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Abstract
Multiple rainfall intensities were used in rainfall-

simulation experiments designed to investigate the infiltration 
and runoff from 1-square-meter plots on burned hillslopes cov-
ered by an ash layer of varying thickness. The 1-square-meter 
plots were on north- and south-facing hillslopes in an area 
burned by the Overland fire northwest of Boulder near 
Jamestown on the Front Range of Colorado. A single-nozzle, 
wide-angle, multi-intensity rain simulator was developed to 
investigate the infiltration and runoff on steep (30- to 40-
percent gradient) burned hillslopes covered with ash. The 
simulated rainfall was evaluated for spatial variability, drop 
size, and kinetic energy. Fourteen rainfall simulations, at three 
intensities (about 20 millimeters per hour [mm/h], 35 mm/h, 
and 50 mm/h), were conducted on four plots. Measurements 
during and after the simulations included runoff, rainfall, 
suspended-sediment concentrations, surface ash layer thick-
ness, soil moisture, soil grain size, soil lost on ignition, and 
plot topography. 

Runoff discharge reached a steady state within 7 to 
26 minutes. Steady infiltration rates with the 50-mm/h applica-
tion rainfall intensity approached 20–35 mm/h. If these rates 
are projected to rainfall application intensities used in many 
studies of burned area runoff production (about 80 mm/h), the 
steady discharge rates are on the lower end of measurements 
from other studies. Experiments using multiple rainfall intensi-
ties (three) suggest that runoff begins at rainfall intensities 
around 20 mm/h at the 1-square-meter scale, an observation 
consistent with a 10-mm/h rainfall intensity threshold needed 
for runoff initiation that has been reported in the literature.

Introduction

Runoff from Burned Watersheds

Several postfire hazards can result from burning for-
ests and grasslands in the Western United States. These 

include floods (Krammes and Rice, 1963; Bolin and Ward, 
1987; Moody and Martin, 2001a,b; Veenhuis, 2002), erosion 
(Moody and Martin, 2001a,b), increased sediment transport 
(Moody and Martin, 2001a,b); and debris flows (Eaton, 1935; 
Wohl and Pearthree, 1991; Parrett, 1987; Cannon, 2001; 
Parrett and others, 2003; Cannon and Gartner, 2005) at the 
basin scale. These basin-scale hazards (Cannon and others, 
2003) integrate several hillslope-scale hydrologic processes 
including canopy interception, storage of rainfall in the litter 
and duff, infiltration, and overland flow. Thus, to adequately 
predict these hazards at larger scales in physical models, the 
processes must be examined at the hillslope scale to identify 
the essential variables and the relative magnitude of each 
runoff generation process. Some of the possible variables are 
the rainfall characteristics such as intensity, kinetic energy, 
and hydrologic thresholds that must be exceeded to generate a 
runoff response. Additional variables are the hillslope aspect 
and the thickness and hydraulic properties of the ash layer left 
after a fire.

A rainfall intensity threshold appears to control runoff 
generation in burned areas. Peak discharges and runoff totals 
increase more rapidly when the 30-minute maximum rainfall 
intensities exceed a threshold of about 10 mm/h. This thresh-
old appears to be applicable to several sites (Moody and Mar-
tin, 2001a; Kunze and Stednick, 2006) so that the question is 
whether the threshold is related to the variability in infiltration 
excess overland-flow production on hillslopes or related to the 
establishment of networks of flow paths along hillslope. Many 
postfire experiments (Cerdà, 1998; Robichaud, 2000; Pierson 
and others, 2001; Benavides-Solorio and MacDonald, 2001) 
on burned plots used one rainfall intensity on the order of 
80 mm/h and therefore results could not be used to determine 
runoff initiation thresholds. Moreover, Dunne and Dietrich 
(1980) emphasize that several rainfall intensities are neces-
sary to verify the partial contributing area concept of Betson 
(1964).

Hillslope aspect determines major difference in soil 
development between different aspects (Birkeland and oth-
ers, 2003). Clay-rich horizons can develop on north-facing 
slopes (Birkeland and others, 2003, their figure 7) and these 
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generally have deeper soils and are wetter later into the spring 
than south-facing slopes. However, south-facing slopes com-
monly produce more runoff from snowmelt and undergo more 
freeze/thaw weathering cycles during the winter than north-
facing slopes.

The presence of an ash layer is an additional variable in 
postfire runoff generation. Ash is used colloquially throughout 
this report to mean the burned organic matter of varied sizes 
that can include charred material, charcoal, and mineral mate-
rial. Mineral fragments may be incorporated into the burned 
organic matter by winds driving a fire and winds generated 
by the fire itself. Some of these ash particles may contribute 
to surface sealing if rainfall kinetic energy is sufficient to 
force ash and soil into soil pores (Rowe, 1948; Imeson and 
others, 1992; Neary and others, 1999). Surface sealing has 
been documented for fine soils in agricultural regions (Dunne 
and Dietrich, 1980; Römkens and others, 1990; Sumner and 
Stewart, 1992) but has not been identified specifically in 
burned areas. Moreover, the ash layer overlying a coarse soil 
may form a capillary barrier (Ross, 1990; Lu and Likos, 2004) 
that keeps the underlying soil from wetting during rain and 
snowstorms (Jonathan Godt, U.S. Geological Survey, written 
commun., 2004).

Purpose and Scope of Study

Experiments were designed to determine the effects of 
four different variables on rainfall-runoff relations for 1-m2 
plot on burned hillslopes. The four different variables are 
(1) hillslope aspects, (2) ash thickness, (3) ash texture, and 
(4) flow-path structure. We describe a rainfall simulator that 
was designed to control the rainfall intensity (20 to 50 mm/h) 
applied to the plots in order to investigate the effect of the dif-
ferent variables on infiltration and runoff from burned hill-
slopes. Data collected from 14 rainfall simulation experiments 
are presented and discussed in this report. Additional hillslope 
characteristics were measured so that the results can be gener-
alized to larger areas. The experiments were completed during 
the summer and fall of 2004 in an area that was classified as 
having burned at medium to high intensity during the 2003 
Overland fire near Jamestown, Colorado.

Research Site
The Overland fire burned 15,566 ha during a single day 

in the fall of 2003. It started on October 29, 2003, in James-
town, Colorado, and, spurred by winds, moved eastward about 
10 km. A rain-snow storm extinguished the fire by the second 
day, and the storm essentially preserved the ash layer. This 
permitted a unique situation where rainfall experiments could 
be carried out under conditions equivalent to the first postfire 
rainfall. Postfire qualitative assessments by the USDA Forest 
Service indicated that the burned area was a mosaic pattern 

with low to high soil-burn severity (Eric Schroder, USDA For-
est Service, written commun., 2004; fig. 1). 

 The location of the research site was based on three 
criteria. First, the site was within a burned area that was 
designated as high to moderate soil-burn severity (fig. 1). 
This criterion was designed to control the soil-burn-severity 
variable and to understand the infiltration and runoff processes 
under the most severe change in soil properties. Second, the 
ash layer needed to be present at the soil surface so we could 
examine its effect on the infiltration. This ash layer, unlike 
ash layers that are produced during many summer fires, was 
preserved during the winter by the snow cover and freezing 
temperatures that followed the fire. Some wind transport of the 
ash was observed in the spring, but tarps were placed over the 
prospective plots, and water was diverted from flowing across 
the plots to preserve the immediate postfire conditions. Third, 
the experimental plots needed to be near a road (about 100 m), 
so we could use the rainfall simulator. 

The selected site had both north- and south-facing 
slopes. It was adjacent to Forest Service road 284.1 in the 
Roosevelt National Forest (southwest quarter of sec. 17, 
T. 2 N., R. 71 W.) and at elevations ranging from 2,320 to 
2,380 m (fig. 1). Vegetation varied on the north-facing slope 
from aspens (Populus tremuloides) at the base of the slope to 
Douglas firs (Pseudotsuga menziesii) nearer to the ridge crest, 
and ponderosa pine (Pinus ponderosa) was predominant on 
the south-facing slope. The geology was Precambrian pegma-
tite on ridges, Silver Plume Quartz Monzonite on side slopes, 
and colluvium in the stream valleys (Brandt and others, 2003). 
Areas near the site had been mined historically, but no mine 
disturbance was visible on either the north- or south-facing 
study areas. Evidence of historical mining appeared at the 
ridge just above and outside of the north-facing study area, but 
drainage from this disturbed area had been diverted around the 
north-facing plot boundaries. The south-facing slope also had 
a large rock outcrop that acted as a source area for overland 
flow and rill initiation.

Methods

Types of Rainfall Simulators

Rainfall simulators can be classified as either a nozzle-
type or a drip-type system. In a drip-type system, drop formers 
(or capillaries) and a reservoir pressure head generate drops 
(McQueen, 1963; Kamphorst, 1987). The drip-type system 
described by McQueen (1963) included unique, custom-built 
components.  The drip-type system is limited by the con-
stant raindrop size, drops hitting the same location of the soil 
surface, and a small infiltration area (0.017 m2). In a nozzle-
type system, a pump pushes water through a nozzle or a series 
of nozzles to form a spray. Some nozzle-type systems have 
a single nozzle and a pump (Cerdà and others, 1997; Wilcox 
and others, 1986), some use multiple nozzles (Dunne and 
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others, 1991), and some use oscillating and programmable 
nozzles (Paige and others, 2003; Niebling and others, 1981). 
The single-nozzle type of rainfall simulator typically applies 
a continuous spray on a plot and has very few movable parts. 
The oscillating type can produce desired rainfall intensities by 
altering the amount of time a constant flux of water is actually 
applied to the soil surface (Meyer and Harmon, 1979). Many 
rainfall simulators have been used to assess runoff and erosion 
on rangeland (Ward and Bolton, 1991; Wilcox and others, 
1986), agricultural lands (Meyer and Harmon, 1979; Niebling 
and others, 1981), and burned watersheds (Cerdà, 1998; Robi-
chaud, 2000; Martin and Moody, 2001; Pierson and others, 
2001; Benavides-Solorio and MacDonald, 2001). 

Rainfall Simulator Design

The rainfall simulator was designed to meet five cri-
teria.  The first criterion was that it be possible to transport 
the simulator up to 100 m from a vehicle, in steep terrain, 
and maintain flow pressure over that distance and elevation. 
Second, the height of the nozzle had to be adjustable. Third, 
the simulator should have a windscreen. Fourth, it should be 
portable because many of the roads that we planned to use for 

site access were rugged and passable only by a relatively small 
vehicle that also would be transporting water needed for the 
simulations. Fifth, and most important, the simulator should 
be capable of producing multiple rainfall intensities. As Dunne 
and Dietrich (1980) and Paige and others (2003) have pointed 
out, changing the rainfall intensity alters the area contribut-
ing to plot runoff because contributing area can increase with 
increasing rainfall intensity. The relation between contributing 
area and runoff is critical for understanding hydraulic vari-
ability in the field (Smith and Goodrich, 2000) and likely leads 
to nonlinear runoff responses to rainfall at watershed scale 
(Betson, 1964; Smith and Goodrich, 2000). 

The rain simulator had a tripod frame to hold different 
nozzles at a fixed height above the soil surface. The design 
(fig. 2) had fewer parts to assemble in the field than would a 
programmable simulator. The water-supply system provided 
a constant flux of water at pressures from 35 to 275 kPa 
(5 to 40 psi) up steep hillslopes, thus providing constant rain-
fall intensity. A 195-gallon polyethylene tank was mounted 
on a pickup truck with a submersible well pump (Red Jacket 
Enduro, 12 gallons per minute, 0.5 horsepower). The pump 
was powered by a generator (5,500-watt Honda) and had a 
low-water shut-off switch. A valve shunt at the pump (fig. 2) 
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could be adjusted to reduce the pressure by diverting more 
water back into the tank. The pump was attached to the hose 
on an aluminum reel by a removable connector hose with 
unions. The aluminum reel held nearly 100 m of 1-inch poly-
ethylene hose, which had little friction loss such that most of 
the pressure loss was due to head loss between the vehicle and 
the nozzle. Pressures were measured at the tank on the truck, 
at the tripod where the polyethylene hose was attached to a 
more flexible vinyl hose, and at the nozzle. 

Several nozzles produced variable combinations of rain-
fall intensity and kinetic energy. Each nozzle was mounted in 
a ¾-inch T-fitting (with pressure gage) attached to the bottom 
of ¾-inch PVC (polyvinyl chloride) pipe that hung vertically 
from the center of a hexagonal aluminum top-plate of the 
tripod (fig. 2). The top of the PVC pipe had fittings that con-
nected the pipe to a 25-foot-long, ¾-inch-diameter vinyl hose. 
The PVC pipe could be raised or lowered to the desired height 
above the plot and was held vertically by three adjustable lines 
running from just above the nozzle to each of the tripod legs. 
Three levels were mounted on the PVC pipe just above the 
nozzle to aid in plumbing the PVC pipe. The tripod had tele-
scoping legs attached to the hexagonal top-plate to facilitate 
positioning the nozzle vertically over the center of the plot 
on irregularly steep hillslope. The hexagonal top-plate had 
notches on the sides between the telescoping legs for bamboo 
poles that helped to support a tarp, which enclosed the tripod 

and acted as a windscreen. The nozzles were Spraying System 
FullJet® nozzles. Similar nozzles have been used in western 
Colorado (John Elliott, U.S. Geological Survey, oral commun., 
2004) and in New Mexico (Wilcox and others, 1986).

Simulated Rainfall Calibration and Evaluation

Four procedures were used in the laboratory and in the 
field to evaluate the rainfall simulator. Two procedures in 
the laboratory measured (1) the temporally averaged rainfall 
intensity and the spatial variability of these intensities on a 
level surface, and (2) the velocities and drop sizes for different 
nozzle and pressure combinations using a two-dimensional 
video disdrometer (2DVD). Two procedures in the field 
measured (1) the temporally averaged spatial variability of the 
rainfall on a sloping surface, and (2) the temporal variability of 
the rainfall. This section describes these procedures. 

The first laboratory procedure used an x-shaped array of 
45 small rain gages (opening 2.2 mm by 4.0 mm) to measure 
temporally averaged rainfall intensity and spatial variability 
of the rainfall intensity on a level surface. The array (fig. 3) 
was centered 1.4 m directly beneath the nozzle and was run 
for at least one-half hour or until one of the small rain gages 
appeared full (about 120 mm). We tested a set of Spraying 
Systems FullJet® nozzles to identify those that could be used 
in the field.
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The second laboratory procedure used a two-dimensional 
video disdrometer (2DVD) to measure drop sizes and drop 
velocities. The disdrometer consists of two cameras mounted 
6.2 mm apart vertically and oriented orthogonally, allowing 
the measurement of the three-dimensional raindrop geometry 
(Kruger and Krajewski, 2002).  Because the cameras have a 
vertical offset, they also provide a measurement of the vertical 
velocity. The cameras also can be used to estimate raindrop 
oblateness (ratio of height to width of a raindrop) and the 
equivolumetric spherical diameter, D, of a raindrop (Kruger 
and Krajewski, 2002). Assuming that the shape of a raindrop 
is an oblate spheroid (ellipse of revolution) and its density, 
ρ

w
, is that of water (1,000 kg/m3) then the mass, m

r
 (kg), of 

a raindrop can be calculated from the volume, V (m3) of an 
oblate spheroid: 

    
          m

r
 = ρ

w
V = ρ

w        
π(    )3 = ρ

w       
πa2b4

3
4
3

D
2

    (1) 

 
where a (cm) and b (cm) are the major and minor semiaxes of 
an ellipse and correspond respectively to one-half the width 
and height of a raindrop so that the oblateness is b/a and the 
equivolumetric diameter is 

                                 D = 2(a2b)1/3                                     (2) 

For a sphere, a equals b so that D=2a=2b and the oblate-
ness is 1. Measured disdrometer velocities and the computed 
masses can then be used to compute the kinetic energy, E

K
, of 

rainfall in joules (J) with:
 

                                          E
K
 = 0.5mv2           (3) 

where v is raindrop velocity (m/s). Given a rainfall inten-
sity, empirical equations have been used to estimate the unit 
rainfall energy, e (MJ/ha/mm), which is the kinetic energy per 

unit surface area per unit depth of rainfall. Brown and Foster 
(1987) present such an equation: 

   
                                    e = e

m
(1−ce(−λ*I))                   (4) 

where e
m
 = 0.9  MJ/ha/mm is the maximum unit rainfall 

energy as the intensity approaches infinity, I is the rainfall 
intensity in millimters per hour, and the empirical coefficients 
are c = 0.72 and λ = 0.05 h/mm. The disdrometer was placed 
1.4 m below the center of the nozzle and offset by 0.5 m from 
this point. The offset was used to measure the variability 
caused by nozzle position relative to plot location.

The third procedure measured the rainfall intensities 
during a series of the 14 field experiments and during some 
special calibration experiments. Recording tipping-bucket 
rain gages (either one or three Onset Model SR–2 gages) were 
placed outside the y-axis of the plot (fig. 4). Special calibra-
tion experiments in the field measured the rainfall intensities 
on the plots. During these four special sheet calibration experi-
ments on plot N15 (1 experiment per nozzle and pressure com-
bination), a plastic sheet (zero infiltration) covered the entire 
plot surface, so runoff from the sheet represents integrated 
rainfall-intensity over a single 1-m2 plot. Runoff was collected 
from this “zero-infiltration” plot at 0.5- or 1-minute intervals 
until steady-state runoff was reached and then for an additional 
7 to 8 minutes. The average runoff per minute was converted 
to integrated rainfall intensity on a horizontal surface by 
dividing by the cosine of the slope of the plot. Simultane-
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ously, variable rain intensities were measured by the array of 
tipping-bucket rain gages at the edge of the plot (fig. 4). These 
measurements permitted the integrated rainfall intensity on the 
plot to be compared to the rainfall measured by the tipping-
bucket rain gages outside the plot.

The fourth procedure measured the temporal variability 
of rainfall intensity. The 14 rainfall simulation experiments 
used the array of tipping buckets along one edge of the plot 
to record time-variable rainfall intensities and four small rain 
gages in the plot corners to measure the rainfall totals (fig. 4). 
For experiments 1–6, a single tipping-bucket rain gage was 
installed on the plot edge, but three tipping-bucket rain gages 
were deployed for experiments 7–14 after we realized the 
importance of spatial rainfall variability on a sloping surface. 
For the experiments with three tipping-bucket rain gages 
(7–14), the totals for each 2-minute interval were averaged. 
Then, least-linear-square regression techniques and F-tests 
determined if tipping-bucket data aggregated at 2-minute inter-
vals changed significantly during each of the 14 experiments.  

A second analysis of the temporal variability used the 2DVD 
disdrometer to measure the variability in the rainfall intensity 
over short times (15-second intervals) and over a small area 
(an approximately 0.01 m by 0.01 m window). We used a 
similar least-linear-square technique to analyze these data.

Study Area Characteristics 

We surveyed two hillslope study areas, one on the north-
facing slope and one on the south-facing slope. These areas 
were 100 m by 50 m, had grid lines spaced 10 m apart, and 
defined 66 potential sampling points at the intersection of the 
grid lines (corners of these study areas are shown in fig. 2). 
Topographic measurements made along each of the six grid 
lines running across the hillslope defined the general slope and 
relief of the study areas (fig. 5). Soil samples collected at the 
intersection points of the grid lines (66 samples) on the north- 
and south-facing study areas were analyzed to define the large-
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scale (100 m2) variability of soil properties. These soil samples 
were collected by using a 0.03-m-diameter soil core that was 
0.03 m long. In some cases, soil samples were not collected 
because of bedrock outcrops at the intersection point. The 
particle-size distribution was determined for each sample (see 
methods described in “Plot Topography and Stratigraphy”), 
and the bulk density was measured for a subset of the samples. 
At each location, two observers estimated the percentage of 
bedrock (rocks larger than 0.05 m) within a 1-m2 area centered 
at the intersection point. The reported value was the average 
of the two visual estimates. Additionally, at each intersection 
point, the thickness of the ash and thickness of any remaining 
litter and duff layer were measured.

Plot Experiments 

Field runoff plots were randomly selected on north- and 
south-facing study areas in the spring of 2004. To maintain 
these conditions for later rainfall-simulation experiments, 
all the plots were covered with tarps, and metal edging was 
installed upslope from the plots to divert flow away from the 
plot.  At the time of the installation, one major rainstorm on 
June 27, 2004, with a total rainfall of 19 mm (Colleen Wil-
liams, oral commun., 2005) generated overland flow and 
transported some sediment, so rills (about 0.10 m wide by 
about 0.05 m deep) were present on the south-facing slope. At 
that time, ash covered the surfaces. Plots S13 and S15 were 2 
of 10 randomly chosen plot sites on the south-facing hillslope, 
and plots N13 and N15 were similar plots on the north-facing 
hillslope (fig. 5). These four plots were selected from a list 
of random plot sites on the basis of logistics and an attempt 
to identify plots that were representative of the hillslopes. An 
aluminum frame (about 0.1 m high) was installed on three 
sides of a plot, and the collecting apron was attached between 
the two downhill ends of the frame. The lip of the collect-
ing apron protruded 0.0254 m into the plot, and silicon seal 
was used on the underside of this lip to connect the collecting 
apron to the soil and to prevent runoff from going under the 
collecting apron. A tarp was placed over the frame and col-
lecting apron and was removed only when the steady rainfall 
intensity had been established.

Plot Topography and Stratigraphy

The plot topography and stratigraphy were measured 
after all the rainfall-simulation experiments were complete so 
that the surface was not disturbed. The plots were 0.975 m2 
in size (1 m2 minus the area of the collecting apron lip), but 
because of the slope (N13=31 percent; N15=37 percent; 
S13=41 percent; S15=36 percent), the projected area on a 
horizontal surface intercepting incident rainfall was smaller 
than 0.975 m2 (N13=0.93 m2; N15=0.91 m2; S13=0.90 m2; 
S15=0.92 m2). The origin of the coordinate system for each 
plot was in the upper-left corner of the plot with the positive 
x-axis running from left to right across the plot and negative 

y-axis running down the left-hand edge of the plot (fig. 4). Plot 
elevations were measured using an electronic survey instru-
ment, Nikon Model 352, at major break points along transect 
lines spaced 0.10 m apart. The density of points ranged from 
280 to 430 points per square meter. The array of X' and Y' 
values (measured by the electronic survey instrument) were 
rotated to X and Y values by using a rotation angle based on 
the two end-points of the y = –0.90-m transect line. The array 
was then translated to match the coordinates (x- and y-values) 
of these two end-points. The minimum elevation within each 
plot was subtracted from all elevations (Z-values) to give z-
values, which represent elevation above the lowest point in the 
plot. 

The topographic point data were gridded to a raw digital 
elevation model (DEM) with 0.01-m cell spacing using a 
linear interpolation algorithm (MATLAB Inc.). The data in the 
raw DEM were extrapolated beyond the side, top, and bottom 
boundaries of the plot such that the x-coordinate ranged from 
–0.1 to 1.1 m and the y-coordinate ranged from 0.1 to –1.1 m. 
The extrapolation beyond plot boundaries was required to 
eliminate errors at the boundaries during interpolation. 

