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ABSTRACT
Post-fire debris flows initiated by overland flow in the Pacific Northwest (PNW)
are largely undocumented. Instead, debris flows are typically initiated by shallow
landslides that result in a mud slurry of water and sediments traveling downhill under the
force of gravity. However, because of the Fall 2020 fires in Oregon, the typical initiation
style and erosional patterns in burned catchments may have changed because of
unusually high burn severity. Due to the intensity of these fires, we set out to determine
how hydrologic processes and erosion occurred, when they occurred, and what process
was primarily responsible for the erosion that ensued. To investigate this, we studied the
South Fork Clackamas River and Memaloose Creek catchments within the Riverside Fire
perimeter. Here, we collected hydrologic measurements and consecutive lidar scans with
a terrestrial laser scanner. The terrestrial lidar scans were pre- and post-PNW wet season
as to capture the post-fire surface changes due to rainfall and runoff. Additionally, we
administered infiltration tests and runoff monitoring. From these data and collected
precipitation, we developed a runoff response model to delineate the timing of probable
erosion during a rain event and to define the relationships between different runoff
pathways: Hortonian overland flow, saturation excess overland flow, and baseflow. From
our lidar scans, we found erosion was patchy throughout our sites without any rilling or
indicators of debris flows from November 2020 to March 2022. This erosion, which
averaged 2.13 mm, was likely due to rainsplash and Hortonian overland flow on
December 20th-21st, 2020, and January 12th-13th, 2021, as depicted in our runoff response
model. According to volume estimates, it’s likely the greatest amount of erosion occurred
on the January 12th-13th event. Specifically, this erosion occurred in the central, planar to
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convergent parts of our catchments with sediment being captured in the rocky borders.
The lowest averaged saturated hydraulic conductivity was 61.5 (± 33.8) mm/hr.
Therefore, for a debris flow to be initiated by runoff in glacial tills in the Oregon Western
Cascades, we can conclude that saturated hydraulic conductivity will need to be less than
61.5 mm/hr and peak rainfall intensity will need to be greater than 85 mm/hr.
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SECTION 1: INTRODUCTION
Intense rainfall immediately after a wildfire can induce flooding, accelerate
erosion rates, increase suspended sediment concentration in streams, and initiate mass
wasting processes such as debris flows (DeLong et al., 2018, Ryan et al., 2011). Debris
flows, post-fire and not, are rapidly moving slurries of saturated debris and sediments
(Iverson, 1997). They occur within steep, mountainous channels or catchments, are
triggered by high intensity and/or duration rainfall events, and travel under the force of
gravity (Hungr et al., 2013). Debris flows are also thought to be one of the main controls
on topographic relief of steepland valleys and contribute to landscape evolution. For
instance, Stock and Dietrich (2003) found that many debris flows in various mountain
ranges were the main processes that removed sediments from these steepland valleys,
exposing the bedrock to further incision. However, debris flows coming from
mountainous channels also pose a hazard to ecosystems, communities, and infrastructure.
Though they are reported in media less frequently than other natural hazards, they are
dangerous due to their unpredictable, quick initiation and long runout distances (Santi et
al., 2011). They also tend to reinitiate and runout in locations that have failed previously,
following established routes and causing repeated destruction (Hungr et al., 2013). For
example, the Dodson debris flow in the Columbia River Gorge in January 2021, which
resulted in one fatality, occurred at the same site as a debris flow in 1996 (Ryan, 2021;
LeDuc et al., 2001).

In the Pacific Northwest United States, debris flows are often landslide initiated
rather than runoff initiated (Wondzell and King, 2003). Landslide initiated debris flows

2

are caused when water saturates a package of soil and fills the pore spaces, raising pore
pressure and decreasing its shear strength. When the soil’s resistance decreases to less
than the driving stresses on this package, the soil will slide downhill with the force of
gravity and create a centimeter to meter size fracture, or scarp, in the soil where the
package broke away. In contrast, runoff initiated debris flows lack both a scarp and initial
water saturation. Instead, water saturation is limited, and overland flow is promoted when
fires create water repellent soils or if the water cannot infiltrate into the soil as fast as it is
falling. Runoff initiated debris flows begin by water flowing on top of the soil during
rainfall, entraining sediment. These sediments coalesce on hillslopes into a convergent
zone, like a channel. Once these sediments build up, they are washed out and mobilized
out of the catchment (Wondzell and King, 2003). Therefore, due to the influence that
wildfires have on water infiltration and runoff, a landscape may experience more runoff
initiated debris flows with increasing wildfire frequency.

During the fall of 2020, immense wildfires burned thousands of hectares of
forested and residential land in western Oregon. The size, expanse, and high burn severity
of these wildfires were historically unprecedented, raising uncertainties for how post-fire
slope processes would react. With intense burn severity, soil hydrophobicity increases at
many sites so water is not readily infiltrated into the soil, and the movement of pre- and
post-fire sediment in overland flow becomes more common (Wondzell and King, 2003).
Pre-fire sediments comprise loosened soils, gravel, rocks, or woody debris that were
already present on the hillslopes before the fire. The post-fire sediments include burned
woody debris and ash from the upper canopy, leaf litter, and lower vegetation on the
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hillslopes or sediments eroded by rilling and deposited in channels. Due to intense
rainfall during the Pacific Northwest wet season following the fall 2020 wildfires,
overland flow may have driven the movement of hydrophobic sediments and woody
debris on moderately to severely burned slopes to amalgamate into debris flows.

To aid in modeling where runoff initiated debris flows occur, the United States
Geological Survey (USGS) has developed a post-fire debris flow susceptibility model for
the state of California (Staley et al., 2014). However, there is no model developed yet for
the Pacific Northwest to understand the processes influencing these erosional and
destructive debris flows following such high burn severity fires. This may pose an issue
for mitigating risk as high severity fires may become more common in the Pacific
Northwest (Wall et al., 2020).

1.1 Purpose of Study
Considering the destructive potential of debris flows and lack of a solidified
model for their post-fire initiation in the Pacific Northwest, we asked the following: (1)
due to the immense size and severity of the fall 2020 fires, how will hydrologic processes
occur, and what rainfall or saturated hydraulic conductivity thresholds are needed to
produce substantial erosion in the Pacific Northwest? Due to intense rainfall and the
succeeding processes, we also asked (2) how much erosion occurred, when did it occur,
and what hydrologic processes were primarily responsible for it to ensue?
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To understand these questions in greater detail, we investigated headwater
catchments of the Clackamas River, including Fish Creek, South Fork Clackamas River,
and Memaloose Creek located within the 2020 Riverside Fire burn perimeter, which
severely burned ~566 square kilometers of land. This area has experienced widespread
debris flows in the past, for example during the 1996 storms (DeRoo et al., 1998;
DOGAMI (c), 2020). We aimed to define what erosion and potential debris flow
initiating processes ensued following this calamitous fire. More specifically, we wanted
to understand how erosion and mass wasting processes are influenced by topographic and
hydrologic characteristics such as elevation, slope, topographic roughness and infiltration
capacity of the burned soils. Work towards these objectives was accomplished by in-situ
hydrologic measurements and feeding parts of the collected data into a numerical runoff
response model to constrain runoff relationships and timing. Accompanying this, we
performed repeat terrestrial laser scanning of our sites to gain an understanding of how
erosion ensued over the year following the fire. Results from this research will contribute
to society by furthering understanding of the hazards that post-burn sediments and mass
wasting processes will have on susceptible communities and ecosystems, especially
within the vicinity of the fall 2020 western Oregon fires. Further, it may assist with future
modeling of debris flows susceptibility in the PNW. Modeling could be aided by
compiling information (as provided in such research as this document) on erosion and
debris flow initiation influenced by slope, elevation, and hydrologic thresholds.
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SECTION 2: BACKGROUND
2.1 Location and Local Geology
The Riverside burn area is located southeast of Estacada, Oregon, on the western
side of the Cascade Mountain Range. The Fish Creek, South Fork Clackamas River, and
Memaloose Creek catchments are located parallel to one another in the Mount Hood
National Forest and drain into the west-flowing Clackamas River just downstream from
its confluence with the Roaring River (Fig. 1). Three chutes were monitored on
Memaloose Creek, denoted as Site 1, Site 2, and Site 3, and one on South Fork
Clackamas River denoted as Site 4 (Figs. 2 & 3). These sites were chosen because of
their high burn severity, steep slopes, location near roads on publicly accessible land,
predicted high post-fire debris flow probability by the USGS (2020), and low tree
density. Low tree density is optimal for our investigation because fewer shadows are
introduced during terrestrial laser scanning (Section 3.4).

Our sites in the Western Cascades experience Mediterranean wet winters of long
duration, low intensity rainfall, and many rain-on-snow events (Wondzell and King,
2003). As a reference for the typical amount of rainfall received in this area, mean annual
precipitation based on a 30-year average from 1991 to 2020 is 2,597 mm (PRISM, 2022).
Most of this precipitation (about 80%) falls during the wet months in the winter, with
summer being dry and hardly contributing to this annual amount (Johnson and Beschta,
1981; DeRoo et al., 1998). Our Memaloose Creek sites sit within the transient snow zone,
where rain-on-snow events often produce rapid melting of snowpack that can result in
shallow landslides. However, infiltration rates measured under normal conditions at the
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Figure 1. Map of study area. Riverside Fire burn area (pink polygon) is southeast of Estacada, Oregon
(NIFC, 2021). Red pins denote our monitoring sites on Memaloose Creek (Sites 1, 2, and 3) and South
Fork Clackamas River (Site 4). Black circles mark locations of USGS stream gauges 14209710 and
14210000 (reported in Appendix I for cross reference). Inset map shows the location of the study area
(black circle) in reference to the state of Oregon.

H.J. Andrews Experimental Forest, which has similar bedrock geology and soil
development, have been documented between 175 and 300 mm/hr, discouraging overland
flow during precipitation (Johnson and Beschta, 1981; Perkins and Jones, 2008).

Vegetation supported by this precipitation varies slightly between our sites. Site 4
is located within the Western Hemlock Zone and Sites 1-3 are within the Pacific Silver
Fir Zone, both containing Douglas fir, western hemlock, and noble fir trees (Howes,
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Lower Elevation,
Towards
Memaloose Creek

Figure 2. Locations of Sites 1, 2, and 3 at Memaloose Creek. Site locations appear as dark swales in
the hillshade and are denoted by black arrows. Light brown polygon outline represents height
difference raster extents (Section 4.6). Black lines represent 10 m elevation contours. To the west of
the sites is National Forest Road 45. East of the sites is a cliff and drop in elevation towards
Memaloose Creek. Underlying data is 1 m resolution lidar-derived hillshade (DOGAMI (a), 2020).

South Fork
Clackamas River

Pressure
Transducer

Figure 3. Location of Site 4 on South Fork Clackamas River. Top of swale at the highest elevation is
denoted by a black dashed line. Light brown polygon outline represents height difference raster extent
(Section 4.6). Black circle is the pressure transducer location. Gray lines represent 10 m elevation
contours. Site faces the southeast towards and sits below National Forest Road 45. Underlying data is a
hillshade map derived from 1 m resolution lidar (DOGAMI (a), 2020).

8

1979). Earlier in the 1800s, the Clackamas River watershed, among many other
watersheds in the Western Cascades, was identified for its old-growth Douglas fir trees
which were later sourced for the World War II effort. By 1944 about 41% of the Fish
Creek Watershed had been harvested (DeRoo et al., 1998). This logging involved the
construction of 230 km of roads by 1994 in the Fish Creek Watershed alone to support
the boom in logging (USFS, 1999; DeRoo et al., 1998). Approximately 77 km of these
roads had been identified to be within 60 m of streams. Roads in this proximity to
streams can produce significant sediment loads that may be deposited into aquatic
ecosystems due to their interference with natural hillslope processes and erosion (DeRoo
et al., 1998). For instance, it has been found in an evaluation of mass wasting within the
H.J. Andrews Experimental Forest, a site representative of most of the Western Cascades
(Swanson and Dyrness, 1975), that roadways and deforestation caused potential issues
for ecosystems and landsliding. In that forest they found that road construction in
watersheds altered surface drainage, slope mass, and shallow subsurface flow of water,
which potentially contributed to slope instability and a fivefold increase in landsliding
(Swanson and Dyrness, 1975).

Beneath the roadways of the study area, bedrock consists generally of
volcaniclastic rocks, alluvium conglomerates, lahars, and tuffaceous rocks (Fig. 4), and
each of these units has varying degrees of slope instability (DeRoo et al., 1998). The
oldest rock units in our area are Oligocene and Miocene Little Butte Volcanics
(Anderson, 1978). They are overlain by the Columbia River Basalts Group and the
Sardine Formation andesites of Miocene age (Anderson et al., 1978). Above the Sardine
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Formation is the Miocene Rhododendron Formation Basalts comprising the late Western
Cascade Volcanics, in which Site 4 is located. Late Western Cascade Volcanic intrusive
dikes and NW-SE striking faults crosscut various units within our area (Hammond et al.,
1982; DOGAMI (b), 2020). Pliocene and Pleistocene age basalts of the Boring Volcanic
Field, in which Sites 1-3 are located, overlie the Rhododendron Formation, followed by
an exposed, thin veneer of Quaternary glacial deposits above (Hammond et al., 1982;
Sherrod and Smith, 2000) (Fig. 4). Site 4 resides in brown, uncompacted, cobbly to
gravely loam till with a high content of boulders and stones. Sites 1-3 reside in brown,
unconsolidated gravelly to gravelly silt loams deposited by alpine glaciers (Howes,
1979). However, based on susceptibility to slope failure analyzed in the Fish Creek
watershed, the Rhododendron Formation, Salmon Butte (overlying the Rhododendron
Fm., primarily exposed in Roaring River watershed to the North), and Bull Creek beds
(underlying the Columbia River Basalts Group, exposed in south Fish Creek), can be
categorized as weaker units with greater landslide frequency (DeRoo et al., 1998,
Hammond et al., 1982; Sherrod and Scott, 1995).

