency distributions

DISCUSSION

Our model simulations highlight an approach that provides a spatially explicit assessment of post-disturbance
impacts on overland flow— in this case impacts from severe wildfire. There were substantial increases in
overland flow following fire for both the 2 year and the 100 year storm simulations (Figure 4). As expected,
the greatest increase in overland flow occurred on high-severity burn locations, particularly those with steep
slopes. The vulnerability indices, which quantify post-fire increases in peak runoff, demonstrate how runoff
increases in response to fire-induced changes in surface properties and how that impact depends on event
size. Not surprisingly, our results suggest that there are likely to be substantial post-fire increases of runoff
in channels.

The spatially distributed approach highlighted here represents an important advance in post-fire hydrological
assessment. Most management remediation activities cannot focus at the broad scale of watersheds, but rather
must focus on a subset of smaller areas that correspond much more closely to the 30 m ð 30 m cell size used
in these simulations. Hence, information is needed at a scale finer than watersheds. Further, although other
methods may allow evaluation of a few to tens of a priori selected locations, our approach allows evaluation
of thousands of locations (more than 670 000 30 m ð 30 m cells in this example). In addition, the modelling
approach presented here considers hydrological connectivity directly. We identified more than 5500 cells for
which post-fire runoff outside the burned area increased more than 200% following the 2 year event; similarly,
we identified more than 4000 cells for which post-fire runoff increased by more than 200% following the
100 year event. Other approaches would likely average across larger areas, thereby diluting the effects of
these cells, or would only evaluate a very small subset of them. Our results highlight the importance of
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explicitly evaluating hydrological connectivity among landscape spatial units in assessing post-fire response.
More specifically, the difference maps presented in Figure 4C and F represent not only the effects of changes
in surface properties, but also the effects of water that has been redistributed to a given cell from adjacent
cells. Our simulations suggest that hydrological connectivity increases substantially following fire and identify
those areas where this is so.
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The ability to map quantitatively and identify areas vulnerable to increased runoff, as presented here,
provides an important means for comprehensively assessing post-fire response over a large region. These
maps could be useful tools for managers in the future. This type of information can be used to prioritize post-
fire remediation activities (e.g. McLin et al., 2001; Wilson et al., 2001). The development and deployment of
this approach as a tool depends on advanced planning that includes development of soils and vegetation maps,
consideration of appropriate hydrologically relevant parameters, and access to adequate computing power.

Our results showing large increases in runoff are consistent with rainfall simulation studies at the site. Within
ponderosa pine, runoff increased greatly following the Cerro Grande fire (Johansen et al., 2001). Similarly,
runoff in piñon– juniper woodlands increased greatly following other types of disturbance, such as manual
removal of herbaceous plants (Wilcox, 1994). The frequency and intensity of disturbance events such as fire are
expected to increase in the future (Lenihan et al., 1998; Swetnam et al., 1999; Easterling et al., 2000). Hence,
it will be increasingly important to be able to assess rapidly and effectively post-fire changes in hydrology and
to apply these assessments to evaluate risks to infrastructure. Our approach for assessing spatially distributed
runoff could be coupled with other essential components of post-fire assessment, such as sediment yields
(Wilson et al., 2001) and channel flows (McLin et al., 2001). The modelling approach demonstrated here
using SPLASH indicates the possibilities and potential benefits of adopting such an approach. More generally,
our study highlights the large and spatially explicit nature of the effects of fire on landscape-scale hydrology
and provides an approach for prioritizing post-fire remediation activities.
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