This raw DEM was truncated to the plot DEM by using 
the following procedure. First, the minimum and maximum 
grid-cell coordinates of the plot DEM were calculated. The 
grid cell with the minimum y-coordinate, y

min
(m), was deter-

mined by examining the topographic point data and selecting 
the grid cell that included the minimum y input. For example 
if y

min
 was –0.932 m then the minimum cell would have a 

y-coordinate of –0.94 m. The y
max

 was then calculated on the 
basis of adding rows to the minimum coordinate until the 
rounded-off grid area equaled the calculated plot area. The 
grid x

min
 was set to 0 and the grid x

max
 was set to 1.0. Given 

these plot coordinates, the raw (extrapolated) DEMs were 
clipped to the final grid coordinates using the clipping tool in 
ArcMap, which allows the user to specify the minimum and 
maximum grid coordinates.

In calculating flow networks, the DEMs were further 
modified to resolve some numerical, edge-effect issues in 
RiverTools (Rivix LLC, 2001). In calculating flow directions, 
the water “flowed” off the right or left edge (along the y-axis) 
unless a topographic barrier was added outside the grid to 
force water downslope to the plot outlet (collecting apron). 
This action, similar to having a plot border, was achieved by 
adding two columns of cells (x+1 and x+2 on the right side) 
to the right and left side (y-axis) of the DEM. On the right 
side, the elevations in these two cells would be z+0.1 m and 
z–0.1 m, respectively. The presence of the increased eleva-
tion in the x+1 barrier cell kept the flow from the plot from 
going off the edge of the DEM. However, the x+1 (barrier) 
cell would drain into the plot, adding contributing area, 
unless another row was added. By making the elevation in 
the x+2 cell less than in the x cell, the water from the barrier 
cell, x+1, flowed toward x+2 cell and not toward the plot. A 
similar issue existed for the upper row of cells in the DEM. To 
remedy this, we added two rows at the top of the DEM so that 
the actual elevation data would not be affected but the water 
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would flow downslope toward the collecting apron. Finally, 
we addressed the edge effect for the lowest row (adjacent 
to the collecting apron). Some quantities (flow length for 
example) are not calculated for this lowest row because it was 
at the edge. We calculated the elevation of this lowest cell by 
using the local slope. If the lowest cell was y, then the eleva-
tion z of the y–1 cell was calculated as z

y–1
=2z

y
–z

y+1
. The final 

result of all of these modifications was to add three rows and 
four columns to the DEM. None of these added, artificial data 
are considered when computing averages of slope, flow length, 
or elevation.

Slope, flow directions, and flow lengths were calculated 
from these modified 1-m2 DEMs. The slope (finite-difference) 
and flow length were computed using the program RiverTools, 
the D–8 algorithm (Jenson and Domingue, 1988), which 
generated one-dimensional flow directions on the DEM, and 
the imposed gradient plus algorithm (Garbrecht and Martz, 
1997; Rivix LLC, 2001), which resolved flow directions. A 
drainage network was thus created and exported as a shape file 
and then used to compute the number of flow paths. The shape 
file included drainages in the topography added along the 
edges (see modifications discussed previously), and these were 
removed in the program ArcGIS. To calculate the number of 
distinct flow-path sources, we used the number of first-order 
streams or the network magnitude. The length of each flow 
path was the sum of the cells from the source to the collecting 
apron. For each plot, we also computed means and coefficient 
of variations for the elevation, local slope or gradient for each 
cell, and the flow-path lengths. The minimum elevation should 
be 0, but because additional cells were added (see modifica-
tions) we computed the mean elevation and then subtracted 
the computed minimum elevation from the mean. Similarly, 
because an extra row was added to the bottom of the DEM, 
all flow paths were 0.01 m too long, so 0.01 m was subtracted 
from the average. Finally, the slope grid was a finite-difference 
approximation where x=0 m and x=1 m were affected by the 
presence of the artificial data, and therefore these data were 
not included in the average.

After all the rainfall simulation experiments, the plots 
also were excavated to a depth of about 0.30 m along the 
0.10-m transect lines. The thickness of ash was measured 
along these transect lines, and the locations of cobble-size 
and larger rocks were mapped. Representative samples of the 
underlying soil and overlying ash were collected, and particle-
size distributions were measured in the laboratory by using 
a set of standard sieves, which separated the soil particles 
into whole phi (φ) size classes (φ = −log

2
) of the particle-size 

diameter in millimeters; Krumbein, 1934). These sieves were 
put on an automatic sieve shaker for about 15 minutes, and the 
mass of each particle-size class was then weighed to produce 
grain-size distribution curves (Guy, 1969).

Additional measurements were made of the organic con-
tent, bulk density, and particle density of the ash. The organic 
content was measured using the loss on ignition method 
(LOI) at 550oC (Håkanson and Jansson, 1983) for one sample 
of ash (from each plot), which was separated into different 

size classes. Bulk density measurements also were made for 
different size classes, but because the samples for each plot 
were small, the bulk density was measured for a large sample 
(collected from an eolian deposit in the lee of a hill about 
100 m from the north-facing study area) that provided enough 
volume of ash for a bulk density measurement in each size 
class. Particle densities of three ash sizes (less than 0.063, 
0.063–0.125, and 0.125–0.250 mm) were measured using 
approximately 0.0005-kg samples. The ash was slowly added 
to water in a small-diameter tube (0.008 m) and allowed to set-
tle. The accuracy of the mass measurement was about 1 part in 
1,000, but the accuracy of the volume measurement was only 
about 1 part in 10, which limited the particle density of the ash 
to 2 significant figures. To decrease the number of possible 
voids in any organic material in the ash, the 0.063–0.125-mm 
and the 0.125–0.250-mm size fractions were ground with a 
mortar and pestle, and only the material that passed through a 
0.063-mm sieve was used to determine the particle density. 

Rainfall Simulations

Fourteen rainfall simulation experiments were run on 
plots in the north- and south-facing study areas. Three experi-
ments were run on each of the two north-facing plots and 
four experiments were run on each of the two south-facing 
plots. The experiments had rainfall intensities that varied from 
19 mm/h to 50 mm/h. The rainfall in all experiments lasted 
30 minutes, and runoff was collected each minute during the 
rainfall and for 2–3 minutes after the conclusion of the rainfall.

The primary experimental measurement was plot runoff. 
Runoff was collected at the base of the plot (fig. 4) in the 
0.07777-m2 triangle-shaped collecting apron that funneled 
water to a collection container (fig. 4). The collecting apron 
was shielded by a lid to prevent rain from falling on the 
apron and generating runoff that was not from the soil sur-
face inside the plot. The uphill edge of the collecting apron 
protruded 0.0254 m into the plot so that the soil surface started 
at y=0.0254 m. Manual collection of runoff at the plot outlet 
used a plastic container that was switched with another con-
tainer at 1-minute intervals (a couple intervals were inadver-
tently longer or shorter). Total runoff for the collection interval 
was measured in one of two graduated cylinders (0.100 L and 
1.000 L) depending upon the runoff rate or discharge.

Soil Moisture

Samples for gravimetric soil moisture and particle-size 
distribution were collected before and after each simulation 
experiment directly adjacent to the plot. Samples were col-
lected at two or three depths, usually as composite samples 
for the intervals 0.00–0.05, 0.10–0.15, and 0.20–0.25 m, but 
sometimes we sampled at other depths if obstructions existed 
in the soil. The soil sample was placed in a preweighed metal 
soil container, sealed, weighed, dried in the laboratory over-
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night at 105°C, and reweighed after drying. Percentage soil 
moisture by mass, SM, was then calculated as:

                             
                                                                SM =               x 100               

m
w
 – m

d

m
d

                 
                                (5) 

where m
w
 (kilograms) is the wet mass and m

d
 (kilograms) 

is the dry mass (Gardner, 1986). Soil moisture by mass was 
converted to soil moisture by volume by multiplying by the 
soil bulk density.

Overland Flow Velocities and Suspended 
Sediment

For some experiments, steady-state overland flow veloci-
ties were measured at selected points within the plot. Two 
small-diameter pins were inserted adjacent to the visible flow 
paths, and red food coloring was added to the water above 
the upper pin; then the traveltime between the two pins was 
measured and recorded.

For some north-facing plot experiments, water samples 
were collected to measure the sediment concentrations. Suc-
cessive samples of the 1-minute runoff were collected after 
the runoff from experiments 9, 10, 11, and 12 had reached a 
steady state (about 10–14 minutes) and added to a 1-L plastic 
bottle until it was nearly full. After the experiment, these sam-
ples were brought to the laboratory and the volume of water 
was measured. The sediment concentrations were separated 
into size classes by using the wet-sieving method and collect-
ing the < 0.063-mm fraction on 0.45-micrometer filters, then 
drying and weighing. 

Simulated Rainfall Characteristics

Spatial Variability

Spatial variability of rain intensity was measured primar-
ily on a flat surface. The coefficient of variation (CV) of the 
rainfall produced by the standard nozzles (FullJet® nozzles 
with spray angles of 67–90 degrees and rainfall intensities 
ranging from 217 to 557 mm/h, table 1) and collected in the 
45 small rain-gage array ranged from 0.07 to 0.47. The CV 
in rainfall intensity was lowest (0.07) for the GG22 nozzle, 
which had the highest spray angle of the four nozzles (90° at 
138 kPa and not listed but assumed similar for tested 276 kPa). 
This observation suggested that spray homogeneity is related 
to greater spray angles.  Subsequently, we tested the wide-
angle nozzles (about 120˚) GG2.8W, GG10W, and GG20W for 
field application because of their potential to provide a more 
homogeneous rainfall distribution than the standard nozzles.

The wide-angle nozzles produced rainfall intensities 
similar to rainfall intensities in the Colorado foothills, varying 
from 18 to 57 mm/h for a 1.1-m spray circle on a level surface 
(table 1). Also, the wide angles reduced the coefficient of vari-

ation of the rainfall intensities in the rain gage array to <0.16, 
indicating a more homogeneous spray distribution (fig. 6). 
Even on the logarithmic scale in figure 6, the differences in 
variability between wide-angle and standard-angle nozzles 
are visible. Thus, we used these three wide-angle nozzles for 
field applications. All the analyses in the remainder of this 
report only refer to the three nozzles: GG2.8W, GG10W, and 
GG20W.

Few studies have examined the spatial variability in 
simulated rainfall in detail.  One such study (Laschelles and 
others, 2000) identified large differences in rain intensity dur-
ing the use of a system that consisted of four full-cone nozzles 
(like the FullJet® nozzles). In that example, rainfall intensity 
varied from greater than 50 mm/h to less than 20 mm/h on a 
20-minute simulation with a mean rate of 40 mm/h (Laschelles 
and others, 2000, their figure 2a). Given a similar type of cone 
nozzle in this study, the results here are more encouraging 
as the maximum difference in rain gages is 18 mm/h (fig. 6). 
If our results are computed as a coefficient of uniformity 
(1-CV), our nozzles have 92-percent uniformity compared to 
93 percent estimated for Cerdà and others (1997) over a much 
smaller area (0.24 m2) and ≈ 80 percent for Laschelles and oth-
ers (2000, their figure 3). Reported coefficients of uniformity 
for an automated programmable simulator varied between 
85 to 90 percent for the same intensity range (Niebling and 
others, 1981) and the coefficient of uniformity for a Spray-
ing Systems square nozzle was about 80 percent (Esteves and 
others, 2000). Thus, it appears that these wide-angle nozzles 
produce as uniform or more uniform rainfall intensity than 
other rainfall simulators.

The measured rainfall intensity was compared to the 
predicted intensity. The nozzle characteristics (spray angle 
and flow rate at a given pressure) were provided by Spraying 
Systems (2005) and were used to predict the rainfall intensity 
assuming a 1.4-m height, a triangular geometry, and radial 
symmetry in spray.  The data (table 1) indicate that intensi-
ties calculated using this simplified geometry underpredict all 
measured intensities at all pressures. This underprediction is 
due to simulated rainfall bending as it falls to the ground and 
concentrating higher rainfall intensities closer to the center of 
the spray circle (de Lima and others, 2002, their figure 12). 

Drop Characteristics

The 2DVD evaluation of raindrop characteristics indi-
cated that, although the rain intensities could be applied at the 
desired intensities, the characteristics of the simulated rain 
were different from natural rains. Empirical curves (Gunn and 
Kinzer, 1949; Atlas and others, 1973) of raindrop velocity as 
a function of raindrop diameter indicate that, for large drops 
(greater than 5 mm), the terminal velocity approaches 9 m/s in 
natural rain (fig. 7; Gunn and Kinzer curve). The data in this 
study from 1.4 m below the nozzle show two distinct patterns 
(figure 7 is a representative sample). For drop diameters less 
than 1 mm, the drop velocities form a vertical cluster ranging 

Simulated Rainfall Characteristics  9



Table 1. Characteristics of rainfall intensity measured on a level surface.
[m, meters; kPa, kilopascals; psi, pounds per square inch; CV, coefficient of variation equal to standard deviation divided by the mean; mm/h, millimeters per 
hour; L, liter; min, minutes; MJ, megajoules; ha, hectares]

Pressure   Rainfall intensity 

Nozzle

Height 
above level 

surface 
(m)

(kPa)  (psi)

Measured 
by small 

rain gages 
(mm/h)

CV 

Calculated 
spray 
coneb 

(mm/h)

 Estimated 
from nozzle 

data pro-
vided by 

supplierc,d 
(mm/h)

Prescribed 
flow rate   
(L/min)d

Approximate 
spray angle 
at reference 
pressured,e 
(degrees)

Unit 
rainfall 
energyf 

(MJ/ha/mm)

GG10 1.45 69 10 217 0.42 206 84 3.8 67 0.29

1.45 276 40 361 0.36 307 160 7.2 67 0.29

GG15 1.48 34 5 277 0.47 219 93 4.2 67 0.29

1.47 69 10 232 0.47 181 126 5.7 67 0.29

1.47 276 40 493 0.35 420 244 11.0 67 0.29

GG22 1.47 34 5 228 0.24 203 59 6.1 90 0.29

1.47 69 10 258 0.20 234 81 8.3 90 0.29

1.46 276 40 439 0.07 438 155 15.9 90 0.29

GG32 1.47 34 5 406 0.37 335 144 8.7 75 0.29

1.43 69 10 398 0.30 348 200 12.1 75 0.29

1.43 138 20 557 0.29 487 276 16.7 75 0.29

GG2.8Wa 1.40 34 5 18 0.16 18 2g 0.6 120 0.21

GG10Wa 1.38 34 5 33 0.10 33 9 2.8 120 0.25

1.38 138 20 57 0.08 56 17 3.8 120 0.28

GG20Wa 1.38 34 5 43 0.12 40 18 5.7 120 0.26

1.38 69 10 55 0.07 53 25 7.6 120 0.28
a Selected for field applications.

b Assumes circle with 1.1-m diameter.

c Assumes circle on ground based on height (1.4 m), spray angle, and prescribed flow rate at given pressure.

d Reported in Spraying Systems Company, 2005.

e Reference pressure for standard nozzles: 138 kPa; reference pressure for wide-angle nozzles: 69 kPa.

f Calculate using equation (4) and the rainfall intensity measured by the tipping-bucket rain gage.

gCalculated with data at 69 kPa, no manufacturer data below this pressure.

10  Infiltration and Runoff Measurements on Steep Burned Hillslopes



10

100

1,000

–0.6 –0.4 –0.2 0 0.2 0.4 0.6

DISTANCE FROM CENTER, IN METERS

RA
IN

 IN
TE

N
SI

TY
, I

N
 M

IL
LI

M
ET

ER
S 

PE
R 

HO
UR

GG10W, 34 kPa

Regular
nozzle

Wide-
angle
nozzle

GG10W, 137 kPa

GG20W, 69 kPa

GG10, 69 kPa

GG10W, 34 kPa

GG10W, 137 kPa

GG20W, 69 kPa

GG10, 69 kPa

Axis 1

EXPLANATION

Axis 2

Figure 6. Comparison of the spatial distribution of rainfall produced by different nozzles mea-
sured from an array of 45 rain gages (see figure 3).
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Pruppacher and Beard (1970)

from 0.5 to 8 m/s. These drops are undoubtedly those that are 
near the measurement limit of the 2DVD and thus show vari-
ability and potential error (Kyoko Ikeda, National Center for 
Atmospheric Research, oral commun., 2004). A second cluster 
for larger drop sizes (greater than 1 mm) appears to approach 
an asymptote near 5 m/s. These velocities are less than natural 
rainfall but are in fact similar to the velocities measured by 
Laws (1941; his table 2) for drops originating at 1.5 m (fig. 7). 
Thus, the similarity between the drop velocity from 1.5 m and 

Figure 7. Relation between raindrop diameter and velocity produced by nozzle 
GG20W and measured using a two-dimensional video disdrometer at 1.4 meters 
below the nozzle

Figure 8. Relation between raindrop diameter and oblateness produced by 
nozzle GG20W and measured using a two-dimensional video disdrometer at 1.4 
meters below the nozzle

the rainfall-simulator drop velocities from almost the same 
height (1.4 m) imply that the rainfall simulator imparts little 
velocity to the drops.

Another characteristic, which provides a comparison to 
natural rain, is the relation between oblateness of raindrops 
and raindrop diameter.  As in the relation between drop diam-
eter and drop velocity, a data cloud is close to the graph origin 
(fig. 8) that reflects the measurement limitations of the 2DVD. 
At diameters greater than 2 mm, the drops are closer to a 
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sphere or prolate spheroidal shape (oblateness >1) than natural 
rainfall, which tends to flatten as it falls and approximate an 
oblate spheroidal shape (see empirical relation of Pruppacher 
and Beard (1970) in figure 8 and Laws (1941, his figure 4 for 
picture of drop). The shape initially imparted by the nozzle 
does not change appreciably because of the short fall time 
from the nozzle to the disdrometer or from the nozzle to the 
soil surface. 

Unit rainfall energies produced by the simulator are less 
than those calculated using the empirical equation of Brown 
and Foster (1987) (equation 4). The measured unit rainfall 
energies produced by the simulator (calculated with equa-
tion 3) were about 20–25 percent of the predicted energy for 
storms with the same rainfall intensity (table 2; unit rainfall 
energy and calculated unit rainfall energy). The reduction in 
energy is due to the aforementioned reduction in velocity and 
also a reduction in drop size. The nozzle drop distribution is 
skewed to a finer drop size than natural drop distributions. The 
mass-weighted mean diameter values of convective rain for 
Colorado are typically greater than 2 mm (Brigini and others, 
2003, their figure 11) whereas the similar calculation for the 

nozzles indicates a mass (volume)-weighted mean diameter of 
about 0.69–1.03 mm (table 2).

Similar rainfall-simulator designs also underproduce unit 
rainfall energies. For example, another similar single-nozzle 
system produced only 36 percent (Wilcox and others, 1986) of 
natural kinetic energies. Increasing applied unit rainfall energy 
with the Spraying Systems FullJet® nozzles will be difficult. 
Because little incident velocity is derived from the nozzle, 
the only method by which to increase velocity is to raise the 
height of the nozzle. Over short distances, this may reduce the 
coefficient of variation of rainfall intensity, but setting up a 
rainfall simulator at great height on a steep slope has practical 
difficulties. Little can be done to increase drop size. The wide-
angle nozzles that are used here, particularly GG20W, are 
among the largest manufactured, and they are being operated 
at a low pressure. Therefore, options for increasing drop size 
and velocity will likely shift to a different nozzle design like 
the VeeJet nozzles recommended by Mutchler and Herms-
meier (1965) and used by Meyer and Harmon (1979) and 
Paige and others (2003). Using this VeeJet nozzle may require 

Table 2. Disdrometer characteristics of the simulated rainfall produced by three nozzles.
[kPa, kilopascals; psi, pounds per square inch; center, measurements were made 1.4 m directly below the nozzle; CV, coefficient of variation equal to standard 
deviation divided by the mean; mm, millimeter; m, meter; h, hour; MJ, megajoules; ha, hectares]

Nozzle

 GG2.8W GG10 W GG20W

Pressure (kPa) 34 34 138 69

Pressure (psi) 5 5 20 10

Numerical average drop size (mm), center 0.42 0.50 0.48 0.52

Numerical average drop size (mm), 0.5 m off center 0.49 0.53 0.49 0.49

Volume average drop size (mm), center 0.77 1.03 0.75 0.93

Volume average drop size (mm), 0.5 m off center 0.69 0.83 0.69 0.88

Volume average velocity (m/s), center 2.40 2.92 3.17 2.90

Volume average velocity (m/s), 0.5 m off center 2.08 2.79 3.14 2.90

Disdrometer intensity (mm/h), center 7.48 31.70 27.69 46.51

Disdrometer intensity (mm/h), 0.5 m off center 14.23 40.52 27.19 29.42

Drops/m2/s, center 27,103 69,459 85,064 103,024

Drops/m2/s, 0.5 m off center 46,391 93,550 83,840 75,377

Unit rainfall energya (MJ/ha/mm), center 0.04 0.05 0.06 0.06

Unit rainfall energya (MJ/ha/mm), 0.5 m off center 0.03 0.05 0.06 0.05

Calculated unit rainfall energyb (MJ/ha/mm), center 0.15 0.25 0.24 0.27

Calculated unit rainfall energyb (MJ/ha/mm), 0.5 m off center 0.19 0.26 0.24 0.24

Integrated rainfall intensity on Plot N15 (mm/h) 18.77 29.51 47.36 46.13

Temporal CV of the integrated rainfall intensity on Plot N15 0.03 0.01 0.06 0.02
aUnit rainfall energy was calculated using the equation (3) for each recorded raindrop.

bCalculated unit rainfall energy was calculated using the equation (4) and the observed intensity.
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Table 3. Sheet calibration of the nozzle rainfall intensity.
[All measurements were made on plot N15 with a slope of 0.37; the integrated intensities were computed for a 
horizontal surface; only the Middle and Bottom gages were used to compute the mean for the GG10W nozzle; 
kPa, kilopascals; mm, millimeters; h, hour; psi, pounds per square inch]

Nozzle
Pressure  Integrated 

rainfall 
intensity 
(mm/h)

Tipping-bucket rain gage 
intensity (mm/h)

Mean 
tipping-bucket 

intensity 
(mm/h)(kPa) (psi) Top Middle Bottom

GG10W 34 5 34.3 63 38.8 32.9 35.9

GG10W 138 20 50.5 55.3 47.9 39.4 47.5

GG2.8W 34 5 20.0 21.2 16.9 12.5 16.9

GG20W 69 10 49.2 49.6 42.7 43.8 45.4

additional experimental infrastructure and depart from our 
design objectives for the development of a rainfall simulator.

Despite the utility of the 2DVD for measuring a large 
number of drops, there is error in its drop calculations. When 
we used lower flow-rate nozzles (GG2.8W and GG10W) at 
higher pressures, the rain intensity measured by the 2DVD was 
less than the intensity measured on a level surface (tables 1 
and 2). For example, the 2DVD-measured intensity (measured 
at the center of the rainfall pattern of the GG10W nozzle oper-
ated at 34 kPa or 5 psi) was 33.67 mm/h, which was similar to 
the intensity (33 mm/h) measured in the laboratory on a level 
surface (compare tables 1 and 2). However, when the nozzle 
was operated at a higher pressure (138 kPa or 20 psi), the 
2DVD intensity was 27.69 mm/h and the intensity of a level 
surface was 57 mm/h. This reduction of intensities could be a 
function of having too many small drops to count because the 
phenomenon was most pronounced when the drop sizes were 
smallest (the GG2.8W nozzle and the GG10W nozzle with the 
high flow). Alternatively, this underestimate of rain intensity 
could be a function of measurement setup. The 2DVD opening 
is 1 m off the ground and required our tripod to be elevated to 
a height (2.4 m) at which it may be more vulnerable to wind. 
Thus, the estimates of unit rainfall energy may be in error, but 
the data do suggest that the nozzles produce simulated rain, 
which has less energy than natural rain. This makes assess-
ment of surface-sealing processes difficult; however, runoff 
was still produced in the field without the requisite unit rain-
fall energy associated with natural rain.