2.2 Historic Landslides in the Study Area
The Mount Hood National Forest has received impressive historic amounts of
precipitation that have led to landslide and debris flow initiation (Fig. 5). In December of
1964 and January of 1965 annual averages of rainfall were nearly reached over a 5 day
period, initiating landslides and floods killing 20 people (LeDuc et al., 2001). The
damage in the Fish Creek Watershed caused by this 1964 Christmas Flood resulted in it
being listed as a Tier One watershed for salmon population recovery and investigated for
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a

b

Site 4

Sites 1, 2,
3

Figure 4. Map of local geology. Ta2 and Tr are of the Rhododendron Formation in the Late
Western Cascade Volcanics (note name change at geologic map boundary). QTb are of the Boring
Volcanic Field. Qyt are Quaternary age deposits of the Cabot Creek glaciation. Red pins denote
monitoring Sites 1, 2, 3 (from south to north) and 4. Only two pins appear on map (b) as Sites 2
and 3 are in close proximity. Underlying the geologic map compilation is a 1 m resolution lidarderived hillshade from DOGAMI (a. 2020). Map (a) is by Sherrod and Smith (2000) and (b) is by
Hammond et al. (1982), compiled by DOGAMI (b. 2020). Entire map area is covered in a thin
veneer of glacial tills (Howes, 1979). Scale, north direction, and legend are the same for both
maps.

mass wasting (USFS, 1999). In February of 1996, a tropical atmospheric river brought
warm temperatures and a historically unprecedented amount of precipitation over a 4-5
day period to the localities surrounding Mount Hood. Leading up to February,
Government Camp recorded 155% more precipitation from October to January compared
to its normal amount received during this timeframe, a precursor to coming flood
conditions. From February 7th to the 11th a total of 40.9 cm of rainfall was recorded over a
5 day period at a collection site on the Clackamas River southeast of our study area,
producing a return interval >100 years for the Clackamas River basin. The Clackamas
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River flood waters crested at 530 cm, just 30 cm less than the flood stage during the 1964
storm (USDA (a), 2001).

The rainfall intensity of the February 1996 storm differed between basins
dependent on orographic characteristics, but the Fish Creek watershed within the
Clackamas River basin sustained the most damage out of all the catchments in the Mount
Hood National Forest. A total of 236 landslides were initiated, damaging roads, trails,
and channel systems, with the greatest occurrence near roads, on <20 years old
reforested, steep slopes, and on weaker geologic units between 600 and 1200 meters in
elevation (USDA (b), 2001; USFS, 1999; DeRoo et al., 1998) (Fig 5). Landsliding was
increased tenfold on slopes that contained the weaker geologic units (DeRoo et al., 1998).
Additionally, it has been estimated that approximately 60% of all road damage in the
Clackamas River Basin in the Mount Hood National Forest was in the Fish Creek
watershed (DeRoo et al., 1998). This watershed has been identified as geologically
unstable given the 1996 storm destabilized many slopes in association with extensive
deforestation and road alteration impacts (USDA (b), 2001; USFS, 1999). These practices
ultimately deemed Fish Creek the most probable for mass wasting in the Mount Hood
National Forest (USFS, 1999). Given this assessment, the impact of wildfires may
produce debris flows and impressive erosion, making Fish Creek and nearby catchments
our areas of interest.

12

Figure 5. Map of the historic landslide points. Purple points represent historic landslides interpreted
from the Statewide Landslide Information Database for Oregon (SLIDO) (DOGAMI (c), 2020). Red
pins mark monitoring sites for this study. Inset map A details the location of the current map extent
B within the Riverside Fire burn perimeter.
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2.3 Debris Flows Initiation Styles and Erosion
Post-fire debris flows can initiate through two main processes: by shallow
landslides or by overland flow. Under pre-fire conditions, a fraction of precipitation is
typically intercepted by vegetation and then evapotranspired. However, after a fire burns
the vegetation and leaf litter, the effects of evapotranspiration and interception are
reduced, allowing rainfall to easily reach the soil (Cannon et al., 2001; Wondzell and
King, 2003). If absorbed, this increases soil saturation, and combined with loss of root
cohesion due to tree mortality, shallow scarps on the scale of a few centimeters are prone
to develop and fail in the form of a landslide. Most historic post-fire debris flows in the
Pacific Northwest have been of this initiation style rather than the alternate runoff
initiated process (Wondzell and King, 2003).

In contrast, immediately after a fire in drier landscapes soil hydrophobicity
increases and reduces infiltration rates of precipitation, promoting overland flow (Fig. 6).
Overland flow can be produced by precipitation rates exceeding infiltration rates or if the
soil is already completely saturated. In a burned landscape, this resistance to infiltration
can be caused when scorched organics line sediments with hydrophobic compounds
(DeBano, 2000). This is produced when a fire moves through leaf litter and vaporizes the
organic compounds, allowing them to move downward through the soil profile and
eventually solidify in cooler temperature sediments (DeBano, 2000; McNabb and
Swanson, 1990). When overland flow occurs above this layer, it rapidly picks up and
moves pre- or post-fire sediments or debris that were formerly protected by litter, but that
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are left unconsolidated as a result of the fire, allowing for the initiation of a debris flow
during intense rainfall (Wondzell and King, 2003).

The most dominant erosional styles due to overland flow in post-fire landscapes
are rill formation and interrill rainsplash (DeBano, 2020; Rengers and McGuire, 2018).
The formation of rills occurs when a small failure forms between the wettable layer and
repellent layer due to a loss in soil resistant forces by a building of pore pressures (Fig.
7). This removed soil creates a surficial pathway for fluid transport, which erodes more
sediments from the wettable layer (DeBano, 2001). However, the largest volume of
erosion after a fire is in predominantly hillslope interrill zones (Rengers and McGuire,
2018). The erosion from interrill zones is then transported into and through rills to load
channels. This load is also amalgamated with other loose sediments and debris previously
delivered to channels by dry ravel, promoting debris flow initiation during intense rainfall
(Guilinger et al., 2020; Rengers and McGuire, 2018; Cannon et al., 2001). This is
typically seen in dry, semi-arid landscapes containing minimal vegetation. For example,
in 2018, the Thomas Fire in California burned sparsely vegetated hillslopes surrounding
Montecito and was followed by intense rainfall that resulted in overland flow erosion on
the hillslopes and sediment transport through rill systems. The rainfall and rill systems
overloaded sediment laden channels initiating debris flows that killed 23 people (Keller et
al., 2020).
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Figure 6. Conceptual model for
the water repellent zone
development in burned soils.
The first row indicates the
vegetation status as it is
burned over time. The lower
row indicates the formation of
the water repellent layer due
to the vaporization of organic
leaf litter. Once vaporized the
organics will move through the
soil profile and solidify at
cooler temperatures. Figure
borrowed from DeBano (2000).

Figure 7. Conceptual model for
the formation of rill systems in
a post-fire landscape. (A) Pore
pressure increases in wettable
layer due to infiltration (B)
shear strength is overcome (C)
water overflow of the repellent
layer (D) repellent layer is
eroded (E) water continues
erosion along new rill surface
and can allow for infiltration
into the underlying soils (F) rill
pathway formed for further
transport. Figure borrowed
from DeBano (2000).
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SECTION 3: METHODS
This investigation was done by collecting hydrologic soil measurements,
monitoring runoff, and utilizing ground-based lidar to quantify small scale erosional
patterns (< 1 ha sites), which potentially contribute to debris flows. Hydrologic
measurements were used to define when potential erosional storms occurred and as input
into a runoff response model. The model was used to refine the relationship and timing of
different runoff pathways under post-fire conditions. By integrating the amount of
erosion over the study site’s area captured using terrestrial laser scanning (TLS), we
estimated the volume of sediments removed or entrapped in parts of our monitoring sites.
By comparing pre- and post-rain event scans collected with TLS, we also tracked
sediment and debris movement through the four monitoring sites.

3.1 Detailed Site Selection
Our monitoring sites on South Fork Clackamas River and Memaloose Creek were
chosen primarily due to their slope, location in high burn severity areas, and accessibility
on public land (Fig. 8). The Memaloose Creek Sites 1, 2, and 3 all sit at about 1175
meters in elevation, face to the southeast, and border a cliff. The average slope near the
chute exit and investigation area of Site 1 are ~60 degrees and 72 m2, respectively. The
average slope near the chute exit and investigation area of Site 2 are ~68 degrees and 309
m2. The average slope near chute exit and investigation area of Site 3 are ~46 degrees and
356 m2. Site 4 on South Fork Clackamas River has a moderately steep slope of ~20
degrees, also faces southeast, and sits at about 920 meters in elevation.
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Additionally, according to the USGS post-hazard assessment (2020), both
Memaloose and South Fork Clackamas sites were in zones of 80-100% likelihood for
debris flow initiation, assuming a 15 min rainfall intensity of 24 mm/hr (Fig. 9). They are
also located in areas of high soil burn severity according to the Burned Area Emergency
Response assessment (2020) (Fig. 8). Lastly, both sites have a characteristic swale (or
concave) shape often correlated with debris flow head locations, and they have few trees.

3.2 Hydrologic Measurements
We collected one set of infiltration rates post-burn to calculate saturated hydraulic
conductivity of our soils. This was done to determine whether Hortonian overland flow
was likely during any storms in our monitoring period. The measurements were taken
with a mini-disk infiltrometer from METER Group. A majority of the infiltration tests
were done at the northwestern Site 4 on the South Fork Clackamas River given its
accessibility during TLS data collection. A smaller set of infiltration tests was completed
at the Memaloose Creek Sites 1-3. Following Wall et al. (2020), 9 infiltration sites with
clusters of three measurements each (to create an average) were taken around the South
Fork Clackamas River site (Fig. 10). At the Memaloose Creek site we took an additional
9 measurements at 3 different sites above the swale at Sites 1, 2, and 3. Both sets of
measurements were taken just outside of the TLS coverage to avoid human-caused
erosion. When these infiltration tests were administered, we brushed away the fine layer
of burned pine needles and large cinders as to create the appropriate suction seal to the
soil. These tests were conducted by first setting the suction level to 2 cm, corresponding
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to sandy clay loam soils, and filling the top chamber of the infiltrometer to that level with
water. Then we filled the main chamber of the infiltrometer and noted the starting volume
(mL). Once the bottom disk of the infiltrometer made stable contact with the soil, we
consecutively recorded the decreasing volume of water in 30 second intervals over a
period of 5 minutes.

After these tests were administered, we calculated the saturated hydraulic
conductivity by using the cumulative infiltration and a quadratic function developed by
Zhang (1997), provided as a calculator in an excel spreadsheet from METER Group.
From our infiltrated volume over time measurements, infiltration (cm) was first
calculated as

𝐼=

𝐼1 − 𝐼2
𝜋 ∗ (𝑟 2 )

(1)

where 𝐼1 and 𝐼2 are volume from the previous and succeeding time step, and 𝑟 is the
radius of the disk that seals to the soil surface (2.25 cm). The cumulative infiltration
curve from this calculation was plotted against the square root of time (seconds) and fit
with the function

𝐼 = 𝐶1 √𝑡 + 𝐶2 𝑡

(2)

Figure 8. Soil burn severity map of the Riverside burn area, Oregon. Black pins represent the monitoring sites. Inset
map A indicates the location within the state of Oregon. Map was created by the Burned Area Emergency Response
(2020).
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Figure 9. USGS Preliminary Hazard Assessment (2020) map. Map shows basin debris flow probability of the Riverside burn area, Oregon.
Monitoring sites marked by the white pins are located within 80-100% probability zone for debris flows given a storm at a 24 mm/hr rainfall
intensity of 15 min duration. Inset A show the location of the fire within the state of Oregon. White polygons are areas that were not analyzed in
this assessment.

20

21

where 𝐶1 is related to soil hydraulic conductivity, 𝐶2 is related to soil sorptivity, and 𝑡 is
time (seconds). The hydraulic conductivity for that specific measurement is then
calculated as

𝐾=

𝐶1
𝐴

(3)

where 𝐾 is the soil hydraulic conductivity (cm/s), and 𝐴 is a parameter related to the disk
radius, suction rate and soil type.

To connect hillslope infiltration measurements with downslope channel processes,
a pressure transducer was installed in a small channel directly downslope from the South
Fork Clackamas River Site 4 to monitor overland flow and potential debris travel (Fig. 3).
Since the channel could receive fast moving water from heavy rainfall, we tied off the
pressure transducer to the bottom of a bridging log. The raw pressure readings from the
pressure transducer were corrected for atmospheric pressure with the closest weather
station at the Bonneville Dam, Oregon (AgriMet, 2022). This was done by subtracting the
atmospheric pressure from our raw pressure data. The resulting corrected pressure data
was negative as the atmospheric pressure was collected at a lower elevation than at our
sites and should be interpreted as relative pressure rather than absolute. Using the
corrected data, we then constrained when the greatest runoff was produced at this site.
The pressure data was compared to rain gauge measurements at the Aurora State Airport
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Catchment
Monitoring
Zone

Figure 10. Schematic map of
infiltration test site locations. Tests
were taken around our TLS
monitoring sites. Black circles
represent test locations where three
measurements were taken to create
an average. For reference, the
catchment exit (lowest elevation) is
at the bottom of the figure in the
direction of the black arrow.

Catchment Exit
Infiltration Test

(45.24658, -122.77095 and 40 kilometers west-northwest of our monitoring sites)
downloaded from the University of Utah – MesoWest (MesoWest, 2022).

Lastly, we downloaded turbidity data from USGS stream gauge 14209710 (2021)
to compare pre- and post-fire suspended sediment concentration in the Clackamas River.
The gauge is located just downstream of where the Fish Creek tributary drains into the
Clackamas River. An additional stream gauge, gauge 14210000 which is located
upstream of Estacada, was used only as a reference to cross check that measurements
from gauge 14209710 were not displaying erroneous turbidity (Appendix C).

3.3 Runoff Response Modeling
The precipitation and runoff data were utilized to develop a runoff response
model. It has been determined in past studies that the most prominent erosion and debris
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flows are initiated during or moments after high intensity-duration storms when overland
flow is produced (DeLong et al., 2018; Wall et al., 2020; Guilinger et al., 2020).
Therefore, the runoff response model allowed us to utilize precipitation and infiltration
data to constrain how and when the greatest erosion was likely to occur between our
terrestrial laser scans. This was done by creating a model following a workflow
developed by Slingerland and Kump (2011). Since this model has incoming and outgoing
fluxes, we can represent it as a box model (Fig. 11). In this model the catchment is
represented as a single box with the balance of incoming and outgoing fluxes determining
the changing storage through time.

The key processes that are occurring within this model include runoff due to
precipitation-infiltration relationships, storage capacity maximums, and decaying
infiltration capacity with time. The model assumes that water is entering through
precipitation (and thus infiltration) and is only leaving the system through our defined
runoff pathways, which are R1 = Hortonian overland flow, R2 = saturation excess
overland flow, and R3 = baseflow (Fig. 11). This means that water is not entering the
system by runoff processes from some upslope location. Hortonian overland flow (R1)
occurs only when the precipitation rate is greater than the infiltration capacity of the
water into the soil. Saturation excess overland flow (R2) occurs when the storage
capacity of the soil package is reached due to infiltration of precipitation. We defined
storage capacity maximum as 300 mm, whereupon reaching this maximum additional
water cannot be retained in the soil package and instead travels as saturation excess
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overland flow. This value was selected by multiplying the average soil thickness
observed in situ (0.5 m) by a porosity of 60%. We selected this porosity based off
research in a nearby catchment, Watershed 10, in the HJ Andrews Experimental Forest in
the central Cascades. They reported 60-70% porosity in similarly glaciated surface soils
(Ranken, 1974). The third runoff pathway is baseflow (R3), which is modeled as being
proportional to the storage (R3 = λS). λ was set to 0.1 min-1, which was decided upon by
trial-and-error to represent observed field conditions such that baseflow slowly drains
from storage on timescales of a few hours or more. For example, during each site visit
during the wet and dry season, the small creek draining from the South Fork Clackamas
site was running with water. This implied that storage never reached zero, or fully
emptied from the site.