This study is similar to only a few studies (for example, 
Paige and others, 2003) in its use of automated analysis of 
raindrop fields. Using the 2DVD provided some interesting 
data to compare the simulated rain to natural rain. However, 
its application appeared to be limited by the large number of 
drops. Thus, at this point, we recommend the use with the 
caveat that the estimates of small drop sizes could be in error 
and that results are optimized with rain fields with larger and 
fewer drops.

Incident Rainfall

The spatially integrated rainfall intensity was assumed 
to represent the “actual” incident rainfall intensity on the plot. 
Spatially integrated rainfall intensity was related directly to 
the intensities measured by the tipping-bucket rain gages and 
indirectly to the intensities measured by the small rain gages. 
The tipping-bucket rain-gage method was used during the 
sheet calibration experiments so tipping-bucket intensities can 
be directly compared to the spatially integrated rainfall inten-
sity (table 3). For this comparison, the intensities for the three 
tipping-bucket rain gages were averaged and compared to the 
spatially integrated rainfall intensity (average runoff rate/hori-
zontal projection of the plot area) from the sheet calibration 
experiments.  However, the tipping-bucket rain gage at the 
upslope edge of the plot consistently produced higher rainfall 
intensities (60–70 mm/h) for the nozzle-pressure combination 
of GG10W, 34 kPa (table 3 and table 4). This can be inter-
preted as being an edge effect of the spray, but including this 
gage into the average tends to overestimate the tipping bucket 
rain estimate relative to the spatially integrated rainfall inten-
sity. To correct for this bias, the upslope gage was omitted 
from the average in this sheet calibration experiment (table 3) 
and in the rainfall simulation experiments when the GG10W 
nozzle was used at a pressure of 34 kPa (table 4). The calibra-
tion line (fig. 9) between the mean tipping-bucket rain-gage 
intensity (I

mean
) and the spatially integrated rainfall intensity 

(I
integrated

) was forced through the origin but shows a good fit 
(R2=0.97, n=4): 

                       I
integrated

 = 1.05I
mean

            (6)  
 

The second calibration related the mean tipping-bucket 
rain-gage intensities and the small rain-gage intensities 
(I

small_rain
) for experiments 7–14. This calibration was necessary 

because experiments 1–6 have no tipping-bucket data. This 
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calibration curve (fig. 10) also was forced through the origin 
(R2=0.89, n=8): 

                          I
mean

 = 0.96I
smallrain

         (7)

To compute the incident rainfall intensity for each 
experiment (1–14), two techniques were used depending on 
the available rain data. For experiments 7–14, the rainfall 
intensity was calculated using the mean tipping-bucket rain-
gage data and converted to the integrated rainfall intensity by 
using equation (6) to give the incident rainfall intensity. For 
experiments 1–6, the two regression equations were used in 
succession. Starting with the available small rain-gage intensi-
ties, these were converted to mean tipping-bucket rain-gage 
intensities using equation (7). Then, the mean tipping-bucket 
rain-gage intensities were converted to the spatially integrated 
rainfall intensity using equation (6) to give the incident rainfall 
intensity. Because all the slopes of the calibration equation 
were within 4–5 percent of 1.00, it is implied that all the 
methods will provide a fairly similar estimate (8–10 percent) 
of incident rainfall (table 4). On average, the rainfall intensi-
ties measured by (1) the four small rain gages was 0.3 percent 
lower than the integrated rainfall intensity (CV of difference 
is 10 percent) for experiments 1–14, and (2) the mean tip-
ping-bucket rain-gage intensity was 0.9 percent higher than the 

Table 4. Comparison of different field measurements of rainfall intensity. 
[kPa, kilopascals; psi, pounds per square inch; mm/h, millimeters per hour; m, meters; L/min, liters per minute; the slopes of the plots were 0.41 for S13, 0.36 
for S15, 0.31 for N13, and 0.37 for N15; tipping-bucket rain gages were outside and on the right-hand side of the plot; the distances below Top, Middle, and 
Bottom are measured from the bottom edge of the plot; --, no data]

Pressure 
Small rain gage (mm/h) Tipping-bucket rain gage (mm/h) Modified 

tipping-
bucket 

rain gage 
(mm/h)    

Incident 
rainfall 

intensity 
(mm/h)

Apron 
cor-

rection 
Capron 

(L/min)

Experiment Plot Nozzle (kPa) (psi)
Top 
left

Top 
right

Bot-
tom 
left

Bot-
tom 
right

Mean
Topa 
0.8 m

Mid-
dlea 

0.5 m

Bot-
toma 
0.1 m

Mean

1 S13 GG20W 69 10 56 40 42 44 46 -- -- -- -- -- 46 0.027

2 S15 GG10W 138 20 52 50 44 44 48 -- -- -- -- -- 48 0.028

3 S15 GG10W 138 20 40 52 40 48 45 -- -- -- -- -- 46 0.028

4 S13 GG20W 69 10 56 48 46 44 49 -- -- -- -- -- 49 0.029

5 S13 GG10W 34 5 40 42 40 24 37 -- -- -- -- -- 37 0.020

6 S15 GG10W 34 5 34 40 32 28 34 -- -- -- -- -- 34 0.019

7 S15 GG2.8W 34 5 20 28 12 14 19 14 19 24 19 19 20 0.008

8 S13 GG2.8W 34 5 24 22 20 12 20 13 18 22 17 17 18 0.010

9 N13 GG2.8W 34 5 30 28 16 20 24 25 25 17 22 22 23 0.011

10 N13 GG10W 34 5 48 40 28 34 38 70 34 31 45 32 34 0.020

11 N15 GG2.8W 34 5 30 12 26 12 20 9 28 34 24 24 25 0.012

12 N15 GG10W 34 5 52 42 32 36 41 61 35 32 43 34 35 0.022

13 N15 GG20W 69 10 52 52 46 34 46 50 43 42 45 45 47 0.025

14 N13 GG20W 69 10 50 53 40 33 44 67 42 37 49 49 51 0.023

aThe tipping-bucket rain gages in experiment 7 were located at 1.1, 0.5, and –0.1 meter.
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Figure 9. Calibration curve between spatially integrated rainfall 
intensity and mean tipping-bucket rainfall intensity.
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Figure 10. Calibration curve between small rain-gage intensity 
and mean tipping-bucket rainfall intensity.

integrated rainfall-intensity (CV of difference is 15 percent) 
for experiments 7–14. 

Spatial variability of rainfall intensities was measured 
at the field sites on sloping surfaces. Variability exists in the 
measurements made between small gages at the lower and 
upper edges of the plot. Further, tipping buckets deployed 
in the field also indicate upslope (y-axis) variation in rain-
fall intensities. The best example of variability is the nozzle 
GG10W at 34 kPa. This combination produces an intensity at 
the upslope edge of the plot that is almost double that of the 
mean intensity for the plot. These calibration data indicate that 
this gage is consistently high in all measurements and anoma-
lous relative to the mean intensity measured over the plot. 

Despite the up- and downslope variability of spray mea-
sured during field applications of the rainfall simulator, little 
cross-slope variability is apparent. If extensive cross-slope 
variability in the spray existed, then the exterior rain gages 
would measure different rainfall intensity than that measured 
on the plot. However, the on-plot and outside-plot estimates 
are very similar in the calibration runs. Further, by comparing 
the intensities from several simulations with the same nozzle 
in pressure to the calibration data, very little variability exists 
among runs (R2 = 0.92, slope 0.98).  Therefore, the simulator 
is able to replicate fairly constant rainfall intensity throughout 
multiple simulations. Rainfall rates applied during the experi-
ments varied from 18 to 51 mm/h (table 4).

Temporal Variability

The tipping-bucket rain gages also measured the temporal 
variation in rain intensity during the rainfall simulation experi-
ments. Changes in rainfall intensities may indicate variability 
in pumping rates or the change in the simulator environment 
(for example wind velocity). For experiments 1–6, rainfall 
intensities computed for each 2-minute interval for a single, 
tipping-bucket rain gage were evaluated, and for experiments 
7–14, the average intensity (three gages) computed for each 

2-minute interval was evaluated.  Each trend was evaluated 
for significance using an F-test and a significance level of 
α=0.05. Of the 14 tests, only three had significant linear trends 
(experiments 3, 12, and 13). Experiment 3 had a change in 
average rainfall intensity of 9.3 mm/h over the length of the 
experiment (0.31 mm/h/min), experiment 12 had a change of 
4.1 mm/h and experiment 13 had a change of 3.2 mm/h. Thus, 
the only significant linear change related to an evident change 
in pumping rate was experiment 3 (N15, GG10W, 138 kPa). 
Experiment 2 had a significant quadratic trend where the rain-
fall intensity increased during the middle of the experiment 
and then dropped toward the end.

The disdrometer was used to make similar estimates 
of temporal variability for each nozzle. However, the data 
for the disdrometer tests were recorded at a shorter interval 
(15 seconds) and over a smaller area (about 0.10 m by 0.10 m 
window). The disdrometer data showed that four of the eight 
tests had significant changes in rainfall intensity over the 
about 3-minute measurement periods. Of the four tests, one 
(GG20W at 69 kPa) changed 6.9 mm/h over the 3-minute test 
(2.3 mm/h/min). The averaged change for the other three tests 
was 2.2 mm/h over the 3-minute test, suggesting the changes 
were greater during the disdrometer tests than the field experi-
ments. This may suggest that short-term temporal variability 
may be higher than longer term temporal variability. Alterna-
tively, the windy disdrometer test site may have had conditions 
conducive to higher short-term temporal variability than the 
field site.

Study Area

Topography

Both study areas consisted of two quasi-planar slopes 
with a slope break that divided the study areas into about equal 
areas of upper and lower slope. The upper slope was steeper 
than the lower slope (fig. 5A and 5B), and both slopes were 
greater in the south-facing study area than in the north-facing 
study area. The typical slope of the upper slope was 0.54 in the 
south-facing and 0.50 in the north-facing study area and was 
0.40 and 0.35 on the lower slopes, respectively. The experi-
mental plots were on the lower slopes in both study areas. The 
north-facing study area had an area with a third slope (0.20) at 
the bottom that may have been a small terrace adjacent to the 
stream but has been used for the access road (Forest Service 
road 284.1). The lower slope in the south-facing study area 
continued about 10 m farther and formed the left bank of the 
stream channel (fig. 1).

Surficial Features

In both study areas, the upper slope had bedrock out-
crops, and on the lower slope this bedrock is covered by soil. 
The bedrock is lithic material greater than 50 mm in diameter, 
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and the average difference between the two independent esti-
mates of the percentage of bedrock is 1.4 and 3.8 percent in 
the north- and south-facing study areas, respectively. The bed-
rock outcrops on the upper slope in the south-facing study area 
were more continuous (mean percent=31 and CV=1.0) than in 
the north-facing study area (mean =11 percent and CV=1.2). 
No substantial bedrock outcrops existed on the lower slopes 
(table 5).

The mean depth of ash was similar between the upper and 
lower slopes of the study areas. In the south-facing study area, 
the ash on the upper slope had mean thickness of 10 mm and 
on the lower slope a mean thickness of 15 mm (table 5). The 
maximum thickness on the upper slope was 70 mm, which 
had collected between a large root and rock, and the maximum 
thickness on the lower slope was 42 mm. The litter and duff 
layer, which remained after the fire under the ash at many 
sampling sites, was charred in many samples and was about 
10 mm on the upper and lower slopes. In the north-facing 
study area, the mean ash thickness was similar to the south-
facing study area but was more uniform on the upper (14 mm) 
and lower slopes (15 mm) than in the south-facing study area 
(table 5). The litter and duff layer that remained after the fire 
was much thicker than the layer on the south-facing study 
area. The mean thickness was 37 mm for the two lowest 
transects on the upper slope (third, topmost transect was near 
to ridge crest and was not measured but was very rocky) and 
32 mm for the three transects on the lower slope. The presence 
of the litter and duff layer in both study areas indicates that 
the fire had a low soil severity even though the condition of 
the vegetation indicated a high burn severity. This thicker litter 
and duff layer in the north-facing study area reflects the wetter 
soils and greater biomass density on the north-facing than on 
the south-facing slopes.

 The soil in the south-facing study area was gener-
ally coarser than the soil in the north-facing study area. The 
maximum particle size (30 mm) was limited by the size of 
the soil core. Thus, large gravel, cobbles, and rocks were not 
sampled, but some were sampled as bedrock material. The 
mean, median diameter (D

50
) of the particle sizes in the soil 

samples in the south-facing study area was greater on the 
upper slope (1.02 mm) than on the lower slope (0.74 mm) and 
these D

50
 were greater than those in the north-facing study area 

(0.88 mm and 0.46 mm, respectively). However, the variability 
(measured by the coefficient of variation) in upper slope of the 
north-facing study area (CV=0.84) was greater than the south-
facing study area (CV=0.58), but the opposite was true on the 
lower slopes.

Rainfall-Simulation Experiments

Plot Topography

The topographic variability and flow-path character-
istics were similar among the four experimental plots. The 
mean elevations above the lowest point in the plots were 

slightly greater in plot S13 than in the other plots (table 6, 
figs. 11–14). This is probably caused by the large rocks on 
the surface of plot S13 (fig. 13); however, the coefficient of 
variation in elevation was essentially the same (0.54 to 0.57) 
for all plots.  The local gradients also were greater in plot S13 
than in the other plots and also may reflect the presence of the 
large rocks. Remnants of burned vegetation were common in 
the north-facing plots, and plot N13 had the greatest spatial 
variability of the gradient (figs. 11 and 15), while plot N15 
(figs. 12 and 16) had the fewest sources of flow paths, both 
of which may reflect the effects of vegetation. In general, the 
theoretical drainage network is similar within each plot. It con-
sisted of a 6th-order system with essentially the same number 
of flow paths, flow-path lengths, and contributing area in each 
plot (table 6).

Plot Stratigraphy

All four plots were on the lower slopes of the study 
areas and were mostly covered with a deposit of ash. The 
maximum thickness (tables 7 and 8) of ash was greater on 
the north-facing plots (80 mm in N13 and 120 mm in N15) 
than on the south-facing plots (70 mm in S13 and 32 mm 
in S15). Rocks, bones, roots, and stumps of small trees and 
herbaceous vegetation also were on the surface besides the 
deposit of ash. Plots N13 and N15 included stumps of vegeta-
tion that determine some of the topography (figs. 15 and 16).  
Large rocks were mostly on the surface in plot S13 (figs. 13 
and 17), bones were only in plot N15 (fig. 12), and plot S15 
had only the layer of ash (fig. 18).  The largest subsurface 
rocks were in plot N15 (fig. 16).  Subsurface roots and holes 
dominated plot N15, but plot S15 (fig. 18) also had a few large 
subsurface roots but few surficial features.

Ash and Soil Characteristics

Particle sizes of the ash and soil were finer on north-
facing plots than on the south-facing plots. One sample of ash 
and soil was collected from plots N13, N15, and S13, and five 
samples were collected from plot S15 when the plots were 
excavated (table 9). The finer ash on the north-facing plots 
than on south-facing plots (fig. 19) may reflect the differ-
ence in vegetation that burned on the north- and south-facing 
slopes. Soils on south-facing slopes are generally coarser and 
drier. Ponderosa pine is adapted to these drier soils (Bates, 
1923, 1924) and has large needles and branches, which when 
burned created coarse ash. Soils on north-facing slopes, which 
are typically finer than south-facing soils, retain more soil 
moisture, which favors aspen and Douglas fir. When the aspen 
leaves and smaller fir needles burn, they create finer ash. 
An alternative explanation would be that the fire burned at a 
higher temperature on the north-facing slopes because of the 
greater fuel density and thus the combustion was more  
complete, producing a finer ash. Particle density of the ash 
varied from 1,700 to 2,400 kg/m3.
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Sample number Median Mean
Standard 
deviation

CV Skewness

North-facing upper slope

Percent bedrock 33 6.5 11 14 1.2 1.8

Ash thickness (mm) 20 11 14 19 0.70 1.0

Litter and duff thickness (mm)  20 40 37 23 0.63 –0.30

Bulk density (kg/m3) 37 1,100 1,100 134 0.12 –0.33

Mean D
50

 (mm) 39 0.62 0.88 0.74 0.84 2.6

Soil size class: Percent

32–16 mm 39 0.0 3.9 8.5 2.2 2.2

16–8 mm 39 3.2 4.4 5.1 1.2 1.4

8–4 mm 39 9.0 10.9 9.1 0.83 2.8

4–2 mm 39 10.3 9.9 3.1 0.31 –0.04

2–1mm 39 11.5 12.0 2.5 0.21 0.49

1–0.5 mm 39 12.6 12.5 2.8 0.22 0.13

0.5–0.250 mm 39 13.8 14.4 3.7 0.26 0.82

0.250–0.125 mm 39 12.3 12.4 2.8 0.23 0.02

0.125–0.063 mm 39 7.4 7.5 1.9 0.25 0.47

Less than 0.063 mm 39 11.9 12.1 3.6 0.30 0.46

South-facing upper slope

Percent bedrock 33 21 31 31 1.0 1.2

Ash thickness (mm) 33 5 10 14 1.4 2.8

Litter and duff thickness (mm)  33 5 10 13 1.4 1.6

Bulk density (kg/m3) 32 1,150 1,180 129 0.109 –0.14

Mean D
50

 (mm) 32 0.88 1.02 0.59 0.58 2.7

Soil size class: Percent

32–16 mm 32 0.0 1.7 6.7 4.0 3.9

16–8 mm 32 0.0 1.1 3.1 2.8 2.7

8–4 mm 32 11.0 13.2 7.9 0.60 1.8

4–2 mm 32 13.0 12.8 2.7 0.21 0.05

2–1mm 32 17.9 18.2 3.3 0.18 0.19

1–0.5 mm 32 14.6 14.3 2.6 0.18 -0.31

0.5–0.250 mm 32 12.6 12.5 3.3 0.26 0.79

0.250–0.125 mm 32 10.4 10.2 2.4 0.24 0.20

0.125–0.063 mm 32 7.2 6.9 1.7 0.25 0.13

Less than 0.063 mm 32 9.3 9.2 2.3 0.26 -0.26

Table 5. Summary of the spatial distribution of surficial material in the north-facing and south-facing study areas.
[mm, millimeters; CV, coefficient of variation; kg/m3, kilograms per cubic meter; D

50
, median grain diameter; --, no data]
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Sample number Median Mean
Standard devia-

tion
CV Skewness

North-facing lower slope

Percent bedrock 33 0.0 0.7 3.2 4.4 5.4

Ash thickness (mm) 18 13 15 5.8 0.39 0.91

Litter and duff thickness (mm)  18 27 32 21 0.65 1.1

Bulk density (kg/m3) 36 1,100 1,080 119 0.11 –0.43

Mean D
50

 (mm) 42 0.45 0.46 0.16 0.34 0.7

Soil size class: Percent

32–16 mm 42 0.0 1.8 6.3 3.4 3.7

16–8 mm 42 0.0 2.0 3.2 1.6 1.7

8–4 mm 42 6.4 7.2 5.0 0.70 0.98

4–2 mm 42 7.7 7.7 2.4 0.31 0.31

2–1mm 42 11.7 12.2 4.0 0.33 0.65

1–0.5 mm 42 14.2 14.9 4.0 0.27 0.25

0.5–0.250 mm 42 15.5 15.5 3.0 0.20 0.33

0.250–0.125 mm 42 13.6 13.1 2.6 0.20 0.35

0.125–0.063 mm 42 8.8 8.8 1.7 0.20 0.17

Less than 0.063 mm 42 16.2 16.6 4.2 0.26 0.63

South-facing lower slope

Percent bedrock 33 0 5.7 12 2.2 2.6

Ash thickness (mm) 22 12 15 11 1.5 2.1

Litter and duff thickness (mm)  22 5 10 15 0.74 0.68

Bulk density (kg/m3) 40 1,170 1,190 139 0.12 0.14

Mean D
50

 (mm) 40 0.72 0.74 0.30 0.40 0.73

Soil size class: Percent

32–16 mm 40 0.0 0.0 0.0 -- --

16–8 mm 40 0.0 1.7 3.6 2.1 2.5

8–4 mm 40 7.3 8.8 5.5 0.63 0.98

4–2 mm 40 12.2 12.2 4.2 0.34 0.72

2–1mm 40 18.1 17.6 3.4 0.19 -0.20

1–0.5 mm 40 15.3 15.6 3.2 0.20 0.88

0.5–0.250 mm 40 13.2 13.8 3.4 0.25 0.63

0.250–0.125 mm 40 11.2 11.7 2.9 0.25 0.39

0.125–0.063 mm 40 7.4 7.8 1.9 0.25 0.73

Less than 0.063 mm 40 10.3 10.8 2.9 0.26 0.95

Table 5. Summary of the spatial distribution of surficial material in the north-facing and south-facing study areas.—Continued
[mm, millimeters; CV, coefficient of variation; kg/m3, kilograms per cubic meter; D

50
, median grain diameter; --, no data]
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Table 6. Topographic variability and flow-path characteristics for rainfall simulation plots. 
[Mean elevation is measured above the lowest elevation (0.00 m) within the plot; CV, coefficient of variation; gradient is the maximum 
of the eight slopes from a specified cell; m, meters]

Rainfall simulation plots

N13 N15 S13 S15

Mean elevation (m) 0.15 0.18 0.21 0.18

CV of mean elevation 0.57 0.54 0.55 0.54

Mean gradient 0.40 0.44 0.59 0.43

CV of mean gradient 0.62 0.55 0.69 0.33

Number of sources for the drainage network 1,621 1,588 1,817 1,680

Mean flow-path length from all source cells (m) 0.53 0.51 0.50 0.49

CV of mean flow-path length 0.58 0.58 0.57 0.58

Number of:

1st-order flow paths 1,621 1,588 1,817 1,680

2nd-order flow paths 330 328 328 283

3rd-order flow paths 69 69 73 52

4th-order flow paths 16 20 18 13

5th-order flow paths 4 5 5 4

6th-order flow paths 1 2 1 1

Mean flow path length (m):

1st-order flow paths 0.047 0.043 0.039 0.042

2nd-order flow paths 0.070 0.070 0.063 0.077

3rd-order flow paths 0.088 0.13 0.10 0.16

4th-order flow paths 0.22 0.20 0.22 0.26

5th-order flow paths 0.43 0.27 0.36 0.38

6th-order flow paths 0.34 0.28 0.12 0.27

Mean upstream contributing area (m2):

1st-order flow paths 0.000 0.000 0.000 0.000

2nd-order flow paths 0.002 0.002 0.002 0.002

3rd-order flow paths 0.006 0.009 0.007 0.010

4th-order flow paths 0.026 0.032 0.030 0.041

5th-order flow paths 0.15 0.086 0.11 0.12

6th-order flow paths 0.25 0.26 0.25 0.20
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Figure 11. Photograph and topographic map of Plot N13. Figure 12. Photograph and topographic map of Plot N15.

Rainfall-Simulation Experiments  21



0.3

0.35

0.4

0.2

0.1

0.25

0.05

0.15

0

Pond

0.25

0.3

1

3

2

– 0.2

0

– 0.4

Y-
AX

IS
, I

N
 M

ET
ER

S

X-AXIS, IN METERS

– 0.6

– 0.8

–1.0
0 –0.2 –0.4 –0.6 –0.8 –1.0

0.3

0.35

0.2

0.1

0.25

0.05

0.15

0

1

2
3

4

5

6

– 0.2

0

– 0.4

Y-
AX

IS
, I

N
 M

ET
ER

S

X-AXIS, IN METERS

– 0.6

– 0.8

–1.0
0 –0.2 –0.4 –0.6 –0.8 –1.0

Figure 13. Photograph and topographic map of Plot S13. Figure 14. Photograph and topographic map of Plot S15.
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0.00 0 15 ash 0.00 0 30 ash
0.10 0 15 ash 0.10 0 40 ash
0.12 0 10 ash 0.20 0 40 ash
0.15 0 8 ash 0.30 0 45 ash
0.18 0 10 ash 0.40 0 40 ash
0.22 0 5 ash 0.50 0 25 ash
0.26 0 5 ash 0.60 0 20 ash
0.30 0 0 ash 0.70 0 25 ash
0.43 0 0 ash 0.80 0 30 ash
0.44 0 3 ash 0.90 0 30 ash
0.46 0 5 ash 1.00 0 30 ash
0.49 0 10 ash
0.53 0 20 ash 0.00 –0.1 30 ash
0.57 0 15 ash 0.05 –0.1 30 ash
0.61 0 20 ash 0.10 –0.1 25 ash
0.62 0 0 burned 0.13 –0.1 10 ash
0.63 0 0 wood 0.16 –0.1 10 ash
0.64 0 0 40 mm 0.20 –0.1 10 ash
0.68 0 0 thick 0.25 –0.1 20 ash
0.70 0 20 ash 0.30 –0.1 30 ash
0.74 0 15 ash 0.35 –0.1 35 ash
0.76 0 5 ash 0.40 –0.1 45 ash
0.80 0 5 ash 0.45 –0.1 60 ash
0.85 0 5 ash 0.50 –0.1 60 ash
0.90 0 5 ash 0.55 –0.1 75 ash
0.95 0 10 ash 0.60 –0.1 20 ash
1.00 0 15 ash 0.62 –0.1 5 ash

0.66 –0.1 5 ash
0.00 –0.1 1 ash 0.69 –0.1 15 ash
0.12 –0.1 1 ash 0.72 –0.1 15 ash
0.13 –0.1 10 ash 0.76 –0.1 10 ash
0.16 –0.1 20 ash 0.80 –0.1 10 ash
0.18 –0.1 10 ash 0.85 –0.1 15 ash
0.18 –0.1 0 soil 0.90 –0.1 20 ash
0.19 –0.1 0 soil 0.95 –0.1 15 ash
0.20 –0.1 1 ash 1.00 –0.1 1 ash
0.45 –0.1 1 ash
0.46 –0.1 10 ash 0.00 –0.2 5 ash
0.48 –0.1 15 ash 0.05 –0.2 5 ash
0.50 –0.1 15 ash 0.10 –0.2 10 ash
0.52 –0.1 5 ash 0.15 –0.2 25 ash
0.54 –0.1 5 ash 0.20 –0.2 35 ash
0.55 –0.1 1 ash 0.22 –0.2 60 ash
0.66 –0.1 1 ash 0.25 –0.2 50 ash
0.69 –0.1 5 ash 0.28 –0.2 75 ash
0.71 –0.1 5 ash 0.32 –0.2 80 ash
0.73 –0.1 0 soil 0.36 –0.2 70 ash
0.74 –0.1 0 soil 0.40 –0.2 70 ash
0.75 –0.1 15 ash 0.45 –0.2 100 ash
0.77 –0.1 10 ash 0.50 –0.2 120 ash

Table 7. Ash thickness and surficial features in north-facing plots. 
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot N13 Plot N15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thick-
ness (mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 10 Ash Average (mm) 27 Ash
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0.00 0 15 ash 0.00 0 30 ash
0.10 0 15 ash 0.10 0 40 ash
0.12 0 10 ash 0.20 0 40 ash
0.15 0 8 ash 0.30 0 45 ash
0.18 0 10 ash 0.40 0 40 ash
0.22 0 5 ash 0.50 0 25 ash
0.26 0 5 ash 0.60 0 20 ash
0.30 0 0 ash 0.70 0 25 ash
0.43 0 0 ash 0.80 0 30 ash
0.44 0 3 ash 0.90 0 30 ash
0.46 0 5 ash 1.00 0 30 ash
0.49 0 10 ash
0.53 0 20 ash 0.00 –0.1 30 ash
0.57 0 15 ash 0.05 –0.1 30 ash
0.61 0 20 ash 0.10 –0.1 25 ash
0.62 0 0 burned 0.13 –0.1 10 ash
0.63 0 0 wood 0.16 –0.1 10 ash
0.64 0 0 40 mm 0.20 –0.1 10 ash
0.68 0 0 thick 0.25 –0.1 20 ash
0.70 0 20 ash 0.30 –0.1 30 ash
0.74 0 15 ash 0.35 –0.1 35 ash
0.76 0 5 ash 0.40 –0.1 45 ash
0.80 0 5 ash 0.45 –0.1 60 ash
0.85 0 5 ash 0.50 –0.1 60 ash
0.90 0 5 ash 0.55 –0.1 75 ash
0.95 0 10 ash 0.60 –0.1 20 ash
1.00 0 15 ash 0.62 –0.1 5 ash

0.66 –0.1 5 ash
0.00 –0.1 1 ash 0.69 –0.1 15 ash
0.12 –0.1 1 ash 0.72 –0.1 15 ash
0.13 –0.1 10 ash 0.76 –0.1 10 ash
0.16 –0.1 20 ash 0.80 –0.1 10 ash
0.18 –0.1 10 ash 0.85 –0.1 15 ash
0.18 –0.1 0 soil 0.90 –0.1 20 ash
0.19 –0.1 0 soil 0.95 –0.1 15 ash
0.20 –0.1 1 ash 1.00 –0.1 1 ash
0.45 –0.1 1 ash
0.46 –0.1 10 ash 0.00 –0.2 5 ash
0.48 –0.1 15 ash 0.05 –0.2 5 ash
0.50 –0.1 15 ash 0.10 –0.2 10 ash
0.52 –0.1 5 ash 0.15 –0.2 25 ash
0.54 –0.1 5 ash 0.20 –0.2 35 ash
0.55 –0.1 1 ash 0.22 –0.2 60 ash
0.66 –0.1 1 ash 0.25 –0.2 50 ash
0.69 –0.1 5 ash 0.28 –0.2 75 ash
0.71 –0.1 5 ash 0.32 –0.2 80 ash
0.73 –0.1 0 soil 0.36 –0.2 70 ash
0.74 –0.1 0 soil 0.40 –0.2 70 ash
0.75 –0.1 15 ash 0.45 –0.2 100 ash
0.77 –0.1 10 ash 0.50 –0.2 120 ash

Table 7. Ash thickness and surficial features in north-facing plots. —Continued
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot N13 Plot N15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thick-
ness (mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 10 Ash Average (mm) 27 Ash
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0.00 0 15 ash 0.00 0 30 ash
0.10 0 15 ash 0.10 0 40 ash
0.12 0 10 ash 0.20 0 40 ash
0.15 0 8 ash 0.30 0 45 ash
0.18 0 10 ash 0.40 0 40 ash
0.22 0 5 ash 0.50 0 25 ash
0.26 0 5 ash 0.60 0 20 ash
0.30 0 0 ash 0.70 0 25 ash
0.43 0 0 ash 0.80 0 30 ash
0.44 0 3 ash 0.90 0 30 ash
0.46 0 5 ash 1.00 0 30 ash
0.49 0 10 ash
0.53 0 20 ash 0.00 –0.1 30 ash
0.57 0 15 ash 0.05 –0.1 30 ash
0.61 0 20 ash 0.10 –0.1 25 ash
0.62 0 0 burned 0.13 –0.1 10 ash
0.63 0 0 wood 0.16 –0.1 10 ash
0.64 0 0 40 mm 0.20 –0.1 10 ash
0.68 0 0 thick 0.25 –0.1 20 ash
0.70 0 20 ash 0.30 –0.1 30 ash
0.74 0 15 ash 0.35 –0.1 35 ash
0.76 0 5 ash 0.40 –0.1 45 ash
0.80 0 5 ash 0.45 –0.1 60 ash
0.85 0 5 ash 0.50 –0.1 60 ash
0.90 0 5 ash 0.55 –0.1 75 ash
0.95 0 10 ash 0.60 –0.1 20 ash
1.00 0 15 ash 0.62 –0.1 5 ash

0.66 –0.1 5 ash
0.00 –0.1 1 ash 0.69 –0.1 15 ash
0.12 –0.1 1 ash 0.72 –0.1 15 ash
0.13 –0.1 10 ash 0.76 –0.1 10 ash
0.16 –0.1 20 ash 0.80 –0.1 10 ash
0.18 –0.1 10 ash 0.85 –0.1 15 ash
0.18 –0.1 0 soil 0.90 –0.1 20 ash
0.19 –0.1 0 soil 0.95 –0.1 15 ash
0.20 –0.1 1 ash 1.00 –0.1 1 ash
0.45 –0.1 1 ash
0.46 –0.1 10 ash 0.00 –0.2 5 ash
0.48 –0.1 15 ash 0.05 –0.2 5 ash
0.50 –0.1 15 ash 0.10 –0.2 10 ash
0.52 –0.1 5 ash 0.15 –0.2 25 ash
0.54 –0.1 5 ash 0.20 –0.2 35 ash
0.55 –0.1 1 ash 0.22 –0.2 60 ash
0.66 –0.1 1 ash 0.25 –0.2 50 ash
0.69 –0.1 5 ash 0.28 –0.2 75 ash
0.71 –0.1 5 ash 0.32 –0.2 80 ash
0.73 –0.1 0 soil 0.36 –0.2 70 ash
0.74 –0.1 0 soil 0.40 –0.2 70 ash
0.75 –0.1 15 ash 0.45 –0.2 100 ash
0.77 –0.1 10 ash 0.50 –0.2 120 ash

Table 7. Ash thickness and surficial features in north-facing plots. —Continued
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot N13 Plot N15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thick-
ness (mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 10 Ash Average (mm) 27 Ash
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0.00 0 15 ash 0.00 0 30 ash
0.10 0 15 ash 0.10 0 40 ash
0.12 0 10 ash 0.20 0 40 ash
0.15 0 8 ash 0.30 0 45 ash
0.18 0 10 ash 0.40 0 40 ash
0.22 0 5 ash 0.50 0 25 ash
0.26 0 5 ash 0.60 0 20 ash
0.30 0 0 ash 0.70 0 25 ash
0.43 0 0 ash 0.80 0 30 ash
0.44 0 3 ash 0.90 0 30 ash
0.46 0 5 ash 1.00 0 30 ash
0.49 0 10 ash
0.53 0 20 ash 0.00 –0.1 30 ash
0.57 0 15 ash 0.05 –0.1 30 ash
0.61 0 20 ash 0.10 –0.1 25 ash
0.62 0 0 burned 0.13 –0.1 10 ash
0.63 0 0 wood 0.16 –0.1 10 ash
0.64 0 0 40 mm 0.20 –0.1 10 ash
0.68 0 0 thick 0.25 –0.1 20 ash
0.70 0 20 ash 0.30 –0.1 30 ash
0.74 0 15 ash 0.35 –0.1 35 ash
0.76 0 5 ash 0.40 –0.1 45 ash
0.80 0 5 ash 0.45 –0.1 60 ash
0.85 0 5 ash 0.50 –0.1 60 ash
0.90 0 5 ash 0.55 –0.1 75 ash
0.95 0 10 ash 0.60 –0.1 20 ash
1.00 0 15 ash 0.62 –0.1 5 ash

0.66 –0.1 5 ash
0.00 –0.1 1 ash 0.69 –0.1 15 ash
0.12 –0.1 1 ash 0.72 –0.1 15 ash
0.13 –0.1 10 ash 0.76 –0.1 10 ash
0.16 –0.1 20 ash 0.80 –0.1 10 ash
0.18 –0.1 10 ash 0.85 –0.1 15 ash
0.18 –0.1 0 soil 0.90 –0.1 20 ash
0.19 –0.1 0 soil 0.95 –0.1 15 ash
0.20 –0.1 1 ash 1.00 –0.1 1 ash
0.45 –0.1 1 ash
0.46 –0.1 10 ash 0.00 –0.2 5 ash
0.48 –0.1 15 ash 0.05 –0.2 5 ash
0.50 –0.1 15 ash 0.10 –0.2 10 ash
0.52 –0.1 5 ash 0.15 –0.2 25 ash
0.54 –0.1 5 ash 0.20 –0.2 35 ash
0.55 –0.1 1 ash 0.22 –0.2 60 ash
0.66 –0.1 1 ash 0.25 –0.2 50 ash
0.69 –0.1 5 ash 0.28 –0.2 75 ash
0.71 –0.1 5 ash 0.32 –0.2 80 ash
0.73 –0.1 0 soil 0.36 –0.2 70 ash
0.74 –0.1 0 soil 0.40 –0.2 70 ash
0.75 –0.1 15 ash 0.45 –0.2 100 ash
0.77 –0.1 10 ash 0.50 –0.2 120 ash

Table 7. Ash thickness and surficial features in north-facing plots. —Continued
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot N13 Plot N15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thick-
ness (mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 10 Ash Average (mm) 27 Ash
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0.80 –0.1 15 ash 0.55 –0.2 120 ash
0.82 –0.1 15 ash 0.60 –0.2 90 ash
0.84 –0.1 5 ash 0.65 –0.2 60 ash
0.87 –0.1 0 soil 0.70 –0.2 70 ash
0.88 –0.1 0 soil 0.75 –0.2 60 ash
0.90 –0.1 10 ash 0.80 –0.2 60 ash
0.91 –0.1 15 ash 0.85 –0.2 50 ash
0.93 –0.1 15 ash 0.90 –0.2 30 ash
0.95 –0.1 10 ash 0.95 –0.2 30 ash
0.96 –0.1 0 tarp 1.00 –0.2 25 ash
1.00 –0.1 0 tarp

0.00 –0.2 0 soil 0.05 –0.3 10 ash
0.08 –0.2 0 soil 0.10 –0.3 20 ash
0.09 –0.2 4 ash 0.13 –0.3 10 ash
0.10 –0.2 4 ash 0.15 –0.3 15 ash
0.11 –0.2 4 ash 0.17 –0.3 40 ash
0.12 –0.2 0 soil 0.20 –0.3 75 ash
0.28 –0.2 0 soil 0.24 –0.3 90 ash
0.30 –0.2 5 ash 0.27 –0.3 110 ash
0.32 –0.2 10 ash 0.30 –0.3 120 ash
0.35 –0.2 20 ash 0.33 –0.3 85 ash
0.37 –0.2 15 ash 0.36 –0.3 70 ash
0.39 –0.2 15 ash 0.40 –0.3 80 ash
0.44 –0.2 12 ash 0.43 –0.3 70 ash
0.45 –0.2 55 ash 0.47 –0.3 60 ash
0.48 –0.2 75 ash 0.50 –0.3 70 ash
0.51 –0.2 80 ash 0.55 –0.3 50 ash
0.52 –0.2 0 soil 0.60 –0.3 60 ash
0.64 –0.2 0 soil 0.65 –0.3 60 ash
0.65 –0.2 10 ash 0.70 –0.3 50 ash
0.68 –0.2 15 ash 0.75 –0.3 15 ash
0.70 –0.2 12 ash 0.80 –0.3 40 ash
0.73 –0.2 0 soil 0.85 –0.3 70 ash
0.75 –0.2 0 soil 0.87 –0.3 5 ash
0.76 –0.2 25 ash 0.90 –0.3 0 soil
0.78 –0.2 35 ash 0.93 –0.3 30 ash
0.80 –0.2 35 ash 0.96 –0.3 15 ash
0.82 –0.2 10 ash 1.00 –0.3 0 soil
0.85 –0.2 10 ash
0.88 –0.2 10 ash 0.00 –0.4 20 ash
0.90 –0.2 5 ash 0.03 –0.4 20 ash
0.94 –0.2 5 ash 0.05 –0.4 20 ash
0.96 –0.2 0 tarp 0.08 –0.4 20 ash
1.00 –0.2 0 tarp 0.10 –0.4 20 ash

0.12 –0.4 10 ash
0.00 –0.3 30 ash 0.15 –0.4 3 ash; root
0.04 –0.3 30 ash 0.19 –0.4 10 ash; root
0.05 –0.3 0 soil 0.20 –0.4 35 ash
0.25 –0.3 0 soil & hole 0.23 –0.4 50 ash

Table 7. Ash thickness and surficial features in north-facing plots. —Continued
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot N13 Plot N15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thick-
ness (mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 10 Ash Average (mm) 27 Ash
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0.28 –0.3 15 ash 0.26 –0.4 50 ash
0.30 –0.3 15 ash & hole 0.29 –0.4 50 ash
0.31 –0.3 0 soil 0.32 –0.4 60 ash
0.47 –0.3 0 soil 0.35 –0.4 60 ash
0.49 –0.3 15 ash 0.38 –0.4 50 ash
0.52 –0.3 0 soil 0.40 –0.4 35 ash
0.53 –0.3 1 ash 0.43 –0.4 15 ash
0.85 –0.3 1 ash 0.46 –0.4 10 ash
0.86 –0.3 15 ash 0.50 –0.4 10 ash
0.87 –0.3 15 ash 0.52 –0.4 5 ash
0.88 –0.3 15 hole 0.55 –0.4 5 ash
0.89 –0.3 15 ash 0.57 –0.4 20 ash
0.90 –0.3 15 ash 0.60 –0.4 30 ash
0.91 –0.3 15 ash 0.63 –0.4 50 ash
0.92 –0.3 15 ash 0.68 –0.4 70 ash
0.93 –0.3 0 fill 0.70 –0.4 50 ash
0.96 –0.3 0 fill 0.73 –0.4 25 ash
0.97 –0.3 0 tarp 0.78 –0.4 20 ash
1.00 –0.3 0 tarp 0.80 –0.4 25 ash

0.84 –0.4 15 ash
0.00 –0.4 10 ash 0.86 –0.4 15 ash
0.05 –0.4 15 ash 0.88 –0.4 25 ash
0.07 –0.4 20 ash 0.91 –0.4 30 ash
0.08 –0.4 0 soil 0.94 –0.4 25 ash
0.10 –0.4 0 soil 0.97 –0.4 20 ash
0.17 –0.4 2 ash 1.00 –0.4 30 ash
0.20 –0.4 2 ash
0.21 –0.4 0 soil 0.00 –0.5 5 ash
0.22 –0.4 0 soil 0.05 –0.5 10 ash
0.23 –0.4 10 ash 0.08 –0.5 15 ash
0.26 –0.4 30 ash 0.10 –0.5 20 ash
0.30 –0.4 30 ash 0.13 –0.5 20 ash
0.33 –0.4 30 ash 0.16 –0.5 0 root
0.36 –0.4 20 ash 0.21 –0.5 0 root
0.37 –0.4 0 ash 0.22 –0.5 40 ash
0.38 –0.4 0 ash 0.25 –0.5 40 ash
0.43 –0.4 20 ash 0.30 –0.5 20 ash
0.55 –0.4 20 ash 0.33 –0.5 20 ash
0.56 –0.4 0 ash 0.36 –0.5 25 ash
0.80 –0.4 0 ash 0.40 –0.5 15 ash
0.81 –0.4 10 ash 0.43 –0.5 5 ash
0.90 –0.4 10 ash 0.46 –0.5 3 ash
0.91 –0.4 0 fill 0.49 –0.5 2 ash
0.94 –0.4 0 fill 0.52 –0.5 10 ash
0.95 –0.4 0 fill & tarp 0.56 –0.5 10 ash
1.00 –0.4 0 fill & tarp 0.60 –0.5 10 ash

0.64 –0.5 20 ash
0.00 –0.5 2 ash 0.68 –0.5 5 ash
0.07 –0.5 2 ash 0.71 –0.5 20 ash
0.09 –0.5 10 ash 0.75 –0.5 30 ash

Table 7. Ash thickness and surficial features in north-facing plots. —Continued
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot N13 Plot N15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thick-
ness (mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 10 Ash Average (mm) 27 Ash
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Table 7. Ash thickness and surficial features in north-facing plots. —Continued
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot N13 Plot N15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thick-
ness (mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 10 Ash Average (mm) 27 Ash

0.11 –0.5 20 ash 0.78 –0.5 30 ash
0.13 –0.5 10 ash 0.81 –0.5 20 ash
0.13 –0.5 0 soil 0.84 –0.5 30 ash
0.14 –0.5 0 soil 0.87 –0.5 30 ash
0.15 –0.5 0.5 ash 0.90 –0.5 50 ash
0.30 –0.5 0.5 ash 0.94 –0.5 35 ash
0.32 –0.5 10 ash 0.97 –0.5 20 ash
0.34 –0.5 10 ash 0.99 –0.5 10 ash
0.38 –0.5 20 ash
0.40 –0.5 30 ash 0.00 –0.6 10 ash
0.42 –0.5 30 ash 0.04 –0.6 10 ash
0.44 –0.5 40 ash 0.07 –0.6 25 ash
0.46 –0.5 60 ash 0.10 –0.6 25 ash
0.48 –0.5 40 ash 0.13 –0.6 25 ash
0.50 –0.5 10 ash 0.16 –0.6 15 ash
0.52 –0.5 0 soil 0.18 –0.6 15 ash
0.90 –0.5 0 soil 0.20 –0.6 5 ash
0.91 –0.5 8 ash 0.21 –0.6 5 ash
0.92 –0.5 8 ash 0.22 –0.6 20 ash
0.93 –0.5 8 ash 0.23 –0.6 30 ash
0.94 –0.5 8 ash 0.25 –0.6 35 ash
0.95 –0.5 0 tarp 0.27 –0.6 40 ash
1.00 –0.5 0 tarp 0.30 –0.6 20 ash