These incoming and outgoing fluxes can be represented as a balance equation for
changing storage, in its most general form as

𝑑𝑆
= 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡
𝑑𝑡

(4)

where S is storage (units of mm), t is time (min), Qin is incoming fluxes (mm/min), and
Qout is outgoing fluxes (mm/min). This equation can be further expanded upon to
include the specific incoming and outgoing fluxes as
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P
R1

if P>I

S

R2

if S > S max

R3

= λS

Figure 11. Box model representation for the runoff response modeling. P is incoming precipitation,
some to all of which infiltrates to change the storage, S, in the burned soil package. I represents
infiltration into the soil package. Three exiting fluxes R1, R2, and R3 indicate Hortonian overland
flow, saturation excess overland flow, and baseflow, respectively.

𝑑𝑆
= 𝑃 − 𝑅1 − 𝑅2 − 𝑅3
𝑑𝑡

(5)

where P is precipitation rate (mm/min), R1-R3 are the runoff pathways.

We also defined a vector of decaying infiltration rates that decreases with time
since the start of a rainfall event. This was represented as

𝑑𝐼
= −δ(I − Imin)
𝑑𝑡

(6)

where the initial infiltration capacity, I0 = I(t = 0), was set at 732 mm/hour, an average
rate collected from all our sites 1-4. The infiltration capacity was set to decay to Imin =
54.0 mm/hour, the median saturated hydraulic conductivity collected from all our sites
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1-4. Lastly, δ is a decay constant set as 0.167 1/hour (or about 10 minutes). This was
selected based off an average of infiltration decay rates in variously vegetated soils
(Selby, 1993). The preceding equations (5) and (6) were numerically solved with the
Forward Euler finite differencing technique. Three logic statements in the forward
differencing loop were included (as detailed in Fig. 11) to turn on or off the different
runoff pathways when storage or infiltration capacity was exceeded.

3.4 Terrestrial Laser Scanning: Data Collection and Alignment
Terrestrial laser scanning (TLS) with a FARO Focus Laser Scanner was used to
capture where milli- to centimeter scale erosion occurred at four small-scale (< 1 ha)
sites. TLS is similar to airborne LiDAR (light detection and ranging) captured by manned
or unmanned aerial vehicles (UAV), but is ground-based. TLS works by transmitting a
laser light pulse, directed by a rotating mirror to a surface and measuring how much time
passes before the pulse is returned to the scanner. Since the velocity that light travels is
known, using its return time works as a precise estimate for distance to the reflecting
surface. The scanner and the mirror both rotate to capture a point cloud encompassing all
360 degrees of compass directions and -60 to +90 degrees from horizontal. The
orientations and travel times of reflected points are converted to X, Y, and Z coordinates,
creating a blanket of points in 3D space (Vosselman et al., 2010). The intensity of the
reflected laser pulse is also recorded by the scanner on an arbitrary scale of 0-255. These
3D points in space are referred to as a point cloud and can be processed into digital
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terrain models (DTMs), detailing scanned surfaces. Both the South Fork Clackamas
River and Memaloose Creek sites were scanned using TLS.

At both sites, we took multiple sets of point clouds (or scans) over the study
period following large rain events. In this thesis, a single point cloud collected at an
individual time and scanner location will be denoted as a ‘scan’. Each set of scans
involved placing the scanner at 2-4 different locations to scan the sites from multiple
angles. Having scans from different angles increases the collection of ground points
obstructed by objects (e.g. trees) in other scanner locations. These collections of scans
were taken once in the fall (November 19-20th, 2020) at all Sites 1-4 entering the wetseason, once over the wet-season given the low snow accumulation and accessibility
(December 23rd, 2020) at the South Fork Clackamas Site 4 only, and once after spring
snowmelt (May 16th & 27th, 2021) at all Sites 1-4. These scanning dates were dependent
on rainfall windows and availability of Mt. Hood National Forest personnel to escort us
into the fire zone, which was a condition of our research permit. Once we obtained a set
of scans from each date, all the scans were aligned to one another for that single time
period at a given site using the iterative closest point (ICP) algorithm (Besl and McKay,
1992). In brief, ICP operates by having a point cloud A that serves as a reference frame
for the alignment of point cloud B. Point cloud B is then translated and rotated to the
closest related points of point cloud A. This is done with a goal of finding a position that
best fits the entire model point cloud A. After successful alignment, the point cloud B is
registered in an abstract space to point cloud A and can be used for further analysis. This
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operation was completed using the Fine Registration tool in CloudCompare software
(available from https://www.danielgm.net/cc/). An additional output from this analysis is
the root mean squared error (RMSE) between the two point clouds being aligned. In
brief, this value ultimately reports error by finding pairs of identical points between the
two clouds and determining their closeness to one another. The further apart two
equivalent points are, the higher the final RMSE value will be.

Before and after the alignment and registration of two scenes, any unwanted
artifacts (e.g. trees or branches) were manually removed to better visualize the bare
ground surface. To avoid any skewed volume change estimates, patches of snow in all
scans were filtered out of the point clouds using their intensity values. Snow produces
low intensities because it absorbs much of the laser pulse’s energy, thus we filtered out
points with intensities below 181, which effectively eliminated snow while retaining the
ground surface.

After roughly aligning pairs of scans manually, a fine alignment was done by
finding stable feature (e.g. rock cliff, large stump), segmenting the scans to include only
those features, and repeatedly applying the ICP algorithm until an identity rototranslation matrix was met (or when rotation and translation of the scans ceased, within a
relative tolerance for the RMSE of 10-5). The resulting aligned scan's total rototranslation matrix was then applied to the rest of the scan. Once all scans were aligned,
they were merged into one composite point cloud. This composite cloud will be denoted
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as a ‘scene’ in this thesis. The same segmented features were then used again to align
subsequent scenes to the scene from the first date.

3.5 Terrestrial Laser Scanning: Point Cloud Differencing
Aligned and registered scenes were used in a differencing analysis by vertically
subtracting a pre-event scene from a post-event scene of the same catchment to gain an
understanding of change in elevation (both positive and negative) between the two time
periods. The total gain and loss of volume from the scene was then computed by
integrating the change in elevation across the entire scene area. Further, individual
features (e.g. rills) and texturally variable areas (e.g. rock slopes vs flat interrill zones)
can be segmented out and computed for individual volume change. The volume
computation was done using the Compute 2.5D Volume tool in CloudCompare (2020).
Inputs for this tool include the grid cells step size, what operation to use on empty cells,
and projection direction. Outputs from the Compute 2.5D Volume tool include the
aforementioned estimate of total volume gain and loss, surface area of the scene
disregarding empty grid cells, and percentage of matching grid cells. A grid cell is best
thought of as a 2D box, in that it contains a certain amount of cloud points and is gridded
equally throughout the scene. This gridding requires a specific step size, delineating how
large each box will be, thus influencing the resolution and accuracy of the volume
computation. The grid cell step size we used in our computations was 0.05, 0.078, 0.04,
0.17 m for Site 1, Site 2, Site 3, and Site 4, respectfully. These sizes were the highest
resolution grid that was computationally feasible, and that we could use without creating
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an overly generalized raster. The higher the percentage of matching grid cells, the more
grid cells were coordinated between the two scenes and thus subtracted. We defined grid
cells with no points to remain empty. This was optimal since interpolation over these
empty grid cells can result in inaccurate volume estimates. Once computed, the resultant
product from this operation was a height difference raster. However, it should be noted
that not all changes displayed in the raster are due to actual erosion or deposition. Some
apparent changes are due to error, and there must be a threshold for error. This threshold
is defined as the minimum detectable difference (MDD) and is calculated as

𝑀𝐷𝐷 = √2𝛿𝑧𝑖 2

(7)

where 𝛿𝑧𝑖 is the RMSE from the point cloud alignment and registration at time span i.

3.6 Terrestrial Laser Scanning: Feature Tracking
The aforementioned aligned scenes were also utilized for feature tracking. Feature
tracking involves identifying debris and sediment on the catchment surface and manually
measuring their displacement vector over the time between scenes. Both distance and
direction are useful to determine post-fire features’ travel speeds and where they moved
in our catchments. Specifically, this work was completed by selecting a single data point
in the first scene and then locating the same point on the same feature in the second
scene. With these two points we determined the displacement vector between them by
subtracting their pre- and post- X-Y-Z coordinates. Once this distance was defined we
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divided it by the amount of time that passed between scenes. Although we report this rate
as a daily rate, it should be understood that the greatest amount of movement may have
rather occurred over one or more specific rain events.

Additionally, we made DTMs of each individual site so we could compute slope
and roughness rasters to determine if they correlated with feature movement. The DTMs
were created by generating a raster grid with a specified cell size. For Sites 1-3 we
gridded the point clouds into cell sizes of 0.005 meters and extracted the Z (or height)
value using the average of the points within each cell. Some cells had nominal to no
points, so we allowed the empty cells to interpolate values. We did not interpolate for
volume calculations because it greatly overestimated the amount of erosion and
deposition that occurred. We interpolated our DTMs so we could utilize all available
neighboring cells in our moving window to create a generalized and fairly accurate
roughness calculation. This step was done using the Rasterize tool in CloudCompare.
Once these clouds were rasterized, we imported them into ArcGIS Pro to derive slope
and roughness rasters. Slope is defined as the topographic gradient above or below some
arbitrary horizontal plane, measured over a horizontal length scale. We created slope
rasters by first down-sampling each individual site’s DTM, from 0.5 x 0.5 cm pixels to
0.5 x 0.5 m pixels. Down-sampling reduced the number of pixels contained within our
DTM, allowing us to create a more generalized slope raster of the sites. This was optimal
as a slope raster created from the original DTM displayed values greatly influenced by
individual pebbles, branches, and soil lumps. We were interested in the general slope of
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the sites’ chutes at the scale of the features being tracked. Roughness describes the
distribution of deviations in height, accounting for differences in the maximum and
minimum heights within a certain search radius above a horizontal plain (Wu et al.,
2018). We created roughness rasters by taking the standard deviation of the downsampled slope rasters using a circular radius of three neighboring cells (Frankel and
Dolan, 2007). Since roughness was derived from slope, the resulting resolution was 0.5 x
0.5 m with units in degrees.
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SECTION 4: RESULTS
4.1 Field Observations
Field visits confirmed our monitoring sites were located in high burn severity
areas (Fig. 8). During the first site visit in November of 2020, about 27 days after fire was
contained, we were able to make post-fire observations of the landscape that could be
later compared with observations made as the catchment recovered. At all monitoring
sites, about one centimeter of the topsoil was scorched. Centimeter-scale hoodoos were
apparent in patchy locations, exposing the red and tan colored sandy loam soil of the site,
which indicated potential rainsplash erosion at those locations (Fig. 12). Soils near root
systems also appeared to be vacated, leaving behind empty cavities and potential soil
macropores (Fig. 12). Major vegetation consisting of Douglas firs were completely
scorched where the minor branches were completely eradicated from the trees. Most
minor ground vegetation was no longer existent. This burned vegetation contributed a
fine layer of burned cinders and pine needles on the scorched topsoil. The only visible
living vegetation was small fiddleheads that were sprouting from burned fern rhizome
clumps at the South Fork Clackamas Site 4.

During the second site visit in May 2021, the scorched topsoil was still prevalent
at all monitoring sites (Fig. 13). The scorched layer, pine needles, and cinders were only
removed in areas of steeper surface slopes. The outer bark layer of the dead trees was
starting to shed, and vegetation regrowth was well underway near a small exiting stream
at the bottom of the swale in the South Fork Clackamas site. Western Skunk Cabbage,
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ferns, Trillium, Oxalis, and morels were identified (Fig. 14). At the Memaloose Creek
sites, small fiddleheads were starting to sprout. Small rills less than a few centimeters
deep were evident along the steep perimeter slopes in Site 2. These slopes create the
border of the chutes and are comprised of small cliff faces and piles of displaced rock
converging into the more planar, drainage zone in the central part of the swale. Steep
slopes along the exit of the chute, where drainage from the central planar part of the
swale expels off the cliff face, was void of rills at all sites. Gullies were not identified in
the chute features either. Gullies are formed by concentrated flows of runoff similar to
rills but can reach channel depths and widths of a few inches to a few feet given enough
erodible material.

During the third site visit in June 2022, the scorched topsoil will still present at all
sites with only patched pockets of erosion exposing unburned soil scattered throughout.
Pedestal rocks (or hoodoos) will also prevalent throughout all sites. Additionally, there
were cinders and pine needles amalgamated behind root structures, indicating possible
water flow and capture in the down slope direction. At Site 3 and 4 there was water
actively flowing through the central part of each swale in the convergent zones. Site 4’s
channel seemed to appear from the upper, central part of the swale, flow downslope about
5 meters, and then reroute back into the soil to then be expelled at the very bottom of the
swale exit. Here, there was standing and pooling water. Site 3 had a similar pattern of
flow, however the water flowed over the entire length of the convergent zone, emerging
between the overlying soil package and underlying bedrock. No rills or gullies were
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present at these sites, however Site 3 did appear to have washed-out topsoil near the
emergence of the water. Additionally, vegetation was heavily prevalent at the bottom of
Site 4 and along the chute exits of Sites 1-3. Bear-grass was the most prevalent vegetation
regrowing on low slopes in the upper elevation Sites 1-3.

A

B

Figure 12. Images from November 19th, 2020 field work. (A) Hoodoos with pebble caps, surrounded by tan
underlying soils and blackened scorched soils overlying. (B) Barren cavity under tree.
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A

B

Figure 13. Images from May 16th & 27th, 2021 field work. (A) State of catchment sediment and debris
overlaying exposed soils (brown/tan). (B) Vegetation recovery and scorched trees in South Fork Clackamas
site.

A

B

Figure 14. Images from May 16th & 27th, 2021 field work. (A) scorched tree with splitting outer bark, and
minimal vegetation regrowth nearby. (B) vegetation and morel regrowth surrounded by burnt cinders and
pine needles.
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Figure 15. Image of Site 4 from June 14th, 2022 site visit. Channel flow was between two trees in the
foreground, coming from three downed trees in center background of image. Vegetation growth is well
underway.

Figure 16. Image of Site 3 from June
14th, 2022 site visit. Top of swale at
the upper elevation is in the upper
left corner of the photo. Chute exit is
at the bottom right side. Vegetation is
prevalent at the chute exit where
water can be seen exiting off the cliff
face. Brown soils are exposed after
the removal of the scorched top soils.
Photo may appear slightly blurry due
to fog.
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4.2 Precipitation and Runoff Monitoring
Precipitation data was collected from November 2020 – March 2022, and runoff
monitoring data from late December 2020 – March 2022, and is displayed by month in
Figures 17-36. Major precipitation events, defined by average 5-minute intensities of 30
mm/hr or more, occurred on December 25th and 30th – 31st, 2020; January 1st – 4th and
12th – 13th, 2021; February 1st – 3rd, 2021; March 10th, 2021; April 30th, 2021; September
18th and 17th, 2021; October 14th and 22nd, 2021; November 4th and 12th, 2021; December
11th, 13th, and 24th, 2021; January 3rd, 2022; and March 1st and 15th, 2022. All rainfall
intensities reported in this section refer to the average intensity over a 5-minute time
window. The greatest fluctuations in runoff coinciding with the heavy precipitation
events are evident for the following dates: December 25th, 30th - 31st, 2020; January 1st 4th, 12th - 13th, 2021; and February 1st - 3rd, 2021; October 16th, 2021; November 4th and
12th, 2021; February 14th, 21st, and 28th, 2022; and March 15th, 2022. Major fluctuations
in runoff were defined by increases in pressure above 0.3 kPa and had to be visually
distinct from daily fluctuations, which seemed to correlate with increases in water
temperature.

First, it’s worth noting that November 2020, the month after the fire and before
our runoff monitoring began, had received precipitation events. These occurred on the 5th,
13th, 14th, and 24th with peak rainfall intensities of 60.9 mm/hr, 57.9 mm/hr, 51.8 mm/hr,
and 39.6 mm/hr (Appendix A - Fig. 59). These storms are comparable to ones that
occurred in December 2020 and January 2021 during our runoff monitoring period.
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Though we do not have runoff pressure data from this time period, we can hypothesize
that these storms may have produced runoff due to our early field observations and their
high rainfall intensities.

The storms on December 25th and 30th – 31st, 2020, both exhibited considerable
amounts of rainfall, with both events generating a runoff response. The cumulative
rainfall for the Dec. 25th storm was 16.28 mm, and the peak pressure lagged 13 hours
behind the peak rainfall intensity of 30.5 mm/hr (Fig. 17). This event showed an increase
in pressure of 0.6 kPa over 10 hours. Water temperature measured by the pressure
transducer increased from 4.4 to 5.3 C° over this time period, and snow was observed on
the ground during TLS work on December 23, 2021. The cumulative daily rainfall for
Dec. 30th and 31st was 87.00 mm and 25.25 mm, respectively. Peak pressure lagged
behind the peak rainfall intensity of 58 mm/hr on Dec. 30th by 14 hours. This two day
event showed an increase in pressure of 0.6 kPa over a time period of 20 hours. Water
temperature increased from 4.1 to 4.4 C° over the time of increasing pressure (Fig. 18).

Storms on January 1st – 4th had cumulative rainfall of 80.6 mm, 96.8 mm, 73.1
mm, and 76.3 mm, respectively for each day (Fig. 19). On the 1st, pressure increased by
0.45 kPa over 10 hours. Peak pressure lagged only half an hour behind a peak rainfall
intensity of 51.8 mm/hr. On the 2nd, a clear indication for a peak in pressure is difficult to
separate from increases in pressure on the 3rd. Therefore, we speculate the 2nd and 3rd
have a conjoined peak in pressure, increasing 0.51 kPa over 24 hours. Peak in pressure
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lagged behind the peak rainfall intensity of 61 mm/hr on the 3rd by 1 hour. Peak rainfall
intensity on the 2nd was 24.4 mm/hr. Lastly, on the 4th, pressure rose 0.48 kPa in 7.5
hours. This lagged 4.5 hours behind a peak rainfall intensity of 48.8 mm/hr. Water
temperature appeared to fluctuate with the precipitation, not providing any significant
changes (Fig. 20).

The storms from January 12th – 13th, 2021, had cumulative rainfall of 35.8 mm
and 320 mm, respectively. Both of these events generated a larger runoff response than
previous events, shown by an increase in pressure of about 1.2 kPa over a period of 36
hours (Fig. 19). However, it should be noted that this increase in pressure occurred from
12:45 on the 11th to 00:45 on the 13th, and in the middle of this increase there was a slight
plateau from 08:15 to 18:40 on the 12th. This plateau is the peak pressure corresponding
to the rain event that occurred primarily on the 11th, making the secondary increase in
pressure after the plateau due to the next influx of rain on the 12th. Since these rain events
are in close timing of one another on the 11th through the 12th, we can generalize and
combine the events to conclude the cumulative peak pressure was on the 13th at 00:45.
Peak pressure over these two days lagged behind the peak rainfall intensity of 85.3
mm/hr by about 3 hours. The largest increase in water temperature for the entire month of
January occurred during this rain event, increasing from 5.1 to 7.7 C° (Fig. 20).

Storms in February 2021 had variable and smaller runoff response compared to
storms in other months. The cumulative rainfall for Feb. 1st, 2nd, and 3rd was 95.02 mm,
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41.55 mm, and 45.49 mm, respectively. The storms also generated a runoff response,
shown by an increase in pressure of 0.3 kPa over 8 hours on Feb. 1, and a delayed
increase of 0.45 kPa over 12 hours on Feb. 5 (Fig. 21). Peak pressure lagged behind peak
rainfall intensity of 27 mm/hr on Feb. 1st by about 6 hours. Peak pressure following the
Feb. 2nd and 3rd rainfall events is difficult to define and did not occur immediately after
the storm, as in the previous cases. Instead, the next greatest increase in pressure was
about 47 hours after the peak rainfall intensity of 57.9 mm/hr on Feb. 3rd. Additionally, it
is worth noting that the runoff monitoring data does not track the precipitation data for
mid-February. At that time, there was no precipitation, however our pressure transducer
recorded a sharp increase of about 1.6 kPa right around Feb. 15th (Fig. 21). At this time
there was an increase in water temperature of about 1.9 C° from 2.3 to 4.2 C° over the
13th to the 15th, possibly indicating snowmelt from our sites and an increase in pressure
from the resulting runoff (Fig. 22).

March to May 2021, was fairly dry with rain events only rarely producing
fluctuations in pressure that exceeded the 0.3 kPa threshold. These often lagged behind
peak rainfall intensity nearly a full day. For instance, March’s most considerable event
occurred on the 10th, with a peak rainfall intensity of 33.5 mm/hr (Fig. 23). The following
increase in pressure is similar to the daily increases in pressure for the days following,
only increasing 0.38 kPa over 11 hours. The peak in pressure lagged behind the peak
rainfall intensity by 24 hours. April’s most considerable storm occurred on the 30th, with
a peak rainfall intensity of 36.6 mm/hr, but did not produce a detectable runoff response
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(Fig. 24). May had no noteworthy storms. The increases in pressure are daily fluctuations
not generated by runoff. Only one noteworthy storm was documented for June 2021 with
a cumulative precipitation of 181.7 mm but did not produce a detectable runoff response
(Fig. 26). No significant rain events followed in July or August 2021 (Fig. 27-29).

Leading into the following water year, September 2021 had two large storms,
including one with the highest recorded rainfall intensity. The first event occurred on the
18th with a peak rainfall intensity of 198.1 mm/hr and a total accumulation of 375.2 mm.
This storm was not followed by an increase in pressure outside of the daily fluctuations
nor any large increase in water temperature. The second, smaller event occurred on the
27th and had a peak rainfall intensity of 42.7 mm/hr with a total accumulation of 148.3
mm. Similarly, this event was not correlated with a large increase in pressure or
temperature outside the daily fluctuations. October 2021 had two storms of considerable
size, however their peak rainfall intensities were not reflected well in runoff pressure.
The first occurred on October 14th with a cumulative precipitation of 46.63 mm and a
peak rainfall intensity of 51.82 mm/hr (Fig. 30). The next peak in pressure was on the
15th, increasing 0.60 kPa in 12 hours, however lagging nearly a full day after the peak
rainfall. The second event occurred on the 22nd with a cumulative rainfall of 159.6 mm
and a peak rainfall intensity of 67.1 mm/hr but did not produce a detectable runoff
response.
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Like October, November 2021 had two storms of considerable size, however
these storms correlated better with runoff responses. The first storm occurred on the 4th
with a cumulative rainfall of 112.7 mm and a peak rainfall intensity of 57.9 mm/hr (Fig.
31). The peak in pressure lagged behind the peak rainfall intensity by 6 hours, increasing
0.6 kPa over 15 hours. The second event was on the 12th with a cumulative rainfall of
274.65 mm and a peak rainfall intensity of 94.5 mm/hr. The next peak in pressure after
this storm lagged 7 hours behind peak rainfall intensity, increasing 0.99 kPa over 2 days.
Although these storms had larger lag times of 6 and 7 hours, the fluctuation and increase
in pressure stood out from the rest of the daily fluctuations. This makes us believe these
rain events did produce runoff.

On the other hand, December 2021 had three high intensity rainfall events but the
increases in corresponding pressure were less than 0.3 kPa. The first storm occurred on
the 11th with a cumulative rainfall of 160.3 mm and a rainfall intensity of 54.9 mm/hr
(Fig. 32). The second storm occurred on the 19th with a cumulative rainfall of 304.7 mm
and a rainfall intensity of 73.2 mm/hr. The third rainstorm occurred on the 24th, with a
cumulative rainfall intensity of 162.8 mm and a peak rainfall intensity of 79.3 mm/hr. A
similar occurrence occurred on January 3rd, 2022, where a high intensity rainfall event
was only accompanied by an increase in pressure of 0.3 kPa (Fig. 33). The peak rainfall
intensity from this storm was 88.4 mm/hr with 306 mm of cumulative rainfall. The next
peak in pressure was two days later, only increasing to 0.3 kPa over 9 hours. This lag
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time is considerably long, likely not corresponded as runoff from the rain event.
However, no significant increase in temperature were spotted for this time either.

The month of February 2022 had three large increases in pressure that were not
directly related to precipitation events. The first increase in pressure was on the 14th,
rising 1.58 kPa over a day (Fig. 34). Before this increase in pressure, an increase in water
temperature of 1.0 C° from 4.0 C° to 5.0 C° occurred from the 10th to the 11th (Fig. 35).
The second sharp increase in pressure occurred on the 21st, rising 2.71 kPa from the 18th
to the 21st. Preceding this was an increase in water temperature of 0.9 C° from 4.7 C° to
5.6 C° between the 19th and the 20th. The last large increase in pressure occurred on the
28th, increasing 1.10 kPa over 2 hours from the 27th to the 28th. This was preceded by an
increase in water temperature of 1.5 C° from 4.7 C° to 6.2 C° from the 25th to the 26th.
Only one intense rainfall occurred on the 28th, however this rain event occurred after the
increase in pressure noted earlier. This storm had a rainfall intensity of 85.3 mm/hr and
did not have a corresponding increase in pressure. Rather the pressure started to fall after
the rain event. Although there were a few sharp increases in water temperature before
these three large increases in pressure, they were not much larger than the rest of the
fluctuations during February 2022. Since there was not much of a difference in water
temperature fluctuations this made us believe that the increases in pressure were not due
to melting snowpack. Raw runoff monitoring and atmospheric pressure also reflect these
three large increases in pressure, but the reason behind their promotion is unknown.
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Two rain events occurred in March 2022 where only the second event seems to
correlate with an increase in runoff pressure (Fig. 36). The first event occurred on the 1st
with a peak rainfall intensity of 54.9 mm/hr and cumulative amount of 106 mm. The
second event that occurred on the 15th, with a cumulative rainfall of 70.4 mm and rainfall
intensity of 39.6 mm/hr. This was followed by a peak in pressure lagging by 2 hours,
increasing 0.4 kPa over 16 hours.
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Figure 17. December 2020 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min
average precipitation rate (mm/hr) for December 23rd – 31st. Pressure data is negative as it was corrected to
a lower elevation barometric pressure and should be interpreted as relative rather than absolute pressure.
Precipitation for the whole month of December can be seen in Appendix A, Fig. 60.
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Figure 18. December 2020 temperature. Water temperature (C°) recorded by the pressure transducer.
Temperature ranges from 3.5 C° to 5.5 C°.
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Figure 19. January 2021 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min
average precipitation (mm/hr) for the month of January 2021 below for comparison. Pressure data is
negative as it was corrected to a lower elevation barometric pressure and should be interpreted as relative
rather than absolute pressure.
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Figure 20. January 2021 temperature. Water temperature (C°) recorded by the pressure transducer. Water
temperature ranges from 2.5 C° to 8 C°.
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Figure 21. February 2021 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min
average precipitation (mm/hr) for the month of February 2021 below for comparison. Pressure data is
negative as it was corrected to a lower elevation barometric pressure and should be interpreted as relative
rather than absolute pressure.
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Figure 22. February 2021 temperature. Water temperature (C°) recorded by the pressure transducer. A
sharp increase in temperature from Feb. 12 th - 15th may indicate a snow melt event at our monitoring sites.
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Figure 23. March 2021 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min
average precipitation (mm/hr) for the month of March 2021 below for comparison. Pressure data is
negative as it was corrected to a lower elevation barometric pressure and should be interpreted as relative
rather than absolute pressure.
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Figure 24. April 2021 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min
average precipitation (mm/hr) for the month of April 2021 below for comparison. Pressure data is negative
as it was corrected to a lower elevation barometric pressure and should be interpreted as relative rather than
absolute pressure. Repeated fluctuations likely represent daily changes in pressure.
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Figure 25. May 2021 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min average
precipitation (mm/hr) for the month of May 1st – 17th, 2021 below for comparison. Pressure data is negative
as it was corrected to a lower elevation barometric pressure and should be interpreted as relative rather than
absolute pressure. Repeated fluctuations outside May 3rd - 10th likely represent daily changes in pressure.
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Figure 26. June 2021 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min average
precipitation (mm/hr) for the month of June, 2021 below for comparison. Pressure data is negative as it was
corrected to a lower elevation barometric pressure and should be interpreted as relative rather than absolute
pressure. Repeated fluctuations outside the storms around June 14th likely represent daily changes in
pressure.
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Figure 27. July 2021 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min average
precipitation (mm/hr) for the month of July, 2021 below for comparison. Pressure data is negative as it was
corrected to a lower elevation barometric pressure and should be interpreted as relative rather than absolute
pressure.
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Figure 28. August 2021 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min
average precipitation (mm/hr) for the month of August 2021 below for comparison. Pressure data is
negative as it was corrected to a lower elevation barometric pressure and should be interpreted as relative
rather than absolute pressure.
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Figure 29. September 2021 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min
average precipitation (mm/hr) for the month of September, 2021 below for comparison. Pressure data is
negative as it was corrected to a lower elevation barometric pressure and should be interpreted as relative
rather than absolute pressure.