0.33 –0.6 8 ash
0.00 –0.6 5 ash 0.36 –0.6 10 ash
0.15 –0.6 5 ash 0.39 –0.6 10 ash
0.18 –0.6 20 ash 0.41 –0.6 10 ash
0.20 –0.6 35 ash 0.44 –0.6 5 ash
0.23 –0.6 50 ash 0.45 –0.6 0 soil
0.27 –0.6 50 ash 0.50 –0.6 0 soil
0.30 –0.6 50 ash 0.52 –0.6 5 ash
0.34 –0.6 10 ash 0.55 –0.6 5 ash
0.35 –0.6 1 ash 0.59 –0.6 5 ash
0.55 –0.6 1 ash 0.62 –0.6 5 ash
0.56 –0.6 0 soil 0.67 –0.6 5 ash
0.70 –0.6 0 soil 0.70 –0.6 20 ash
0.73 –0.6 5 ash 0.73 –0.6 30 ash
0.76 –0.6 5 ash 0.76 –0.6 25 ash
0.80 –0.6 5 ash 0.79 –0.6 25 ash; glass
0.85 –0.6 5 ash 0.82 –0.6 15 ash
0.87 –0.6 0 root 0.85 –0.6 5 ash
0.88 –0.6 0 fill 0.87 –0.6 10 ash
0.94 –0.6 0 fill 0.90 –0.6 5 ash
0.95 –0.6 0 fill & tarp 0.93 –0.6 5 ash
1.00 –0.6 0 fill & tarp 0.95 –0.6 10 ash

0.98 –0.6 25 ash
0.00 –0.7 2 ash 1.00 –0.6 30 ash
0.12 –0.7 2 ash
0.13 –0.7 0 soil 0.00 –0.7 50 ash
0.20 –0.7 0 soil 0.04 –0.7 60 ash
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0.23 –0.7 15 ash 0.08 –0.7 80 ash
0.27 –0.7 10 ash 0.11 –0.7 90 ash
0.32 –0.7 10 ash 0.12 –0.7 50 ash
0.35 –0.7 10 ash 0.13 –0.7 20 ash
0.40 –0.7 10 ash 0.14 –0.7 15 ash
0.43 –0.7 30 ash 0.16 –0.7 10 ash
0.47 –0.7 30 ash 0.18 –0.7 10 ash
0.50 –0.7 30 ash 0.20 –0.7 10 ash
0.55 –0.7 25 ash 0.22 –0.7 5 ash
0.60 –0.7 20 ash 0.24 –0.7 2 ash
0.65 –0.7 25 ash 0.25 –0.7 5 ash
0.70 –0.7 1 ash 0.27 –0.7 15 ash
0.71 –0.7 2 ash 0.28 –0.7 30 ash
0.80 –0.7 2 ash 0.30 –0.7 40 ash
0.81 –0.7 1 ash 0.32 –0.7 45 ash
0.90 –0.7 1 ash 0.34 –0.7 40 ash
0.91 –0.7 0 soil 0.36 –0.7 40 ash
0.96 –0.7 0 soil 0.38 –0.7 30 ash
0.97 –0.7 0 tarp 0.40 –0.7 35 ash
1.00 –0.7 0 tarp 0.42 –0.7 30 ash

0.44 –0.7 20 ash
0.00 –0.8 0 fill 0.46 –0.7 5 ash
0.15 –0.8 0 fill 0.48 –0.7 1 ash
0.16 –0.8 2 ash 0.51 –0.7 0 soil
0.20 –0.8 2 ash 0.52 –0.7 0 soil
0.21 –0.8 3 ash 0.55 –0.7 0 soil
0.35 –0.8 3 ash 0.57 –0.7 5 ash
0.40 –0.8 10 ash 0.60 –0.7 10 ash
0.45 –0.8 15 ash 0.63 –0.7 15 ash
0.50 –0.8 18 ash 0.67 –0.7 20 ash
0.55 –0.8 10 ash 0.70 –0.7 15 ash
0.60 –0.8 10 ash 0.74 –0.7 40 ash
0.65 –0.8 5 ash 0.79 –0.7 50 ash
0.66 –0.8 2 ash 0.84 –0.7 60 ash
0.74 –0.8 2 ash 0.87 –0.7 50 ash
0.75 –0.8 20 ash 0.91 –0.7 25 ash
0.78 –0.8 15 ash 0.94 –0.7 20 ash
0.80 –0.8 10 ash 0.98 –0.7 30 ash
0.85 –0.8 10 ash 1.00 –0.7 30 ash
0.90 –0.8 0 ash
0.95 –0.8 5 ash 0.00 –0.8 60 ash
0.96 –0.8 0 tarp 0.04 –0.8 70 ash
1.00 –0.8 0 tarp 0.08 –0.8 80 ash

0.10 –0.8 60 ash
0.00 –0.9 0 fill 0.13 –0.8 30 ash
0.15 –0.9 0 fill 0.17 –0.8 10 ash
0.45 –0.9 0 fill 0.20 –0.8 5 ash
0.50 –0.9 5 ash 0.23 –0.8 5 ash
0.55 –0.9 10 ash 0.26 –0.8 5 ash
0.60 –0.9 15 ash 0.29 –0.8 15 ash

Table 7. Ash thickness and surficial features in north-facing plots. —Continued
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot N13 Plot N15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thick-
ness (mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 10 Ash Average (mm) 27 Ash
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0.65 –0.9 15 ash 0.32 –0.8 25 ash
0.70 –0.9 10 ash 0.35 –0.8 30 ash
0.75 –0.9 8 ash 0.38 –0.8 20 ash
0.80 –0.9 10 ash 0.41 –0.8 15 ash
0.85 –0.9 20 ash 0.44 –0.8 10 ash
0.90 –0.9 15 ash 0.47 –0.8 5 ash
0.95 –0.9 25 ash 0.51 –0.8 2 ash
0.97 –0.9 20 ash 0.55 –0.8 0 soil
1.00 –0.9 15 ash 0.57 –0.8 0 soil

0.58 –0.8 10 ash
0.62 –0.8 10 ash
0.65 –0.8 5 ash
0.75 –0.8 1 ash
0.76 –0.8 0 stump
0.84 –0.8 0 stump
0.85 –0.8 25 ash; bone
0.88 –0.8 60 ash; bone
0.92 –0.8 80 ash; bone
0.96 –0.8 60 ash
1.00 –0.8 15 ash

0.00 –0.9 0 soil
0.05 –0.9 0 soil
0.08 –0.9 25 ash
0.11 –0.9 30 ash
0.13 –0.9 15 ash
0.15 –0.9 10 ash
0.17 –0.9 2 ash
0.20 –0.9 3 ash
0.24 –0.9 3 ash
0.27 –0.9 10 ash
0.30 –0.9 15 ash
0.33 –0.9 20 ash
0.35 –0.9 20 ash
0.38 –0.9 8 ash
0.40 –0.9 15 ash
0.43 –0.9 40 ash
0.46 –0.9 30 ash
0.50 –0.9 15 ash
0.54 –0.9 20 ash
0.57 –0.9 10 ash
0.58 –0.9 0 soil
0.70 –0.9 0 soil
0.73 –0.9 20 ash
0.77 –0.9 30 ash
0.78 –0.9 0 stump
0.90 –0.9 0 stump
0.93 –0.9 20 ash
0.97 –0.9 30 ash
1.00 –0.9 0 soil

Table 7. Ash thickness and surficial features in north-facing plots. —Continued
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot N13 Plot N15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thick-
ness (mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 10 Ash Average (mm) 27 Ash
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Table 8. Ash thickness and surficial features in south-facing plots.
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot S13 Plot S15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thickness 
(mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 22 Ash Average (mm) 9 Ash

0.00 –0.1 0 soil 0.00 –0.1 5 ash

0.11 –0.1 0 soil 0.04 –0.1 10 ash

0.12 –0.1 0 soil/fungus 0.06 –0.1 20 ash

0.13 –0.1 0 fungus 0.06 –0.1 0 soil

0.24 –0.1 0 fungus 0.11 –0.1 0 soil

0.25 –0.1 5 ash 0.13 –0.1 20 ash

0.27 –0.1 5 ash 0.16 –0.1 25 ash

0.30 –0.1 15 ash 0.18 –0.1 30 ash

0.31 –0.1 0 rock 0.20 –0.1 30 ash

0.36 –0.1 0 rock 0.22 –0.1 25 ash

0.36 –0.1 3 ash 0.25 –0.1 25 ash

0.39 –0.1 5 ash 0.27 –0.1 25 ash

0.44 –0.1 2 ash 0.30 –0.1 20 ash

0.46 –0.1 3 ash 0.33 –0.1 15 ash

0.51 –0.1 10 ash 0.35 –0.1 10 ash

0.54 –0.1 15 ash 0.37 –0.1 10 ash

0.56 –0.1 3 ash 0.39 –0.1 10 ash

0.56 –0.1 0 soil 0.41 –0.1 10 ash

0.66 –0.1 0 soil 0.43 –0.1 20 ash

0.67 –0.1 0 rock 0.45 –0.1 15 ash

0.81 –0.1 0 rock 0.47 –0.1 28 ash

0.82 –0.1 5 ash 0.49 –0.1 28 ash

0.86 –0.1 15 ash 0.51 –0.1 28 ash

0.89 –0.1 20 ash 0.53 –0.1 30 ash

0.92 –0.1 18 ash 0.55 –0.1 25 ash

0.95 –0.1 20 ash 0.57 –0.1 15 ash

0.97 –0.1 15 ash 0.58 –0.1 0 soil

1.00 –0.1 20 ash 0.59 –0.1 0 soil

0.61 –0.1 0 soil

0.00 –0.2 0 soil 0.62 –0.1 10 ash

0.04 –0.2 0 soil 0.63 –0.1 15 ash

0.05 –0.2 15 ash 0.64 –0.1 10 ash

0.08 –0.2 20 ash 0.66 –0.1 10 ash

0.10 –0.2 25 ash 0.68 –0.1 5 ash

0.12 –0.2 20 ash 0.70 –0.1 10 ash

0.13 –0.2 10 ash 0.72 –0.1 15 ash

0.14 –0.2 0 soil 0.74 –0.1 10 ash

0.15 –0.2 0 soil 0.76 –0.1 5 ash
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0.16 –0.2 0 soil 0.79 –0.1 18 ash

0.17 –0.2 0 soil/fungus 0.82 –0.1 20 ash

0.18 –0.2 0 fungus 0.85 –0.1 23 ash

0.27 –0.2 0 fungus/soil 0.89 –0.1 15 ash

0.28 –0.2 0 soil 0.89 –0.1 0 soil

0.32 –0.2 0 soil 1.00 –0.1 0 soil

0.32 –0.2 10 ash

0.35 –0.2 30 ash 0.00 –0.2 0 soil

0.38 –0.2 30 ash 0.18 –0.2 5 ash

0.41 –0.2 23 ash 0.21 –0.2 10 ash

0.43 –0.2 10 ash 0.23 –0.2 5 ash

0.45 –0.2 0 rock 0.24 –0.2 5 ash

0.56 –0.2 0 rock 0.26 –0.2 20 ash

0.56 –0.2 35 ash 0.28 –0.2 28 ash

0.60 –0.2 25 ash 0.30 –0.2 30 ash

0.63 –0.2 20 ash 0.32 –0.2 20 ash

0.65 –0.2 10 ash 0.46 –0.2 5 ash

0.69 –0.2 20 ash 0.49 –0.2 8 ash

0.73 –0.2 28 ash 0.51 –0.2 14 ash

0.77 –0.2 20 ash 0.54 –0.2 18 ash

0.80 –0.2 20 ash 0.57 –0.2 0 soil

0.83 –0.2 18 ash 0.64 –0.2 0 soil

0.88 –0.2 20 ash 0.65 –0.2 5 ash

0.90 –0.2 20 ash 0.67 –0.2 20 ash

0.94 –0.2 30 ash 0.70 –0.2 25 ash

0.97 –0.2 50 ash 0.72 –0.2 24 ash

0.99 –0.2 50 ash 0.76 –0.2 20 ash

1.00 –0.2 30 ash 0.79 –0.2 20 ash

0.82 –0.2 20 ash

0.00 –0.3 0 soil 0.85 –0.2 20 ash

0.01 –0.3 0 soil/rock 0.89 –0.2 20 ash

0.02 –0.3 0 rock 0.89 –0.2 0 soil

0.09 –0.3 0 rock/soil 1.00 –0.2 0 soil

0.10 –0.3 0 soil

0.21 –0.3 0 soil/fungus 0.04 –0.3 20 ash

0.22 –0.3 0 fungus 0.06 –0.3 30 ash

0.25 –0.3 0 fungus 0.09 –0.3 20 ash

Table 8. Ash thickness and surficial features in south-facing plots.—Continued
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot S13 Plot S15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thickness 
(mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 22 Ash Average (mm) 9 Ash
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0.26 –0.3 0 soil 0.13 –0.3 0 soil

0.30 –0.3 20 ash 0.25 –0.3 0 soil

0.33 –0.3 25 ash 0.28 –0.3 2 ash

0.36 –0.3 45 ash 0.30 –0.3 10 ash

0.39 –0.3 65 ash 0.32 –0.3 10 ash

0.41 –0.3 60 ash 0.34 –0.3 14 ash

0.42 –0.3 45 ash 0.36 –0.3 12 ash

0.46 –0.3 25 ash 0.38 –0.3 10 ash

0.49 –0.3 20 ash 0.40 –0.3 3 ash

0.51 –0.3 30 ash 0.42 –0.3 18 ash

0.53 –0.3 35 ash 0.44 –0.3 20 ash

0.56 –0.3 45 ash 0.46 –0.3 26 ash

0.59 –0.3 30 ash 0.48 –0.3 30 ash

0.61 –0.3 20 ash 0.50 –0.3 25 ash

0.64 –0.3 10 ash 0.52 –0.3 25 ash

0.65 –0.3 0 rock 0.55 –0.3 10 ash

0.71 –0.3 0 rock 0.55 –0.3 0 soil

0.71 –0.3 30 ash 0.60 –0.3 0 soil

0.74 –0.3 40 ash 0.60 –0.3 15 ash

0.77 –0.3 35 ash 0.62 –0.3 32 ash

0.80 –0.3 30 ash 0.65 –0.3 28 ash

0.83 –0.3 20 ash 0.67 –0.3 20 ash

0.85 –0.3 30 ash 0.69 –0.3 10 ash

0.88 –0.3 30 ash 0.73 –0.3 5 ash

0.90 –0.3 30 ash 0.75 –0.3 5 ash

0.93 –0.3 40 ash 0.77 –0.3 5 ash

0.96 –0.3 45 ash 0.79 –0.3 5 ash

1.00 –0.3 20 ash 0.81 –0.3 10 ash

0.83 –0.3 20 ash

0.00 –0.4 0 soil 0.85 –0.3 20 ash

0.03 –0.4 0 soil 0.87 –0.3 20 ash

0.03 –0.4 35 ash 0.89 –0.3 0 soil

0.06 –0.4 40 ash 1.00 –0.3 0 soil

0.09 –0.4 40 ash

0.11 –0.4 30 ash 0.00 –0.4 0 soil

0.13 –0.4 20 ash 0.30 –0.4 0 soil

0.15 –0.4 10 ash 0.30 –0.4 1 ash

Table 8. Ash thickness and surficial features in south-facing plots.—Continued
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot S13 Plot S15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thickness 
(mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 22 Ash Average (mm) 9 Ash
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0.16 –0.4 0 soil 0.32 –0.4 3 ash

0.20 –0.4 0 soil 0.34 –0.4 10 ash

0.21 –0.4 0 fungus 0.36 –0.4 10 ash

0.25 –0.4 0 fungus 0.38 –0.4 10 ash

0.26 –0.4 0 rock 0.40 –0.4 5 ash

0.27 –0.4 0 rock 0.42 –0.4 10 ash

0.28 –0.4 0 rock 0.44 –0.4 18 ash

0.29 –0.4 0 rock 0.46 –0.4 20 ash

0.30 –0.4 3 ash 0.48 –0.4 20 ash

0.32 –0.4 30 ash 0.50 –0.4 24 ash

0.33 –0.4 0 rock 0.53 –0.4 20 ash

0.45 –0.4 0 rock/soil 0.53 –0.4 0 soil

0.46 –0.4 0 soil/rock 0.61 –0.4 0 soil

0.47 –0.4 0 rock 0.61 –0.4 10 ash

0.48 –0.4 0 rock 0.62 –0.4 20 ash

0.58 –0.4 0 rock/soil 0.64 –0.4 30 ash

0.59 –0.4 0 soil 0.66 –0.4 30 ash

0.67 –0.4 0 soil 0.68 –0.4 30 ash

0.68 –0.4 40 ash 0.70 –0.4 24 ash

0.70 –0.4 50 ash 0.72 –0.4 20 ash

0.74 –0.4 50 ash 0.74 –0.4 16 ash

0.77 –0.4 45 ash 0.76 –0.4 18 ash

0.80 –0.4 40 ash 0.78 –0.4 18 ash

0.84 –0.4 40 ash 0.80 –0.4 14 ash

0.86 –0.4 50 ash 0.82 –0.4 10 ash

0.88 –0.4 60 ash 0.84 –0.4 10 ash

0.90 –0.4 50 ash 0.86 –0.4 12 ash

0.92 –0.4 45 ash 0.88 –0.4 10 ash

0.94 –0.4 45 ash 0.90 –0.4 0 soil

0.96 –0.4 40 ash 1.00 –0.4 0 soil

0.98 –0.4 20 ash

1.00 –0.4 24 ash 0.02 –0.5 0 soil

0.04 –0.5 10 ash

0.00 –0.5 0 soil 0.06 –0.5 8 ash

0.06 –0.5 0 soil 0.08 –0.5 4 ash

0.06 –0.5 20 ash 0.10 –0.5 0 soil

0.08 –0.5 15 ash 0.21 –0.5 0 soil

0.10 –0.5 20 ash 0.22 –0.5 1 ash

Table 8. Ash thickness and surficial features in south-facing plots.—Continued
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot S13 Plot S15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thickness 
(mm)

Material
Ash thickness 

(mm)
Material

Average (mm) 22 Ash Average (mm) 9 Ash
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0.12 –0.5 10 ash 0.48 –0.5 1 ash

0.13 –0.5 0 soil 0.48 –0.5 0 soil

0.33 –0.5 0 soil 0.58 –0.5 0 soil

0.33 –0.5 50 ash 0.58 –0.5 2 ash

0.36 –0.5 55 ash 0.60 –0.5 20 ash

0.37 –0.5 45 ash 0.64 –0.5 20 ash

0.39 –0.5 40 ash 0.66 –0.5 20 ash

0.41 –0.5 40 ash 0.68 –0.5 12 ash

0.43 –0.5 40 ash 0.70 –0.5 8 ash

0.46 –0.5 40 ash 0.72 –0.5 5 ash

0.49 –0.5 45 ash 0.74 –0.5 5 ash

0.51 –0.5 40 ash 0.76 –0.5 8 ash

0.54 –0.5 45 ash 0.78 –0.5 8 ash

0.57 –0.5 50 ash 0.80 –0.5 10 ash

0.59 –0.5 57 ash 0.82 –0.5 10 ash

0.62 –0.5 50 ash 0.84 –0.5 5 ash

0.65 –0.5 38 ash 0.87 –0.5 0 soil

0.67 –0.5 10 ash 1.00 –0.5 0 soil

0.70 –0.5 0 rock

0.73 –0.5 5 ash 0.00 –0.6 0 soil

0.75 –0.5 15 ash 0.02 –0.6 15 ash

0.77 –0.5 28 ash 0.04 –0.6 10 ash

0.80 –0.5 40 ash 0.06 –0.6 5 ash

0.82 –0.5 18 ash 0.07 –0.6 0 soil

0.84 –0.5 18 ash 0.28 –0.6 0 soil

0.86 –0.5 20 ash 0.30 –0.6 2 ash

0.87 –0.5 3 ash 0.32 –0.6 5 ash

0.88 –0.5 0 rock 0.36 –0.6 5 ash

0.89 –0.5 0 rock 0.38 –0.6 5 ash

0.90 –0.5 0 rock 0.40 –0.6 8 ash

0.91 –0.5 5 ash 0.42 –0.6 10 ash

0.92 –0.5 38 ash 0.44 –0.6 10 ash

0.94 –0.5 35 ash 0.46 –0.6 10 ash

0.96 –0.5 35 ash 0.48 –0.6 4 ash

0.98 –0.5 35 ash 0.50 –0.6 2 ash

1.00 –0.5 25 ash 0.52 –0.6 5 ash

0.54 –0.6 10 ash

0.00 –0.6 0 soil 0.56 –0.6 10 ash

Table 8. Ash thickness and surficial features in south-facing plots.—Continued
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot S13 Plot S15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thickness 
(mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 22 Ash Average (mm) 9 Ash
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0.10 –0.6 0 soil 0.58 –0.6 6 ash

0.10 –0.6 10 ash 0.60 –0.6 5 ash

0.12 –0.6 20 ash 0.62 –0.6 2 ash

0.13 –0.6 15 ash 0.66 –0.6 1 ash

0.14 –0.6 0 soil 0.68 –0.6 0 soil

0.22 –0.6 0 soil 0.73 –0.6 0 soil

0.23 –0.6 0 soil/rock 0.74 –0.6 4 ash + 2mm diameter gravel

0.24 –0.6 0 rock/soil 0.76 –0.6 10 ash + 2mm diameter gravel

0.35 –0.6 0 soil 0.77 –0.6 8 ash + 2mm diameter gravel

0.36 –0.6 0 soil 0.80 –0.6 3 ash + 2mm diameter gravel

0.41 –0.6 0 soil 0.83 –0.6 3 ash + 2mm diameter gravel

0.42 –0.6 40 ash 0.86 –0.6 3 ash + 2mm diameter gravel

0.44 –0.6 60 ash 0.89 –0.6 0 soil

0.46 –0.6 50 ash 1.00 –0.6 0 soil

0.48 –0.6 45 ash

0.50 –0.6 40 ash 0.00 –0.7 15 ash

0.52 –0.6 50 ash 0.03 –0.7 15 ash

0.54 –0.6 64 ash 0.04 –0.7 0 soil

0.56 –0.6 65 ash 0.23 –0.7 0 soil

0.58 –0.6 65 ash 0.24 –0.7 2 ash

0.60 –0.6 70 ash 0.26 –0.7 5 ash

0.62 –0.6 70 ash 0.28 –0.7 10 ash

0.66 –0.6 0 rock 0.30 –0.7 4 ash

0.82 –0.6 0 rock 0.32 –0.7 5 ash

0.83 –0.6 10 ash 0.34 –0.7 5 ash

0.86 –0.6 10 ash 0.36 –0.7 10 ash

0.87 –0.6 20 ash 0.38 –0.7 10 ash

0.89 –0.6 20 ash 0.40 –0.7 10 ash

0.92 –0.6 15 ash 0.42 –0.7 5 ash

0.94 –0.6 25 ash 0.44 –0.7 2 ash

0.97 –0.6 10 ash 0.46 –0.7 5 ash

1.00 –0.6 10 ash 0.48 –0.7 10 ash

0.50 –0.7 10 ash

0.00 –0.7 0 soil 0.52 –0.7 5 ash

0.10 –0.7 0 soil 0.54 –0.7 3 ash

0.11 –0.7 15 ash 0.56 –0.7 2 ash

0.12 –0.7 15 ash 0.58 –0.7 5 ash

0.13 –0.7 20 ash 0.60 –0.7 5 ash

Table 8. Ash thickness and surficial features in south-facing plots.—Continued
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot S13 Plot S15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thickness 
(mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 22 Ash Average (mm) 9 Ash
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0.14 –0.7 5 ash 0.62 –0.7 5 ash