59

a

b

Figure 30. October 2021 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min
average precipitation (mm/hr) for the month of October 2021 below for comparison. Pressure data is
negative as it was corrected to a lower elevation barometric pressure and should be interpreted as relative
rather than absolute pressure.
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Figure 31. November 2021 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min
average precipitation (mm/hr) for the month of November, 2021 below for comparison. Pressure data is
negative as it was corrected to a lower elevation barometric pressure and should be interpreted as relative
rather than absolute pressure.
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Figure 32. December 2021 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min
average precipitation (mm/hr) for the month of December, 2021 below for comparison. Pressure data is
negative as it was corrected to a lower elevation barometric pressure and should be interpreted as relative
rather than absolute pressure.
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Figure 33. January 2022 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min
average precipitation (mm/hr) for the month of January 2022 below for comparison. Pressure data is
negative as it was corrected to a lower elevation barometric pressure and should be interpreted as relative
rather than absolute pressure. Repeated fluctuations in pressure are likely due to daily variations in
pressure.
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Figure 34. February 2022 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min
average precipitation (mm/hr) for the month of February 2022 below for comparison. Pressure data is
negative as it was corrected to a lower elevation barometric pressure and should be interpreted as relative
rather than absolute pressure. Repeated fluctuations in pressure are likely due to daily variations in
pressure.
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Figure 35. February 2022 temperature. Water temperature (C°) recorded by the pressure transducer.
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Figure 36. March 2022 runoff monitoring. (a) 15 min runoff monitoring pressure (kPa) and (b) 5-min
average precipitation (mm/hr) for the month of March 2022 below for comparison. Pressure data is
negative as it was corrected to a lower elevation barometric pressure and should be interpreted as relative
rather than absolute pressure. Repeated fluctuations in pressure are likely due to daily variations in
pressure.
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4.3 Infiltration Tests
A total of 36 infiltration measurements were taken across our monitoring sites in
May 2021. Of the 36 total, 27 were taken at South Fork Clackamas Site 4 (Table 1) and 9
at Memaloose Creek Sites 1-3 (Table 2). From these measurements we determined the
average saturated hydraulic conductivity was 72.8 (± 54.4, standard deviation) mm/hr at
the South Fork Clackamas site and 61.5 (± 33.8, standard deviation) mm/hr at the
Memaloose Creek sites. By visual inspection, we hypothesized that the Memaloose Creek
mean and variance did not appear significantly different than the South Fork Clackamas
River mean. To test this, we ran an F-test and T-test using all data from Site 4 against all
data from combined Sites 1-3. We determined that there was no significant difference in
variance or mean of the measurements. Since there was no variance difference, we then
proceeded to use the student’s T-test. From this we determined a p-value of 0.5622 (p >
0.05) and test statistic of 0.58542, allowing us to accept the null hypothesis that the two
elevations do not have a significant difference in saturated hydraulic conductivity.

At Sites 1-3, there appears to be no pattern for saturated hydraulic conductivity
among measurement locales regarding position around the chute or elevation. Site 1 at
Memaloose Creek had a high average saturated conductivity of 92.2 mm/hr. Sites 2 and 3
had average conductivities of 48.1 mm/hr and 44.1 mm/hr, respectively. When
comparing each locals saturated hydraulic conductivity values to one another utilizing the
F-test and student’s T-test, we found there was no difference in variance and the p-values
remained > 0.05. Therefore, we could accept the null hypothesis that all locales at Sites 1-
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3 do not have a significant difference in saturated hydraulic conductivity. For the South
Fork Clackamas River site, the average of locales 1, 2, 4, 5, 6, 7, and 8 ranged between
41 and 69 mm/hr. Locales 9 and 3 had higher average rates at 97.0 mm/hr and 186.7
mm/hr, respectively (Table 1, Fig. 37). By comparing each locale, we found that there
was no difference in variance. However, the T-test showed that locale 3 was significantly
different in all cases (p values <0.05) except when compared against locale 9, which was
similarly high. This allowed us to reject the null hypothesis for locale 3 measurements,
concluding that there is a significant difference in saturated hydraulic conductivity. This
finding was corroborated with our observations during the measurements in field. All
three measurements for locale 3 quickly infiltrated from the mini-disk into the soil.
Measurement 3 from locale 9 similarly quickly infiltrated into the soil, therefore
increasing the average of the total measurements for that locale. We hypothesize this may
be due to washed-out pockets or macropores under the soil near root systems. Many of
our measurements were in close proximity to trees as the site was heavily wooded and it
was noted that many of the trees had exposed root systems, creating pockets void of soil.
Lastly, note that one measurement at locale 8 at the South Fork Clackamas site returned a
negative value, denoted as NA (Table 1). A negative value is invalid and was likely due
to movement of the mini-disk infiltrometer during measurement or improper placement
on the soil surface.
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Table 1. Saturated Hydraulic Conductivity, South Fork Clackamas, May 2021
Locale
Measurement 1 Measurement 2
Measurement 3
Mean
Number
(mm/hr)
(mm/hr)
(mm/hr)
57.0
1
2.65
79.1
46.3
33.3
2
54.0
45.5
44.3
3
165
193
202
186.7
4
30.9
49.5
64.6
48.3
5
63.2
79.9
42.9
62.0
6
53.0
14.0
112
59.8
7
45.5
28.4
49.4
41.1
8
65.5
72.5
NA
69.0
9
38.5
63.7
189
97.0
Mean = 72.8

39.4
10.4
19.2
16.9
18.5
49.6
11.2
4.95
80.4

Standard Dev. = 54.5

Table 2. Saturated Hydraulic Conductivity, Memaloose Creek, May 2021
Locale
Measurement 1 Measurement 2
Measurement 3
Mean
Number
(mm/hr)
(mm/hr)
(mm/hr)
1 (Site 1) 78.1
102
96.7
92.2
2 (Site 2) 96.7
41.6
5.94
48.1
3 (Site 3) 47.5
29.7
55.2
44.1
Mean = 61.5

Std.

Standard Dev. = 33.8

Std
12.5
45.7
13.1
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L8, 69.0
L7, 41.1

L9, 97.0

L6, 59.8

L1, 46.3
Catchment
Monitoring
Zone

L5, 62.0

L2, 44.3
L4, 48.3

L3, 186.7

Figure 37. Schematic map
of infiltration test site
locations and averages
around Site 4 from May
2021. Black circles
represent test locations
where three
measurements were taken
to create an average. For
reference, the catchment
exit (lowest elevation) is
at the bottom of the figure
in the direction of the
black arrow.

Catchment Exit
Infiltration Test locale, average hydraulic conductivity (mm/hr)

4.4 Runoff Response Modeling
From our runoff monitoring and precipitation time series, we chose three storms
with the greatest precipitation, and that also caused increases in runoff, to run through our
model. This selection method was backed by the idea that if modeled runoff tracked
observed data well, then we could be confident that measured or assumed model
parameters were representative of our study site, and that the selected storms had a
potential influence on erosion at our specific sites. The dates we selected to model runoff
response for were December 30th, 2020 (Fig. 38), January 12th, 2021 (Fig. 39), and
February 3rd, 2021 (Fig. 40).
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Modeled runoff generally corresponded well to measured pressure changes for
December 30th and January 12th. On December 30th, modeled storage increased from 0 to
1.8 mm over the first 4 hours of rainfall, decayed for the next 5 hours until reaching 0.9
mm, briefly increased to 1 mm and then gradually decayed to 0.38 mm the following day.
Since baseflow is proportional to storage in the model, it followed the same pattern,
peaking at 0.2 mm/min within the first 5 hours of rainfall and decaying to 0.05 mm/min
at the end of the rainfall event. The storage capacity was not exceeded, so no saturated
excess overland flow was generated. Hortonian overland flow occurred at 13:10 at a
peak rate of 0.05 mm/min, right after the greatest peak in precipitation was observed (Fig.
38). Total runoff (a combination of saturation excess overland flow, Hortonian overland
flow, and baseflow) generally followed the same pattern as baseflow. However, during
the period of Hortonian overland flow at 13:10, total runoff peaked sharply at 0.2
mm/min. The modeled peak in runoff at 13:10 is located on the upward trend of observed
pressure, which peaked on December 31st at 02:00 (Fig. 17). Our measured runoff had a
greater lag in response than the model results.

On January 12th, the rain event was spread through two days with the majority
occurring on the 12th. Modeled storage increased from 0 to 4.5 mm over the first 10 hours
of rainfall, decayed to 0.25 mm over the next 8 hours, increased again to 4.9 mm over the
next 4 hours, and finally decayed to about 1.2 mm into the next day. Like the December
model, baseflow followed a similar but more subdued version of storage. Baseflow
peaked at 0.44 mm/min within the first 10 hours of the rainfall, decayed to 0.1 mm/min
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during the following 8 hours, increased over the next 4 hours to peak at 0.45 mm/min,
and decay once more to 0.2 mm/min by the end of the rain event. Storage capacity was
never exceeded during this rain event, so saturation excess overland flow was not
produced. Hortonian overland flow occurred between 08:20 – 09:10 and 19:30 – 21:50
with peak rates of 0.065 and 0.5 mm/min (Fig. 39). Total runoff did not peak at the same
time as Hortonian overland flow during the first influx of precipitation, but rather at
09:50 when baseflow peaked at 0.44 mm/min. Total runoff did peak during a period of
Hortonian overland flow during the second influx of rain at 21:50 at 1 mm/min. Our
runoff monitoring data indicates a peak was reached at 09:30 on January 12th and at 00:45
on January 13th (Fig. 19). The first observed peak in the runoff monitoring data correlates
well with our modeled time. However, the second peak in pressure lagged about 2 hours
behind than our model results, though it is likely they are the same runoff event, the
difference being attributed to the 40 km distance between the precipitation and runoff
monitoring sites.

No correspondence between modeled and observed runoff exists for February 3rd.
Modeled storage increased from 0 to 0.7 mm within the first hour of the rain event,
generally plateaued for 1.5 hours, until decaying to 0.3 mm over 1.5 hours, increasing to
2 mm over the next two hours, and then decaying to 0 mm by the end of the day.
Baseflow followed the same pattern as storage, increasing from 0 to 0.065 mm/min
within the first hour of the event, decaying to 0.032 mm/min during the next 3 hours,
increasing and peaking at 0.25 mm/min in the following two hours, and then decaying to
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0 mm/min until the end of the day. Storage was never exceeded during this event so
saturation excess overland flow was not generated. Hortonian overland flow occurred at
08:40, peaking at 0.065 mm/min (Fig. 40). At this same time, total runoff peaked at 0.24
mm/min where the rest of the rate closely followed baseflow. When this flux at 08:40 of
total runoff and Hortonian overland flow is compared to the runoff pressure data, it is
placed along a downward trend in pressure, where the next peak in pressure is two days
later on February 5th (Fig. 21).

It should be noted in all three cases that saturation excess overland flow did not
occur, which matches our field observations. However, Hortonian overland flow did
occur in all three cases, with the greatest peak of 1 mm/min occurring on January 12th at
21:50. Additionally, the greatest amount of water stored in this model was on January
12th – 13th, capping between 4.5 to 4.9 mm. Lastly, it should be noted that model results
for two other large precipitation events on December 20th and 21st (outside the range of
our collected runoff pressure data) can be found in Appendix B. Both these events
indicate Hortonian overland flow occurred, where December 21st experienced the greatest
amount lasting for nearly an hour and peaking at 0.2 mm/min.
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Precipitation and Runoff Response Model, December 30th

Figure 38. Runoff response model for December 30 th, 2020. According to this plot, Hortonian overland
flow (green) occurred at 13:10 pm, coincide with peak precipitation (dashed blue line) and a sharp increase
in storage of water. Baseflow (black) of water out of storage stays below 0.2 mm/min and gradually
decreases in rate as precipitation ceases in intensity. Baseflow coincides with total runoff (pink) and can be
briefly seen as a separate entity when Hortonian overland flow occurs. Saturation excess overland flow
(light blue) did not occur during this rain event.

Figure 39. Runoff response model for January 12th, 2021. Hortonian overland flow (green) occurred between 8:20 – 9:10 am and 20:30 –
21:50 pm. These increases in runoff coincide with increases in precipitation (dashed blue line) that are greater than the infiltration of water
into the soil. Saturation excess overland flow (light blue) does not occur during this event. Baseflow (black) generally coincides with total
runoff (pink) but can be briefly seen as a separate entity during periods of Hortonian overland flow.

Precipitation and Runoff Response Model, January 12th – 13th
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Precipitation and Runoff Response Model, February 3rd

Figure 40. Runoff Response model for February 3 rd, 2021. Hortonian overland flow (green) nominally
occurs at 8:40 am, coinciding with a peak in precipitation (dashed blue line). During this time we can also
observe a sharp increase in storage (red) and its eventual drainage by baseflow (black) where the soil is
nearly drained by 23:30 pm. Baseflow generally coincides with total runoff (pink) but can be briefly seen
as a separate entity during Hortonian overland flow. No saturation excess overland flow (light blue) occurs
during this event.
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4.5 Turbidity Monitoring
Turbidity measurements downstream from the mouth of Fish Creek (upstream of
Memaloose Creek tributary on the Clackamas River) have varied over the years. We
compared turbidity measurements of 2020 to measurements from 2017 through 2022 to
understand sediment loading into the Clackamas River and to determine which intense
rain events potentially led to sediment erosion from our sites (Fig. 41). The maximum
turbidity level was recorded during the wet season following the fire in 2020 on January
13th, 2021. Prior to that, the 2016 WY (water year) recorded a high of 89.5 Formazin
Nephelometric Unit (FNU) on February 9th, 2017, and the 2017 WY recorded a high of
185 FNU on October 22nd, 2017. The 2018, 2019, 2020, and 2021 WY’s recorded highs
of 84.8 FNU on December 18th, 2018, 143 FNU on January 28th, 2020, 203 FNU on
January 13th, 2021, and 193 FNU on January 6th, 2022, respectively. It should be noted
that the 2020 WY following the fire had an additional, higher turbidity of 164 FNU on
December 20th, 2020, exceeding the yearly maxima of 2016, 2018, and 2019 WYs. The
turbidity levels during the 2020 WY set a record high in comparison to levels from 2017
to 2022. This record occurred between our December 23rd and May 16th scanning periods
(Fig. 42). The record was almost exceeded during the 2022 rainy season, exceeding 190
FNU (Fig. 41).
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Figure 41. Turbidity v. time from September 2017 to April 2022. Each water year is shown in a different
color. Purple represents WY 2016 spanning from Sept. 2016 - April 2017, blue is WY 2017 spanning from
Sept. 2017-April 2018, pink if WY 2018 spanning from Sept. 2018 – April 2019, gray is WY 2029
spanning from Sept. 2019-April 2020, red is WY 2020 spanning from Sept. 2020 – April 2021, and orange
is WY 2021 spanning from Sept. 2021 – April 2022. Turbidity (FNU) was collected at USGS Gauge
14209710 near the mouth of Fish Creek.