0.15 –0.7 0 soil 0.64 –0.7 7 ash

0.21 –0.7 0 soil 0.66 –0.7 0 soil

0.22 –0.7 0 rock 0.76 –0.7 0 soil

0.30 –0.7 0 rock 0.78 –0.7 2 ash

0.31 –0.7 0 soil 0.80 –0.7 2 ash

0.41 –0.7 0 soil 0.82 –0.7 2 ash

0.42 –0.7 0 soil 0.84 –0.7 5 ash

0.43 –0.7 40 ash 0.86 –0.7 5 ash

0.45 –0.7 35 ash 0.88 –0.7 0 soil

0.48 –0.7 45 ash 1.00 –0.7 0 soil

0.50 –0.7 45 ash

0.52 –0.7 40 ash 0.00 –0.8 10 ash

0.54 –0.7 30 ash 0.04 –0.8 10 ash

0.56 –0.7 28 ash 0.04 –0.8 0 soil

0.58 –0.7 24 ash 0.08 –0.8 0 soil

0.60 –0.7 20 ash 0.08 –0.8 2 ash

0.62 –0.7 20 ash 0.13 –0.8 2 ash

0.64 –0.7 40 ash 0.13 –0.8 0 soil

0.66 –0.7 45 ash; rill B 0.24 –0.8 0 soil

0.69 –0.7 45 ash 0.25 –0.8 5 ash

0.71 –0.7 50 ash 0.27 –0.8 15 ash

0.77 –0.7 50 ash 0.29 –0.8 15 ash

0.80 –0.7 40 ash 0.31 –0.8 3 ash

0.83 –0.7 40 ash 0.34 –0.8 5 ash

0.86 –0.7 45 ash 0.37 –0.8 5 ash

0.89 –0.7 40 ash 0.40 –0.8 3 ash

0.92 –0.7 45 ash 0.43 –0.8 5 ash

0.95 –0.7 45 ash 0.46 –0.8 5 ash

0.97 –0.7 40 ash 0.49 –0.8 3 ash

0.99 –0.7 15 ash 0.51 –0.8 1 ash

0.54 –0.8 1 ash

0.00 –0.8 0 soil 0.57 –0.8 1 ash

0.44 –0.8 0 soil/ash 0.60 –0.8 3 ash

0.44 –0.8 20 ash 0.62 –0.8 3 ash

0.48 –0.8 45 ash 0.64 –0.8 0 soil

0.50 –0.8 40 ash 0.77 –0.8 0 soil

Table 8. Ash thickness and surficial features in south-facing plots.—Continued
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot S13 Plot S15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thickness 
(mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 22 Ash Average (mm) 9 Ash
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0.53 –0.8 40 ash 0.79 –0.8 1 ash

0.54 –0.8 15 ash 0.82 –0.8 3 ash

0.57 –0.8 0 rock 0.85 –0.8 3 ash

0.68 –0.8 0 rock 0.88 –0.8 3 ash

0.69 –0.8 25 ash 0.91 –0.8 0 soil

0.72 –0.8 45 ash 0.98 –0.8 0 soil

0.75 –0.8 30 ash

0.77 –0.8 20 ash; rill B 0.00 –0.9 0 soil

0.80 –0.8 25 ash 0.25 –0.9 0 soil

0.83 –0.8 35 ash 0.25 –0.9 3 ash

0.86 –0.8 30 ash 0.30 –0.9 5 ash

0.88 –0.8 40 ash 0.35 –0.9 10 ash

0.90 –0.8 35 ash 0.40 –0.9 5 ash

0.94 –0.8 55 ash 0.45 –0.9 5 ash

0.96 –0.8 48 ash 0.50 –0.9 10 ash

1.00 –0.8 38 ash 0.55 –0.9 15 ash

0.65 –0.9 0 soil

0.00 –0.9 0 soil 0.73 –0.9 0 soil

0.43 –0.9 0 soil 0.73 –0.9 10 ash

0.44 –0.9 25 ash 0.80 –0.9 5 ash

0.49 –0.9 15 ash 0.85 –0.9 10 ash

0.52 –0.9 30 ash 0.90 –0.9 5 ash

0.55 –0.9 50 ash 0.98 –0.9 0 ash

0.60 –0.9 60 ash 1.00 –0.9 0 ash

0.65 –0.9 55 ash

0.68 –0.9 50 ash

0.70 –0.9 45 ash

0.73 –0.9 30 ash

0.76 –0.9 30 ash

0.80 –0.9 40 ash

0.83 –0.9 40 ash

0.87 –0.9 55 ash

0.90 –0.9 60 ash

0.93 –0.9 30 ash

0.96 –0.9 20 ash

1.00 –0.9 25 ash

Table 8. Ash thickness and surficial features in south-facing plots.—Continued
[Thickness between points should be interpolated linearly; m, meters; mm, millimeters]

Plot S13 Plot S15

x (m) y (m)
Surface

x (m) y (m)
Surface

Ash thickness 
(mm)

Material
Ash thick-
ness (mm)

Material

Average (mm) 22 Ash Average (mm) 9 Ash
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Figure 15. Drawing of subsurface and surface fea-
tures for Plot N13 and contours of ash thickness.

Figure 16.  Drawing of subsurface and surface fea-
tures for Plot N15 and contours of ash thickness.
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Figure 17. Drawing of subsurface and surface features 
for Plot S13 and contours of ash thickness.

Figure 18. Drawing of subsurface and surface fea-
tures for Plot S15 and contours of ash thickness.
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Table 9. Ash and soil characteristics within the plots.

[m, meter; mm, millimeter; kg, kilogram; D
50

, median particle diameter; <, less than; oC, degrees Celsius]

Material Plot

Coordinates of sample Percentage of total sample in each size class

D50 
(mm)x (m) y(m) z(m)

8–4 
mm

4–2 
mm

2–1 
mm

1– 
0.500 
mm

0.500–
0.250 
mm

0.250– 
0.125 
mm

0.125– 
0.063 
mm

<0.063 
mm

Ash N13 0.40 0.65 0.00 2.4 7.7 16.6 19.3 19.0 20.8 9.6 4.7 0.40

0.50 0.75 0.03

Ash N15 0.30 0.70 0.00 4.8 4.3 10.1 14.4 20.7 31.0 11.4 3.3 0.30

0.40 0.80 0.03

North-facing mean 3.6 6.0 13.4 16.8 19.9 25.9 10.5 4.0 0.35

Ash S13 0.85 0.85 0.00 1.7 6.8 16.1 23.6 22.7 25.6 2.2 1.3 0.48

0.95 0.90 0.03

Ash S15 0.57 0.88 0.00 18.0 21.4 21.0 15.2 10.2 8.3 3.7 2.2 1.50

0.64 0.90 0.03

Ash S15 0.30 0.58 0.00 9.1 18.2 21.7 17.7 16.0 8.7 5.1 3.6 0.97

0.86 0.60 0.01

Ash S15 0.50 0.48 0.00 5.3 14.0 21.2 18.8 15.6 11.9 9.2 4.0 0.75

0.55 0.50 0.05

Ash S15 0.63 0.48  0.00 6.2 17.7 20.8 18.4 18.3 13.7 2.7 2.2 0.86

0.73 0.50 0.02

Ash S15 0.64 0.38  0.00 7.9 18.5 21.9 21.6 16.0 10.0 2.3 2.0 0.96

0.70 0.40 0.03

South-facing mean 8.0 16.1 20.4 19.2 16.4 13.0 4.2 2.5 0.92

Ash bulk density (kg/m3) 200 320 500 710 850

Ash particle density (kg/m3) did not analyze 1,700 1,800 2,400

The loss on ignition (LOI) is one method of quantify-
ing the percentage of organic matter in each size class of ash. 
This percentage of organic matter decreased with decrease 
in particle size of the ash from about 20 percent (on average) 
for 4–8-mm particles to about 8 percent (on average) for the 
less than 0.063 mm particles (table 9). For 55 percent of the 
samples, the LOI was less than 10 percent by mass. However, 
in two samples, the LOI exceeded 50 percent. One of these 
samples, from plot S13, reflects the observed presence of 
partially combusted needles on the soil surface.  

In contrast to the relation between size and LOI, both 
the bulk density and particle density of the ash increased with 
decrease in particle size (table 9). As a bulk material, ash 
will float on the water but individual particles have a density 
greater than water. This particle density probably suggest that 
ash may be a mixture of the organic matter burned during 
the fire and the relatively heavy minerals re-suspended and 
transported by the wind during the fire and by natural eolian 
transport after the fire.

Particle sizes of north- and south-facing soils were dif-
ferent. The north-facing plots had finer material at all sampled 

depths (table 9; figure 19; mean D
50

=0.75 mm). The south-
facing plots have sizes that are dominated by the 1–2 mm size 
fraction (table 9; figure 19; mean D

50
=1.40 mm). Despite these 

aspect-related differences, particle-size differences between 
the surface samples (0–0.05 m) and the underlying soil did 
not exist.  The exception to this is plot N15, which has a finer 
surface layer than the underlying soil. The lack of discrep-
ancy between these layers likely is related to the fact that the 
surface layer (0–0.05 m) incorporates a mixture of ash into the 
underlying sandy soil.

Soil Moisture

The time between rainfall experiments on the same plots 
and the ambient seasonal moisture cycle influenced the soil 
moisture before each experiment. In general, the soil moisture 
on the north-facing plots before and after experiments was 
higher than those on the south-facing plots (tables 10 and 11). 
This may be because the north-facing plots retain water better 
than south-facing plots or that north-facing experiments were 
conducted a month later (in the fall) than the south-facing 
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Table 9. Ash and soil characteristics within the plots. —Continued

[m, meter; mm, millimeter; kg, kilogram; D
50

, median particle diameter; <, less than; oC, degrees Celsius]

Material Plot

Coordinates of sample Percentage of total sample lost on ignition at 550oC

x (m) y(m) z(m)
8–4 
mm

4–2 
mm

2–1 
mm

1– 
0.500 
mm

0.500– 
0.250 
mm

0.250– 
0.125 
mm

0.125– 
0.063 
mm

<0.063 
mm

Ash N13 0.40 0.65 0.00 1.7 3.9 3.3 3.6 5.7 7.7 6.4 5.9

0.50 0.75 0.03

Ash N15 0.30 0.70 0.00 48.8 32.5 15.4 10.9 8.1 8.1 6.1 4.9

0.40 0.80 0.03

North-facing mean 25.3 18.2 9.4 7.3 6.9 7.9 6.3 5.4

Ash S13 0.85 0.85 0.00 60.7 51.18 43.9 30.1 18.4 14.1 10.5 6.4

0.95 0.90 0.03

Ash S15 0.57 0.88 0.00 14.9 5.9 9.8 10.2 10.9 10.5 8.9 8.3

0.64 0.90 0.03

Ash S15 0.30 0.58 0.00 did not analyze

0.86 0.60 0.01

Ash S15 0.50 0.48 0.00 did not analyze

0.55 0.50 0.05

Ash S15 0.63 0.48  0.00 4.7 3.7 5.1 8.6 11.7 10.5 9.1 7.8

0.73 0.50 0.02

Ash S15 0.64 0.38  0.00 did not analyze

0.70 0.40 0.03

South-facing mean 26.8 20.3 19.6 16.3 13.7 11.7 9.5 7.5

Ash bulk density (kg/m3) did not analyze

Ash particle density (kg/m3) did not analyze
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Figure 19. Particle-size distribution for ash and soil from the 
north- and south-facing plots.

experiments when soil moisture was higher. Additionally, for 
experiments 10 and 12, rainfall simulations were run imme-
diately after experiments 9 and 11. Thus, the preexperiment 
soil-moisture content was the same as the postexperiment soil 
moisture measured after experiments 9 and 11. All postexperi-
ment measurements of soil moisture for each experiment were 
either greater than or the same as the preexperiment measure-
ments of soil moisture except for the surface measures for 
experiment 11. This difference is likely because the samples 
were taken in two different locations before and after the 
storm. 

Plot Runoff 

The discharge hydrograph can be divided into three sepa-
rate phases. The phases are (1) discharge derived strictly from 
the plot collecting apron, (2) the rising limb of the hydrograph, 
and (3) a steady flow phase where fluctuations in discharge are 
small. Observations indicated that, generally, some discharge 
was derived from direct rainfall on the collecting apron (fig. 4) 
while no water was flowing off the soil surface inside the plot. 
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Table 10. Pre- and postexperiment measurements of soil moisture and particle size at various depths for each rainfall simulation 
experiment on north-facing slope.
[Samples were collected adjacent to but outside each plot; kPa, kilopascals; psi, pounds per square inch; m, meters; kg, kilograms; D

50
, median particle 

diameter; mm, millimeters; --, no data]

Experiment 
number

Date of 
collection 

(m/d/y)

Pre- or post- 
experiment

Plot Nozzle 
Pressure

Depth (m)
Soil 

moisture 
(kg/kg) 

D50 
(mm)(kPa) (psi)

9 10/8/04 Pre N13 2.8W 34 5 0.00–0.05 0.27 0.62

0.10–0.15 0.16 0.58

0.20–0.25 0.18 0.99

9 10/8/04 Post N13 2.8W 34 5 0.00–0.05 0.27 1.22

0.10–0.15 0.19 1.19

0.20–0.25 0.19 1.05

10 10/8/04 Pre N13 10W 34 5 0.00–0.05 0.27 1.22

0.10–0.15 0.19 1.19

0.20–0.25 0.19 1.05

10 10/8/04 Post N13 10W 34 5 0.00–0.05 0.52 0.58

0.10–0.15 0.23 0.43

0.20–0.25 0.25 0.52

14 10/9/04 Pre N13 20W 69 10 0.00–0.05 0.25 0.70

0.10–0.15 0.22 0.59

0.20–0.25 0.26 0.73

14 10/9/04 Post N13 20W 69 10 0.00–0.05 0.35 0.64

0.10–0.15 0.21 0.81

0.20–0.25 0.25 0.51

11 10/8/04 Pre N15 2.8W 34 5 0.00–0.05 0.66 0.26

0.10–0.15 0.19 0.69

0.20–0.25 0.19 0.47

11 10/8/04 Post N15 2.8W 34 5 0.00–0.05 0.42 0.45

0.10–0.15 0.22 0.78

0.20–0.25 0.20 0.51

12 10/8/04 Pre N15 10W 34 5 0.00–0.05 0.42 0.45

0.10–0.15 0.22 0.78

0.20–0.25 0.20 0.51

12 10/8/04 Post N15 10W 34 5 0.00–0.05 0.45 0.37

0.10–0.15 0.25 0.53

0.20–0.25 0.20 0.93

13 10/9/04 Pre N15 20W 69 10 0.00–0.05 0.39 0.43

0.10–0.15 0.22 0.56

0.20–0.25 0.19 0.48

13 10/9/04 Post N15 20W 69 10 0.00–0.05 0.42 0.36

0.10–0.15 0.28 0.41

0.20–0.25 -- --
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Table 11.  Pre- and postexperiment measurements of soil moisture and particle size at various depths for each rainfall simulation 
experiment on the south-facing slope.
[Samples were collected adjacent to but outside each plot; kPa, kilopascals; psi, pounds per square inch; m, meters; kg, kilograms; mm, milligrams; D

50
, 

median particle diameter]

Experiment 
number

Date of 
collection 

(m/d/y)

Pre- or post- 
experiment Plot Nozzle 

Pressure
Depth (m) Soil moisture 

(kg/kg) 
D50 

(mm)(kPa) (psi)

1 9/1/04 Pre S13 20W 69 10 0.00–0.05 0.09 1.19

0.10–0.15 0.12 0.89

0.20–0.25 0.09 1.15

1 9/1/04 Post S13 20W 69 10 0.00–0.05 0.19 1.08

0.10–0.15 0.14 1.01

0.20–0.25 0.15 0.92

4 9/2/04 Pre S13 20W 69 10 0.00–0.05 0.13 1.19

0.10–0.15 0.14 0.95

0.20–0.25 0.13 0.85

4 9/2/04 Post S13 20W 69 10 0.00–0.05 0.23 0.86

0.10–0.15 0.19 0.92

0.20–0.25 0.18 0.95

5 9/8/04 Pre S13 10W 34 5 0.00–0.05 0.08 0.94

0.10–0.15 0.13 1.25

0.20–0.25 0.11 1.74

5 9/8/04 Post S13 10W 34 5 0.00–0.05 0.21 0.89

0.10–0.15 0.21 1.23

0.20–0.25 0.19 1.18

8 9/9/04 Pre S13 2.8W 34 5 0.00–0.05 0.14 1.06

0.10–0.15 0.16 1.39

8 9/9/04 Post S13 2.8W 34 5 0.00–0.05 0.17 1.06

0.10–0.15 0.15 1.49

2 9/1/04 Pre S15 10W 138 20 0.00–0.06 0.06 1.48

0.13–0.17 0.13 0.97

0.20–0.25 0.12 0.98

2 9/1/04 Post S15 10W 138 20 0.00–0.05 0.15 3.35

0.13–0.17 0.21 0.90

0.20–0.25 0.19 1.06

3 9/2/04 Pre S15 10W 138 20 0.00–0.05 0.16 0.77

0.10–0.15 0.16 0.86

0.20–0.25 0.16 1.02

3 9/2/04 Post S15 10W 138 20 0.00–0.05 0.21 1.58

0.10–0.15 0.22 1.03

0.20–0.25 0.26 0.69

6 9/8/04 Pre S15 10W 34 5 0.00–0.05 0.06 1.39

0.10–0.15 0.15 1.34

0.20–0.25 0.14 1.56

6 9/8/04 Post S15 10W 34 5 0.00–0.05 0.15 1.23

0.10–0.15 0.18 1.52

0.20–0.25 0.19 1.56

7 9/9/04 Pre S15 2.8W 34 5 0.00–0.05 0.09 1.66

0.10–0.15 0.16 1.54

0.20–0.25 0.15 1.32

7 9/9/04 No postexperiment samples were collected because we ran sheet-calibration experiments.
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Experiment 1 Experiment 2 Experiment 3 Experiment 4

Capron = 0.0278 L/min Capron = 0.0284 L/min Capron = 0.0284 L/min Capron = 0.0291 L/min

Elapsed 
time 
(min)

Runoff 
(L)

Corrected 
runoff 

(L)

Elapsed 
time 
(min)

Runoff 
(L)

Corrected 
runoff 

(L)

Elapsed 
time 
(min)

Runoff 
(L)

Corrected 
runoff 

(L)

Elapsed 
time 
(min)

Runoff 
(L)

Corrected 
runoff  

(L)

0.0 0.000 0.000 0.0 0.000 0.000 0.0 0.000 0.000 0.0 0.000 0.000

1.2 0.047 0.015 1.0 0.033 0.005 1.0 0.037 0.009 1.0 0.007 –0.022

2.5 0.043 0.006 2.0 0.038 0.009 2.0 0.069 0.041 2.0 0.030 0.001

3.5 0.047 0.019 3.1 0.047 0.017 3.0 0.250 0.222 3.0 0.047 0.018

4.5 0.101 0.073 4.0 0.052 0.025 4.0 0.395 0.367 4.0 0.090 0.061

6.5 0.220 0.164 5.1 0.125 0.094 5.0 0.405 0.377 5.0 0.120 0.091

7.5 0.180 0.152 6.0 0.160 0.134 6.0 0.400 0.372 6.0 0.135 0.106

8.7 0.200 0.167 7.0 0.220 0.192 7.0 0.410 0.382 7.0 0.175 0.146

9.6 0.140 0.115 8.0 0.275 0.247 8.0 0.530 0.502 8.0 0.220 0.191

10.5 0.260 0.235 9.0 0.350 0.322 9.0 0.490 0.462 9.0 0.260 0.231

11.5 0.250 0.222 10.0 0.390 0.362 10.0 0.460 0.432 10.0 0.250 0.221

12.6 0.250 0.220 11.0 0.420 0.392 11.0 0.450 0.422 11.1 0.280 0.248

13.5 0.270 0.244 12.0 0.420 0.392 12.0 0.450 0.422 12.0 0.215 0.189

14.5 0.290 0.262 13.0 0.420 0.392 13.0 0.465 0.437 13.0 0.230 0.201

15.5 0.290 0.262 14.0 0.465 0.437 14.0 0.475 0.447 14.0 0.240 0.211

16.5 0.310 0.282 15.0 0.410 0.382 15.0 0.440 0.412 15.0 0.230 0.201

17.5 0.300 0.272 16.0 0.430 0.402 16.0 0.370 0.342 16.0 0.230 0.201

18.5 0.300 0.272 17.0 0.405 0.377 17.0 0.435 0.407 17.0 0.230 0.201

19.6 0.320 0.290 18.0 0.390 0.362 18.0 0.480 0.452 18.1 0.250 0.218

20.5 0.300 0.274 19.0 0.440 0.412 19.0 0.490 0.462 19.0 0.215 0.188

21.5 0.295 0.267 20.0 0.475 0.447 20.0 0.460 0.432 20.1 0.270 0.237

22.5 0.310 0.282 21.0 0.455 0.427 21.0 0.450 0.422 21.0 0.180 0.155

23.5 0.290 0.262 22.0 0.465 0.437 22.0 0.470 0.442 22.0 0.210 0.181

24.5 0.300 0.272 23.0 0.475 0.447 23.0 0.520 0.492 23.0 0.220 0.191

25.5 0.270 0.242 24.0 0.480 0.452 24.0 0.400 0.372 24.0 0.225 0.196

26.5 0.295 0.267 25.0 0.500 0.472 25.0 0.470 0.442 25.0 0.215 0.186

27.5 0.315 0.287 26.0 0.480 0.452 26.0 0.465 0.437 26.0 0.220 0.191

28.5 0.300 0.272 27.0 0.475 0.447 27.0 0.460 0.432 27.0 0.220 0.191

29.5 0.300 0.272 28.0 0.470 0.442 28.0 0.450 0.422 28.0 0.215 0.186

30.5 0.220 0.192 29.0 0.470 0.442 29.0 0.440 0.412 29.0 0.220 0.191

31.5 0.046 0.018 30.0 0.490 0.462 30.0 0.430 0.402 30.0 0.220 0.191

32.5 0.017 –0.011 31.0 0.180 0.152 31.0 0.150 0.122 31.0 0.087 0.058

33.7 0.009 –0.025 32.0 0.049 0.021 32.0 0.012 –0.016 32.0 0.003 –0.026

33.0 0.011 –0.017   

Table 12. Raw runoff and corrected runoff data at approximately 1-minute intervals.
[min, minutes; L/min, liters per minute; L, liters; data after 30 minutes represent runoff without rainfall]
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Experiment 5 Experiment 6 Experiment 7

Capron = 0.0207 L/min Capron = 0.0194 L/min Capron = 0.0084 L/min

Elapsed 
time 
(min)

Runoff 
(L)

Corrected 
runoff 

(L)

Elapsed 
time 
(min)

Runoff 
(L)

Corrected 
runoff 

(L)

Elapsed 
time 
(min)

Runoff 
(L)

Corrected 
runoff 

(L)