1st Scans

2nd Scans

3rd Scans

Nov 19-20th

Dec 23rd

May 16th & 27th

Figure 42. Turbidity (FNU) for WY 2020 following the Riverside Fire. WY covers the rainy season at
stream gauge 14209710. Gray bars mark scanning periods in November, December, and May. High
turbidity was recorded on December 20th at 164 FNU and on January 13th at 203 FNU.
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4.6 DoD Volume Estimations and Erosional Observations
A total of five height difference rasters were derived from our multitemporal
terrestrial laser scanning. Three were from Sites 1- 3, each spanning November 2020 to
May 2021, and two were derived from Site 4, spanning November 2020 to December
2020, and December 2020 to May 2021. From these rasters we were able to determine
the amount of sediments and debris lost or gained across the scanning periods (Table 3).
At our highest elevation sites on Memaloose Creek, Site 1 experienced an overall net
0.526 mm of erosion averaged across the catchment, or an approximate erosion rate of
0.088 mm/month. Site 2 experienced 3.264 mm of overall net erosion, or an approximate
erosion rate of 0.545 mm/month. Site 3 experienced 4.077 mm of net erosion overall, or
an approximate erosion rate of 0.680 mm/month. Only patchy erosion was identified at
these sites in small pockets distributed throughout the catchment; no rills were identified.
There was also occasional shifting of boulders, pebbles, cobbles, and branches towards
the central part of the catchments (Fig. 43, Appendix D, Fig. 64). More specifically,
erosion mostly occurred along the outer brim of Site 1 and close to the chute exit.
Minimal deposition occurred throughout and towards the center of the chute (Fig. 44).
Similar activity was recorded in Sites 2 and 3 where erosion occurred along the midcentral part of the chute and near the exit (Fig. 45-46). These parts of the chutes are better
known as the convergent zone and have the greatest drainage area with steepening slopes
towards the cliff face (Fig. 47-49).
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Site 4 had two resulting rasters spanning from November 2020 to December 2020
and from December 2020 to May 2021. From November to December, Site 4
experienced an overall net erosion of 1.292 mm, or an approximate rate of 0.034 mm/day.
From December to May, the site experienced an overall net erosion of 1.494 mm, or an
approximate rate of 0.010 mm/day. Close analysis of the height difference rasters showed
that erosion ensued at Site 4 in the same way that in ensued at Sites 1-3 (Fig. 50-51). The
erosion was patchy throughout, and no rills or gullies were identified. During the
November to December timeframe, erosion mainly occurred on the righthand side of the
convergent zone of the swale, though the erosion was quite minimal. However, during the
December to May time period the greatest quantity of erosion occurred on the westsouthwestern side of the catchment near the top of the swale, not in any specific pattern.
The erosion that occurred here was much greater than the erosion that occurred from
November to December. However, this area of erosion consists of low point density due
to the TLS scanning positions being on the other northeastern side of the catchment (Fig.
52). Given this information, we must consider the accuracy of the calculated erosion in
this area as it may slightly overestimate the volume.

By parsing and evaluating the volume change between the rocky areas bordering
the site and the central planar, steep slope areas, we determined how this erosion and
deposition was spatially influenced at Sites 1-3. We did not parse out locations in Site 4
as rocky terrain mixed with soil was common throughout the entire catchment. Of Site
1’s total erosion, 34% of sediment was eroded in rocky areas and 66% was eroded in the
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central, flat area. Of the site’s total deposition, 49% was deposited in the central flat area
and 51% was deposited in the rocky parts of the catchment (Fig. 47). Of Site 2, 37% of
the total erosion occurred in rocky slopes and 63% in the central flat areas. The rocky
areas gained 36% and the central flat areas gained 64% in total deposition (Fig. 48). Site
3 experienced 45% and 55% of the total erosion in rocky slopes and planar areas in the
central part of the chute, respectfully. Rocky areas gained 30% and central flat areas
gained 70% of the total deposition (Fig. 49). Information on cloud points, RMSE, and
MDD can be seen in Appendix E, Table 4.

Table 3. DoD Volume and Erosion at Sites 1, 2, 3, and 4

Site Location

South F.
Clackamas
South F.
Clackamas
Memaloose
Site 1
Memaloose
Site 2
Memaloose
Site 3

Dates
Covered

Nov.
2020 Dec. 2020
Dec. 2020
– May
2021
Nov.
2020 –
May 2021
Nov.
2020 –
May 2021
Nov.
2020 –
May 2021

5.669

-6.388

556.5

-0.719

Overall
Erosion
(negative) or
deposition
(positive)
(mm)
-1.292

1.753

-3.198

967.2

-1.445

-1.494

0.516

-0.554

72.30

-0.038

-0.526

1.677

-2.687

309.5

-1.01

-3.264

2.134

-3.586

356.4

-1.453

-4.077

Volume Volume
Gained
Lost
(m3)
(m3)

Site
Surface
Area
(m2)

Total
Volume
change
(m3)

0.35 meters

Patches of Erosion

Figure 43. Differencing of point clouds from November 2020 and May 2021. Image shows
examples of patchy erosion and transported rocks from Memaloose Site 1. Color scale bar to the
right indicates absolute change, either gain or loss in meters. Lighter colors indicate a greater
amount of change while darker browns represent little to no change in the environment.

Transported
Rocks

Cloud
Difference

81

meters

82

Chute
Exit

4.5 meters

meters

Figure 44. Height difference raster for Memaloose Site 1. Light tan colors indicate a gain in elevation and
dark tans/brown indicate a loss of elevation. Catchment exit is towards the Northeast side of the raster.
Elongate, blue blank spots on the right side of the catchment were logs manually removed from the point
cloud. Other blank spots are areas of manually filtered snow or scanner blind spots.
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Chute
Exit

15 meters

meters

Figure 45. Height difference raster for Memaloose Site 2. Light tan colors indicate a gain in elevation and
dark tans/brown indicate a loss of elevation. Catchment exit is towards the Northeast side of the raster.
Elongate or circular, blue blank spots throughout the catchment were logs and stationary cliffs manually
removed from the point cloud. Other smaller blank spots are areas of manually filtered snow or scanner
blind spots.
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Chute
Exit

15 meters

meters

Figure 46. Height difference raster for Memaloose Site 3. Light tan colors indicate a gain in elevation and
dark tans/brown indicate a loss of elevation. Catchment exit is towards the Northeast side of the raster.
Elongate or circular, blue blank spots throughout the catchment were logs manually removed from the
point cloud. Other smaller blank spots are areas of manually filtered snow or scanner blind spots.

a

Rocky

Chute
Exit

Convergent,
Planar Zone

4 meters

Rocky

Top of Swale

b
Figure 47. Memaloose Site 1 point cloud. (a) complete
image of Site 1 in 3D. Top of swale at higher elevation
is on the upper right side. Central bottom is the chute
exit, denoted by a white arrow. Elongate or patchy,
blue shapes showing the image background are
manually removed logs or shadows created from
boulders or stumps. Green polygon indicates the
convergent, planar zone separated from the rocky
border in white, (b) zoomed-in image of the rocky
perimeter on the right side of the chute. Cobbles,
pebbles, and boulders are evident.

1.5 meters
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Top of Swale

Convergent,
Planar Zone
Rocky

Rocky
Chute
Exit

10 meters
Figure 48. Memaloose Site 2 point cloud. Top of swale at higher elevation is on the upper right
side. Central bottom is the chute exit, denoted by a white arrow. Elongate, blue shapes displaying
the navy blue background color are manually removed logs or shadows created by boulders.
Large blue pockets on the lower left near the chute exit are the backside of cliff faces. Green
polygon indicates the convergent, planar zone separated from the rocky border in white.
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Convergent,
Planar Zone
Rocky

Rocky

Chute
Exit

10 meters
Figure 49. Memaloose Site 3 point cloud. Top of swale at higher elevation is on the upper right
side. Central bottom is the chute exit, denoted by a white arrow. Pockets of blue showing from the
image background are areas of shadow created from stumps, boulders, or cliff faces. Green
polygon inducates the convergent, planar zone separated from the rocky border in white.
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Chut
e Exit

meters
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Figure 50. Relative height difference raster for Site 4 on the South Fork Clackamas River from November
to December 2020. Light colors indicate a gain in elevation and darker browns indicate a loss in elevation.
The top of the swale is in the upper left corner of the image and the exit is towards the bottom.
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Exit

meters
20 meters

Figure 51. Relative height difference raster for Site 4 on the South Fork Clackamas River from December
2020 to May 2021. Light colors indicate a gain in elevation and darker browns indicate a loss in elevation.
The top of the swale is in the upper left corner of the image and the exit is towards the bottom.
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Chute
Exit
Chute
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meters
Figure 52. Site 4 point cloud. Though the site seems very flat and planar, it does15
have
a converging center
that exits at the bottom of the image. The top of the swale is in the upper left corner.
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4.7 Point Cloud Feature Tracking
Our monitoring sites were examined for sediment and debris movement. For
clarity, branches and twigs will be denoted herein as ‘debris’. Rocks, pebbles, and soils
clumps will be denoted as ‘sediment’. A combination of both debris and sediments will
be denoted as ‘features’. Features varied greatly in size and distance traveled. A total of
35 features were tracked for Memaloose Creek Site 1 in May 2021, with an average
volume and long-axis length of sediments and debris of 670.3 (± 772.1) cm3 and 45.54 (±
18.97) cm, respectfully. Average displacement of features was 10.17 (± 11.41) cm, or an
approximate rate of 0.54 mm/day. The average slope and roughness where features were
deposited were 43.46 (± 6.318) degrees and 5.379 (± 2.941) degrees, respectfully. For
Site 2, a total of 39 features were tracked with an average volume of sediments of 1063
(± 1617) cm3 and the average length of the longest axis of debris of 140.4 (± 41.50) cm.
The average displacement of features was 12.61 (±19.99) cm, or an approximate rate of
0.67 mm/day. The average slope and roughness where features were deposited was 36.24
(±9.164) degrees and 8.666 (± 3.270) degrees, respectfully. For Site 3, a total of 19
features were tracked with an average volume of sediments of 1588 (± 1840) cm3. Only
one debris feature was mapped with a long axis length of 50 cm. The average
displacement of all features was 9.94 (± 5.29) cm, or an approximate rate of 0.53
mm/day. The average slope and roughness where features were deposited was 41.67 (±
8.770) degrees and 7.410 (± 3.60) degrees, respectfully.
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The overall general direction of movement of sediments and debris for Sites 1-3
were to the northeast (Fig. 53-55). A few features on the outer rim of the sites shifted
towards the center of the chute swale rather than directly towards the exit. From visual
inspection, there appears to be no correspondence with traveled vector distance and
relative position within the catchment. Large and small vector distances were recorded
throughout. However, by plotting distance against slope for all features in Sites 1-3, we
observed that the best-fit regression slope has a slight positive trend (Fig. 56), but this
slope does not differ significantly from a slope of zero. Similarly, a positive trend was
identified by plotting distance against volume for all features in Sites 1-3, but the positive
slope was not statistically significant (Fig. 57). A slight negative trend that was not
statistically significant was observed for travel distance and roughness (Fig. 58).
Individual plots for Sites 1-3 regarding slope, roughness, and volume can be seen in
Appendix F.

One notable difference between Site 4 and Sites 1-3 is the lack of feature
movement. Sites 1-3 had many features moving across the chutes, however Site 4 had
hardly any. Of the features that did move, they traveled very short distances in various
directions not directed towards the chute exit. Due to this we did not perform feature
tracking at this site. We hypothesize low slope at this site may have dampened feature
tracking movements.
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November 2020
May 2021
Chute
Exit

Figure 53. X-Y Map of transported sediments and debris in Memaloose Creek Site 1. Black points
represent the location of debris/sediments in November 2020 and green points represent locations in May
2021. Some green points cover their corresponding black points because their displacements were only a
few centimeters. Axes are negative as the TLS scanning location is at coordinates (0,0), at the cross section
of the two axes. The chute exit is approximately at (-0.5, -6.5). The bottom left side of the plot is the more
flat, upper elevation side of the chute.
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November 2020
May 2021
Chute
Exit

Figure 54. X-Y Map of transported sediments and debris in Memaloose Creek Site 2. Black points
represent the location of debris/sediments in November 2020 and green points represent locations in May
2021. Some green points cover their corresponding black points because their displacements were only a
few centimeters. Axes are negative as the TLS scanning location is at coordinates (0,0), at the cross section
of the two axes. The chute exit is approximately at (5, -8). The bottom left side of the plot is the more flat,
upper elevation side of the chute.
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Chute
Exit

November 2020
May 2021

Figure 55. X-Y Map of transported sediments and debris in Memaloose Creek Site 3. Black points
represent the location of debris/sediments in November 2020 and green points represent locations in May
2021. Some green points cover their corresponding black points because their displacements were only a
few centimeters. Axes are negative as the TLS scanning location is at coordinates (0,0), at the cross section
of the two axes. The chute exit is approximately at (-9, 2). The bottom left side of the plot is the more flat,
upper elevation side of the chute.
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Figure 56. Combined sites’ slope v. distance. Plot displays the distance (cm) of traveled debris/sediments
against slope (degrees) in Memaloose Sites 1-3, from November 2020 – May 2021. No trend exists
between slope and distance (black solid line). Black dashed lines represent 95% confidence interval
bounds.
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Figure 57. Combined sites’ volume v. distance. Plot displays the distance (cm) of traveled debris/sediment
against object volume (cm3) in Memaloose Sites 1-3, from November 2020 – May 2021. No trend was
observed between volume and distance (black solid line). Black dashed lines represent 95% confidence
interval bounds.
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Figure 58. Combined sites’ roughness v. distance. Plot displays the distance (cm) of traveled
sediment/debris dependent on surface roughness (cm) in Memaloose Creek Sites 1-3, from November 2020
– May 2021. No trends were observed between distance and roughness (black solid line). Dashed black line
represents 95% confidence interval bounds.
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SECTION 5: DISCUSSION
5.1 Precipitation and Runoff Monitoring
Of our precipitation and runoff monitoring, we can narrow down the rainfall
events to which precipitation produced runoff and potentially erosion. The first event we
evaluated was on December 25th. This event barely met our 30 mm/hr intensity threshold
to evaluate, however the 13 hour lag from peak rainfall intensity to peak pressure raises
some uncertainty for their direct correspondence (Fig. 17). Additionally, water
temperature started to rise on the night of December 24th, increasing nearly 0.9 C° by the
middle of the rain event on the 25th (Fig. 18). By the time the pressure peaked 13 hours
after the peak rainfall intensity, the temperature had already started to drop hours before.
Given this information, it’s likely this event is not directly related to runoff from
precipitation, but perhaps snowmelt since snow was observed during field work a few
days earlier on Dec 23rd. This increase in pressure could be from a rain-on-snow event
melting the snow and/or from thawing the snowpack.