0.0 0.000 0.000 0.0 0.000 0.000 0.0 0.000 0.000

1.0 0.020 –0.001 1.0 0.034 0.015 1.0 0.005 –0.003

2.0 0.024 0.003 2.0 0.027 0.008 2.0 0.007 –0.001

3.0 0.027 0.006 3.0 0.027 0.007 3.1 0.010 0.000

4.0 0.047 0.026 4.0 0.021 0.002 4.0 0.006 –0.001

5.0 0.058 0.037 5.0 0.026 0.007 5.0 0.009 0.001

6.0 0.060 0.039 6.0 0.031 0.012 6.0 0.010 0.002

7.0 0.088 0.067 7.0 0.055 0.036 7.0 0.022 0.014

8.0 0.088 0.067 8.0 0.071 0.052 8.0 0.029 0.021

9.0 0.088 0.067 9.0 0.080 0.061 9.0 0.027 0.019

10.0 0.090 0.069 10.0 0.083 0.064 10.0 0.036 0.028

11.0 0.084 0.063 11.0 0.098 0.079 11.0 0.033 0.024

12.1 0.110 0.087 12.0 0.115 0.096 12.0 0.033 0.025

13.0 0.091 0.073 13.0 0.130 0.111 13.0 0.037 0.029

14.0 0.103 0.082 14.0 0.142 0.123 14.0 0.038 0.030

15.2 0.116 0.092 15.0 0.126 0.107 15.0 0.033 0.025

16.0 0.090 0.072 16.0 0.133 0.114 16.0 0.028 0.020

16.9 0.094 0.074 17.0 0.166 0.147 17.0 0.033 0.025

18.0 0.186 0.164 18.0 0.173 0.154 18.0 0.032 0.024

19.0 0.114 0.093 19.0 0.150 0.131 19.0 0.025 0.016

20.3 0.148 0.122 20.0 0.160 0.141 20.1 0.029 0.019

21.0 0.096 0.080 21.0 0.145 0.126 21.2 0.029 0.020

22.0 0.129 0.108 22.0 0.144 0.125 22.0 0.024 0.017

23.0 0.147 0.126 23.1 0.152 0.130 23.0 0.032 0.024

24.0 0.221 0.200 24.0 0.109 0.092 24.0 0.026 0.018

25.1 0.200 0.177 25.0 0.130 0.111 25.0 0.027 0.019

26.0 0.140 0.121 26.0 0.147 0.128 26.0 0.027 0.019

27.0 0.140 0.119 27.0 0.104 0.085 27.0 0.022 0.014

28.0 0.155 0.134 28.0 0.106 0.087 28.0 0.025 0.017

29.0 0.140 0.119 29.0 0.108 0.089 29.0 0.032 0.024

30.0 0.180 0.159 30.0 0.132 0.113 30.0 0.028 0.020

31.0 0.047 0.026 31.0 0.053 0.034 31.0 0.016 0.008

32.0 0.089 0.068 32.0 0.012 –0.007 32.0 0.005 –0.003

33.0 0.050 0.029 33.0 0.009 –0.010 33.0 0.008 –0.000

Table 12. Raw runoff and corrected runoff data at approximately 1-minute intervals.—Continued
[min, minutes; L/min, liters per minute; L, liters; data after 30 minutes represent runoff without rainfall]
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Experiment 8 Experiment 9 Experiment 10 Experiment 11

Capron = 0.0103 L/min Capron = 0.0116 L/min Capron = 0.0200 L/min Capron = 0.0123 L/min

Elapsed 
time 
(min)

Runoff 
(L)

Corrected 
runoff 

(L)

Elapsed 
time 
(min)

Runoff 
(L)

Corrected 
runoff 

(L)

Elapsed 
time 
(min)

Runoff 
(L)

Corrected 
runoff 

(L)

Elapsed 
time 
(min)

Runoff 
(L)

Corrected 
runoff 

(L)

0.0 0.000 0.000 0.0 0.000 0.000 0.0 0.000 0.000 0.0 0.000 0.000

1.0 0.003 –0.007 1.0 0.000 –0.012 1.0 0.140 0.120 1.0 0.002 –0.010

2.0 0.003 –0.007 2.0 0.008 –0.004 2.0 0.120 0.100 2.0 0.019 0.007

3.0 0.014 0.004 3.0 0.007 –0.005 3.0 0.200 0.180 3.0 0.019 0.007

4.0 0.011 0.001 4.0 0.035 0.023 4.0 0.240 0.220 4.0 0.032 0.020

5.0 0.010 –0.000 5.0 0.056 0.044 5.0 0.225 0.205 5.0 0.022 0.010

6.0 0.012 0.002 6.0 0.076 0.064 6.0 0.250 0.230 6.0 0.033 0.021

7.0 0.012 0.002 7.0 0.089 0.077 7.1 0.270 0.248 7.0 0.039 0.027

8.0 0.012 0.001 8.1 0.105 0.093 8.0 0.240 0.222 8.0 0.045 0.033

9.0 0.012 0.002 9.0 0.094 0.083 9.0 0.260 0.240 9.0 0.049 0.037

10.0 0.012 0.002 10.0 0.091 0.079 10.0 0.260 0.240 10.0 0.058 0.046

11.0 0.010 –0.000 11.0 0.095 0.083 11.0 0.270 0.250 11.0 0.069 0.057

12.0 0.011 0.001 12.0 0.100 0.088 12.0 0.265 0.245 12.0 0.075 0.063

13.0 0.011 0.001 13.0 0.094 0.082 13.0 0.270 0.250 13.0 0.076 0.064

14.0 0.013 0.003 14.0 0.103 0.091 14.1 0.300 0.277 14.0 0.077 0.065

15.0 0.011 0.001 15.0 0.102 0.090 15.3 0.300 0.276 15.0 0.079 0.067

16.0 0.010 –0.000 16.0 0.102 0.090 16.1 0.230 0.215 16.0 0.079 0.067

17.0 0.011 0.001 17.2 0.111 0.097 17.0 0.225 0.207 17.0 0.075 0.063

18.0 0.013 0.003 18.1 0.116 0.105 18.0 0.250 0.230 18.0 0.074 0.062

19.0 0.010 –0.000 19.1 0.096 0.084 19.0 0.245 0.225 19.0 0.071 0.059

20.1 0.014 0.003 20.1 0.089 0.079 20.0 0.255 0.235 20.0 0.079 0.067

21.0 0.009 –0.000 21.0 0.095 0.084 21.0 0.260 0.240 21.1 0.077 0.064

22.0 0.011 0.001 22.0 0.096 0.084 22.0 0.260 0.240 22.0 0.073 0.061

23.0 0.011 0.001 23.0 0.084 0.072 23.0 0.265 0.245 23.0 0.081 0.069

24.0 0.010 –0.000 24.0 0.081 0.069 24.0 0.265 0.245 24.0 0.075 0.063

25.0 0.011 0.001 25.0 0.082 0.070 25.0 0.250 0.230 25.0 0.078 0.066

26.0 0.012 0.002 26.0 0.086 0.074 26.0 0.235 0.215 26.0 0.075 0.063

27.0 0.012 0.002 27.0 0.087 0.075 27.0 0.265 0.245 27.0 0.078 0.066

28.0 0.013 0.003 28.0 0.085 0.073 28.0 0.265 0.245 28.0 0.075 0.063

29.0 0.013 0.002 29.0 0.086 0.074 29.0 0.270 0.250 29.0 0.080 0.068

30.0 0.015 0.005 30.0 0.088 0.076 30.0 0.260 0.240 30.0 0.080 0.068

31.0 0.007 –0.003 31.1 0.061 0.048 31.0 0.325 0.305 31.0 0.034 0.022

32.0 0.002 –0.008 32.0 0.063 0.053 32.0 0.200 0.180 32.0 0.009 –0.003

33.0 0.033 0.021 33.0 0.025 0.005

Table 12. Raw runoff and corrected runoff data at approximately 1-minute intervals.—Continued
[min, minutes; L/min, liters per minute; L, liters; data after 30 minutes represent runoff without rainfall]
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Experiment 12 Experiment 13 Experiment 14

Capron = 0.0220 L/min Capron = 0.0259 L/min Capron = 0.0236 L/min

Elapsed 
time 
(min)

Runoff 
(L)

Corrected 
runoff 

(L)

Elapsed 
time 
(min)

Runoff 
(L)

Corrected 
runoff 

(L)

Elapsed 
time 
(min)

Runoff 
(L)

Corrected 
runoff 

(L)

0.0 0.000 0.000 0.0 0.000 0.000 0.0 0.000 0.000

1.0 0.012 –0.010 1.0 0.023 –0.003 1.0 0.030 0.006

2.0 0.057 0.035 2.0 0.054 0.028 2.0 0.033 0.009

3.0 0.120 0.098 3.0 0.150 0.124 3.0 0.260 0.236

4.0 0.170 0.148 4.0 0.240 0.214 4.0 0.400 0.376

5.0 0.210 0.188 5.0 0.320 0.294 5.0 0.450 0.426

6.0 0.215 0.193 6.0 0.350 0.324 6.0 0.450 0.426

7.0 0.205 0.183 7.0 0.390 0.364 7.0 0.495 0.471

8.0 0.210 0.188 8.0 0.380 0.354 8.0 0.490 0.466

9.0 0.200 0.178 9.0 0.380 0.354 9.0 0.470 0.446

10.0 0.200 0.178 10.0 0.400 0.374 10.0 0.490 0.466

11.0 0.200 0.178 11.0 0.380 0.354 11.0 0.485 0.461

12.0 0.200 0.178 12.0 0.390 0.364 12.0 0.492 0.468

13.0 0.200 0.178 13.0 0.375 0.349 13.0 0.492 0.468

14.0 0.200 0.178 14.0 0.400 0.374 14.0 0.490 0.466

15.0 0.205 0.183 15.0 0.415 0.389 15.0 0.490 0.466

16.0 0.200 0.178 16.0 0.400 0.374 16.1 0.515 0.489

17.0 0.200 0.178 17.0 0.380 0.354 17.0 0.435 0.413

18.0 0.190 0.168 18.0 0.405 0.379 17.9 0.465 0.443

19.0 0.195 0.173 19.0 0.415 0.389

20.0 0.200 0.178 20.0 0.420 0.394

21.0 0.190 0.168 21.0 0.410 0.384

22.0 0.200 0.178 22.0 0.400 0.374

23.0 0.190 0.168 23.0 0.400 0.374

24.0 0.190 0.168 24.0 0.395 0.369

25.0 0.190 0.168 25.0 0.405 0.379

26.0 0.195 0.173 26.1 0.430 0.402

27.0 0.190 0.168 27.0 0.380 0.356

28.0 0.190 0.168 28.0 0.430 0.404

29.0 0.200 0.178 29.0 0.410 0.384

30.0 0.195 0.173 30.0 0.405 0.379

31.0 0.190 0.168 31.0 0.190 0.164

32.0 0.100 0.078 32.0 0.020 –0.006

33.0 0.016 -0.006 33.0 0.002 –0.024

Table 12. Raw runoff and corrected runoff data at approximately 1-minute intervals.—Continued
[min, minutes; L/min, liters per minute; L, liters; data after 30 minutes represent runoff without rainfall]
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Figure 20. Correlation of predicted discharge from the collecting apron and the 
measured discharge during the first minute of experiment.

of the uncertainty in the correlation between the predicted dis-
charge and the measured discharge (fig. 20), any value of the 
corrected hydrograph that was less than zero was set to zero.

The rising limb of the hydrograph was derived from 
the corrected hydrographs by using a smoothing procedure. 
First, the corrected hydrograph was smoothed by fitting a 
cubic spline to the data. The cubic spline program allowed 
the standard deviation between the observed points and the 
smoothed points to be specified (Robert Stallard, U.S. Geo-
logical Survey, 2005, written commun.). The standard devia-
tion for the high-flow nozzles (GG20W and GG10W) was set 
at 0.020 L/min and the standard deviation for the low-flow 
nozzle (GG2.8W) was set at 0.005 L/min. This distinction was 
justified by our field procedure that used a smaller (0.100 L) 
graduated cylinder for the GG2.8W experiments. Second, 
the rising limb of hydrograph was defined as the segment of 
the smoothed, corrected hydrograph (table 13) from the start 
of the rain to the first 1-minute interval where the discharge, 
Q (L/min) was constant or decreases with time, t. This is the 
first local maximum of the runoff discharge or dQ/dt ≤ 0. This 
time defined the end of the rising limb of the hydrograph and 
the beginning of the steady-state flow phase (table 13).

After the rise, the hydrograph entered a steady-state phase 
with small perturbations at 7–26 minutes. In some experi-
ments, the discharge increased throughout the steady-state 
phase (experiment 2 and 13, fig. 21), decreased (experiments 
4, 6, and 7, figs. 22, and 23), fluctuated (experiments 3 and 9, 
figs. 21 and 23), or remained fairly constant (experiment 1, 5, 
9, 10, 11, 12, and 14, figs. 21, 22, and 23). Experiment 8 had 
no observed discharge and the corrected discharge (table 12) 
was always less than 0.005 L/min. In general, steady-state dis-
charge perturbations could indicate an increasing or decreasing 
contributing area or experimental error. The temporal variabil-
ity (coefficient of variation) of the steady-state discharge was 

Therefore, any early contribution to the discharge was likely 
from the collecting apron. To develop a correction for the 
apron contribution, the predicted apron runoff was com-
pared to the measured runoff during approximately the first 
minute (table 12), with the assumption that the first minute 
only represented collecting-apron discharge. The predicted 
discharge from the first minute was calculated as the apron 
area (0.07777 m2) multiplied by the average rainfall intensity 
measured in the two small rain gages (table 4, bottom left, I

BL
, 

and bottom right, I
BR

, and adjusted using equation 8) at the 
downhill end of the plot near the collecting apron. One experi-
ment (experiment 10, GG10W, 34 kPa) was not included in the 
comparison because experiment 9 was run immediately before 
the plot was wet, and the runoff during the first minute of 
experiment 10 was immediate. Runoff was much greater than 
all other experiments, and it was likely that prewetted plot run-
off combined with the runoff from the collecting apron. The 
comparison of the predicted and measured apron discharge for 
the other 13 experiments (fig. 20) indicates that on average the 
measured discharge for the first minute was roughly one-half 
(0.52) the predicted apron discharge (fig. 20). The discharge 
from the collecting apron was probably less than that predicted 
discharge because part of the collecting apron was shielded by 
the lid. Some rain fell on the collecting apron despite the lid 
because the plot was on a 30–40 percent slope. Therefore, the 
following empirical equation was used to compute the apron 
correction, C

apron
:

 
                                           

(8)

where the 0.96 comes from equation (7) and 0.52 comes from 
the regression equation shown on figure 20. This correction 
multiplied by the time interval was subtracted from the entire 
hydrograph to give a corrected hydrograph. However, because 
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Table 13.  Summary of rainfall, soil, and hydrologic data for rainfall simulation experiments.

[kPa, kilopascals; psi, pounds per square inch; mm/h, millimeters per hour; m2, square meter; L/min, liters per minute; Exp., experiment; Exp. 8 had no 
observed runoff and an average ash thickness of 22 mm; --, no data; steady incident rainfall intensity is taken from table 4; plot area is the area projected on a 
horizontal surface; CV, coefficient of variation]

High-intensity nozzles: GG20W and GG10W at 138 
kPa (20 psi)

Medium-intensity nozzle: 
GG10W at 34 kPa (5 psi)

Low-intensity nozzle: 
GG2.8W at 34 kPa (5 psi)

Experiment 1 2 3 4 13 14  5   6 10 12 7 9 11

Plot S13 S15 S15 S13 N15 N13 S13 S15 N13 N15 S15 N13 N15

Steady incident rainfall intensity 
(mm/h)

46 48 46 49 47 51 37 34 34 35 20 23 25

Plot area (m2) 0.90 0.92 0.92 0.90 0.91 0.93 0.90 0.92 0.93 0.91 0.92 0.93 0.91

Average ash thickness (mm) 22 9 9 22 27 10 22 9 10 27 9 10 27

Elapsed time (min) Smooth hydrograph discharge (L/min) during  the preceding 1-minute interval

1 0.015 0.004 0.055 0.015 0.049 0.047 0.011 0.005 0.102 0.049 0.000 0.001 0.005

2 0.026 0.018 0.149 0.030 0.101 0.147 0.016 0.008 0.138 0.078 0.001 0.007 0.007

3 0.041 0.040 0.261 0.051 0.166 0.274 0.023 0.012 0.171 0.110 0.003 0.019 0.011

4 0.059 0.074 0.343 0.077 0.231 0.375 0.030 0.017 0.197 0.140 0.005 0.034 0.015

5 0.079 0.118 0.384 0.105 0.287 0.432 0.038 0.024 0.216 0.163 0.007 0.051 0.020

6 0.101 0.170 0.410 0.133 0.327 0.458 0.045 0.033 0.229 0.177 0.010 0.066 0.025

7 0.124 0.224 0.440 0.160 0.352 0.467 0.052 0.042 0.238 0.185 0.014 0.077 0.031

8 0.147 0.277 0.457 0.184 0.363 0.464 0.059 0.053 0.243 0.187 0.017 0.084 0.037

9 0.170 0.323 0.451 0.201 0.367 0.462 0.064 0.064 0.246 0.187 0.020 0.086 0.043

10 0.192 0.359 0.438 0.211 0.367 0.463 0.069 0.075 0.247 0.185 0.022 0.086 0.049

11 0.212 0.383 0.430 0.216 0.366 0.465 0.073 0.086 0.248 0.183 0.024 0.087 0.054

12 0.229 0.398 0.430 0.216 0.366 0.467 0.078 0.096 0.247 0.181 0.025 0.087 0.058

13 0.244 0.404 0.427 0.214 0.367 0.466 0.082 0.105 0.246 0.180 0.025 0.088 0.062

14 0.256 0.403 0.413 0.211 0.371 0.464 0.086 0.114 0.245 0.179 0.025 0.089 0.064

15 0.265 0.399 0.395 0.208 0.373 0.460 0.091 0.120 0.243 0.178 0.025 0.089 0.065

16 0.271 0.396 0.396 0.205 0.374 0.459 0.096 0.126 0.240 0.176 0.024 0.090 0.065

17 0.275 0.397 0.419 0.203 0.377 0.463 0.102 0.129 0.237 0.175 0.023 0.091 0.065

18 0.278 0.403 0.439 0.200 0.380 0.465 0.107 0.131 0.235 0.174 0.022 0.091 0.065

19 0.278 0.413 0.443 0.198 0.383 -- 0.112 0.131 0.235 0.173 0.021 0.090 0.064

20 0.278 0.424 0.440 0.195 0.383 -- 0.118 0.129 0.236 0.173 0.020 0.087 0.064

21 0.276 0.434 0.441 0.192 0.380 -- 0.124 0.126 0.237 0.172 0.020 0.084 0.064

22 0.274 0.442 0.443 0.191 0.377 -- 0.130 0.123 0.237 0.171 0.019 0.079 0.064

23 0.272 0.449 0.435 0.190 0.376 -- 0.135 0.119 0.237 0.170 0.019 0.075 0.065

24 0.269 0.453 0.427 0.189 0.376 -- 0.138 0.115 0.237 0.170 0.019 0.073 0.065

25 0.267 0.454 0.429 0.189 0.378 -- 0.140 0.112 0.236 0.170 0.018 0.072 0.065

26 0.266 0.453 0.430 0.189 0.382 -- 0.141 0.109 0.237 0.170 0.018 0.073 0.065

27 0.265 0.451 0.425 0.189 0.386 -- 0.141 0.106 0.239 0.171 0.018 0.073 0.065

28 0.263 0.450 0.417 0.189 0.388 -- 0.141 0.105 0.241 0.171 0.018 0.074 0.065

29 0.261 0.450 0.411 0.189 0.388 -- 0.141 0.104 0.242 0.172 0.018 0.075 0.065

30 0.260 0.450 0.408 0.189 0.388 -- 0.141 0.104 0.242 0.172 0.018 0.075 0.065

Time to steady-state discharge (min) 19 13 8 11 9 7 26 18 10 8 13 17 16

Average steady-state discharge 
(L/min)

0.268 0.431 0.427 0.197 0.377 0.464 0.141 0.115 0.240 0.175 0.020 0.079 0.065

CV of steady-state discharge 0.023 0.054 0.035 0.049 0.016 0.005 0.000 0.087 0.017 0.029 0.118 0.088 0.005

Steady Infiltration rate (mm/h) 28 20 18 36 23 21 28 26 19 24 19 18 21
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Figure 22. Smoothed discharge hydrographs for the medium-intensity nozzle GG10W at 
34 kilopascals (5 pounds per square inch). 
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Figure 21. Smoothed discharge hydrographs for high-intensity nozzle GG20W at 69 kilopas-
cals (10 pounds per square inch) and nozzle GG10W at 138 kilopascals (20 pounds per square 
inch).
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Figure 23. Smoothed discharge hydrographs for the low-intensity nozzle GG2.8W at 34 kilo-
pascals (5 pounds per square inch).

largest (0.118) for the lowest rainfall intensity but ranged from 
0.005 to 0.118. The perturbations associated with this tem-
poral variability may represent second-order processes such 
as small debris dams forming and breaking, changing con-
tributing area, connection of ponded areas along a flow path, 
connection of different flow paths, or the sudden infiltration of 
water into macropores. 

We calculated the steady infiltration rate as the steady 
rainfall intensity minus the steady-state discharge. The field 
infiltration values reached a steady state much like those in 
the studies of Robichaud (2000) and Benavides-Solorio and 
MacDonald (2001). Their experiments use higher intensities 
(about 80 mm/h), so we cannot make a direct comparison with 
the runoff from our plots because the steady-state discharge 
is dependent on the rainfall intensity. However, one way of 
extrapolating to higher rainfall intensities is by using the 
model of Smith and Goodrich (2000). This model assumes 
an underlying continuous lognormal distribution of saturated 
hydraulic conductivity. Given that the steady infiltration rate 
theoretically approaches the effective saturated hydraulic con-
ductivity of the soil, Smith and Goodrich (2000) have shown 
that the relation between rainfall intensity, I, and effective 
saturated hydraulic conductivity, K

se
, can be described by:

            (9) 

where I* = I/ε
K 

is the rainfall intensity normalized by the 
mean value ε

K 
of the saturated hydraulic conductivity and p is 

defined as:

                                                                                     (10)

where CV
K
 is the coefficient of variation in K

se
. This model 

was fit by eye to the observed data and then extrapolated to 
higher values of rainfall intensity.

The steady infiltration rates measured for the soils in our 
study area differ from those measured in other burned areas 
in Colorado. Our study area had steady infiltration rates on 
the 1-m2 scale at lower rainfall intensities similar to the steady 
infiltration rates (25–48 mm/h) measured by Benavides-
Solorio and MacDonald (2001) in burned Ponderosa pine 
stands closest to our study area.  For example, we calculated 
a steady infiltration rate of 20–36 mm/h for our GG20W 
nozzles. If these values are extrapolated to higher rainfall 
intensities using the Smith and Goodrich (2000) model, they 
are essentially the asymptotic values (22 and 26 mm/h), and 
it appears that on average, our steady infiltration rates are 
slightly lower than or the same as (fig. 24) than those recorded 
by Benavides-Solorio and MacDonald (2001). Benavides-
Solorio and MacDonald indicate fairly minor differences 
between their steady runoff rates from burned and unburned 
areas. Martin and Moody (2001) using a different technique 
reported average steady infiltration rates (±95 percent con-
fidence limits) of 26±15 mm/h (ponderosa pine), and 97±70 

K
se
 (I*)

1 +=

K

1
I*

p p
–1

( )[ ]

= 
1.8

CV
K

0.85
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mm/h (mixed conifer) for two burned areas in New Mexico 
and rates of 45+16 mm/h for a burned area (ponderosa pine) 
in Colorado. Reid and Love (1951) reported steady infiltration 
rates of 51 to 90 mm/h for forested areas at a similar elevation 
as our study area. Overall, infiltration rates were largely in 
the range of 10 to 100 mm/h. Thus, despite the fact our study 
area was maybe not as severely burned as the other areas, the 
steady infiltration under high rainfall application was similar 
to data collected in burned areas elsewhere in Colorado and 
New Mexico and were in the range of 20–50 mm/h. However, 
the measurements in this study are among the lowest recorded 
values for infiltration rates during rainfall simulation in a sev-
eral burned and unburned sites in Colorado and New Mexico 
(fig. 24). This may be because the ash layer at the soil surface 
was more intact (see “Research Site” section) than in the other 
studies. 