Similarly, the December 30th-31st event experienced a 14 hour lag in peak
pressure behind peak rainfall intensity (Fig. 17). This lag is a considerable amount of
time before being recorded by our pressure transducer, leading us to infer that the surface
runoff recorded from this time is also not directly related to the precipitation either.
Water temperature on December 30th started to increase at the same time pressure started
to increase. Over the 20 hour increase in pressure the water temperature rose 0.3 C° (Fig.
18). Temperatures continued to rise after the peak in pressure as the month changed over
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to January. The temperature and pressure increase for December 30th-31st is more
plausible for a thawing event producing runoff from the snow we observed during the
field visit on December 23rd.

On the other hand, storms on January 1st – 4th experienced precipitation that
corresponded well with increases in pressure (Fig. 19), especially considering the 40 km
distance between our site and the weather station that recorded precipitation. The storm
on the 1st had a peak in pressure only lag half an hour behind the peak rainfall intensity
(Fig. 19). Storms on the 2nd and 3rd were combined regarding peak pressure, which
lagged only 1 hour after the peak rainfall intensity. The only storm that seemed to deviate
in a lagged peak pressure response was on the 4th. Here the peak pressure lagged about
4.5 hours behind the peak rainfall intensity. Pressure during this time rose 0.48 kPa and
stood out from the rest of the daily fluctuations in pressure, leading us to infer that it was
related to the earlier precipitation on January 4th. Water temperature fluctuations during
this time were relatively small. Given the strong correspondences in peak pressure and
precipitation, and the sharpness of the pressure peaks, it is likely that episodes of
precipitation-induced Hortonian overland flow was produced from January 1st – 4th.
Similarly, storms between January 12th – 13th produced a sizeable amount of rainfall with
a peak intensity of 85.3 mm/hr. The peak in pressure occurred on the 13th following this
event and only lagged 3 hours behind the peak rainfall intensity on January 12th. This lag
in time is considerably smaller compared to the lag in time presented on December 25th
and December 30th – 31st. Therefore, it is highly likely that the storms on January 12th –
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13th were an actual surface runoff producing event. Further, the event on January 12th can
technically be split into two rain events although they are closely timed. These two rain
events are also reflected in the increase in pressure: pressure quickly increases, plateaus
during the time between the storms, and then quickly increases again to the peak pressure
(Fig. 19). Due to this correspondence pattern and small lag time, we believe the January
12th-13th event produced surface runoff.

Rain events from February through March 2021 have small or variable
correspondence with increases in pressure. The peak rainfall intensity from February 1st
had a peak pressure lag of 6 hours (Fig. 21). This is a considerable amount of lag time
that makes us question whether this event produced the subsequent peak in pressure.
Water temperature during this time also started to quickly drop, suggesting no
correspondence between runoff and a thawing event. The next rain event on February 2nd
– 3rd had a lag of 47 hours between peak rainfall intensity and peak in pressure (Fig. 21).
That event did not likely cause the subsequent increase in pressure and therefore surface
runoff. Water temperature started to rise before this increase in pressure by 1.8 C° from
2.6 to 4.4 C°. It’s possible that the 2nd – 3rd experienced a thawing event producing
runoff. On February 15th there was a sharp increase of 1.6 kPa in pressure without any
precipitation. Leading up to this peak in pressure was a water temperature increase of 1.9
C°. It seems likely this event experienced thawing from snowpack and eventual runoff.
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No rain events corresponded with pressure increases in March through September
2021, even though the greatest peak rainfall intensity over the entire monitoring period
occurred September 18th at 198.1 mm/hr. By this time, our monitoring sites received
many rainfall events and potentially erosion from the preceding spring. They could have
also experienced some reduction in hydrophobic soils and recovery of saturated hydraulic
conductivity. During the summer precipitation was minimal and could have allowed for
the drainage of water from our sites. Therefore, when the large event in September
occurred it is likely that it infiltrated into the soil, filling the soil package that was left dry
from the summer months. It is likely this continued through October 2021 as peak rainfall
intensities were also not coinciding with increases in runoff pressure. By November and
December 2021, increases in peak pressure, though small, started to coincide with peak
rainfall intensities. This time could signify the eventual filling of the dried soil package
from the summer months.

Two last noteworthy months that experienced large fluxes of precipitation or
pressure were January and February 2022. January had an intense rainfall event on the 3rd
with an intensity of 88.4 mm/hr which is similar to the event that occurred on January
12th – 13th, 2021 (Fig. 33). As noted earlier, this event was not coincident with a great
increase in pressure. However, this storm is noteworthy in that it did correspond to the
highest turbidity for the 2021 WY, reaching 193 FNU three days after the event (Fig. 41).
Though pressure at our monitoring site did not corroborate runoff there specifically, we
speculate that this event could have produced runoff in other portions of the Clackamas
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basin due to the turbidity records. Lastly, February had only one precipitation event with
a peak rainfall intensity of 85.34 mm/hr on the 28th. This was also similar to the event
occurred January 12th – 13th (Fig. 34). However, this increase in precipitation was not
reflected in the runoff pressure data. Rather, three large increases in pressure were
recorded beforehand correlating with sharp increases in temperature. These were on the
14th, 21st and 28th. The pressure increased 1.58 kPa, 2.71 kPa, and 1.10 kPa, respectively.
These were accompanied by increases in water temperature beforehand by 0.9 C°, 1 C°,
and 1.5 C°, respectively. However, these increases in water temperature did not differ in
fluctuation size in comparison to the rest of February 2022. As a first impression, it
appears that February 2022 was dominated by runoff produced through snowpack melt,
but since the water temperature fluctuations were synonymous throughout the month, we
speculate this is unlikely. The cause for these increases in pressure are unknown.

5.2 Infiltration rates
Infiltration rates measured at our sites had similar means, but large standard
deviations, indicating high spatial variability in saturated hydraulic conductivity at the
meter scale. The mean saturated hydraulic conductivity of each locale at Site 4 ranged
from 41.1 to 186.7 mm/hr, with a total mean and standard deviation of 72.8 mm/hr and
54.5 mm/hr, respectively. Sites 1-3 had a similar range from 44.1 to 92.0 mm/hr. The
total mean and standard deviation of these measurements was 61.5 and 33.8 mm/hr,
respectively. These rates for post-fire saturated hydraulic conductivity are relatively high
compared to other studies that used a mini-disk infiltrometer. At a post-fire site in the
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Oregon Cascades, the mean and geometric mean were 39.59 mm/hr and 23.6 mm/hr,
respectively, with a high standard deviation of 34.5 mm/hr (Wall et al., 2020). In
moderately high to high burn severity areas, comparable to our sites, the geometric mean
was 32.0 mm/hr. These rates were considerably lower than our measured rates, however
they were just as variable between each testing locale (Wall et al., 2020). Similar average
values and variability were found at another site in the Santa Ana Mountains of
California with fine sandy loams, where post-fire field measurements returned a mean of
37 mm/hr with a 1.35 coefficient of variation (McGuire et al., 2018). Given this, it is
thought that the patchy nature of soil moisture and the change in hydrophobicity of the
soil organic compounds across the testing sites may influence the variability (Wall et al.,
2020; Jackson and Roering, 2009). Though these factors may play an important part in
the heterogeneity of infiltration measurements, we would add an additional factor leading
to this variability that may be unique to our sites.

An important characteristic to note about our sites is their position on rocky
glacial tills within a dense network of young Douglas fir trees. We believe these two
characteristics may have led to the formation of significant macropores at our sites and
influenced the variability in the saturated hydraulic conductivity. During site visits in
May 2021, it was noted that pockets were void of sediments throughout the site in various
locations. Most of these void pockets existed within the root structure of exposed trees
and rocks. Additionally, it was noted that the soils sounded hollow underfoot in various
locations. We suggest that these voids were caused by the burning of pockets of organic
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soil material that were below the surface. Given this information, it is likely that
macropores with preferential pathways were already washed out and developed by the
time we administered our infiltration tests. On top of that, our sites could have also
experienced variability in surface hydrophobicity as patched unburned soil was spotted. It
could have also experienced variability in soil moisture as a nominal rain event occurred
days before our field visit. Lastly, vegetation was recovering in our sites and the area had
already experienced the large rain events of January and December 2021 (Section 5.1),
prior to our infiltration measurements. It is likely that the saturated hydraulic conductivity
we collected in May 2021 captured part of the already ensuing recovery process from the
fire.

5.3 Runoff response model
Three potential runoff producing events were evaluated and simulated with the
runoff response model. Of the three events, two had the greatest amounts of precipitation
from 2020-2021 and generally corresponded with observed increases in pressure. These
events were December 30th and January 12th- 13th. However, as noted in Section 5.1, it is
likely that the modeled December 30th event is a result of snow thawing and producing
runoff rather than precipitation. Nonetheless, by using this model we learned that the
storage at our site probably rarely fills and is slow to drain. Additionally, the most
prominent forms of runoff at our sites are Hortonian overland flow and baseflow. During
both events, Hortonian overland flow was initiated as soon as precipitation reached or
exceeded the maximum infiltration capacity. This infiltration capacity quickly decayed in
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both sites within 10 – 15 minutes, not allowing for much precipitation to be directly
deposited in storage. On the December 30th event, Hortonian overland flow was modeled
to occur at 13:10 at a peak rate of 0.05 mm/min. When combined with baseflow, the total
runoff was modeled to sharply increase at this time, indicating that total runoff could be
as fast as 0.2 mm/min. Throughout this time storage was continually being drained as a
reflection of baseflow. On January 12th, the model indicates Hortonian overland flow
occurred first at 08:20 and lasted nearly an hour until 09:10 with a rate of 0.065 mm/min.
This was soon followed by three more pulses of Hortonian overland flow between 19:40
and 21:50, at rates as fast as 0.5 mm/min. If we combine that with baseflow, the total
runoff occurred at nearly the same time as Hortonian overland flow, but the flow rates
increased to 0.44 mm/min and 1mm/min during the first and second waves of
precipitation.

During rain events at our sites, it seems it will continue to be a common theme for
soils to experience baseflow and Hortonian overland flow. Due to soil parameters such as
porosity, depth and our calculated saturated soil hydraulic conductivity, our sites will
likely not reach the storage capacity of 300 mm. However, it could be likely in a few
years if saturated soil hydraulic conductivity continues to recover and a long duration
high intensity rain event occurs. For the time being under the current conditions, it is
plausible to say that saturation excess overland flow will not be observed at any of our
sites. However, we can hypothesize what would happen in terms of runoff and storage
when the model is run to simulate events directly after the fire. Our model looks at runoff
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and storage conditions nearly 7 months after the fire, so it reflects an environment that
has experienced previous runoff and some vegetation regrowth. To simulate a direct postfire environment, a decrease in saturated hydraulic conductivity would help emulate the
little capacity that hydrophobic soils may have for infiltrating water. Setting a condition
such as this would increase the likelihood for total runoff and/or Hortonian overland flow
during a precipitation event. Overall, the model suggests that Hortonian overland flow is
rare at our site, occurring only briefly during the highest intensity rainfall events. In lower
intensity events, subsurface stormflow through macropores probably supplies most the
runoff to the channel, indicated by broader peaks in baseflow in our model.

5.4 When the Greatest Erosion Ensued
Analyzing our hydrologic measurements and modeling, we can draw conclusions
regarding erosion timeframes and how it ensued across out sites. The dates with the
greatest precipitation rates that corresponded to peaks in runoff data directly after the fire
are December 30th- 31st, 2020, and January 12th- 13th, 2021. February 1st, 2021, had a
large accumulation of rainfall, however it was not reflected in our runoff monitoring data
and must be discarded, likely because there was snow at the site. Additionally, turbidity
data indicate that the greatest amount of sediment was deposited into the Clackamas
River on December 20th- 21st, 2020, January 12th – 13th, 2021, and January 6th, 2022.
Large amounts of sediment were not recorded during December 30th, 2020, nor the month
of February in 2021 or 2022.
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Given this information, and disregarding the lower intensity storms in November
2020, it is likely the first large erosional rainstorm occurred on December 20th – 21st,
2020. Storms on December 20th-21st had a peak rainfall intensity of 67 mm/hr, which
exceeded the peak intensity of 58 mm/hr on December 30th, however our runoff
monitoring data was not collected at this time to determine if runoff occurred due to site
access limitations (Appendix A, Fig. 60). It is also likely that a second erosional storm
occurred on January 12th – 13th, 2021. This inference is corroborated by our runoff
monitoring, precipitation, and turbidity data. The rain event on January 12th-13th had a
peak rainfall intensity of 85.3 mm/min and a1.2 kPa increase in pressure across the 11th12th until peaking in the early morning of the 13th. This peak in pressure lagged behind
the peak rainfall intensity by only 3 hours. Between January 12th – 15th there was also an
increase in sediment loading into the Clackamas River indicated be an increase in
turbidity. The highest recorded turbidity was on January 13th at 203 FNU, following the
main rain event. Overall, these data points to the fact that a high intensity rain event
occurred through the 12th- 13th, generating runoff as indicated by our pressure transducer,
and resulting in a large load of sediment being deposited in the Clackamas River.

It is impossible to identify which of these storms (Dec. 20th-21st, 2020 and Jan.
13th-12th, 2021) had the greatest influence on erosion in the upper elevation Sites 1-3, but
our point cloud differencing at Site 4 does indicate that the greatest erosion (1.494 mm)
occurred from December 2020 to May 2021. Therefore, it is likely that the January 12th13th storm had a greater influence on erosion, corroborated by record high turbidity in the
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Clackamas River since observations dating back to 2017. Given this information, it is
likely that both storms caused some amounts of post-fire erosion, probably by overland
flow. The next greatest spike in turbidity occurred the following year on January 6th,
2022. This peak at 193 FNU, after a rain event on the 3rd that had a peak rainfall intensity
of 88.4 mm/hr. Though a peak in pressure was difficult to define for this event, it is likely
this storm also caused erosion and deposition into the Clackamas River, though not at our
specific monitoring site.

5.5 Data Analysis: How the Greatest Erosion Ensued
The erosion that ensued across our sites from these rain events was mainly patchy
throughout the catchment according to field observations and point cloud differencing.
No indicators for rills, gullies, or debris flows were present in our height difference
rasters. Only a few rills were seen during field observations at Site 2. However, there
were pedestal rocks (hoodoos) throughout all sites from November 2020 through June
2022. On the most recent site visit, small debris, cinders, and burnt pine needles could be
seen trapped behind large roots tilted in the downslope direction, indicating the flow of
water. It is likely that these features and patched erosion was due to rainsplash or sheet
flow over the sediments. This type of erosion would be possible with Hortonian overland
flow and saturation excess overland flow, the former of which likely ensued at our sites
occasionally during the highest intensity rainfall rates, according to our runoff response
model (Fig. 38-39, Appendix B Fig. 61-62).
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It should also be noted that snow was intermittently present on our upper
elevation sites from November 2020 through the end of April 2021 and November 2021
to May 2022. The snow on our sites may have protected a large majority of our
catchment from intense rainfall events and thus debris flow formation. Similarly, some
rainfall events recorded at the weather station were likely snowfall events at our higher
elevation monitoring sites. This may give a potential answer to the minimal patched
erosion and slow movement of features across our sites, ranging only 9.94 to 12.61 cm in
distance. For instance, if the temperatures remain low enough at our sites’ elevation, the
snow could act as a protective shield against incoming rain events and therefore
deflecting precipitation. If this snow remains intact through the wet season, warming
temperatures in the spring may allow for a slow melt-out of the snowpack. This could
result in slow movement of debris and sediments across the sites. In contrast, if an intense
rain event occurs on a warming snowpack, the sites could have experienced a rain-onsnow event with rapid melting of the snow and runoff from precipitation. This amount of
runoff could have the potential to coalesce sediments and susceptible soils to wash out.
Fish Creek experienced a similar scenario in 1996 during the atmospheric river.
However, an intense rain-on-snow event most likely did not happen at our sites as there
were no large increases in pressure in the spring during rainfall. Temperatures did
increase quickly in mid-February 2021 by 1.9 C° but did not coincide with any
precipitation. However, runoff monitoring indicated a sharp increase in pressure of 1.6
kPa, indicating a sudden possible melting of snow.
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Regardless of the presence of snow, we can see that erosion and feature
translation during this time was fairly large when considering long-term erosion rates.
Sites 1-3 and Site 4 from November to December 2020 each had a total erosion of < 5
mm. The greatest rate in erosion amongst these sites was 0.680 mm/month at Site 3. Site
4 from December to May 2021 had erosion calculated at 1.494 mm, or 0.299 mm/month.
Comparing these estimates to long-term erosion studies we can conclude that erosion
rates in high burn severity fires is rather large. For instance, the Washington Cascades
was reported to have denudation rates as high as 0.0475 mm/month according to 10Be
corroborating the last 1,000 years (Moon et al., 2011). Another study on the southern
Oregon Coast Range recorded denudation rates as high as 0.0067 mm/month according to
stream sediment yield measurements (Reneau and Dietrich, 1990). Both of these reported
values are considerably lower than our Site 3 and Site 4 erosion rates which were
measured over a 2 year time period at different time intervals. This shows that even
though post-fire erosion events are short lived, they can produce more than a year’s worth
of sediment that would be produced at long-term erosion rates. Post-fire erosion could
play an important role in the long-term contribution to regional erosion rates.

5.6. Possible post-fire debris flow triggers
In this study, sediments and debris movement and patchy erosion was seen
throughout all our sites. However, the conditions were not optimal for debris flows of
either initiation style over the two years this study was conducted. Nonetheless, given
what we learned from our data we can hypothesize the possible trigger for post-fire debris
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flows in landscapes similar to ours. At our site, the highest peak in rainfall intensity that
was precipitated within the first year post-fire was on January 12th -13th at 85.3 mm/hr,
measured over a 5 min time interval. Comparatively, this rate exceeds the USGS
Preliminary Hazard Assessment of 80-100% debris flow likelihood threshold of 2 mm
over 5 minutes. The second largest event was December 30th-31st reaching a peak
intensity of 58 mm/hr. According to our models, both of these events had very short lived
periods of Hortonian overland flow. The storms in January 2021 were the only notable
events that exceeded the mean saturated hydraulic conductivity of our sites, which were
72.8 mm/hr at Site 4 and 61.5 mm/hr at Sites 1-3 and had corresponding precipitationpressure increases. September 2021 had a storm with a greater peak rainfall intensity of
198.1 mm/hr, however there was no corresponding peak in pressure following the event.
Although a record high peak in turbidity was identified after the January 12th-13th event,
the lack of rills, gullies, or small scarps also implies that a rain intensity of 85.3 mm/hr
did not generate sufficient runoff to trigger a debris flow at our site. This tells us that
even in post-fire landscapes in the PNW, the peak rainfall intensity and hydrophobicity of
soils would need to be much greater than documented in this study to enable runoff
initiated debris flows.

With an increased peak rainfall intensity and reduced saturated hydraulic
conductivity, it is likely that greater quantities of water will be rerouted from infiltrating
through the soil to Hortonian overland flow instead. If a peak rainfall intensity as the one
exhibited during the January 12th-13th events occurred directly after the fire, it may be
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that a runoff initiated debris flow would have occurred. However, our sites didn’t
experience this kind of rainfall intensity until several months after the fire, after a few
lower intensity rainstorms had already occurred. These early storms could have slowly
removed the hydrophobic soils. With all this in mind, it appears that high burn severity
sites within the Oregon Cascades, and Riverside burn area, may still experience the well
documented landslide initiated debris flows rather than ones initiated by runoff. This will
be more likely to occur as root systems decay and rain fall continues to remove the
residual hydrophobic layer and increase infiltration capacity of the soils due to the lack of
vegetation and recovering saturated hydraulic conductivity. Given the soils loss of root
cohesion in a few years, a large rain event may raise pore water pressures and increases
stresses in the soil packages’ beyond their resisting forces, resulting in a landslide
initiated debris flow (Wondzell and King, 2003).

5.7 Uncertainties, Limitations, and Suggestions for Future Work
Though a multitude of methods were used to analyze our catchments, there are
still some resulting limitations and uncertainties. We did, however, use the best data that
was available to us to determine how runoff and erosion ensued across our sites. The
limitations identified in this study could be addressed in future studies.

First, access to our sites was not always possible at the desired times because of
safety concerns and our research permit requirement that Forest Service staff needed to
accompany us on all field trips. Due to this our first set of terrestrial laser scans were
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taken almost two months after the fire had occurred and had since then received rainfall
in November 2020. Therefore, it should be noted that erosion recorded in this study did
not include the likely first wash-out of sediments or debris after the fire. However,
cinders, needles, and the scorched topsoil were still present at our sites in November,
although patchy evidence of rainsplash erosion was present. This may imply a previous,
large wash-out that affected broad areas had not occurred before we collected our first
scans. Tangentially, runoff monitoring only extends from December 2020 and forward,
not overlapping the entire scanning and study period from November 2020 to March
2022.

Though these previously mentioned limitations are mainly temporal, there are
spatial limitations regarding our precipitation data. Precipitation data used in this study
was collected from the Aurora State Airport in Aurora, Oregon, which is west-northwest
from our site in the Western Cascades. The weather in this region generally moves west
to east, however this monitoring station is about 40 km away and not directly west of our
monitoring sites. Due to this it is possible that the recorded precipitation at the
monitoring site is not a true representation of the actual precipitation received, but rather
a relative amount. The precipitation fluctuations generally reflect our pressure transducer
readings, but vary for some time periods, generally lagging behind the larger precipitation
events. Though a lag in pressure is expected after a rainfall event, allowing for the runoff
process to ensue, it makes use question whether the distance between our sites
contributed to a greater lag between peak rainfall intensity and peak pressure. In future
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studies, installing a rain gauge directly at a monitoring site may limit any uncertainties in
peak pressure and rainfall intensity correspondence.

Lastly, it is worth noting that the multitude of trees at Site 4 interfered with our
point cloud alignments. Though four different scans were taken at multiple angles to
reconstruct our site, we observed greater misalignment of scans on the left (southwest)
side of our catchment where the TLS scanner was not placed. At this location in our
catchment, the point density was much lower. Therefore, in future erosion studies using
TLS, we recommend obtaining scans from all aspects of the site to aid in alignment. If
this study were to be examined in the future, we’d investigate whether any landslide
initiated debris flows occurred at our specific monitoring catchments. We’d also take
another set of infiltration measurements to examine how much the saturated hydraulic
conductivity and initial infiltration capacity changed with time since the beginning of the
monitoring period. From this we could understand the hydrologic changes in
correspondence to vegetation regrowth and how erosion ensued post-monitoring period.
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SECTION 6: CONCLUSIONS
In this thesis, we monitored and modeled post-fire hydrologic process and
documented spatial patterns of erosion at several small, steep catchments in high burn
severity areas. We found that the largest post-fire erosional rainstorms likely occurred on
January 12th – 13th, 2021, with a secondary erosional event occurring beforehand on
December 20th-21st, 2020. The event on January 12th-13th had a peak rainfall intensity of
85.3 mm/hr that corresponded to a 1.2 kPa increase in runoff pressure and record high
turbidity of 203 FNU. Though December 20th-21st was outside our runoff monitoring
period, it had a similarly high peak rainfall intensity of 67 mm/hr and high turbidity of
168 FNU. At our upper and lower elevation sites, infiltration measurements indicated our
soil saturated hydraulic conductivity ranged between 61.5 mm/hr to 72.8 mm/hr,
respectfully. Measured saturated hydraulic conductivity was input into our runoff
response model, where we determined that short-lived Hortonian overland flow was
likely during both January 12th-13th, 2021, and December 20th-21st, 2020 rain events.
Point cloud differencing showed that rainfall and Hortonian overland flow left a patched
pattern of erosion throughout all our sites. We determined that the greatest erosion likely
occurred on January 12th – 13th by comparing point clouds at our lower elevation Site 4
from November to December 2020 and December 2020 to May 2021. However, our
point clouds differencing did not indicate any rills or gullies across our sites. Therefore,
we can conclude that rainfall intensities > 85 mm/hr and/or saturated hydraulic
conductivities <61.5 mm/hr will be needed to allow for potential runoff initiated debris
flows in glacial tills similar to our study area in the Oregon Western Cascades.
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SECTION 8: APPENDICES
APPENDIX A: December and November 2020 Precipitation

Figure 59. Precipitation data (mm/hr) for the month of November 2020. No runoff monitoring data was
collected from November 1st – 31st, 2020.

Figure 60. Precipitation data (mm/hr) for the month of December 2020. No runoff monitoring data was
collected from December 1st – 22nd, 2020.

Figure 61. Runoff response model results for the December 20 th, 2020, storm. Hortonian overland flow is observed
at 4:12 am and between 7:46 am – 9:39 am. This runoff coincides with the two greatest peaks in precipitation
during this event, indicating precipitation was greater than the infiltration rate. Additionally, storage is gently
increasing throughout the storm until 22:01 pm when it starts to decay by baseflow removing water from the soil
package. No saturation excess overland flow occurred during this event

Precipitation and Runoff Response Model, December 20th
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APPENDIX B: December 20th-21st, 2020 Runoff Response Model

.
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Precipitation and Runoff Response Model, December 21st

Figure 62. Runoff response model results for the December 21 st, 2020 storm. The storm on the 21st was
short lived, however experienced over 5 mm of rainfall under one hour. Hortonian overland flow began at
17:30 pm and ended at 19:30 pm. Here storage slowly increases as most of the water from this system is
directed into runoff rather than into the soil package. No saturation excess overland flow was observed
during this event.

131

APPENDIX C: Turbidity, Gauge 14210000

Figure 63. Comparison of pre and post-fire turbidity from September 2017 to April 2022. Turbidity (FNU)
was collected at USGS Gauge 14210000 near Estacada, OR.
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APPENDIX D: Feature Tracking Boulder Movement
Nov 2020

May 2021

Figure 64. Comparison of boulder movement in Memaloose Site 1. Central boulder was approximately 0.5
m in length, moving downhill and coming to rest in a new position recorded in the May 2021 scan.
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APPENDIX E: Detailed Volume Calculation Results
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APPENDIX F: Feature Tracking Slope, Volume, and Roughness

Figure 65. Plot displaying the distance (cm) of traveled debris/sediments against slope (degrees) in
Memaloose Site 1, from November 2020 – May 2021. No trend was observed within this site (black solid
line). Black dashed lines represent 95% confidence interval bounds.
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Figure 66. Plot displaying the distance (cm) of traveled debris/sediments against volume(cm3) in
Memaloose Site 1, from November 2020 – May 2021. A positive trend was observed in an increase in
volume and distance (black solid line). Black dashed lines represent 95% confidence interval bounds.
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Figure 67. Plot displaying the distance (cm) of traveled debris/sediments against roughness (degrees) in
Memaloose Site 1, from November 2020 – May 2021. No trend was observed between roughness and
distance at this site (black solid line). Black dashed lines represent 95% confidence interval bounds.
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Figure 68. Plot displaying the distance (cm) of traveled debris/sediments against slope (degrees) in
Memaloose Site 2, from November 2020 – May 2021. A positive trend was observed in an increase in
slope and distance (black solid line). Black dashed lines represent 95% confidence interval bounds.
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Figure 69. Plot displaying the distance (cm) of traveled debris/sediments against volume (cm3) in
Memaloose Site 2, from November 2020 – May 2021. A slight positive trend was observed in an increase
in volume and distance (black solid line). Black dashed lines represent 95% confidence interval bounds.
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Figure 70. Plot displaying the distance (cm) of traveled debris/sediments against roughness (degrees) in
Memaloose Site 2, from November 2020 – May 2021. A slight negative trend was observed in an increase
in distance and a decrease in roughness (black solid line). Black dashed lines represent 95% confidence
interval bounds.
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Figure 71. Plot displaying the distance (cm) of traveled debris/sediments against slope (degrees) in
Memaloose Site 3, from November 2020 – May 2021. A positive trend was observed in an increase in
slope and distance (black solid line). Black dashed lines represent 95% confidence interval bounds.
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Figure 72. Plot displaying the distance (cm) of traveled debris/sediments against volume (cm3) in
Memaloose Site 3, from November 2020 – May 2021. A positive trend was observed in an increase in
volume and distance (black solid line). Black dashed lines represent 95% confidence interval bounds.
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Figure 73. Plot displaying the distance (cm) of traveled debris/sediments against roughness (degrees) in
Memaloose Site 3, from November 2020 – May 2021. A positive trend was observed in an increase in
roughness and distance (black solid line). Black dashed lines represent 95% confidence interval bounds.