One hypothesis we tested to explain plot runoff variabil-
ity is that the infiltration rate is inversely proportional to the 
ash thickness. However, the infiltration rates measured in our 
rainfall simulation experiments were not correlated with the 
average ash thickness on the plots (fig. 25). The ash thickness 
was not uniform but spatially variable with some areas of bare 
soil. Plot S13 had a thick layer of ash (22 mm) but it also had 
three well-defined flow paths without ash (fig. 13 and table 
8), which may have permitted greater infiltration. In contrast 
the ash thickness on plot S15 was less than S13, but plot S15 
had less-defined flow paths (fig. 14), which contained some 
ash (fig. 14 and table 8) that may have absorbed water, thereby 
decreasing the infiltration rate. Plot N15 had the greatest aver-
age ash thickness (27 mm), less slope, finer soil (table 9), finer 
ash (table 9) that allowed the water to pond and run off, fewer 
well-defined flow paths, and a decrease in the infiltration rate 
relative to plot S15. Thus, the infiltration rate is probably a 
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Figure 24. Steady-state infiltration rates as a function of steady rainfall intensity for burned and unburned plots 
in Colorado, New Mexico, and Nevada.

complex relation between rainfall intensity, slope, soil and ash 
particle size, ash thickness, and, important characteristics of 
the flow paths.

Differences between runoff for plots of different aspects 
were better detected at lower incident rainfall intensities. For 
example, when medium intensities (34–41 mm/h produced by 
nozzle GG10W and GG20W) were applied on the north plots 
(experiments 10 and 12), the plots produced a greater steady 
discharge (0.240 and 0.175 L/min, respectively) than the 
steady discharge (0.141 and 0.115 L/min) of the south plots 
(experiments 5 and 6 respectively). For experiments 10 and 
12 on the north-facing soil, the hydrographs also rose more 
rapidly, but this may have been a function of the plots having 
been wet from an earlier experiment rather than a difference 
in capillary response of south-facing soils. Experiments using 
the GG2.8W nozzle indicate pronounced differences between 
the plots. No runoff was generated on plot S13 (experiment 8) 
and little was generated on S15 (experiment 7). Therefore, 
differences in north and south burned slopes are likely because 
of increased organic matter in north slope soils and distinct 
vegetation patterns on north and south slopes.

The rationale for using three rainfall intensities was to 
identify whether threshold rainfall for runoff could be mea-
sured for these burned plots. For three experiments (7, 8, 
and 11), the rainfall intensity was 19–20 mm/h. No observed 
runoff was generated for experiment 8 (20 mm/h) and only 
0.020 and 0.065 L/min (table 13) were generated for experi-
ments 7 (19 mm/h) and experiment 11 (20 mm/h). Thus, the 
work suggests that the observed rainfall threshold for these 
1-m2 plot experiments was about 20 mm/h (fig. 26), which is 
similar to thresholds (10–20 mm/h) identified in several field 
areas (Moody and Martin, 2001a; Kunze and Stednick, 2006; 
Moody and others, written commun., 2007).

54  Infiltration and Runoff Measurements on Steep Burned Hillslopes



0

5

10

15

20

25

30

35

40

0 5 10 15 20 25 30
AVERAGE ASH THICKNESS, IN MILLIMETERS

ST
EA

DY
 IN

FI
LT

RA
TI

ON
 R

AT
E,

 IN
 M

IL
LI

M
ET

ER
S 

PE
R 

HO
UR

N13

S13

S15

N15

Figure 25. Correlation plot of steady-state infiltration rate relative to ash thickness.
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ing a threshold intensity at about 10–15 millimeters per hour.
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Overland Flow Velocities and Flow Paths

Visual observations were recorded during the rising limb 
of the runoff hydrograph, and overland flow velocities were 
measured during the steady-state phase of the runoff hydro-
graph. The visual observations focused on identifying the 
condition of “ponding” where water was no longer infiltrat-
ing in an area (about 0.03 m in diameter), the depth of the 
water was accumulating, but the area had insufficient depth to 
produce runoff (tables 14 and 15). Flow velocities (table 16) 
ranged from 0.0028 m/s (experiment 7 on S15 with the lowest 
rainfall intensity of 19 mm/h) to 0.070 m/s (experiment 6 on 
S13 with a medium rainfall intensity of 34 mm/h). No velocity 
measurements were made for experiments 1–4 (on the south-

facing plots) with the highest rainfall intensity (46–49 mm/h). 
The highest flow velocities for rainfall intensities of 47 and 
51 mm/h (experiments 13 on N15 and experiment 14 on N15) 
were 0.042 and 0.064 m/s, respectively. In general, the flow 
paths were about 0.01 m wide with some as wide as 0.1 m, 
and a few flow depths were measured that ranged from 1 to 
3 mm. We estimated the discharge from the flow paths as the 
product of 0.01 m (width) times 0.002 m (depth) times the 
average of all velocity measurements made in each flow path 
(table 16). The discharge from each contributing flow path was 
summed to give the total discharge for the flow-path network. 
For low-intensity rainfall, the total flow-path discharges 
(0.04 and 0.15 L/min for experiments 7 and 8, table 16) were 
essentially the same as the measured steady-state discharge 

Table 14.  Observations of runoff from north-facing plots during the rising limb of the hydrograph
[ponding, standing water covering an area greater than about 0.03 meter in diameter; the locations of ponding are a rough guide because flow paths were not 
straight; ~, approximate; --, no data; m, meter; min, minutes; times indicate when observations were made, not necessarily when the observed phenomena 
took place]

Elapsed 
time 
(min)

Location
Flow 
path

Observation
x(m) y(m)

Experiment 9; October 8, 2004; Plot N13

1 -- -- -- surface got a little wet when tarp was removed; tarp leaked

2 0.20 –0.25 2 ponding

3 0.20 –0.25 2 runoff has begun all the way to the outlet on the collecting apron

0.10 –0.35 1 connected to collecting apron

7 0.20 –0.05 2 connected to collecting apron

0.10 –0.05 1 connected to collecting apron

9 0.48 –0.40 4 not fully connected

0.90 –0.20 5 connected to collecting apron; has piece of tarp underneath

13 0.48 –0.40 4 still not connected; enters hole at x=0.52 m and y=0.40 m

0.42 –0.60 3 pool of water

17–30 -- -- -- velocity measurements–see table 16

Experiment 10; October 8, 2004; Plot N13

1 0.10 –0.60 1 and 2 ponding where 1 and 2 meet

0.42 –0.60 3 ponding  

0.48 –0.02 4 ponding

0.90 –0.20 5 ponding

3 0.58 –0.72 6 new ponding downhill of root but not connected to collecting apron

4 0.90 –0.20 5 connected to collecting apron

5 0.10 –0.35 1 connected to collecting apron

0.20 –0.25 2 connected to collecting apron

6 0.42 –0.60 3 connected to collecting apron but was not connected in experiment 9

7 0.58 –0.70 6 connected to collecting apron

9 0.48 –0.02 4 connected

0.90 –0.20 5 connected

-- -- 3 and 4 these were not linked because of hole at x=0.52 m and y=0.40 m

11–30 -- -- -- velocity measurements–see table 16
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Experiment 11; October 8, 2004; Plot N15

0 -- -- -- some mold on surface; plot had been covered with tarp

1 -- -- -- surface appeared to be more day than N13; some leaves collecting water

3 0.60 –0.60 1 connected

8 -- -- -- not much connection except near collecting apron

13 0.18 –0.38 2U ponding

16 0.48 –0.78 2L ponding and connected to collecting apron

20 0.28 –0.78 2L connected to collecting apron

23 0.28 –0.68 2L connected to 2L

24 -- -- --
flow has not established well enough to measure velocity because it would 
be hard to see when dye arrive

28 0.58 –0.53 -- area is connected between bones

Experiment 12; October 8, 2004; Plot N15

~2 0.40 –0.90 1 and 2L both flow paths are contributing

~7 0.60 –0.58 1 is connected

0.00 –0.90 -- entire area is wet

~9 0.00 –0.20 -- entire area is contributing

~12 -- -- --
about 50 percent of plot is ponded; area around skeleton and other higher 
areas are not ponded; uphill from skeleton is not ponded but wet

~13–25 -- -- -- velocity measurements–see table 16

Experiment 13; October 9, 2004; Plot N15

2 0.10 –0.1 2U ponded

6 -- -- 2 and 3 both flow paths are connected

8 -- -- 1 and 5 both are active

14 -- -- -- entire lower part of plot is ponded

16 -- -- -- ridges are wet but not ponded

12–25 -- -- -- velocity measurements–see table 16

Experiment 14; October 9, 2004; Plot N13

2 -- –0.30 All ponded

3–5 -- -- 1 and 2 connected

6 -- -- 3 connected

-- -- 6 connected

0.68 –0.70 --
this area behaved differently than on October 8, 2004; split and went 
toward flow path 3

-- -- 5 connected

7 -- -- 4
connect to flow path 5 and 6 (on October 8, 2004, flow path 4 was not 
connected to flow path 6

10–18 -- -- -- velocity measurements–see table 16

18 -- -- -- float in water tank stopped pump

Table 14.  Observations of runoff from north-facing plots during the rising limb of the hydrograph.—Continued
[ponding, standing water covering an area greater than about 0.03 m in diameter; the locations of ponding are a rough guide because flow paths were not 
straight; ~, approximate; --, no data; m, meter; min, minutes; times indicate when observations were made, not necessarily when the observed phenomena 
took place]

Elapsed 
time 
(min)

Location
Flow 
path

Observation
x(m) y(m)
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Table 15.  Observations of runoff from south-facing plots during the rising limb of the hydrograph. 
[ponding, standing water covering an area greater than about 0.03 m in diameter; the locations of ponding are a rough guide because flow paths were not 
straight; ~, approximate; --, no data; m, meter; min, minutes; times indicate when observations were made, not necessarily when the observed phenomena 
took place]

Elapsed 
time
(min)

Location
Flow 
path

Observationx(m) y(m)

Experiment 5; September 8, 2004; Plot S13

7 0.1 0.2 –0.90 –1.00 1 ponded at the bottom and connected to collecting apron

0.1 0.2 –0.55 –1.00 1 connected 

0.4 0.5 –0.30 –0.50 3 not connected but dye infiltrated at end of flow path

7–15 0.1 0.2 –0.30 –1.00 1 connect from lip of apron up to fungus; faster below y= -0.55 m

0.6 0.7 –0.15 –0.70 2 not connected to apron; dye infiltrated at end of flow path

16–25 -- -- -- -- -- velocity measurements–see table 16

Experiment 6; September 8, 2004; Plot S15

5 0.80 0.90 –0.50 –1.00 6 connected

7 0.40 0.50 –0.40 –0.50 4 connected but infiltrated at the end of flow path

8 0.60 0.70 –0.50 –1.00 5 infiltrated before reaching lip of collecting apron

10 0.90 1.00 –0.15 –1.00 6 connected to collecting apron

11.5 0.60 0.70 –0.50 –1.00 5 connected to collecting apron

12 0.02 0.05 –0.80 –0.90 7 connected into pond at end of flow path 1

15 0.10 0.20 –0.15 –0.50 2 connected to flow path 1

16 0.10 0.20 –0.05 –1.00 1 connected to collecting apron

17 0.30 0.40 –0.20 –1.00 3 connected to collecting apron

18–25 -- -- -- -- -- velocity measurements–see table 16

Experiment 7; September 9, 2004; Plot S15

1 0.10 0.20 –0.05 –1.00 1 a bit moist

3 0.10 0.20 –0.20 –0.60 2 ponding

0.60 0.70 –0.50 –1.00 5 ponding

0.90 1.00 –0.15 –1.00 6 ponding

6 0.10 0.20 –0.20 –0.60 2 connected to 1 but neither 1 or 2 was connected to collecting apron

7.5 0.90 1.00 –0.40 –1.00 6 connected to collecting apron

10 0.10 0.20 –0.20 –0.40 2 this part connected but not to lower part of flow path

11 0.10 0.20 –0.80 –1.00 1 ponding at the base of this flow path connected to collecting apron

12 0.60 0.70 –0.50 –1.00 5 connected to collecting apron

0.90 1.00 –0.10 –0.30 6 connected but moving slowly

13–28 -- -- -- -- -- velocity measurements–see table 16

29 0.30 0.40 –0.20 –1.00 3 ponded but discontinuous

Experiment 8; September 9, 2004; Plot S13

2.5 -- -- -- -- -- no ponding but areas with rocks and fungus were getting wet faster

5 0.1 0.2 –0.90 –1.00 1 ponding started

7 0.1 0.2 –0.90 –1.00 1 ponded water was not connected to collecting apron (dye test)

11 0.6 0.7 –0.15 –0.70 2 not ponded and never ponded

17 0.1 0.2 –0.20 –0.50 1 slightly ponded but no connection with bottom

0.1 0.2 –0.80 –0.90 1 pond has not reached lip of collecting apron

18–30 no velocity measurements because there was no observed runoff
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Table 16. Flow velocities at selected locations during the steady-state discharge phase of the rainfall simulation experiments.
[m, meters; s, seconds; min, minutes; flow paths and shown in figures 14–17; width of flow paths were estimated to be 0.01 meter and flow depths were 
estimated to be 2 millimeters; these estimateds were used to estimate the discharge; SUM, is the sum of each average of measurements for separate flow 
paths; ~, approximate]

North plots South plots

Elapsed time 
(min)

Flow path
Velocity 

(m/s)
Estimated discharge  

(L/min) 
Elapsed time 

(min)
Flow path

Velocity 
(m/s)

Estimated discharge 
(L/min) 

Experiment 9; October 8, 2004; Plot N13 Experiment 5; September 8, 2004; Plot S13

~16–30 1 0.019 0.02 ~16–25 2 0.033 0.04

~16–30 2 0.034 0.04 ~16–25 2 0.050 0.06

~16–30 5 0.014 0.02 ~16–25 1 0.010 0.01

~16–30 1 0.022 0.03 ~16–25 1 0.042 0.05

SUM 0.08 SUM 0.08

Measured total 0.08 Measured total 0.14

Experiment 10; October 8, 2004; Plot N13 Experiment 6; September 8, 2004; Plot S13

~10–30 1 0.014 0.02 ~17–25 1 0.020 0.02

~10–30 2 0.020 0.02 ~17–25 6 0.030 0.04

~10–30 5 0.023 0.03 ~17–25 5 0.025 0.03

~10–30 5 0.019 0.02 ~17–25 5 0.029 0.03

SUM 0.07 ~17–25 1 0.026 0.03

Measured total 0.24 ~17–25 1 0.016 0.02

Experiment 11; October 8, 2004; Plot N15 ~17–25 1 0.046 0.06

flow not well established so dye could not be
seen and no velocity measurements

were made

~17–25 4 0.020 0.02

~17–25 4 0.070 0.08

SUM 0.15

Measured total 0.12

~13–25 2 0.015 0.02 Experiment 7; September 9, 2004; Plot S15

~13–25 3 0.015 0.02 ~12–28 1 0.003 0.003

SUM 0.04 ~12–28 1 0.003 0.003

Measured total 0.18 ~12–28 6 0.021 0.03

Experiment 13; October 9, 2004; Plot N15 ~12–28 5 0.005 0.01

12 2U 0.019 0.02 ~12–28 1 0.007 0.01

13 3 0.023 0.03 SUM 0.04

19 5 0.024 0.03 Measured total 0.02

20 3 0.014 0.02

23 2L 0.042 0.05 Experiment 8; September 9, 2004; Plot S13

24 2U 0.020 0.02 no observed discharge

25 5 0.025 0.03

26 3 0.032 0.04

SUM 0.09

Measured total 0.38

Experiment 14; October 9, 2004; Plot N13

10 1 and 2 0.064 0.08

12 1 0.016 0.02

18 2 0.038 0.05

SUM 0.08

Measured total 0.46
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Figure 27. Correlation plot of total suspended-sediment concentration relative 
to measured discharge from the approximately 1-square meter plots.

(0.020 and 0.15 L/min, table 13). For the medium and highest 
rainfall intensities, the flow-path discharges ranged from 11 to 
57 percent of the measured discharge (except for experiment 
6 where it was 129 percent). Thus, the contribution by the 
flow-path network does not provide enough discharge (except 
for low rainfall intensities) and water must flow from either 
the surface of the ash or along the ash/soil interface. Alterna-
tively, the flow-estimation procedure is too crude and leads to 
underestimates of flow at higher discharge. 

Suspended Sediment

Suspended sediment was collected only from experiments 
in the north-facing study area. Most of the material was very 
fine sand (0.063–0.125 mm) and silt and clay-sized particles 
(<0.063 mm, some of which were probably ash). Total concen-
trations ranged from 104 to 934 mg/L and were weakly cor-
related (fig. 27) with the measured discharge from the plots. 
Bedload sediment was not collected during the experiments.

Summary
Multiple rainfall intensities were used in rainfall-simula-

tion experiments designed to investigate the infiltration and 
runoff from 1-m2 plots on burned hillslopes covered by an ash 
layer of varying thickness. The 1-m2 plots were on north- and 
south-facing hillslopes in an area burned by the Overland fire 
northwest of Boulder on the Front Range of Colorado. 

The rainfall simulator was a nozzle-type system with a 
single nozzle. Different nozzles were used to produce differ-
ent rainfall intensities and kinetic energies. The simulated rain 
was tested using a two-dimensional video disdrometer and 
differed from natural rain. The mean drop diameter was less 
than 2 mm, and drops were closer to a spheroidal shape than 
the oblate spheroidal shape observed for natural raindrops with 
diameters greater than 2 mm. Wide-angle, single-cone nozzles 
used in these experiments produced more spatially uniform 
rainfall intensity than regular single-cone nozzles. More varia-
tion was present in the upslope-downslope direction than in 
the cross-slope direction. The simulated rainfall did not have 
any significant temporal trends, but short-term temporal vari-
ability (change of rainfall with time) was about 2.3 mm/h/min 
and the greatest long-term (rain-gage array) variability was 
0.31 mm/h/min. Measured rainfall intensities were greater 
than were predicted by calculations made using data from the 
nozzle manufacturer. However, the unit rainfall energy of the 
simulated rain was less than was predicted by empirical equa-
tions developed for rainfall in other settings. Two-dimensional 
video disdrometers were useful in examining drop charac-
teristics but also have limitations when used to measure the 
characteristics of simulated rain. This instrument has a large 
error associated with small raindrops (less than 1 mm), which 
are typical of simulated raindrops produced by commercial 
full-cone nozzles.

The north- and south-facing study areas had bedrock 
outcrops (11 percent on the north and 31 percent on the south) 
on the upper slopes and soil on the lower slopes. Upper and 
lower slopes were covered by a nearly uniform layer of ash 

60  Infiltration and Runoff Measurements on Steep Burned Hillslopes



Table 17. Suspended-sediment concentration during steady-state discharge from north-facing plots.
[mm, millimeters; h, hours; L, liters; min, minutes; mg, milligrams; <, less than; >, greater than]

Elapsed 
time 
(min)

Incident 
rainfall 

intensity  
(mm/h)

Measured 
discharge 

(L/min)

Percentage of total sample in each size class
Total con-
centration 

(mg/L

Suspended-
sediment 
discharge 
(mg/min)

>2 
mm

2–1 
mm

1–
0.500 
mm

0.500–
0.250 
mm

0.250–
0.125 
mm

0.125–
0.063 
mm

<0.063 
mm

Experiment 9; October 8, 2004; Plot N13

10–19 24 0.079 0 2.1 1.6 3.2 26.4 41.2 25.6 431 34

Experiment 10; October 8, 2004; Plot N13

12–14 38 0.240 0.7 0.41 6.6 14.3 13.1 12.0 53.0 841 202

Experiment 11; October 8, 2004; Plot N15

13–22 20 0.065 0.8 0.8 3.1 4.6 16.2 36.4 38.1 161 10

Experiment 12; October 8, 2004; Plot N15

13–16 41 0.176 2.4 1.2 1.2 9.7 21.7 4.8 59 104 18

Experiment 13; October 9, 2004; Plot N15

14–15 47 0.380 4.9 2.3 3.5 4.3 5.2 4.1 75.7 411 156

Experiment 14; October 9, 2004; Plot N13

14–15 45 0.464 3.3 4.6 4.5 18.5 17.2 20.8 31.0 934 433

(14 and 15 mm on the north and 10 and 15 mm on the south). 
The ash covering the experimental plots was thicker and finer 
grained (D

50 
= 0.30–0.40 mm) in the north-facing study area 

than in the south-facing study area (D
50

 = 0.75–1.50 mm). The 
bulk density of this ash was less than the density of water, 
but the particle density of the ash increased with decrease 
in particle size and ranged from 1,700 to 2,400 kg/m3. This 
trend may reflect the inclusion of eolian transport of mineral 
material during and after a wildfire. The litter and duff layer 
remaining after the fire was thicker in the north-facing study 
area (32–37 mm) than in the south-facing study area (10 mm). 
The surface soil also was finer in the north-facing study area 
(D

50
 = 0.46–0.88 mm) than in the south-facing study area 

(D
50

 = 0.74–1.02 mm), and similar median diameters were 
measured within the plots for the underlying soil. The similar-
ity of the particle size of the ash and the soil may reflect the 
interrelation between soils and vegetation on north- and south-
facing slopes.

Infiltration rates were measured for several steady rainfall 
intensities ranging from 18 to 51 mm/h, which are typical of 
natural rainfall intensities. The steady-state infiltration rates 

were similar to the lowest infiltration rates measured by other 
studies in burned and unburned areas. All the measurements 
combined represent a relatively narrow range on infiltration 
rates (mostly 10–100 mm/h). One hypothesis for the lower 
values that we measured was the presence of a relatively intact 
and continuous layer of ash. However, infiltration rates were 
not inversely correlated with average ash thickness but prob-
ably depend on the rainfall intensity and the spatial variability 
of the ash, specifically the small areas with no ash that are 
superimposed on the major flow paths. For the low rainfall 
intensities (20–25 mm/h), little (0.020–0.065 L/min) or no 
discharge was observed, which suggests that all the rainfall 
infiltrated and the 20 mm/h may be a rainfall intensity thresh-
old for these natural field conditions.

The theoretical flow-path characteristics were similar 
among the four experimental plots. Theoretically, each plot 
developed a 6th-order drainage network, but runoff was 
observed in only 2–4 of the flow paths during the rainfall 
simulation experiments. Initially, the runoff was unsteady and 
increased to a steady state within 7–26 minutes depending 
upon the antecedent soil moisture and rainfall intensities.  
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